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INSULATED GATE FIELD EFFECT TRANSISTOR HAVING PASSIVATED SCHOTTKY BARRIERS TO THE
CHANNEL

RELATED APPLICATIONS

[0001] The present application is a continuation-in-part of co-pending U.S. Patent Application
No.10/217,758, entitled “Method for Depinning the Fermi Level of a Semiconductor at an Electrical
Junction and Devices Incorporating Such Junctions”, by Daniel Grupp and Daniel J. Connelly, filed on
August 12, 2002, and assigned to the same assignee as the present application. This patent application is

hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION

[0002] The invention relates generally to solid-state switching and amplification devices. More
particularly, the invention relates to a transistor having passivated metal-semiconductor junctions from
the source to the channel and/or from the channel to the drain and at which the Fermi level of a

semiconductor which comprises the channel is depinned.

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 into 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). In addition to diodes, such metal —

E:\Client_Files\Acorn Technology\003771.P004\003771.P004 Patent Application.doc 2
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semiconductor junctions are also present at source/drain — channel interfaces within a class of transistors

known as MOSFETs (metal oxide semiconductor field effect transistors).

[0004] As explained in the above-cited patent application, there exists at a metal-semiconductor contact a
so-called Schottky barrier. The Schottky barrier at a conventional metal — semiconductor junction is
characterized by Fermi level pinning of the semiconductor, due to both extrinsic and intrinsic surface
states. The extrinsic states may arise from defects in the crystal structure of the interface. The intrinsic
states arise from the quantum-mechanical penetration of the electrons in the metal into the bandgap of the
semiconductor. These so-called metal-induced gap states (MIGS) appear to be of fundamental
importance in 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.

[0005] The Schottky barrier height at a metal-semiconductor interface determines the electrical
properties of the junction. Thus, if it were possible to control or adjust the barrier height of a metal —
semiconductor junction, electrical devices of desired characteristics could be produced. To tune the
barrier height, the Fermi level of the semiconductor must be depinned. As discussed in detail in the
above-cited patent application, the present inventors have achieved this goal in a device that still permits
substantial current flow between the metal and the semiconductor. Below, the inventors present an

application of this technology to MOSFET devices.

[0006] MOSFETs which incorporate Schottky junctions have a long—and largely unfruitful—history.
In 1966, Lepselter and Kahng were investigating Schottky diodes. In that year they received U.S. Patent
3,290,127 directed to a device with a PtSi/Si interface. Use of the silicide was found to be an
improvement over previous metal/Si contacts. The diodes were reproducible and stable, in part because
the interface was sealed, as noted by the inventors at the time. The silicide also may reduce the extrinsic
surface states (defects). The remaining pinning is most likely due to intrinsic surface states (MIGS),
although this was not recognized at the time. Shortly thereafter, Lepselter and Sze incorporated the

Schottky barrier into a MOSFET (see¢ M. P. Lepselter and S. M. Sze, “SB-IGFET: An insulated-gate

E:\Client_Files\Acorn Technology\003771.P004\003771.P004 Patent Application.doc 3
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ficld-effect transistor using Schottky barrier contacts as source and drain”, Proc. IEEE 56, 1088 (1968)).
U.S. Patent 3,590,471 to Lepselter discussed the incorporation of the Schottky barriers, but the channel
was still essentially isolated by implanted regions. The first patent for a channel isolated by Schottky
barriers (U.S. Patent 3,708,360) was issued to Wakefield and Cunningham in 1973. This device also

utilized silicided junctions.

[0007] In U.S. Patent 4,300,152, Lepselter described a Schottky barrier MOSFET. By climinating the
pn-junction in the source-substrate region, Lepselter showed that the parasitic pnpn structure responsible
for latch-up could be eliminated. The proposed devices still utilized PtSi for the source and drain metal,

however.

[0008] An extension of Lepselter's early work is found in U.S. Patent 4,485,550 to Koeneke et al. In
these devices, an extra implant is added to extend beyond the source metal. This is similar to modern
CMOS halo implants. The extra implant improves the drive current capabilities of the transistor by
bringing the channel edge under the gate. The channel isolation in this device is from a pn-junction, not
the PtSi source metal. An attempt to bring the source under the gate was investigated by recessing the
source/drain contacts by etching (see C.J. Koeneke et al., “Schottky MOSFET for VLSI”, IEDM, 367
(1981)). Sidewall spacers were still a limiting factor, however. This was improved by Snyder as described
in US Patent 6,303,479, which also disclosed the ability to control vertical doping profiles without regard

to horizontal profile control. The contacts were again made from PtSi.

[0009] U.S. Patent 6,096,590 to Chan et al. describes a device in which the PtSi/Si junctions are not
recessed. This yields a poor sub-threshold slope from reduced coupling of the gate at the edge of the
channel. Exponential turn-on, indicative of the Schottky barrier being too high, is seen in measurements

presented in the patent. Further, the gate-source capacitance will be high.

[0010] Recently, MOSFET devices having metal — semiconductor junctions between a source/drain and
a channel have been demonstrated with sub-50 nm channél—lengths, using PtSi, (see, e.g., C. Wanget al., ,

“Sub-40 nm PtSi Schottky source/drain metal-oxide field-effect transistors”, Appl. Phys. Lett. 74, 1174

E:\Client_Files\Acorn Technology\003771.P004\003771.P004 Patent Application.doc 4
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(1999); and A. Itoh et al., “A 25-nm-long channel metal-gate p-type Schottky source/drain metal-oxide-
semiconductor field-effect transistor on separation-by-implanted-oxygen substrate™, J. J ournal Appl.
Phys. Part 1 39, 4757 (2000)), ErSi; (see, €.g., J. Kedzierski et al., “Complementary silicide source/drain
thin-body MOSFETs for the 20 nm gate length regime”, IEDM Tech. Dig., International Electron Devices
Meeting 2000, San Francisco, CA, p. 00-57 (2000); and W. Saitoh et al., “Analysis of short-channel
Schottky source/drain metal-oxide-semiconductor field-effect transistor on silicon-on-insulator substrate
and demonstration of sub-50-nm n-type devices with metal gate”, J. Journal Appl. Phys. Part 1 38, 6226
(1999)), and CoSi; (see, e.g., U. K. Matsuzawa et al., “Enhancement of hot-electron generation rate in
Schottky source metal-oxide-semiconductor field-effect transistors”, Appl. Phys. Lett. 76, 3992 (2000))
for the source/drain metal. Also, simulations have been performed all the way down to channel lengths of
10 nm (see, e.g., C. K. Huang et al., “Two-dimensional numerical simulation of Schottky barrier
MOSFET with channel length to 10 nm”, IEEE Trans. on Elect. Dev. 45, 842 (1998)), although a poor
choice of device parameters limited the performance results, e.g., a large ®g. The performance of all of
these devices is limited in part by the inability to control, and especially to lower, the height of the

Shottkky barrier at the source and drain interfaces to the channel.

[0011] Only two disclosures of a non-silicide pure-metal/Si contact embodiment of a Schottky-barrier
MOSEET have been found by the present inventors. Welch, U.S. Patent 5,663,584, seems to describe
Schottky barrier MOSFET systems and fabrication thereof; however, a contact of “metal or metal
silicide” is mentioned. This is inappropriate for fabrication of a device with a controlled barrier height.

That is, there is no surface treatment or interface dielectric disclosed.

[0012] The disclosure by Hebiguchi in U.S. Patent 5,801,398 is perhaps more practical, and a method for
manufacturing a thin-film transistor such as for use in displays is presented. In this device (which is a
field effect transistor or FET), the source/drain contacts to the Si channel are metal (a list of possibilities

is presented), but again, no surface preparation is mentioned.

E:\Client_Files\Acorn Technology\003771.P004\003771.P004 Patent Application.doc 5
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[0013] Figure 1 shows the FET 100 that was discussed by Hebiguchi. The transistor contains a glass
substrate 110, a gate electrode 120, a gate insulating film 130, a drain electrode 140, a source electrode
150, and a semiconductor active film 160. During operation, voltage is applied to the source electrode
150 and to the gate electrode 120. The voltage applied to the gate electrode 120 changes the electrical
properties of the semiconductor active film 160 allowing current to flow from the source electrode 150 to
the drain electrode 140. In particular, the voltage applied to the gate electrode 120 creates a channel-
generating region 170, in the semiconductor active film 160 a short distance from the gate insulating film

130, through which current may flow.

[0014] Hebiguchi describes the semiconductor active film 160 as being hydrogenated amorphous silicon,
the drain and source electrodes 140 and 150 are formed of conductive materials (metals) such as
chromium (Cr), aluminum (Al), tantalum (Ta), platinum (Pt), gold (Au), tungsten (W), nickel (Ni),
molybdenum (Mo), or certain mixtures of these materials, and the junctions between the semiconductor
active film 160 and the source and drain electrodes 150 and 140 are insulating Schottky barriers. The
metal selected for an n-channel thin film transistor is chosen on the basis of having a workfunction that is
smaller than that of silicon and the metal selected for a p-channel thin film transistor has a workfunction

that is larger than that of silicon.

[0015] A significant limitation with the transistor discussed in Hebiguchi, is the generally poor control
over the Schottky barrier height. As is well known, use of different metals with widely varying work
functions tends to result in Schottky barriers which vary in height over a dramatically reduced range.

Further, no special effort is made in Hebiguchi to control or reduce extrinsic surface states.

[0016] Another type of junction to the channel is introduced by Yoshimura in U.S. Patent 6,037,605,with
the stated goal being to reduce short-channel effects. An oxide or nitride is disposed between Si source
and drain contacts and a Si channel. The oxide is thicker farther away from the channel (down into the Si)
to reduce currents not controlled by the gate. The thickness of the oxide is “sufficiently thin to permit

charge tunneling", and is disclosed to be 0.5 to 2.0 nm. This differs from the present invention, which is

E:\Client_Files\Acorn Technology\003771.P004\003771.P004 Patent Application.doc 6
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described in detail below, in several ways, for example the use of Si as a source/drain, as opposed to a

metal.

E:\Client_Files\Acorn Technology\003771.P00A\003771.P004 Patent Application.doc 7
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SUMMARY OF THE INVENTION

[0017] A transistor includes a semiconductor channel disposed nearby a gate (e.g., separated therefrom
by a dielectric) and disposed in an electrical path between a source and a drain, wherein the channel and
at least one of the source or the drain are separated by an interface layer so as to form a channel —
interface layer — source/drain junction in which a Fermi level of the semiconductor channel is depinned in
a region near the junction and the junction has a specific contact resistance of less than approximately
1000 Q-pm?. The interface layer may include a passivating material such as a nitride, a fluoride, an oxide,
an oxynitride, a hydride and/or an arsenide of the semiconductor of the channel. In some cases, the
interface layer consists essentially of a monolayer configured to depin the Fermi level of the
semiconductor of the channel, or an amount of passivation material sufficient to terminate all or a
sufficient number of dangling bonds of the semiconductor channel to achieve chemical stability of the
surface. Also, the interface layer may include a separation layer of a material different than the
passivating material. Where used, the separation layer has a thickness sufficient to reduce the effects of

intrinsic surface states in the semiconductor channel.

E:\Client_Files\Acorn Technology\003771.P004\003771.P004 Patent Application.doc 8
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BRIEF DESCRIPTION OF THE DRAWINGS

[0018] The present invention is illustrated by way of example, and not limitation, in the figures of the

accompanying drawings, in which like reference numerals refer to similar elements.

[0019] Figure 1 shows a conventional FET having metal — semiconductor Schottky junctions between

the source and the channel and the channel and the drain.

[0020] Figure 2 shows a FET having passivated metal — semiconductor junctions from the source to the

channel and from the channel to the drain, according to one embodiment of the present invention.

[0021] Figure 3 shows a method for fabricating a transistor having passivated metal — semiconductor
junctions from the source to the channel and from the channel to the drain, according to one embodiment

of the present invention.

[0022] Figures 4A-41I show intermediate substrates representing fabrication of a transistor having
passivated aluminum-silicon junctions formed from an aluminum source to a silicon channel and from the

silicon channel to an aluminum drain, according to one embodiment of the present invention.
[0023] Figure 5A illustrates portions of a conventional FinFET device.

[0024] Figure 5B illustrates portions of a FinFET device having interface layers between the

source/drain and the channel in accordance with an embodiment of the present invention.
[0025] Figure 6A illustrates portions of a conventional vertical MOSFET device.

[0026] Figure 6B illustrates portions of a vertical MOSFET device having interface layers between the

source/drain and the channel in accordance with an embodiment of the present invention.

[0027] Figure 7A illustrates portions of a conventional MESFET device.

E:\Client_Files\Acorn Technology\003771.P004\003771.P004 Patent Application.doc 9
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[0028] Figure 7B illustrates portions of a MESFET device having an interface layer between the gate

and the channel in accordance with an embodiment of the present invention.

[0029] Figure 8 illustrates the operation of different n-type devices having tunnel barriers in accordance

with an embodiment of the present invention under various gate voltage conditions.

E:\Client_Files\Acorn Technology\003771.P004\003771.P004 Patent Application.doc 10
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DETAILED DESCRIPTION OF THE INVENTION

[0030] The above-cited co-pending patent application describes processes for depinning the Fermi level
of a silicon-based or germanium semiconductor (e.g., Si, SiC, SiGe, SiGeC,or Ge) at a metal-
semiconductor junction as well as devices that use such a junction. As more fully discussed in that
application, 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.

[0031] As discussed more fully below, the present inventors have determined that for thin interface
layers disposed between a metal and a silicon-based or germanium semiconductor (e.g., Si, SiC, SiGe,
SIGeC, or Ge), 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 1000 £2— um® or less than or equal to approximately 100 Q — um? or less than or
equal to approximately 50 £ — um2 or less than or equal to approximately 10 Q— um? or even less than

or equal to approximately 1 £ — pum?* 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.

[0032] The effect of (and reason for) using such metals may be understood with reference to Figure 8.
Shown in the illustration is a 2x2 grid of band diagrams. The upper two diagrams illustrate the operation
of an n-type device having tunnel barriers (in the form of an interface layer configured in accordance with
the present invention) and a metal source/drain in which the workfunction is aligned to the semiconductor
channel conduction band under different gate voltages. Notice that the device is OFF (i.e., not conducting
current) when the gate-to-source voltage (Vgs) is 0. The device is ON (i.e., conducting current) when Vs
> 0. The lower two diagrams illustrate the op(;,ration of the n-type device having a metal source/drain in

which the workfunction is aligned to the semiconductor channel mid-gap. Notice that even in the ON
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state ON (i.e., Vgs > 0) a barrier to current ﬂow exists due to band bending. This results in a higher
contact resistance.

[0033] The interface layers described in the above-cited patent application may be used in connection
with a semiconductor surface of a channel in a FET, as discussed below. 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 herein. The present invention
provides a source — channel and/or channel — drain contact wherein the Fermi level of the source and/or
drain metal is aligned (or approximately aligned) with the conduction or valence band of the
semiconductor, depending on the type of semiconductor material and metals used.

[0034] 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.

[0035] To aid in the understanding of the present invention, the following description provides specific
details of presently preferred embodiments of the invention. It will be apparent, however, to one skilled
in the art that the present invention may be practiced without some of these specific details, for example
by substituting well-known equivalent materials in place of those described herein for semiconductors,

passivation layers and/or conductors. 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.
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[0036] The present inventors have devised a scheme to passivate a semiconductor surface such as a
channel surface within a Schottky barrier transistor. The scheme involves forming a passivation layer
which is a nitride, hydride, oxide, arsenide and/or fluoride of the semiconductor that makes up the
channel. In some cases (e.g., when the passivating layer is a hydride or fluoride of the semiconductor of
the channel), it may be necessary to include a separation layer between the semiconductor and the metal
source/drain to reduce or eliminate the effect of intrinsic surface states in the semiconductor channel. The
term interface layer will be used in connection with the present invention to include passivation layers
alone and passivation layers in combination with separation layers, where such separation layers are

appropriate.

[0037] The interface layer chemically neutralizes and physically protects the semiconductor channel
surface. The interface layer also allows for a tunable Schottky barrier, having a height that depends on
bulk characteristics of the channel semiconductor and the source/drain metal, rather than on surface
properties. This allows greater control over the barrier height to meet the operational characteristics that
are desired for the transistor. This scheme differs from past attempts by others to insulate channel
surfaces and provide adjustable Schottky barriers in that the passivation materials used for the interface
layer are not limited to metals that readily form silicides with the semiconductor channel. In other words,
the present invention decouples the need for semiconductor passivation from other considerations used to
select the source/drain metal, such as the desirability of a particular workfunction. It further provides for

greater control of the Schottky-barrier height than previously possible.

1. An Exemplary Transistor

[0038] Figure 2 shows a transistor 200 formed on a substrate 210 (e.g., 2 semiconductor substrate such
as Si or a compound substrate such as SOI) and configured in accordance with an embodiment of the
present invention. The transistor 200 contains a channel 220 that is separated from a source 250 and a

drain 260 by interface layers 230 and 240, respectively, each of which form passivated Schottky barriers.
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The particular transistor 200 shown, which is one example of a switching device, is an Insulated Gate
FET. The interface layers 230 and 240 passivate the surfaces of channel 220 in the regions of the
source/drain — channel junctions by chemically stabilizing the channel surface. The interface layers 230
and 240 also reduce or eliminate the effect of MIGS in the region of the source/drain — channel junctions
by displacing the source/drain (250/260) away from the channel 220. The result of introducing the
interface layers 230 and 240 between the semiconductor channel 220 and the metal source/drain 250/260
is a depinning of the Fermi level of the semiconductor that makes up channel 220. When the Fermi level
of the semiconductor is depinned, the height of the Schottky barrier will depend only on the difference of
the bulk workfunctions of the metal and the semiconductor in contact at the junction, and will not be
dependent upon the interface. The reduction in the effectiveness of the MIGS to pin the Fermi level
depends on the choice of interface dielectric. There will be MIGS at the interface between the metal and
the dielectric. In general, dielectrics have much weaker MIGS than semiconductors, primarily due to
larger bandgaps. Thus the choice of dielectric is important in determining the final electrical

characteristics of the Schottky barrier junction.

[0039] The transistor 200 also includes a gate 270 surrounded by an insulator 280. The terms gate,
source and drain each refer to terminals of a three terminal Insulated Gate FET. The source 250 and drain
260 are the terminals between which conduction occurs under the influence of an electric field resulting
from a voltage applied to the gate 270. The source 250 and the drain 260 are provided at opposite ends of
the channel 220 so that the channel 220 is disposed between the source 250 and the drain 260. Often,
though it is not a requirement of the present invention, the source 250 and drain 260 are fabricated such
that they are geometrically symmetrical. Symmetrical source and drain terminals may be referred to as
source/drain terminals. A particular terminal may be designated a source or a drain on the basis of the
voltage to be applied to that terminal when the FET is operated in an electrical circuit. In the particular
transistor 200 shown, the source 250 is provided at a left-hand side of the channel 220 and the drain 260
is provided at a right-hand side of the channel 220, although another embodiment is contemplated

wherein the source 250 and the drain 260 are interchanged.
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[0040] The source 250 and the drain 250 may each contain a conductor, preferably a metal. Examples of
metals that may be used include pure metals, alloys, refractory metals, metals that do not form silicides,
and metals having a predetermined work function. The gate 270, which may also preferably contain a
conductor, such as a metal, is located above the channel 220 and is capacitively coupled to the channel
220 through the insulator 280. Note, in other embodiments the transistor’s three terminals may be co-
planar or the gate 270 may be disposed below the level of the source 250 and/or the drain 260 in the

substrate 210.

[0041] The insulator 280 (which may be made of a dielectric such as an oxide of the metal gate or an
oxide of a semiconductor) surrounds the gate 270 and separates the gate 270 from the source 250, the
drain 260, the channel 220, and the interface layers 230 and 240. The insulator 280 is of a sufficient
thickness to provide a high resistance between the gate 270 and the channel 220 such that essentially no
current flows between the gate 270 and the channel 220. For example, the resistance may be between
about 10° Ohms and about 10'? Ohms, or greater. Such a resistance may allow the gate 270 and the
channel 220 to be capacitively coupled, while preventing current from flowing between the gate 270 and

the channel 220.

[0042] The insulator 280 may also or alternatively contain a high-k dielectric material that has a higher
dielectric constant than that of silicon dioxide (i.e., higher than about 4.0). The high-k material may allow
the same charge induced in the channel 220 under the gate 270 to be achieved at the same gate voltage in
a thicker layer. That is, the higher dielectric constant may allow the insuiator 280 to have a greater layer
thickness than a corresponding layer of silicon dioxide that provides the same amount of insulation. The
increased thickness may simplify fabrication of the transistor 200. The thicker layer may also have less
leakage current than a thinner SiO; layer. Exemplary high-k dielectric materials that are contemplated
include materials having a dielectric constant greater than about 4 (e.g., zinc oxide, ZnO), greater than
about 10 (e.g., aluminum oxide, Al,Os), greater than about 20 (e.g., zirconium oxide, ZrQ,), and greater

than about 40 (e.g., hafnium oxide, HfO).
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[0043] As discussed above, the channel 220 contains a semiconductor material. The term semiconductor
is used to refer to a material having a bandgap that is greater than about 0.1 electron volts and less than
about 4 electron volts. Exemplary semiconductors that are contemplated include Si, Ge, SiGe or SiC.
The semiconductor material may have a wide range of doping levels including no doping at all. The
interface layers 230 and 240 each contain a passivation material that provides passivation to the channel
220 by covalently bonding with a dangling bond of a surface semiconductor atom to fully coordinate the
semiconductor atom and thereby help passivate the semiconductor atom. The passivation material is
preferably selected from the group consisting of a hydride, a nitride, an arsenide, an oxide and a fluoride
of the semiconductor channel 220. Depending on the passivation material selected (e.g., where H, As or
F are used as passivation materials), a separation layer in addition to a passivation layer within the
interface layers 230 and 240 may be needed. Of course, the combination of the passivation layer and the
separation layer must be sufficiently thin to permit the low specific contact resistances described in the
above-cited patent application. Further details regarding the formation of an interface layer may be found

in the above-cited patent application and will not be repeated herein.

II. Fabricating a Transistor Having Passivated Schottky Barriers to the Channel

[0044] Figure 3 shows a method 300 for fabricating a transistor having passivated metal —
semiconductor junctions from the source to the channel and from the channel to the drain, according to
one embodiment of the present invention. The method starts at block 301 and then proceeds to block 310
where a substrate is provided. At block 320 an insulated gate structure is formed on the substrate. The
insulated gate structure may contain a gate having a conductive material (e.g., a metal) and a gate
insulator having an insulating material beneath the conductive material. Then at block 330 a channel is
formed under the insulated gate. The channel may include undercut void regions subjacent the gate
dielectric and extending into the channel on both ends of the insulated gate structure. The method

advances to block 340 where an interface layer is formed on the channel sides. Forming the interface
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layer may include creating a passivating layer and (where necessary) a separation layer using one or more
of the materials discussed above. The method then advances to block 350 where a source and drain are
formed on opposite sides of the channel, including on the interface layer, and within any undercut
regions. Depending upon the interface layer thickness and robustness, the source and drain may be

formed by substantially non-invasive approaches. The method terminates at block 360.

[0045] An alternative procedure does not use the undercut described above. Instead, there is an
“underlap”. That is, in the alternative process the width of the gate is intentionally made less than the

width of the channel so that the gate underlaps the channel.

III. Exemplary Process For Fabricating a Transistor

[0046] Figures 4A-I show intermediate substrates, representing fabrication of the transistor shown in
Figure 41, according to one embodiment of the present invention. The particular transistor shown in
Figure 41 contains passivated aluminum-silicon junctions 482 and 4841 formed from the aluminum
source 4921 to the silicon channel 4301 and from the silicon channel 4301 to the aluminum drain 4941.
However, this is merely one example of a transistor configured in accordance with the present invention.
For example, planar devices, wherein the gate, source and drain are co-planar in or above the substrate are
also within the scope of the present invention, as are embodiments where the gate is disposed in a plane
below the source and/or drain. Likewise, embodiments wherein the width of the gate is less than the

width of the channel are included within the present invention.

[0047] Figures 4A-I therefore show one embodiment of fabricating a transistor, according to the method
300. Figures 4A-4C show providing a substrate and forming an insulated gate on the substrate. Figures
4D-4E show forming a channel beneath the insulated gate, such that the channel and the insulated gate
define a first and a second undercut void region that extend underneath the insulated gate toward the

channel from a first and a second side of the insulated gate. Figure 4G shows forming an interface layer
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on exposed sidewall surfaces of the channel. Finally, Figures 4F, 4G, and 4H show forming a source
and a drain terminal on a first and a second side of the channel including on the interface layers, and

forming extension tips within the undercut voids beneath the insulated gate.

[0048] Figure 4A shows a first intermediate substrate 400A containing a silicon substrate 410A, a layer
of buried oxide of silicon 420A, a layer of silicon on insulator 430A, a layer of an oxide of silicon 440A,
and an aluminum gate 450A. The layers 410A-430A represent a conventional Silicon On Insulator (SOI)
substrate. The SOI substrate includes the buried layer 440A to help isolate proximate semiconductor
devices formed in the layer of silicon on insulator. This isolation may help reduce short-channel effects,
as compared to semiconductor devices formed in a bulk wafer. The buried oxide layer may have a
thickness that is effective to isolate the silicon on insulator, preferably greater than about 10 nm. The

layer of silicon on insulator may have a thickness of about 20 nm, or slightly less.

[0049] As will be understood by a person having an ordinary level of skill in the art and the benefit of the
present disclosure, the SOI substrate is not a limitation of the present invention. Other substrates are
contemplated to replace the SOI substrate. For example, the SOI substrate may be replaced by a Silicon-
On-Sapphire substrate, although this may increase the cost of fabrication, or the SOI substrate may be
replaced by a plain silicon wafer, although this may provide inferior electrical isolation of semiconductor

5
N

devices and poor short-channel characteristics.

[0050] The layer of oxide of silicon 440A, in one embodiment silicon dioxide (SiO;), may be formed by
wet or dry oxidation of the silicon on insulator, as is common in the semiconductor processing arts. The
layer may be sufficiently thin to serve as a gate oxide and have a thickness between about 1 nm and about

10 nm.

[0051] The aluminum gate 450A is formed on the oxide 440A. The aluminum gate has a width 451A
that is about equal to, or slightly larger than the intended channel length, which in one embodiment is less
than about 50 nm and in another embodiment is less than about 20 nm. More than slight increases of the

width over the channel length may increase the extent and angle of a subsequent undercut etch, which

E:\Client_Files\Acorn Technology\003771.P004\003771.P004 Patent Application.doc 18

GF Exhibit 1004 - 21/165



may complicate fabrication. The gate450A may be formed by depositing a layer of aluminum on the
oxide 440A, depositing a photoresist layer on the deposited aluminum layer, exposing a pattern including
the width 451A in the photoresist using conventional high-resolution lithography, removing a portion of
the photoresist according to the exposed pattern, wet or dryﬁetching a portion of the deposited layer of

aluminum according to the patterned photoresist, and removing the remaining photoresist.

[0052] Figure 4B shows a second intermediate substrate 400B containing an oxide of aluminum
insulator 460B formed on exposed portions, including the top and sides, of the aluminum gate 450B. The
oxide of aluminum layer 460B may have a thickness between about 1 nm and about 20 nm. The
thickness may be about equivalent to the thickness of the layer 440B, or slightly larger. Larger thickness
may improve performance by reducing capacitance between the gate and the source, however the
additional thickness may also increase fabrication complexity by increasing undercut. Forming the oxide
of aluminum layer 460B may include oxidizing the aluminum gate 450A in an oxygen plasma etcher that
provides a suitable oxidizing atmosphere, or by other methods known in the semiconductor processing

arts.

[0053] Figure 4C shows a third intermediate substrate 400C containing a gate oxide 440C formed by
removing a portion of the layer 440B that is not beneath aluminum gate 450B or aluminum oxide 460B.
The removal may include using the oxidized aluminum gate 450B-460B as a mask for the layer 440B and
etching portions of the layer 440B that are not subjacent to and concealed by the oxidized aluminum gate
450B-460B. This removal leaves a portion of the silicon on insulator layer 430C that is not subjacent to
the gate oxide 440C, aluminum gate 450C, or oxide 460C exposed. Etching may include Reactive Ion
Etching (RIE) to encourage etching preferentially in the direction normal or perpendicular to the surface
of the layer 440B. RIE is a dry-etch process wherein the intermediate substrate 400B is placed on a radio
frequency powered electrode and provided with a potential that helps ionize and accelerate ion

bombardment of etching species extracted from plasma toward the etched surface.
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[0054] Figure 4D shows a fourth intermediate substrate 400D containing a silicon channel 430D formed
by removing a portion of the silicon on insulator layer 430C that is substantially not subjacent and
concealed by the gate oxide 440C. Removal may include etching silicon on insulator that has a standard
Si-100 orientation with tetramethylammonium hydroxide (TMAH) to form angled sidewalls that slope
inward toward the gate 450D, as shown. Alternatively, comparatively straight sidewalls aligned with the
gate oxide 440D may be formed by a self-limiting etch in TMAH if the silicon on insulator has a Si-110

orientation. Such comparatively straight sidewalls may also be formed by RIE.

[0055] Figure 4E shows a fifth intermediate substrate 400E containing an undercut silicon channel 430E
formed by removing a portion of the channel 430D that is subjacent and aligned with the gate oxide
440D. The undercut silicon channel 430E contains an undercut region wherein the silicon is removed
from the channel 430D at a left and right-hand edge of the gate oxide 440D to allow a subsequent
formation of source and drain material vertically under the gate oxide 440E. Removal may be by a non-
directional or isotropic wet silicon etch with TMAH wherein etching takes place in substantial uniform
amounts along the sidewall. If the crystal axis of the silicon on insulator are not aligned precisely with
the lithography, the TMAH etch may not be completely self-limiting and may form an undercut due to the

vertical ridges or stair steps of crystal structure. Alternatively, removal may be by an isotropic RIE.

[0056] Figure 4F shows a sixth intermediate substrate 400F containing a seed layer 476F, 472F, and
474F formed respectively on a top surface of the insulated gate and on a left and right-hand side of the
insulated gate. The seed layer facilitates subsequent formation of a metal source and drain. The seed
layer may be deposited anisotropically so that no significant seed layer material is deposited on the
vertical sidewalls of the aluminum oxide 460F, gate oxide 440F, or channel 430F and essentially no metal
is deposited on the underside of the undercut overhang of the gate oxide 440F. This is desired to
electrically isolate the seed layer portion 476F from the seed layer portion 472F and 474F. In one
embodiment, the seed layer contains chromium deposited from a thermal source. Chromium provides

desirable electrochemistry and is well suited for formation of ultra-thin films.
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[0057] Figure 4G shows a seventh intermediate substrate 400G containing a modified seed layer 472G-
474G formed by selectively remov_ing the layer portion 476F from the top surface of the insulated gate.
Removal of the portion 476F is desirable to allow depositing the source and drain materials superjacent
the layer portions 472G and 476G without depositing the source and drain materials atop the oxidized
aluminum gate structure. Since the seed layer portion 476F is electrically isolated from the seed layer
portions 472F and 476F, the portion 476F may be removed electrochemically by a Cerric Ammonium
Nitrate (CAN) chrome etch. For example, the seed layer portions 472F and 474F but not the seed layer
portion 476F may be electrically coupled with a copper electrical probe at the edge of the substrate to etch
the seed layer portion 476F but not the portions 472F-474F. It should be noted however, that another
embodiment is contemplated wherein patterning may be used to form chromium layers 472F and 474F
without forming chromium layer 476F. This may avoid a subsequent removal of the chromium layer

476F.

[0058] Figure 4H shows an eighth intermediate substrate 400H containing interface layers 482H and
484H formed on the sidewall surfaces of the channel 430H. The interface layers may be a monolayer,
slightly more than a monolayer, less than about 0.3 nm, less than about 0.5 nm or less than about I nm
(depending upon the desired Schottky barrier characteristics). That is, in some cases an amount of
passivation material sufficient to terminate all or a sufficient number of dangling bonds of the
semiconductor channel to achieve chemical stability of the surface may be used. The interface layers may
be grown in accordance with the techniques discussed in the above-cited patent application. Passivation
materials that are contemplated include arsenic, hydrogen, fluorine, oxygen, and nitrogen, as discussed
above, and the interface layers 482H and 484H may be made up of both a passivation layer and a

separation layer.

[0059] Figure 41 shows a ninth intermediate substrate 4001 containing a source 4921 formed superjacent
upon the seed material 472H and beneath the left undercut overhang and a drain 4941 formed superjacent
upon the seed material 474H and beneath the right undercut overhang. The source and drain have a

thickness that extends above the gate insulator 4401. Desirably, the thickness may be precisely controlled.

E:\Client_Files\Acorn Technology\003771.P004\003771.P004 Patent Application.doc 21

GF Exhibit 1004 - 24/165



Forming may include plating the potentially different source/drain materials on the seed layers 472H and
474H. This may include depositing a photoresist, irradiating the photoresist to expose a channel width
pattern, removing a portion of the photoresist to expose the seed layers 472H and 474H, plating the
source/drain materials on the seed layers 472H and 474H, and removing the remainder of the photoresist.
According to one embodiment, the source and drain materials are aluminum. Alternatively, the source

and drain materials may be another desired and potentially different metal or alloy.

[0060] The transistor shown in Figure 41 has a number of advantages. In general, the transistor provides
a simple construction. This may allow extending transistor fabrication below 50 nm channel lengths,
below 20 nm channel lengths, or even below 10 nm channel lengths. Another advantage is greater control
over the Schottky barrier height provided by the interface layers. The barrier height may be controlled by
the properties of the interface layer such as passivation material, layer thickness, and layer formation
conditions, in addition to difference in workfunctions between the source/drain and the channel. This
ability to control the barrier height is further increased by greater flexibility in selecting source/drain
materials, since, due to the interface layers, the source/drain materials do not have to readily form
silicides with the silicon channel. Yet another advantage is low resistance in the source due to the use of
a high conductivity metal rather than doped silicon. Removal of dopants in the junctions in general may
be attractive from an Ultra-Large-Scale-Integration (ULSI) manufacturing perspective, since application

of such dopants is posing a limit to process controllability.

[0061] The channel — interface layer — source/drain junction(s) of the transistor shown in Figure 41 are
unique in that the Fermi level of the semiconductor channel is depinned in a region near the junction and
the junction has a specific contact resistance of less than approximately 1000 Q-pm’. This is true of all

transistors configured in accordance with the present invention. Indeed, minimum specific contact

resistances of less than or equal to approximately 10 £ — um2 or even less than or equal to
approximately 1 Q— #mz may be achieved for such junctions in accordance with the present invention.
To achieve such low contact resistances, a source/drain 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
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valence band for p-type semiconductors, is selected. The depinning role played by the interface layer in
tuning, adjusting, or controlling the height of the barrier between the source/drain and the semiconductor
channel involves both a reduction in surface states of the channel, by bonding to the semiconductor
material to consume dangling bonds, a reduction in the formation of MIGS in the semiconductor channel,
by providing a thickness and bandgap that prevent the electron wave function (of the source/drain metal)
from penetrating into the semiconductor channel. 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 of the channel. The interface layer is operable

to pass current to/from the semiconductor channel during device operation.

[0062] In some embodiments, 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 of the channel) so that the interface layer both depins the Fermi
level (so that the barrier height depends predominantly on bulk properties of the junction materials) and
allows sufficient current transfer across it. In some cases the interface layer may include only an amount
of passivation material sufficient to terminate all or a sufficient number of dangling bonds of the
semiconductor channel to achieve chemical stability of the surface. 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.

[0063] As explained in the above-cited patent application, 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
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level pihning. In other words, some embodiments may allow for a sufficiently thin interface layer so that
not all of the effects of MIGS in the semiconductor channel 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 semiconductor channel passivation may be left incomplete to allow for an
effective level of unpassivated states. Complete depinning of the Fermi level (that is removal of all
surface states in the semiconductor channel 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.

[0064] In summary then, one embodiment for fabricating a transistor on a semiconductor substrate
includes: (1) forming a semiconductor oxide dielectric layer on a semiconductor substrate by oxidizing
the semiconductor substrate; (2) forming a metal gate on the semiconductor oxide layer by depositing a
layer of metal on the semiconductor oxide and removing a portion of the deposited layer of metal based
on a lithographic exposure; (3) forming a metal oxide dielectric layer on exposed portions of the metal
gate by oxidizing the metal gate; (4) forming a gate oxide dielectric by removing a portion of the
semiconductor oxide layer that is protected by the metal oxide formed on the metal gate; (5) forming a
semiconductor channel structure by removing a portion of the semiconductor substrate that is not
protected by the metal oxide formed on the metal gate; (6) forming an undercut semiconductor channel
containing a source undercut region for a source tip and a drain undercut region for a drain tip by
removing a source tip portion of the semiconductor channel structure that is subjacent to a left-hand end
of the gate oxide and extends underneath the gate oxide toward the channel top interior and removing a
drain tip portion of the semiconductor channel structure that is subjacent to a right-hand end of the gate
oxide and extends underneath the gate oxide toward the channel top interior; (7) forming a source seed
layer on a left-hand side of the undercut semiconductor channel and forming a drain seed layer on a right-
hand side of the undercut semiconductor channel by anisotropically depositing seed layer material so that

seed layer material is not deposited on exposed sidewall surfaces of the undercut semiconductor channel
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and removing a portion of deposited seed layer material that is above the undercut semiconductor
channel; (8) forming an interface layer on the exposed sidewall surfaces of the undercut semiconductor
channel by covalently bonding at least a monolayer (or less) of passivation material to semiconductor
atoms of the exposed sidewall surfaces of the undercut semiconductor channel; and (9) forming a source
on a first side of the channel including on the passivation layer and within a first undercut corresponding
to the removal of the first portion of the semiconductor channel structure and forming a drain on a second
side of the channel including on the interface layer and within a second undercut corresponding to the

removal of the second portion of the semiconductor channel structure.

IV. Alternative Arrangements

[0065] The transistor illustrated in Figure 41 is but one example of the types of FET's that can benefit
from the present invention. Other FETs known in the art may also realize such benefits by incorporating
the present interface layers into source/drain — channel junctions. For example, so-called FinFETs may
incorporate such interface layers. A FinFET is an example of a thin-body SOI device and is the name
given to a class of FETs developed by researchers at the University of California, Berkely. Conventional
FinFETs are described in detail in Yang-Kyu Choi et al., “Nanoscale CMOS Spacer FinFET for the
Terabit Era”, IEEE Electron Device Letters, vol. 25, no. 1 (Jan. 2002), incorporated herein by reference,
and an example of such a device 500 is illustrated in Figure 5A. As shown, the channel of a finFET is

formed by spacer-defined semiconductor fins.

[0066] Figure 5B shows a Fin-FET 520 modified to incorporate interface layers 522 in accordance with
an embodiment of the present invention. In this embodiment, the semiconductor source and/or drain are
replaced with a metal source and/or drain. The semiconductor fins (i.e., the channel) contact these

source/drain regions through an interface layer.
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[0067] Another transistor where the present invention may find application is the so-called vertical
MOSFET, e.g., as described in E. Josse et al., “High performance 40 nm vertical MOSFET within a
conventional CMOS process flow”, 2001 Symposium on VLSI Technology Digest of Technical Papers.
Paper No. 5B-2, pages 55 — 56 (2001), incorporated herein by reference. Vertical MOSFET's are
characterized by a pillar-like channel sandwiched between a double gate. The source and drain are

located at the ends of the channel pillar. An example of such a structure 600 is shown in Figure 6A.

[0068] Figure 6B shows a vertical MOSFET 620 modified to incorporate interface layers in accordance
with an embodiment of the present invention. This transistor is similar to the MOSFET illustrated in
Figure 6A but the upper Si n-region (the drain in this example) has been replace with a metal drain and
contact to the channel is through an interface layer 622. Thus, such devices may be asymmetric, having a
passivated Si/metal tunnel junction at the top contact, and a Si p-n junction at the bottom of the device on
the substrate side. Complementary devices may be fabricated on the same substrate by first implanting p
and n regions for the bottom contacts, and then employing two different metals, each with work functions

chosen to yield p-type or n-type devices, as the top contacts to the channel.

[0069] Figure 7A illustrates yet another type of transistor 700, the MESFET. A MESFET (Metal
Semiconductor FET) replaces the gate/insulator/semiconductor stack adjacent to the channel with a
metal/semiconductor contact, intentionally forming a Schottky barrier. The conductance of the channel is
modulated when an applied gate voltage results in a change in the depletion width of the Schottky barrier

into the channel. The channel as shown may be a thin Si layer, as in an SOI substrate.

[0070] For optimizing the utility of a particular MESFET application, it may be desirable to either raise
or lower the Schottky barrier. This may be achieved as shown in Figure 7B by implementation of the
present invention in a transistor 720 wherein a particular interface dielectric and contact metal may be
appropriately chosen. The interface dielectric forms an interface layer 722 between the gate and the

channel. In other embodiments, the gate may be poly Si instead of a metal.
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V. Use of Transistor In Electrical Systems

[0071] Transistors such as those described herein may be used in chips, integrated circuits, monolithic
devices, semiconductor devices, microelectronic devices, and the like within a number of electrical
systems. Electrical systems that are contemplated include computer systems (e.g., portable, laptop,
desktop, server, mainframe, etc.), hard copy equipment (e.g., printer, plotter, fax machine, etc.), and other
electrical systems. For example, in one embodiment a computer system may comprise a microprocessor
having such a transistor to help execute instructions. The computer system may contain other
conventional components including but not limited to a bus or other communication means to
communicate information, a memory to store information (e.g., a dynamic memory such as RAM or a
static memory such as ROM), a display device, a data input device, and a communication device suchasa
modem, as will be appreciated by a person having an ordinary level of skill in the art and the benefit of
the present disclosure. Any or all of these devices may include transistors configured in accordance with

the present invention.

[0072] Thus, a transistor having passivated junctions from the source to the channel and/or from the
channel to the drain, and a method for forming such a transistor 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. For example, metals other than aluminum may be used in transistors configured in
accordance with the present invention. Low work function metals that may be so used include Er, Eu, Ba,
Cs, Ca, Ce, Rb, Sm, Y, and Yb. All have workfunctions less than 3 eV. High work function metals (for
aligning to valence bands) which may be used include Pt, Ir, Pd, Re, Ni, Co, and Au. 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. A transistor, comprising a semiconductor ¢hannel disposed (i) nearby a gate configured to control
conductance within the channel and (ii) in an electrical path between a source and a drain, at least
one of which is made of a metal, wherein the channel and whichever of the source and/or the
drain is/are made of the metal is/are separated by an interface layer so as to form a channel -
interface layer — source/drain junction in which a Fermi level of the semiconductor channel is
depinned in a region near the junction and the junction has a specific contact resistance of less

than approximately 1000 Q-pm®.

2. The transistor of claim 1 wherein the semiconductor channel is made of one of Si, Ge, SiGe, SiGeC, or

SiC.

3. The transistor of claim 1 wherein the metal comprises one of a pure metal, an alloy, or a refractory

metal.

4. The transistor of claim 1 wherein the metal comprises aluminum.

5. The transistor of claim 1 wherein the specific contact resistance is less than or equal to

approximately 100 € — um?.

6. The transistor of claim 1 wherein the specific contact resistance is less than or equal to

,

approximately 50 Q-pm’.
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7. The transistor of claim 1 wherein the specific contact resistance is less than or equal to

approximately 10 Q-pm”.

8. The transistor of claim 1 wherein the specific contact resistance is less than or equal to

approximately 1 Q-pm’.

9. The transistor of claim 1 wherein the interface layer includes a passivating material.

10. The transistor of claim 9 wherein the passivating material comprises one or more of a nitride of the
semiconductor of the channel, a fluoride of the semiconductor of the channel, an oxide of the
semiconductor of the channel, an oxynitride of the semiconductor of the channel, a hydride of the

semiconductor of the channel and/or an arsenide of the semiconductor of the channel.
11. The transistor of claim 10 wherein the interface layer consists essentially of an amount of passivating
material sufficient to terminate enough dangling bonds of a surface of the semiconductor channel so as to

achieve chemical stability of the surface.

12. The transistor of claim 10 wherein the interface layer consists essentially of a monolayer configured

to depin the Fermi level of the semiconductor of the channel.

13. The transistor of claim 12 wherein the interface layer has a thickness sufficient to reduce effects of

metal-induced gap states in the semiconductor channel.

14. The transistor of claim 9 wherein the interface layer further includes a separation layer.

15. The transistor of claim 14 wherein the separation layer has a thickness sufficient to reduce effects of

metal-induced gap states in the semiconductor channel.
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16. The transistor of claim 1 wherein the semiconductor channel is separated from the gate by a

dielectric.

17. A method , comprising:
forming, on one or more surfaces of a semiconductor channel of a transistor, an interface
layer; and
forming, on one or more surfaces of the interface layer opposite the semiconductor
channel, a source or drain terminal for the transistor so as to create a channel — interface layer —
source/drain junction in which a Fermi level of the semiconductor channel is depinned in a region
near the junction and the junction has a specific contact resistance of less than approximately

1000 Q-pm’.

18. The method of claim 17 wherein the semiconductor channel is formed by removing a portion of a
semiconductor substrate that is not protected by a mask created at least in part by a gate structure formed

above the semiconductor channel.

19. The method of claim 17 wherein the specific contact resistance is less than or equal to approximately

100 Q —um*.

20. The method of claim 17 wherein the specific contact resistance is less than or equal to approximately

50 Q-pm’.

21. The method of claim 17 wherein the specific contact resistance is less than or equal to approximately

10 Q-pm?,
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22. The method of claim 17 wherein the specific contact resistance is less than or equal to approximately

1 Q-pm’.

23. The method of claim 17 wherein the semiconductor channel is made of one of Si, Ge, SiGe, SiGeC, or

SiC.

24. The method of claim 23 wherein the gate is formed on a oxide layer disposed over the semiconductor

channel.

25. The method of claim 24 wherein the oxide layer comprises a dielectric layer sufficiently thick enough

to provide only capacitive coupling between the gate and the semiconductor channel.

6. The method of claim 24 wherein the oxide layer is formed over the semiconductor substrate by

oxidizing the substrate.

27. The method of claim 26 wherein the gate is formed on the oxide layer by depositing a layer of metal
on the oxide layer and removing a portion of the deposited layer of metal based on a lithographic

exposure.

28. The method of claim 25 wherein the source or drain terminal is formed from a seed layer created by

anisotropically depositing seed layer material on the semiconductor substrate.

79, The method of claim 27 wherein the interface layer is formed by covalently bonding at least a

monolayer of a passivation material to the semiconductor channel.

30. The method of claim 29 wherein the passivation material comprises one or more of a nitride of the

semiconductor channel, a fluoride of the semiconductor channel, an oxide of the semiconductor channel,
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an oxynitride of the semiconductor channel, a hydride of the semiconductor channel and/or an arsenide of

the semiconductor channel.

31. The method of claim 29 wherein the interface layer includes a separation layer comprising a material

different than the passivation material.

32. The method of claim 31 wherein the material that makes up the separation layer comprises an oxide of

the semiconductor channel.

33. The method of claim 17 wherein the interface layer comprises an amount of a passivation material
sufficient to terminate all or a sufficient number of dangling bonds of the one or more surfaces of the

semiconductor channel to achieve chemical stability of the one or more surfaces.

34. An electrical system comprising a circuit coupled to a transistor having a semiconductor channel
disposed nearby a gate and in an electrical path between a source and a drain, at least one of which is
made of a metal, wherein the channel and whichever of the source and/or the drain is/are made of the
metal is/are separated by an interface layer so as to form a channel - interface layer — source/drain
junction in which a Fermi level of the semiconductor channel is depinned in a region near the junction

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

35. The electrical system of claim 34 wherein the semiconductor channel is separated from the gate by a

dielectric.

36. The electrical system of claim 35 wherein the specific contact resistance is less than or equal to

approximately 100 € - ym 2.
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37. The electrical system of claim 35 wherein the specific contact resistance is less than or equal to

approximately 50 Q-pm?,

38. The electrical system of claim 35 wherein the specific contact resistance is less than or equal to

approximately 10 Q-um®.

39. The electrical system of claim 35 wherein the specific contact resistance is less than or equal to

approximately 1 Q-pum’.

40. The electrical system of claim 35 wherein the semiconductor channel is made of one of Si,Ge, SiGe,

SiGeC, or SiC.

41. The electrical system of claim 35 wherein the interface layer includes a passivating material.

42. The electrical system of claim 41 wherein the interface layer includes a separation layer comprising a

material different than the passivation material.

43. The electrical system of claim 41 wherein the interface layer has a thickness sufficient to reduce

effects of metal-induced gap states in the semiconductor channel.
44. The electrical system of claim 41 wherein the interface layer comprises an amount of passivating
material sufficient to terminate all or a sufficient number of dangling bonds of the semiconductor channel

to achieve chemical stability of a surface of the semiconductor channel in the region near the junction.

45. The electrical system of claim 44 wherein amount of passivating material comprises a monolayer.
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ABSTRACT

[0073] A transistor includes a semiconductor channel disposed nearby a gate and in an electrical path
between a source and a drain, wherein the channel and at least one of the source or the drain are separated
by an interface layer so as to form a channel — interface layer — source/drain junction in which a Fermi
level of the semiconductor channel is depinned in a region near the junction and the junction has a
specific contact resistance of less than approximately 1000 Q-um’. The interface layer may include a
passivating material such as a nitride, a fluoride, an oxide, an oxynitride, a hydride and/or an arsenide of
the semiconductor of the channel. In some cases, the interface layer consists essentially of a monolayer
configured to depin the Fermi level of the semiconductor of the channel, or an amount of passivation
material sufficient to terminate all or a sufficient number of dangling bonds of the semiconductor channel
to achieve chemical stability of the surface. Also, the interface layer may include a separation layer of a
material different than the passivating material. Where used, the separation layer has a thickness sufficient

to reduce effects of metal-induced gap states in the semiconductor channel.
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Attorney's Docket No.: 3771P004 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
INSULATED GATE FIELD EFFECT TRANSISTOR HAVING PASSIVATED

SCHOTTKY BARRIERS TO THE CHANNEL

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.

| 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)

| 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:

10/217,758 08/12/2002 Pending
(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, Req. 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 =%+ g/ﬂ/ﬁ Date /// D// 07
Residence _ AL ALTo, ¢ A Citizenship USA
(City, State) (Country)

Post Office Address _ 23 Y% LELAND AVE.
L2AS Ay, o f 94 306

Full Name of Second/Joipt Inventor DANIEL J. CO LY
. - —
Inventor's Signature g X Date _ 1O JAM Z,O\')j
Residence __ Kwor) oy CA Citizenship USA
(City, State) (Country)

Post Office Address 525 RotnerPory) _ Bve
Repwasp C oy  CA  9uoc1-Y2I g
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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; Michael A. Bernadicou, Reg.
No. 35,934; Roger W. Blakely, Jr., Reg. No. 25,831; R. Alan Bumnett, 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; 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 11, 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. Mallie, 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; Stantey 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

(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 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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PATENT APPLICATION FEE DETERMINATION RECORD SAO
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TOTAL CLAIMS ;,’ZS RATE FEE RATE FEE
FOR NUMBER FILED NUMBER EXTRA BASIC FEE 3375 OR leasic ree 9750
TOTAL CHARGEABLE CLAIMS 4jfminus 20= |* 0/2 S : X$ 9= 3\55 or| x$18=
*
INDEPENDENT CLAIMS =z minus 3 = - _
o (\0 X42= or| x84=
MULTIPLE DEPENDENT CLAIM PRESENT D .
+140= OR| +280=
If the difference in column 1 is less than zero, enter “0” in colum_n 2 TOTAL | ) O lor TOTAL
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I i =
?: ndependent |« Minus sk X42= oR X84=
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TOTAL OR TOTAL
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E AFTER PREVIOUSLY EXTRA RATE {TIONAL RATE | TIONAL
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3 [Total - - X$ 9= or | xs18=
%" Independent |« Minus T =
< —_— X42= or| X84=
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM D i .
+140= OR | +280=
* Ifthe entry in column 1 is less than the entry in column 2, write “0” in column 3. TOT
™ It the “Highest Number Previously Paid For” IN THIS SPACE is less than 20, enter “20.” ADD;OJQE OR ADm;OFTEAé
f the “Highest Number Previously Paid For" IN THIS SPACE is less than 3, enter *3." ' '
The “Highest Number Previously Paid For" (Total or Independent) is the highest number found in the appropriate box in column 1,

FORM PTO-875 (Rev 103 - Patent and Trademark Office, U.S. DEPARTMENT OF COMMERCE
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PTQVSB/S (11-00)

Approved for usc through 10/3172002. OMB 0651-0031

Patem and Trademark Office: U.5 DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons re required 1o respond 10 8 collectian of information unless it displays a valid OMB contro) number.

\

[ NONPUBLICATION REQUEST | First Namct lovenor  [Daniel E. Grupp

_ | Insulated Gate Field Effect Transistor Having
UNDER Title | passivated Schottky Barriers To The Channel

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

publication at eighteen months after filing.
| hereby request that the attached application not be publishgd under 38/J.5.C.
122(b).
01/14/03 O ~ .
Date / 7/ Y 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 resuit in abandonment of this application (35
U.S.C. 112(b){2)(B)(iii)).

Buwden Hour This. ion is roquired by 37 CFR 1.213(a).  This information is uscd by the public to sequast 1hat an spplication not be published under 35 US.C
mm(wmnonmq;mm) Confidentiality is governed by 35 U.S.C. 122 and 37 CFR (.14, This form is cstitrated 10 take 6 minutes to complete. Time will vary depending

upon the neods of the individual case. Any commants on Lhe smount of time you are required (o complee (his fomn should be sent to the Chiel Information Officer, U.S. Patent and Trademark
Office, Washingtan, OC 20231, DO NOT SEND FEES OR COMPLETED FORMS TO THIS ADDRESS. SEND TO: Assisnunt Commissioner for Patents, Washington, DC 2023).
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RECEIVED

\'? E N 0cT 2 0 2003

=) OFFICE OF PETITIONS @f’(‘:&
Wl LS

> Application No. 10/342,576 / )
2 ;\0@‘ RANSM ITTAL FORM Filing Date January 14, 2003

(fo be used for all correspondence after initial filing) First Named Inventor Daniel E. Grupp

Art Unit 2811
Examiner Name
Total Number of Pages in This Submission 4 Attorney Docket Number | 3771P004 y
\.

ENCLOSURES (check all that apply)

> After Allowance Communication
’ E Fee Transmittal Form D Drawing(s) to Group
N/
Fee Attached [] Licensing-related Papers OA o Rgsggg";wgmfgggﬁ'eﬁ’cggam

. Appeal Communication to Grou
D Amendment / Response E Petition D mgg.au Notice, Brlef, Reply Brief) P

D After Final Petition to Convert a

D Proprietary Information
D Affidavits/declaration(s) Provisional Application

D Power of Attorney, Revocation [:I Status Letter
" D Extension of Time Request Change of Correspondence Address
D Terminal Disclaimer D Other Enclosure(s)
-~ lease identify below).
\ 8 D Express Abandonment Request p iy )
I:l Information Disclosure Statement D Request for Refund
[ eroiseis [] cb, Number of CD(s)
D Certified Copy of Priority
Document(: ?

Response to Missing Parts/
Incomplete Application

D Basic Filing Fee
D Declaration/POA
|:| Response to Missing

Remarks

Parts under 37 CFR
r1.53
SIGNATURE OF APPLICANT, ATTORNEY, OR AGENT
Firrm Tarek N. Fahmi, Reg. No, 41,402
(o]
Individual name , SOK! FF, TAYLOR & ZAFMAN LLP
Signature // L‘ 7 L/‘
Date (October 14, 2003

CERTIFICATE OF MAILING/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 Petition, Commissioner for Patents, P.O. Box 1450,
Alexandria, VA 22313-1450.

Typed or printed name | Jennifer L. Stevyart

\_Signature K“\ \ \%ﬂ@' I Date | October 14,2003 )

Based on PTQ/SB/21 (08-03) as modiffed ty Blakely\Sdlokoff, Taytor & Zafman (wir) 09/11/2003.
SEND TO: Cemmissioner for Patents P.C} Box 1450, Alexandria, VA 22313-1450
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ocr 17 A0 ;?9
S
s E TRANSMITTAL Comple L ETO AEcEvE
[ & TRAD! Application Number 10/342,576 NCUEVE
for FY 2003 Filing Date Tanuary 14,2003 g o o oo
Effective 01/01/2003. Patent feas are subject to annual revision. First Named Inventor Daniel E. Grupp T4 U LU,
Applicant claims small entity status. See 37 CFR 1.27. Examiner Name OFECiee o o
N ' ~
Group/Art Unit 2811 “C UFPETTTION'S
\ TOTAL AMOUNT OF PAYMENT %) 665.00 Attomey Docket No. 37T1P0O04 )
METHOD OF PAYMENT (check all that apply) FEE CALCULATION (continued}
3. ADDITIONAL FEES
X check O credit card O gl‘_’d";y O otner [ none
E Deposit Account Large Entity Small Entity
. Feo  Fee Foo  Foo
reposit P Code @ [Cok @ Fee Description Fee Paid
Account -
Number 02 266 1051 130 2051 65 Surcharge - late filing fee or oath
Deposit 1052 50 2052 25 Surcharge - late provisional filing fee or
cover sheet.
Account | Blakely, Sokoloff, Taylor & Zafman LLP
Name 2053 130 2053 130 Non-English specification
The Commissioner is authorized to: { check all that appiy) 1812 2,520 1812 2,520 For filing a request for ex parte reexamination
indi i 1804 920* | 1804 920 * Requesting publication of SIR prior to
E Charge fee(s) indicated below & Credit any overpayments Examiner action
g Charge any additiona! fee(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 Examiner action
to 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 month
1. BASIC FILING FEE 1253 950 | 2253 475 Extension for reply within third month
Large Entlty Smali Entity 1254 1,480 2254 740 Extension for reply within fourth month
Fea F(;)‘ Fea F;)‘ Foo Doscription FeePaid 1255 1210 | 2255 o5 Extensionfor reply within fifth month
1404 330 2401 165 Notice of Appeal N
1001 770 | 2001 385  Utility filing fee .
1002 340 | 2002 170 Design fiing fea 1402 330 2402 165  Filing a brief in support of an appeal
1003 530 | 2003 265  Plant filing fee 1403 200 | 2403 145 Request for oral hearing
1004 770 2004 385  Reissue filing fee 1451 1,510 2451 1.510 Petition to institute a public use proceeding
1005 160 | 2005 80  Provisional filing fee 1452 110 2452 55 Petition to revive - unavoidable
1453 1,330 2453 665 Petition to revive - unintentional 665.00
SUBTOTAL (1) %)
1501 1,330 2501 665  Utility issue fee (or reissue)
2. EXTRA CLAIM FEES Fea from 1502 480 2502 240 Design issue fee
Ciaims below Fee Paid 1503 640 ] 2503 320 Plantissue feo
Total Ciaims .26 - = 1460 130 | 2460 130 Petitions to the Commissioner
33?:?;“68{1{ 3" = 1807 s0 | 1807 50 Processing fee under 37 CFR 1.17(q}
Multiple Dependent = 1806 180 | 1806 180 Submission of Information Disclosure Stmt
Large Entlty Small Entlty 8021 40 8021 40 Recording each patent assignment per
Foo Foo Teo Foo  FeeD property (times number cf properties)
Coda ® Coda @) 1809 770 1800 385 Filing a submission after final rejection
1202 18 | 2202 9 Claims in excess of 20 (37 CFR § 1.129(a))
1201 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 290 2203 145  Multiple Dependent claim, if not paid ] -
1204 86 2204 43 ""Reissug independent claims gver original 1801 770 2801 385 Request for Continued Examination (RCE)
patent 1802 900 | 1802 900 Request for expedited examination
. L of a design application
1205 18 2205 9 Reissue claims in excess of 20 and aver Other fes (specify)
original patent
SUBTOTAL (2) ()
* Reduced by Basic Filng Fee Pad SUBTOTAL (3
““or number previously paid, if greater, For Reissues, sea below AL@3) ® 665.00
— e ———————t———————eee
—— e ———
( SUBMITTED BY /4 7 Complete (if applicable ‘
] Registration No.
Name (PrintType) Tarck N, Fa —_ / (AttomeyiAgent) 41,402 Telephone | (408) 947-8200
\ Signature // é‘ / (_/- Date 10/14/03 |

Based on PTO/SB/17 (08-03) as l;?(ﬁéd by Blakely, Solokoff, Taylor & Zafman (wir) 06/11/2003.

SEND TO: Commissioner for Pat

fts, P.O. Box 1450, Alexandria, VA 22313-1450
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0cT 20 2003 # 2%
OFFICE OF PETITIONS
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)) 3771P004

First Named Inventor: Daniel E. Grupp

Application No.. 10/342,576 Art Unit: 2811

Fidd: January 14, 2003 Examiner:

Title: Insulated Gate Field Effect Transistor Having Passivated Schottky Barriers To The Channel

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)(jii) .

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

1. Petition fee
X small entity-fee $665.00 (37 CFR 1.17(m)). Applicant claims small 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 subsequently filed foreign or international application is August 8,
2003.

SEND TO: Mall Stop Petitlon, Commissioner for Patents, P.O. Box 1450, Alexandrla, VA 22313-1450,
Based on Form PTO/SB/84a (05-03) as modified by BLAKELY, SOKCLOFF, TAYLOR & ZAFMAN LLP on 5/13/03.

10/20/2003 AUCNDAF1 00000113 10342576 [Page 10f2)
01 FC:2433 €62.00 0P
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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), subsections (lII)}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 PTO-2039.

B
October 14, 2003 7 in

Date « Signature

Telephone 4
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: X Fee Payment
[ Additional sheets containing statements establishing unintentional delay
(J Other:

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

| hereby certify that this correspondence is being:

B 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.

Date Signature

—October 14,2003 )&ﬂ\(\\\(w\%\ ¥
U \

Jennifer L. Stewart
Typed or printed name of person signing certificate

[Page 2 of 2]
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COMMISSIONER FOR PATENTS

UNITED STATES PATENT AND TRADEMARK OFFICE
P.O. Box t450

ALEXANDRIA, VA 223 13-1450

WWW.LSplo.gov

UNITED STATES PATENT AND TRADEMARK OFFICE

Paper No. 3

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

0CT 3 1.2003
In re Application of : OFFICE OF PETITIONS
Danie E. Grupp, et al. :
Application No. 10/342,576 : DECISION GRANTING PETITION

Filed: January 14, 2003 D UNDER 37 CFR 1.137(b)
Attorney Docket No. 3771P004 :

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 (USPTO) of the filing OIP an application in a foreign
country, or under a multinational treaty that requires publication of applications eighteen months
after filing. See 37 CFR 1.137(f). :

The petition 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.S.C. §
122(b)(2)(B)(iii) and 37 CFR 1.213(c) for failure to timely notify the Office of the filing of an
application 1n 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)(iii) 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 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)(i) 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.

GF Exhibit 1004 - 60/165



Application No. 10/342,576 Page 2

Any inquiries concerning this decision may be directed to the undersigned at (703)
305-9220.

This application is being forwarded to Technology Center Art Unit 2811 for examination in due
course.

Sherry I§. Brinkley
Petitions'Examiner
Office of Petitions
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

pess Bm'142/"’ug'nx'n 22313-1450

w;m:guv

| APPLICATION NUMBER | FILING/RECEIPT DATE |  FirsTnamEeD apPLicanT | ATTY. DOCKET NO. Il

10/342,576 01/14/2003 Daniel E. Grupp 3771P004
CONFIRMATION NO. 9775
08791
TN g

12400 WILSHIRE BOULEVARD, SEVENTH FLOOR
LOS ANGELES, CA 90025

Date Mailed: 10/31/2003

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.

If applicant rescinded the nonpublication request before or on the date of "foreign filing,"! then no notice
of foreign filing is required.

If 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 ddys 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)(iii). 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 multilateral international agreement, that requires publication of applications 18 months after filing".
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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.0O. Box 1450
Alexandria, Virginia 22313-1450
www.usplo.gov
[ appLicATION NO. | FILING DATE | FIRST NAMED INVENTOR J ATTORNEY DOCKET NO. |  CONFIRMATION NQ_]
10/342,576 01/14/2003 Daniel E, Grupp 3771P004 9775
8791 7590 12/09/2003 [ EXAMINER ]
BLAKELY SOKOLOFF TAYLOR & ZAFMAN KANG, DONGHEE
12400 WILSHIRE BOULEVARD, SEVENTH FLOOR
LOS ANGELES, CA 90025 I ART UNIT | PaernuMBER |

2811

DATE MAILED: 12/09/2003

Please find below and/or attached an Office communication conceming this application or proceeding.

PTO-90C (Rev. 10/03)
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Application No. i

Applicant(s)
10/342,576 GRUPP ET AL.
Office Action Summary Examiner At Unit
Donghee Kang 2811

-- The MAILING DATE of this communication appears on the cover sheat with the correspondence address --
Period for Reply

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 1 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.
- Ifthe 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.
- IfNO 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 14 January 2003.
2a)[] This action is FINAL. 2b)X This action is non-final.

3)[] 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

X Claim(s) 1-45 isfare pending in the application.

4a) Of the above claim(s) is/are withdrawn from consideration.
5] Claim(s} _____isfare allowed.
8)] Claim(s) ___is/are rejected.
7)J Claim(s) is/are objected to.

8)X Claim(s) 1-45 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 isfare: 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)[] 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 and 120

12)[] Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d} or (f).
a)J Al b)(] Some * ¢)[J] None of:
1.[1] 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 Natlonal 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.
13)3 Acknowledgment is made of a claim for domestic priority under 35 U.S.C. § 119(e) (to a provisional application)
since a specific reference was included in the first sentence of the specification or in an Application Data Sheet.
37 CFR 1.78.
a) [ The translation of the foreign language provisionai application has been received.
14)] Acknowiedgment is made of a claim for domestic priority under 35 U.S.C. §§ 120 and/or 121 since a specific
reference was included in the first sentence of the specification or in an Application Data Sheet. 37 CFR 1.78.

Attachment(s)

1) D Notice of References Cited (PTO-892) 4) D Interview Summary (PTO-413) Paper No(s). .
2) D Notice of Draftsperson’'s Patent Drawing Review (PTO-948) 5) |:| Notice of Informal Patent Application (PTO-152)
3) [J information Disclosure Statement(s) (PTO-1449) Paper No(s) .. 6) ] Other:

U.S. Palent and Trademark Office
PTOL-326 {Rev. 11-03) Office Action Summary Part of Paper No. 4
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Application/Control Number: 10/342,576 Page 2
Art Unit; 2811

DETAILED ACTION
Election/Restrictions

1. Restriction to one of the following inventions is required under 35 U.S.C. 121:

I Claims 1-16 & 34-45, drawn to a semiconductor device, classified in class 257,
subclass 330.

I1. Claims 17-33, drawn to a method of making a semiconductor device, classified in
class 438, subclass 259.
2. The inventions are distinct, each from the other because of the following reasons:
Inventions 1l and | are related as process of making and product made. The inventions
are distinct if either or both of the following can be shown: (1) that the process as
claimed can be used to make other and materially different product or (2) that the
product as claimed can be made by another and materially different process (MPEP §
806.05(f)). In the instant case, the product as claimed can be made by reverse order,
such as forming source/drain terminal, forming interface layer and then forming channel.
3. Because these inventions are distinct for the reasons given above and have
acquired a separate status in the art as shown by their different classification, the
search required for Group | is not required for Group Il, and separated examination
would be required, restriction for examination purposes as indicated is proper.
4, Applicant is advised that the reply to this requirement to be complete must
include an election of the invention to be examined even though the requirement be

traversed (37 C’FR 1.143).
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Application/Control Number: 10/342,576 Page 3
Art Unit; 2811

5. Applicant is reminded that upon the cancellation of claims to a non-elected
invention, the inventorship must be amended in compliance with 37 CFR 1.48(b) if one
or more of the currently named inventors is no Ibnger an inventor of at least one claim
remaining in the application. Any amendment of inventorship must be accompanied by
a request under 37 CFR 1.48(b) and by the fee required under 37 CFR 1.17(i).

6. Any inquiry concerning this communication or earlier communications from the
examiner should be directed to Donghee Kang whose telephone number is 703-305-
9147. The examiner can normally be reached on Maxiflex.

If attempts to reach the examiner by telephone are unsuccessful, the examiner’s
supervisor, Eddie C Lee can be reached on 703-308-1690. The fax phone number for
the organization where this application or proceeding is assigned is 703-872-8306.

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

proceeding should be directed to the receptionist whose telephone number is 703-308-

0956.
émfpa'jk—'
Donghee Kang
Examiner
Art Unit 2811

dhk
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JAN 12 004

TRANSMITTAL FORM |t

10/342,576 h
Filing Date January 14, 2003
{to be used for all correspondence after initial filing) First Named Inventor Daniel E. Grupp
Art Unit 2811
Examiner Name Kang, Donghee
L Total Number of Pages in This Submission 7 Attorney Docket Number| 3771P004 y
ENCLOSURES (check ail that appiy)
|:| Fee Transmittal Form I:l Drawing(s) Qﬂgl;&llgwance Communicafen
I:l Fee Attached

I:l Licensing-related Papers

D Appeal Communication to Board
g Amendment / Response

of Appeals and Interferences
" Appeal Communication to Group
D Petition D {Appeal Notice, Brief, Reply Brief)
D After Final Petition to Convert a
[:l Affidavits/declaration(s)

Provisional Application

D Proprietary Informaticn
Power of Attorney, Revocation
D Extension of Time Request

Status Letter
Change of Correspondence Address D .

D Terminal Disclaimer
D Express Abandonment Request

D Other Enclosure(s)
(please identify beiow):
D Information Disclosure Statement D Request for Refund
[J Prosseios [] co. Number of CD(s) o
Certified Copy of Priority Lo o=
Documenl(sg \ g}
D Response to Missing Parts/ T — 1o
Incomplete Application R Ny j = i
o emarks . o -
I:I Basic Filing Fee : ::\ o e
[] Declaration/POA - < o« =
Response to Missing v = =3 M
Parts under 37 CFR . “‘.';“ = )
1.52 or 1.53 3 =
SIGNATURE OF APPLICANT, ATTORNEY, OR AGENT L 2
Firm Tarek N. FahmifReg. No. 41,402 :
or
Individual name B}@AI{ELx, OKOLOFF, TAYLOR & ZAFMAN LLP
Signature < ,/ ,J/( :
i
Date Jal{uary 9,200

sufficient postage as first class mail in an envelope addressed to: Mail Stop Non-Fee Amendment, Commissioner for Patents, P.O.
Box 1450, Alexandria, VA 22313-1450. -

CERTIFICATE OF MAILING/TRANSMISSION
| hereby certify that this correspondence is being deposited with the United States Postal Service on the date shown below with

Typed or printed nam

Patricia A. Balero

Q1Y) [ Date |
Based on PTQ/SB/21 (08-03) as modified by BlakE koff, Taylor & Zafman (wir) 09/11/2003.
SEND TO: Commissioner for Patents, P.O. Box 1458wAkexandnia, VA 22313-1450

__ Signature ™

January 9, 2004

J
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

\' “:\‘ o
Application No. : 10/342,576 Confirmation No.: 9{7 75 %’:’ ?_9\
Applicant : Daniel E. Grupp G 2 B ‘5
Filed : January 14, 2003 <, "‘:) “@
TC/A.U. : 2811 "-;' ol o {.}_\
i Kang, Dongh L. T

Examiner ang, Donghee 3 = % O
Docket No. : 3771P004 : ?-'::
Customer No. : 08791 <,

“» - o

Commissioner for Patents
P.O. Box 1450

Alexandria, VA 22313-1450

RESPONSE TO RESTRICTION REQUIREMENT

Sir:

In response to the restriction requirement mailed December 9, 2003, please amend the

above-identified application as follows:

Amendment to the Claims are reflected in the listing of claims which begins on page 2 of this

paper.

Remarks/Arguments begin on page 6 of this paper.

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 the Assistant Commissioner for Patents, Washington,
D.C. 20231

on January 9, 2004

Date of Deposit’
< Patricia A. Balero

arfie\af Person Mailing Correspondence

1/9/04
Date

1 TC
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1. (Original) A transistor, comprising a semiconductor channel disposed (i) nearby a gate
configured to control conductance within the channel and (ii) in an electrical path
between a source and a drain, at least one of which is made of a metal, wherein the
channel and whichever of the source and/or the drain is/are made of the metal is/are
separated by an interface layer so as to form a channel — interface layer — source/drain
junction in which a Fermi level of the semiconductor channel is depinned in a region near
the junction and the junction has a specific contact resistance of less than approximately

1000 Q-pm”.

2. (Original) The transistor of claim 1 wherein the semiconductor channel is made of one of Si,

Ge, SiGe, SiGeC, or SiC.

3. (Original) The transistor of claim 1 wherein the metal comprises one of a pure metal, an alloy,

or a refractory metal.
4. (Original) The transistor of claim 1 wherein the metal comprises aluminum,

5. (Original) The transistor of claim 1 wherein the specific contact resistance is less than or

equal to approximately 100 Q — um?.

6. (Original) The transistor of claim 1 wherein the specific contact resistance is less than or

equal to approximately 50 ©-um’.

7. (Original) The transistor of claim 1 wherein the specific contact resistance is less than or

equal to approximately 10 Q-um’.

8. (Original) The transistor of claim 1 wherein the specific contact resistance is less than or

equal to approximately 1 Q-um’.

Clients/AcornTechnologies/3771P004/ResponseAsFiledP004 2
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9. (Original) The transistor of claim 1 wherein the interface layer includes a passivating

material.

10. (Original) The transistor of claim 9 wherein the passivating material comprises one or more
of a nitride of the semiconductor of the channel, a fluoride of the semiconductor of the channel,
an oxide of the semiconductor of the channel, an oxynitride of the semiconductor of the channel,

a hydride of the semiconductor of the channel and/or an arsenide of the semiconductor of the

channel.

11. (Original) The transistor of claim 10 wherein the interface layer consists essentially of an
amount of passivating material sufficient to terminate enough dangling bonds of a surface of the

semiconductor channel so as to achieve chemical stability of the surface.

12. (Original) The transistor of claim 10 wherein the interface layer consists essentially of a

monolayer configured to depin the Fermi level of the semiconductor of the channel.

13. (Original) The transistor of claim 12 wherein the interface layer has a thickness sufficient to

reduce effects of metal-induced gap states in the semiconductor channel.

14. (Original) The transistor of claim 9 wherein the interface layer further includes a separation

layer.

15. (Original) The transistor of claim 14 wherein the separation layer has a thickness sufficient

to reduce effects of metal-induced gap states in the semiconductor channel.

16. The transistor of ¢laim 1 wherein the semiconductor channel is separated from the gate by a

dielectric.

17 — 33 (Cancelled)

Clients/AcornTechnologies/3771P004/ResponseAsFiledP004 3
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34. (Original) An electrical system comprising a circuit coupled to a transistor having a
semiconductor channel disposed nearby a gate and in an electrical path between a source and a
drain, at least one of which is made of a metal, wherein the channel and whichever of the source
and/or the drain is/are made of the metal is/are separated by an interface layer so as to form a
channel — interface layer — source/drain junction in which a Fermi level of the semiconductor
channel is depinned in a region near the junction and the junction has a specific contact resistance

of less than approximately 1000 Q-um’.

35. (Original) The electrical system of claim 34 wherein the semiconductor channel is separated

from the gate by a dielectric.

36. (Original) The electrical system of claim 35 wherein the specific contact resistance is less

than or equal to approximately 100 Q — um z,

37. (Original) The electrical system of claim 35 wherein the specific contact resistance is less

than or equal to approximately 50 @-pm?.

38. (Original) The electrical system of claim 35 wherein the specific contact resistance is less

than or equal to approximately 10 Q-um?.

39. (Original) The electrical system of claim 35 wherein the specific contact resistance is less

than or equal to approximately 1 Q-um?’,

40. (Original) The electrical system of claim 35 wherein the semiconductor channel is made of

one of 8i,Ge, SiGe, SiGeC, or SiC.

41. The electrical system of claim 35 wherein the interface layer includes a passivating material.

Clients/AcornTechnologies/3771P004/ResponseAsFiledP(004 4
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42. (Original) The electrical system of claim 41 wherein the interface layer includes a separation

layer comprising a material different than the passivation material.

43. (Original) The electrical system of claim 41 wherein the interface layer has a thickness

sufficient to reduce effects of metal-induced gap states in the semiconductor channel.

44, (Original) The electrical system of claim 41 wherein the interface layer comprises an amount
of passivating material sufficient to terminate all or a sufficient number of dangling bonds of the
semiconductor channel to achieve chemical stability of a surface of the semiconductor channel in

the region near the junction.

45. (Original) The electrical system of claim 44 wherein amount of passivating material

comprises a monolayer.

Clients/AcornTechnologies/3771 P004/ResponscAsFiledP004 5
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Applicant hereby elects claims 1-16 and 34-45 (Group 1) for prosecution in this
application. Please cancel claims 17-33 without prejudice.
If there are any additional charges, please charge Deposit Account No. 02-2666.

Respectfully submitted,

/917(5 /SOKO
Date: l// Q 2004 2

arek N. Fahmi
Reg. No. 41,402

F, TAYLOR & ZAFMANLLP

12400 Wilshire Blvd.

Seventh Floor
Los Angeles, CA 90025-1026

(408) 947.8200

Clients/AcornTechnologies/3771P004/ResponseAsFiledP004
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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.Uspto.gov

r APPLICATION NO. [ FILING DATE ] FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. | CONFIRMATION Noj
10/342,576 01/14/2003 Daniel E. Grupp 3771P004 9775
8791 7590 02/13/2004 | EXAMINER |
BLAKELY SOKOLOFF TAYLOR & ZAFMAN KANG, DONGHEE
12400 WILSHIRE BOULEVARD, SEVENTH FLOOR
LOS ANGELES, CA 90025 | ART UNIT |  paprNUMBER |
2811

DATE MAILED: 02/13/2004

Please find below and/or attached an Office communication concerning this application or proceeding.

PTO-90C (Rev. 10/03)
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Application No. Applicant(s)
10/342,576 GRUPP ET AL.

Office Action Summary Examin ¥ Art Unit
Donghee Kang 2811

-- The MAILING DATE of this communication appears on the cov r sh et with the correspondence addr ss --
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

X Responsive to communication(s) filed on 12 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) Claim(s) 1-16 and 34-42 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) 1-13,16,34-41 and 43-45 is/are rejected.
7)X Claim(s) 14,15 and 42 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)X] The drawing(s) filed on 14 January 2003 is/are: a)] accepted or b)X] 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 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)J Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f).
a)J Al b)[J Some * ¢)(J None of:
1.0 Centified copies of the priority documents have been received.
2] Certified copies of the priority documents have been received in Application No.
3.0 cCopies 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)/Mail Date. _____
3) [ information Disclosure Statement(s) (PTO-1449 or PTO/SB/08) 5) [ Notice of Informal Patent Application (PTO-152)
Paper No(s)/Mail Date 6) D Other:
U.S. Patent and Trademark Office
PTOL-326 (Rev. 1-04) Office Action Summary Part of Paper No./Mail Date 02032004

GF Exhibit 1004 - 76/165



Application/Control Number: 10/342,576 Page 2
Art Unit: 2811

DETAILED ACTION
Continuing Domestic Data
1. Acknowledgment is made that this application is a continuation-in-part of
Application Serial No. 10/217,758, filed 12 August 2002.
Election/Restrictions
2. Applicant’s election without traverse of Group | (Claims 1-16 & 34-45) filed
January 12, 2004 is acknowledged. Claims 17-33 are cancelled.
Drawings

3. The drawings are objected to under 37 CFR 1.83(a). The drawings must show
every feature of the invention specified in the claims. Therefore, the limitation “the
interface layer further includes a separation layer” in claims 14 & 42 must be shown or
the feature(s) canceled from the claim(s). No new matter should be entered.

A proposed drawing correction or corrected drawings are required in reply to the
Office action to avoid abandonment of the application. The objection to the drawings
will not be held in abeyance.

Claim Rejections - 35 USC § 102

4. 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.

5. Claims 1-13, 16, 34-41 & 43-45 are rejected under 35 U.S.C. 102(b) as being

anticipated by Grupp (US 6,198,113).
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Application/Control Number: 10/342,576 Page 3
Art Unit: 2811

Re claims 1, 5-8, 34 & 36-39, Grupp teaches a transistor (Fig.1), comprising a
semiconductor channel (26) disposed nearby a gate (24) configured to control
conductance within the channel and in an electrical path between a source (28) and a
drain (30), at least one of which is made of a metal, where the channel and whichever of
the source and the drain are made of the metal are separated by an interface layer (34
& 36) so as to form a channel-interface layer-source/drain junction in which a Fermi
level of the semiconductor channel is depinned in a region near the junction and the
junction has a specific contact resistance of less than approximately 1000 Q. Col .4, line
61— Col.6, line 58.

Re claims 2 & 40, Grupp teaches the semiconductor channel is made of Si.

Re claim 3, Grupp teaches the metal comprises metal.

Re claim 4, Grupp teaches the metal comprises aluminum.

Re claims 9-13, 41 & 43-45, Grupp teaches the interface layer comprises an
oxide of the semiconductor of the channel.

Re claims 16 & 35, Grupp teaches the semiconductor channel is separated from
the gate by a dielectric (22).

Allowable Subject Matter
6. Claims 14-15 & 42 are objected to as being dependent upon a rejected base
claim, but would be allowable if rewritten in independent form including all of the
limitations of the base claim and any intervening claims.

Grupp fails to teach or suggest the interface layer includes a separation layer

comprising a material different than the passivation material.
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Application/Control Number: 10/342,576 Page 4
Art Unit: 2811

Conclusion
7. Any inquiry concerning this communication or earlier communications from the
examiner should be directed to Donghee Kang whose telephone number is 571-272-
1656. The examiner can normally be reached on Maxiflex.

If attempts to reach the examiner by telephone ére unsuccessful, the examiner’s
supervisor, Eddie C Lee can be reached on 703-308-1690. 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

Ylmy s e

Donghee Kang
Examiner
Art Unit 2811

Business Center (EBC) at 866-217-9197 (toll-free).

dhk
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Application/Control No. Applican}(s){Patent Under
venera
Notice of References Cited - .
Examiner Art Unit
Donghee Kang 2811 Page 1 of 1
U.S. PATENT DOCUMENTS
* Countg%co%r:-m‘m,tmz:; Code MMD.\a/t\?YY Name Classification
A | US-6,198,113 03-2001 Grupp, Daniel E. 257/39
B | US-
c | US-
D | US-
E | US-
F | US-
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IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

Application No.: 10/342,576

Inventors: Daniel E. Grupp et al.
[ 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 Commissioner for Patents, P.O. Box

Filed: January 14, 2003

TC/A.U.: 2811 1450, Alexandria, VA 22313-1450.
Examiner: Kang, Donghee on April 8, 2004
Date of Deposit
Docket No.: Patricia A. Balero
Customer No.: 08791 \ me of Person Mailing Correspondence
Confirmation No.: 2811 (@)
Signature Dite

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

AMENDMENT

Sir:

In response to the Office action of February 13, 2004, please amend the above-identified

application as follow:

Amendments to the Specification begin on page 2 of this paper.

Amendments to the Claims are reflected in the listing of claims which begins on page 3 of this

paper.
Amendments to the Drawings begin on page 8 of this paper.
Remarks/Arguments begin on page 9 of this paper.

An Appendix including amended drawing figures is attached following page 10 of this paper.
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Amendments to the Specification

Please replace paragraph [0043] with the following amended paragraph:

[0043] As discussed above, the channel 220 contains a semiconductor material. The term
semiconductor is used to refer to a material having a bandgap that is greater than about 0.1
electron volts and less than about 4 electron volts. Exemplary semiconductors that are
contemplated include Si, Ge, SiGe or SiC. The semiconductor material may have a wide range
of doping levels including no doping at all. The interface layers 230 and 240 each contain a
passivation material that provides passivation to the channel 220 by covalently bonding with a
dangling bond of a surface semiconductor atom to fully codrdinate the semiconductor atom and
thereby help passivate the semiconductor atom. The passivation material is preferably selected
from the group consisting of a hydride, a nitride, an arsenide, an oxide and a fluoride of the
semiconductor channel 220. Depending on the passivation material selected (e.g., where H, As
or F are used as passivation materials), a separation layer 242 in addition to a passivation layer
244 within the interface layers 230-and-240 may be needed. Of course, the combination of the .
passivation layer and the separation layer must be sufﬁéiently thin to permit the low specific
contact resistances described in the above-cited patent application. Further details regarding the
formation of an interface layer may be found in the above-cited patent application and will not be

repeated herein.

Clients/AcornTechnologies/3771P004/AmendmentAsFiledP004 2
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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:

1. (Amended) A transistor, comprising a semiconductor channel disposed (i) nearby a gate
configured to control conductance within the channel and (ii) in an electrical path between a
source and a drain, at least one of which is made of a metal, wherein the channel and whichever
of the source and/or the drain is/are made of the metal is/are separated by an interface layer so as
to form a channel — interface layer — source/drain junction in which a Fermi level of the

semiconductor channel is depinned in a region near the junction, ard-the junction including a

passivated semiconductor surface has and having a specific contact resistance of less than

approximately 1000  -pm?.

2. (Original) The transistor of claim 1 wherein the semiconductor channel is made of one of Si,

Ge, SiGe, SiGeC, or SiC.

3. (Original) The transistor of claim 1 wherein the metal comprises one of a pure metal, an

alloy, or a refractory metal.
4. (Original) The transistor of claim 1 wherein the metal comprises aluminum.

5. (Original) The transistor of claim 1 wherein the specific contact resistance is less than or

equal to approximately 100 @ -pm?.

6. (Original) The transistor of claim 1 wherein the specific contact resistance is less than or

equal to approximately 50 @ -pm?>.

7. (Original) The transistor of claim 1 wherein the specific contact resistance is less than or

equal to approximately 10 Q -um?,

Clients/AcornTechnologies/3771P004/AmendmentAsFiledP004 3
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8. (Original) The transistor of claim 1 wherein the specific contact resistance is less than or

equal to approximately 1 Q- pm’.

9. (Original) The transistor of claim 1 wherein the interface layer includes a passivating

material.

10. (Original) The transistor of claim 9 wherein the passivating material comprises one or more
of a nitride of the semiconductor of the channel, a fluoride of the semiconductor of the channel,
an oxide of the semiconductor of the channel, an oxynitride of the semiconductor of the channel,
a hydride of the semiconductor of the channel and/or an arsenide of the semiconductor of the

channel.

11. (Original) The transistor of claim 10 wherein the interface layer consists essentially of an
amount of passivating material sufficient to terminate enough dangling bonds of a surface of the

semiconductor channel so as to achieve chemical stability of the surface.

12. (Original) The transistor of claim 10 wherein the interface layer consists essentially of a

monolayer configured to depin the Fermi level of the semiconductor of the channel.

13. (Original) The transistor of claim 12 wherein the interface layer has a thickness sufficient to

reduce effects of metal-induced gap states in the semiconductor channel.

14. (Original) The transistor of claim 9 wherein the interface layer further includes a separation

layer.

15. (Original) The transistor of claim 14 wherein the separation layer has a thickness sufficient

to reduce effects of metal-induced gap states in the semiconductor channel.

16. (Original) The transistor of claim 1 wherein the semiconductor channel is separated from the

gate by a dielectric.

Clients/AcornTechnologies/3771P004/AmendmentAsFiledP004 4
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17 — 33 (Cancelled)

34. (Amended) An electrical system comprising a circuit coupled to a transistor having a
semiconductor channel disposed nearby a gate and in an electrical path between a source and a
drain, at least one of which is made of a metal, wherein the channel and whichever of the source
and/or the drain is/are made of the metal is/are separated by an interface layer so as to form a
channel — interface layer — source/drain junction in which a Fermi level of the semiconductor

channel is depinned in a region near the junction, and the junction has including a passivated

semiconductor surface and having a specific contact resistance of less than approximately 1000

Q-pm?.

35. (Original) The electrical system of claim 34 wherein the semiconductor channel is separated

from the gate by a dielectric.

36. (Original) The electrical system of claim 35 wherein the specific contact resistance is less

than or equal to approximately 100 € -pum?.

37. (Original) The electrical system of claim 35 wherein the specific contact resistance is less

than or equal to approximately 50 Q -pm2 .

38. (Original) The electrical system of claim 35 wherein the specific contact resistance is less

than or equal to approximately 10 @ -um”.

39. (Original) The electrical system of claim 35 wherein the specific contact resistance is less

than or equal to approximately 1 Q-pm?.

Clients/AcornTechnologies/3771P004/AmendmentAsFiledP004 5
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40. (Original) The electrical system of claim 35 wherein the semiconductor channel is made of

one of Si,Ge, SiGe, SiGeC, or SiC.

41. (Original) The electrical system of claim 35 wherein the interface layer includes a passivating

material.

42. (Original) The electrical system of claim 41 wherein the interface layer includes a separation

layer comprising a material different than the passivation material.

43, (Original) The electrical system of claim 41 wherein the interface layer has a thickness

sufficient to reduce effects of metal-induced gap states in the semiconductor channel.

44. (Original) The electrical system of claim 41 wherein the interface layer comprises an amount
of passivating material sufficient to terminate all or a sufficient number of dangling bonds of the
semiconductor channel to achieve chemical stability of a surface of the semiconductor channel in

the region near the junction.

45. (Original) The electrical system of claim 44 wherein amount of passivating material

comprises a monolayer.

46. (New) The transistor of claim 1 wherein the metal in the source and/or the drain has a

workfunction near a conduction band of the semiconductor channel.

47. (New) The transistor of claim 1 wherein the metal in the source and/or the drain has a

workfunction near a valence band of the semiconductor channel.

Clients/AcornTechnologies/3771P004/AmendmentAsFiledP004 6
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48. (New) The electrical system of claim 34 wherein the metal in the source and/or the drain has

a workfunction near a conduction band of the semiconductor channel.

49. (New) The transistor of claim 34 wherein the metal in the source and/or the drain has a

workfunction near a conduction band of the semiconductor channel.

Clients/AcornTechnologies/3771P004/AmendmentAsFiledP004 7
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Amendments to the Drawings:

The attached sheet of drawings includes changes to Fig. 2. This sheet, which includes Figs. 1 and
2, replaces the original sheet including Figs. 1 and 2. In Figure 2, previously omitted elements

242 and 244 have been added.

Attachment: Replacement Sheet

Clients/AcornTechnologies/3771P004/AmendmentAsFiledP004 8
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REMARKS

Reconsideration of this application, as amended, is respectfully requested. New claims 46
— 49 are supported by the specification as originally filed, for example in paragraph 31.
Likewise, the amendments to claims 1 and 34 are supported by the specification as originally

filed, for example at paragraphs 30, etc. No new matter is added by these amendments.

On April 7, 2004, during a telephone interview with Examiner Kang, the undersigned and

the inventors discussed the distinctions between the present invention and the cited art of record.

As indicated above, Figure 2 has been amended to show separation layer 242 and
passivation layer 244, which make up interface layer 240 (for example), as requested in the
Office Action. Paragraph 43 of the specification has been amended to correspond to these
changes in the drawing. Because the subject matter now reflected in figure 2 was explicitly
described in the specification as originally filed, these amendments do not introduce new matter
and are being made simply for convenience and to comply with the request set forth in the

Office Action.

Claims 1-13, 16, 34-41 and 43-45 have been rejected under 35 USC 102(b) as being
anticipated by Grupp, US Patent 6,198,113. However, to anticipate a claim, the reference must
teach every element of the claim. Stated differently, “A claim is anticipated only if each and
every element as set forth in the claim is found, either expressly or inherently described, in a
single prior art reference.” Verdegaal Bros. v. Union Qil Co. of California, 814 F.2d 628, 631, 2
USPQ2d 1051, 1053 (Fed. Cir. 1987). In the present case, independent claims 1 and 34 each

recite subject matter that is not found (either explicitly or inherently) in Grupp.

Specifically, claims 1 and 34, as amended, each recite depinning of the Fermi level of a
semiconductor channel in a region near a junction that includes a passivated semiconductor
surface. On the other hand, Grupp describes a device having a metal source/drain separated from
a semiconductor island by tunnel junctions. These are not inherently the same thing. As

explained in the present application, Fermi level depinning involves, in part, passivation of a

Clients/AcornTechnologies/3771P004/AmendmentAsFiledP004 9
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material surface by satisfying “dangling bonds”. Grupp’s tunnel junctions do not inherently
provide such passivation, and there is no teaching or suggestion in the reference to indicate
otherwise. All that is required is that the tunnel junctions ohmically isolate the semiconductor
island. Consequently, because the cited reference does not specifically teach depinning of the
Fermi level at least in part by passivation of surface states and because such a condition is not

inherent in the structure described in the reference, the claims are patentable over the reference.

In addition, each of claims 1 and 34 recites a junction having a specific contact resistance
of less than approximately 1000 Q -um®. On the other hand, Grupp describes a device having a
resistance of, in some cases, less than 1000 Q. See, e.g., Grupp at col. 6, 1. 30-32. The quantities
of resistance and specific contact resistance are mutually independent as is evident by the fact
that each recites different units of measure compelled by different physical phenomena.

Accordingly, Grupp does not anticipate the present claims.

If there are any additional fees associated with this communication, please charge our

Deposit Account No. 02-2666.

Respectfully submitted,

BLAKELY, ?S%O/FF, TAYLOR & ZAFMAN LLP
Dated: April 8, 2004 7 A ;

Téfek N. Fahmi
Reg. No. 41,402

12400 Wilshire Blvd.
Seventh Floor

Los Angeles, CA 90025-1026
(408) 947-8200

Clients/AcomnTechnologies/3771P004/AmendmentAsFiledP004 10
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Q) condition and a surface layer of a non-metallic ma-
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COMPOUND SEMICONDUCTOR SURFACE TERMINATION

The invention relates to semiconductor devices
fabricated of compound semiconductor materials
and to the surfaces of those semiconductor materi-
als that influence the fabrication of devices.

The 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
betwesen the semiconductor crystal and metais or
insulators.

In such compound semiconductor devicss, on
the surface of the semiconductor crystal, the Fermi
level is pinned at some characteristic energy and
this produces the undesirable effect of both carrier
recombination at the surface and an inherent bar-
rier. The development of a number of otherwise
possible and useful devices and device structures
have been prevented by these conditions and a
more nearly ideal interface, that is one whose Fer-
mi level may be moved fresly and has low recom-
bination velocity is required.

There has been effort directed to the 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
the presance of the element sulfur.

In U.S. Patent 4,354,198, it is taught that on a
Group lI-V compound semiconductor, such as
GaAs, a Group !I-VI semiconductor operates to
passivate the surface, with the preferred Group II-Vi
compound being ZnS.

Further work indicates a need for care in the
fisid. In an article in the Journal of Vacuum Science
& Technology, Volume 17, No. S5, p.1134,
Sept/Oct. 1980, there is described the fact that
exposure of GaAs to H2S in vacuum unpins the
- Fermi lovel and that this effect persists after the
adding of Al. In another article in the Journal of
Vacuum Science & Technology, Vol. B3, Neo. 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, Vol. 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 use of sulfur compounds to passivate
Group -V compound semiconductors has been
reported Applied Physics Letters, July 1987,
wherein data is advanced that lithium sulfide, am-
monium sulfide and sodium sulfide provide im-
proverment in the GaAs surface recombination
property.
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The sulfur compound type further passivation
work is reported in Applied Physics Letters, July
1987, describing the use of sodium sulfide 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 surface 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.

F1G. 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 where a p-n junction is at the
surface. . , )

F1G. 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 smploying a small dimen-
sion, quantum wire type feature.

The invention provides a surface termination
capability for a variety 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 structuraily employs 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 arder 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 pesitioned. The quantity needed far
coverage is sensitive to crystailographic orientation.
For compatibility with device fabricating the pinning
control layer would preferably be thin enough not
to attenuate light and permit tunneling for ohmic
contact performance. A quantum mechanical tun-
neling thickness of the order of 2 nm would be
satisfactory. The term pristine crystal surface refers
to a damage-free uncontaminated crystal surfacs.
The layer of unpinning material is covered with a
second layer of a non-metailic material. The non-
metallic material is selected for dielectric, ambient

&
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reaction inertness and transiucence properties.

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 lIl-V
compound GaAs has been selected for illustration
although in the light of the principies invoived,
translation to other semiconducter materials will be
readily apparent.

The first factor is that there exists at a com-
pound semiconductor surface an agent responsible
for moving the Fermi level away from the normal
which is the paosition in the absence of any surface
charge and producing the phenomenon in the art
known as Fermi level pinning. [n 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-
tical 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 functional 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 muitilayer 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 level
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 materials. This in turn provides the
ability to selectably form such interfaces as ohmic
contacts, selectable barrier height 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 essentially no damage
and essentiaily no extraneous material, there will
be no pinning agent species, a iayer of material
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that retains the Fermi level in the normal position is
applied. The layer for device fabrication and perfor-
mance compatibility is a very thin, of the order of a
monolayer 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 ternary and quaternary
ailoys 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 a compound
semiconductor, the element of the lower group of
the periodic table is the cationic ingredient. For one
example, a compound of Ga with S. For another
example, the layer 3 can be a cation oxide such as
Gaz0a for a GaAs crystal, if the anion oxide which
for GaAs would be As2Q; plus any excess anion
such as As are removed before or during formation
of the unpinning layer.

The layer 4 is non-metallic 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 following
ways, using GaAs as the example: :

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 cell is equivaient to the bulk unit
cell and removes the cause of the Fermi
level 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 etching 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 crystal
and is a member taken from the group of S, Se
and Te, which for GaAs is gallium sulfide, gallium
- selenide and gallium telluride.

Th application of the layer 4 may employ such
techniques as exposing the crystal 1 in FIG. 1 with
the layer 3 in place to an ambient of H2S, to an
evaporation of sodium sulfide, gallium sulfide or
gallium selenide, and by the technique of photo-
washing. .

The technique of photo-washing is describad 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 layer 4 is to be applied.

The layer 4 is then applied in a thickness of up
to approximately 1,000 nanometers.

The surface termination of the invention is use~
ful in a 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 level 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 5
will demonstrate on a GaAs crystal essentially oh-
mic conduction performance. The layer 3 being of
a monolayer order is thin enough not to interfere
with the tunneling mechanism and the fayer 4 is of
the proper thickness which for most applications is
of the order of 2 nm generaily achieved in connec-
tion with the positioning 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 selectabie. The selectability
provides controilable performance rectifying con-
tacts and the ability to control carrier flow in an
inversion channei in a devicse.

Referring next to FIG. 3, a band energy dia-
gram is shown where the layer 4 is sufficiently thin
to permit quantum mechanicai tunneling 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 fisld 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
dsvice wherein there is a p-n junction 6 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 slement 7. In accordance
with the invéntion, the layers 3 and 4 under these
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conditions opsrate to prevent both carrier recom-
bination and the sffects of the field.

In FIG. S, a field effect transistor semiconductor
device known as a Metal Oxide Semiconductor
Field Effect Transistor (MOSFET) is illustrated
wherein the semiconductor substrate 1 has posi-
tioned thereson source and drain ohmic contacts 8
and 9 that go through the layer 3 on the surface 2
and dielsctric layer 4 is in a shape modified to
accommodate the other requirements of the de-
vice. The thin essentially monolayer thickness of
the layer 3 permits the ohmic contacts 8 and 9 to
be merely positioned on the layer 3 which in turn
doesn'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 strength to have the threshold
properties for the inversion of a channel between
contacts 8 and 9 at the interfacs of the crystal 1.

With the structural 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 device 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 2 mesa semiconductor region 13 epitax-
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
amitter contact 15.

The featuras of the invention are employed in
this type of structure to facilitate prevention of
leakage problems that occur with respect to closeiy
positioned contacts, interfaces terminating at the
surface. and ohmic performance. The two layer
termination structure on pristine surface of the in-
vention is applied around the emitter 13 shown as
element 16. The laysr 4 is removed in the position-
ing of ohmic contact 12 and the layer 3 due to the
thin dimension thereof does not affect the chmic
performance of contact 12.

The principles of the invention are further ap-
plicable to facilitate construction of electro-optical
conversion devices.

Referring next to FIG. 7, one of the serious
problems in the electro-optical conversion field has
been the translucent passivation of pn junctions
that radiate light.

Referring to FIG. 7, a light emitting dicde type
device is shown wherein on a substrate 1, there is
a high conductivity extrinsic n + layer 18, an n-type
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7 EP 0 295 490 A1 8

layer 19 and a p-type layer 20 in a mesa typs
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
material, 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 including 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. 1t would employ a GaAs
crystal 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 nanomster 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 translucence properties.
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Claims

1. Compound semiconductor crystai intermedi-
ate manufacturing product comprising in combina-
tion on a pristine crystal interface of a monacrystal-
line compound semiconductor material taken from
the group of Ga or Al or In and As or Sb and
monocrystalline termary 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 compatiblie with electrical
current conduction through said layer, and
a surface layer of a non-metailic 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 SiO, 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
nm.

5. 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 semiconductor 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-
ocrystailine ternary and quaternary ailoys 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.

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 SiO2, CaFz, 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.
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10. [Intermediate manufacturing product of
claim 6 where the surface layer is in the rangs of 1
to 1000 nanometers thick.
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Description 3

The present invention relates to an electrode provided on a semiconductor and a method forfabricating an electrode

on a semiconductor. The present invention is applicable to various fields of industry which involve fabrication of elec-
s 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 all the electrodes including not only those semiconductor devices whose performance depends directly on the 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

5 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-
tamned. 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 manulacturer o manulacturer. There has been established no fabrication method for fabricaling electrodes which
method can be uniformly applied to any or most of electrode metal/semiconductor combinations. Under the circum-
slances. development of electrodes has needed much human and monetary resources for investigation. In all the
semiconductor 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 cfforts for froe designing.

More specific explanation will be made as to how to fabricate electrodes for Schottky electrodes and Ohmic elec-
trodes, 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 metais 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 results 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 conltrary to the fabrication of an electrode having a rectifying resistance, requires in
principle a very difficult technique. Practically, in fabrication of almost ali 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.

+0 There have been known several methods for increasing a leakage current. For example, a method for fabricating
adevice in which impurity ions are doped to extremely increase the concentration of electrons or holes which contribute
to conductivity in the vicinity of the suriace of the semiconductor (cf., e.g.. E.H. Rhoderick and R.H. Williams: "Metal-
Semiconductor Contacts, 2nd Ed.,* Oxford Science Publications, 1988, M.Murakami: Materials Science Reports, 5,
273 (1990), P.A. Barnes and A.Y. Cho. Appi. Phys. Lett, 33. 651 (1978), and T. Uemoto: Jpn. J. Appl. Phys., 34, L7

+5 {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 fiown 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
al high concenlralions so lhat electrodes having sufficiently low resislance cannot be oblained in mosl cases. The
above-described method is not simple nor convenient in some cases since it requires an ion implanting apparatus or

50 an electric oven for diffusing impurities in gaseous phases. Furthermore, the concentration of impurities has an upper
limit at about 1029cm3. 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. Theoretically, this approach is unsuccessful

- inmaking the interface resistance of the Ohmic clectrode to be zero. In addition, there may occur reflection of clectrons
or holes between 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 resistance of an Ohmic electrode fabricated
on a silicon substrate is limited to about 10-8 (2cm? based on the technical restrictions as described above.

Another method for fabricating an Ohmic electrode is to heat the electrode to decrease its resistance (cf..eqg. E.
H. Rhoderick and R.H. Williams: "Metal-Semiconductor Contacts. 2nd Ed.," Oxford Science Publications, 1988, M.
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Murakami: Materials Science Reports, 5, 273 (1990), H.C. Card: IEEE Trans. Electron Devices, ED-23, 538 (1976),
T.C. Shen, G.B. Gao, and H. Morkog: J. Vac. Sci. Technot , B10, 2113 (1992), N. Braslau, J.B. Gunn, and J L. Staples:
Solid-State Electronics. 10. 381 (1967), J. Appl. Phys., 77, 1317 (1967), and J. Crofton, P.G. McMullin, J.R. Williams,
and M.J. Bozack: J. Appl. Phys., 77. 1317 (1995)). in this method. after the electrode metal is deposited. heat treatment
5 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 level 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/

10 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 results in the formation of good Schottky barrier,
which means heating does not always enhance Ohmicity (cf., e.g., 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.

Stilt another approach is to grow on a first semiconductor a crystal of a second semiconductor having a bandgap

15 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.." Oxford 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. )

20 Further, heteroepitaxy itself is a high lechnology which requires a complicaled manufacluring 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

25 simple. Accordingly, in carly stages of rescarch and development for cvaluating clectric properties of matcerials or
developing various devices, simpler means such as scratching of semiconductor or the like is used (here, by the term
"scratching”® is meant to hurt the surface of a semiconductor with a diamond needle or the like to coarsen it (cf., 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-

30 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 el
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-

35 utable thereto would be due to the fact that Schottky barrier height is by nature fixed to a centain 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.,

40 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 (cf. J. Bardeen: Phys.

45 Rev.. 71,717 (1947)). Therealter. however, in view of the impossibitity of controlling the surface level density accurately
by the technology available at that time. the leading view was that surface level density was uncontrollable and intrinsic
to the material concerned, and interface electron level embedded in a solid should be an essential electron level that
was more dillicull to conlrol than the surface level. The beliel lhat pinning was intrinsic to malerials and cannol be
controlied artificially has led to a theory of MIGS (Metal-induced Gap States) which explains a cause of generation of

50 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
barricr. In fact. regardiess of theorics, there have been unavailable high technologics that can control interface level
density in actual semiconductor devices.

55 Concerning numerical consideration of pinning, the work which referred 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)). Accordingto Schottky, the Schottky barrier height, ¢pbn, of a n-type semiconductor is given by the following
equation (1):
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ebn=om-xS+C ‘ {1

wherein ¢m is a work function of the metal. S 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- (¢pm-xS+C) (2
10
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):
15

obn=S (¢m-xS) +C (3)

wherein S is a coefficient which indicates a dependence of ¢bn on m and 0<S<1.
When S=0, ¢bn is conslant and the interface is pinned strongly. This slate is called a Bardeen barrier. On Ihe
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
representative semiconductors.
25

30
35
40
45
50

55
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Fig. 1 is a graphical prescntation of the data in Table 1, plotting Schottky barricr height (gbn [cV]) against work

function of a metal (pm [eV]) taking as an example of an n-type Si(001) semiconductor substrate. Fig. 1 shows that

the Schottky barrier height was limited within a certain range for various metals. In Fig. 1, reference numeral 1 denotes
an area representing the range in which the Schottky barrier heights of conventionally fabricated metal/n-Si interfaces

fall and 2 denotes a line which represents an absolute upper limit of the Schottky barrier height of metalin-Si interfaces
corresponding to the bandgap Eg=1.12 eV. With different metals, there are always upper and lower limits of the Schottky
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barrier heights.
Consequently, it has heretofore been impossible to freely control the Schottky height of metal/semiconductor interfaces.

The present invention is directed to overcoming the problem of uncontrollability of the Schottky barrier height
between an electrode metal and a semiconductor, which problem has been an important subject since a transistor was

5 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 uncontrollability of Schottky barrier
height.

Further, the present invention is intended to provide a systematic technology 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 them consistently. More specifically. the present invention is directed to overcoming the problem
of uncontrollability of pinning of Fermi level of the interface of metal/semiconductor that has been impossible io control
conventionally.

Therefore, an object of the present invention is to provide a method for fabricating Schottky electrode or Ohmic

5 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 electrode structure comprising an electrode having a con-
trolied Schottky barrier height of the interface between the electrode metal and the semiconductor.

Accordingto a first aspect of the present invention, there is provided a method of fabricating a layer of an electrode

20 melal on a surface of a semiconduclor, 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 clectrode may be carricd out by controlling flatness
of an electrode metal/semiconductor intedace.

The control of the Schottky barrier height of the Schottky electrode may be carried out by controlling a step density
on an atomic level of an electrode metal/semiconductor 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 metal.

The control of the Schottky barrier height of the Schottky electrode may be carried out by controlling the Schottky
barrier height of the Schottky electrode under conditions without giving themmal hysteresis.

According to a third 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:

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 tifth 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:
labricaling an Ohmic eleclrode as described above in a highly inlegrated eleclronic 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 cighth aspect of the present invention, there is provided a Schottky clectrode structure provided
on a semiconductor having a Schottky barrier height which is impossible to realize by conventional method.
55 According to a ninth aspect of the present invention, there is provided a Schottky electrode structure provided on
a semiconductor containing no high concentration impurity.
Accordingtoa tenth aspect of the present invention, there is provide an Ohmic electrode structure havinga Schottky
barrier height which is substantially zero. ’
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Here, the semiconductor may be made of a semiconductor selected 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 to an eleventh aspect of the present invention, there is provided a method of fabricating an electrode,
comprising the step of:
5 oxidizing a surface layer of silicon or silicon carbide on a surface of a semiconductor and removing the resulting
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.
10 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 iower 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 metais.
The electrode material may be titanium (Ti).
15 The electrode material may be aluminum (Al).
The above and other objects, effects, leatures 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
20 by a convenlional 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-voltage characteristics of Ti electrodes on SiC according to examples of the

present invention;

25 Fig. 4 is a graph illustrating current-voltage characteristics of a Ti clectrode on SiC which has been subjected to

a conventional treatment with 5% hydrofluoric 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-

30 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. BA 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; '

35 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-

40 strates according to EXAMPLE 7 of the present invention:;

Fig. 11is a graph plotting Schottky barrier height of electrode metals fabricated on 6H-SiC(0001) substrates against

the work function of the electrode metals; and

Fig. 12is a graph illustrating new areas for Schottky barrier heights of electrode metals fabricated on 6H-SiC(0001)

substrates using the techniques of the present invention.

45

In order to solve the probtem of uncontrollability 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 electrode metal
layer is lormed. According lo lhe presenl invention, a decrease in lhe inlerface slates densily is realized by decreasing
the surface states density of the semiconductor before deposition of a metal thereon. The decrease in the surface

50 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 scmiconductor. According to the prescnt 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

55 inthe surface states density is effective for decreasing the interface states density of the electrode metal/semiconductor
structure.

Recently, the technology of flattening the surface of semiconductors on an atomic level has developed rapidly and
a variety of methods have been proposed. The present invention uses the newest known atomic level surface flattening
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technologies to demonstrate the above effect. However, the present invention should not be construed as being limited
10 speciiic atomic ievei surface fiattening techniques. There have been known several important techniques for flat-
tening surfaces of semiconductors on an atomic level. all of which 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 fiatten the surface of a semiconductor on an atomic level. An example of such
a method is to set up conditions of oxidation appropriately so that oxidation can proceed flat on an atomic level, thus

0 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 flattening 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

5 on an atomic level by means of a weak etching action of deionized water.

High temperature heat. treatment in hydrogen gas is also effective for flattening the suriace of a semiconductor.
Homoepitaxial growth can accelerate surface migration of atoms at relatively low 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 electric current to

20 a sample, surface aloms will migrale in a direction the same as or opposite lo lhe direction in which eleclric 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 atomic 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 dircctly indicates
that an atomic step density is low in the surface concerned. Atoms at a step generally have more dangling bonds than
atoms on aterrace. While the dangling bonds on a terrace will 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, wili 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 will 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.

<40 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

+5 should 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 bandgap (cf. Fig. 2, region (It)).

Also, controlling the degree of pinning will in effect vary the Schottky heighl and, hence, controlling interface level
density will enable the Schottky barrier height even when the same metal is used. That pinning can be controlied 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 (lll) and (IV) in Fig. 2.

As described above, the present invention has made it possible to expand the region where the Schottky barrier
hcight can appcar from region (1) to regions (1) to (IV) in Fig. 2. Thercfore, for a given metal, clectrodes having the
Schottky barrier heights within one of the regions (1) to (IV) also fall within the scope of the present invention. The

55 present invention is generally applicable and operable regardless of the kind of metal and for all n-type and p-type
semiconductor substrates, can be set up the regions (I) to (1V) 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 the present invention is that control of Schottky/Qhmic property can be performed
without heat treatment. However, if heat treatment is carried out after the deposition of electrode metals, still a flat
interface can be obtained since originally a flat surface on an atomic level is provided, an interface reaction between
the metal and the semiconductor occurs uniformly in the interface therebetween. Therefore. the present invention is
also effective to electrodes which are subjected to heat treatment.

While not intended to be bound thereto, the present invention can be applied suitably to fabrication of electrodes
on silicon carbide (SiC). While SiC is a material with which p- and n-type semiconductors can be used with ease, they
have various excellent physical properties such as large a large bandgap. The present invention will be explained
further taking SiC 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-
sulting interface receives the conditions of the surface of the semiconductor without any change, and the interface has
electrical characteristics which depend on structural and chemical properties of the surface of SiC before the deposition
of the electrode metal. In other words, control of the conditions of the surface of SiC makes it possible to control electric
properties ireely.

When no treatment is performed on the surface of SiC, a natural oxide film is formed thereon. Also, a lot of water
and/or impurity atoms are adsorbed on the SiC surtace. Further, in the case of as ground surfaces, there are near the
surface a lot of 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 resuiting surface does not always have the same surface
atomic conditions and surface electronic state and then unstable.

In the present invenlion, a method is used which depends strongly on the conditions of surface atoms as described
above. Therefore, such an unstable surface layer must be removed. For this purpose, SiC is oxidized and then the
resulting oxide film is removed. The oxidation and removal of the oxide film may be performed simultaneously.

As a specific example of oxidation method for oxidizing silicon carbide (SiC), there can be used a method in which
SiC is heated in an oxidizing gas atmosphere. The oxidation can be carried out at a heating temperature within the
range of usually 800 to 1,250°C, preferably 950 to 1,150°C.

Concerning the selection of metals for use as an electrode material, a lot of metal materials with which Ohmic
electrodes have not been realized by the conventional high temperature heat treatment can be used for forming Ohmic
electrodes according to surface condition controlling technique in the fabrication method for fabricating electrodes on
SiC according to the present invention. Properly speaking, a theoretical approach for realizing an Ohmic contact for
n-type semiconductors'is to use metal materials having a low work function. However, conventionally, Ohmic contacts
were obtained by coarsening or roughening the interface by means of high temperature heat treatment to provide the
interface with a non-ideal (non-uniform) structure and metal materials having a high work function which are difficult
to oxidize were used in order to prevent the high temperature oxidation. On the contrary. in the present invention, heat
treatment does not have to be done so that the interface is abrupt enough to be ideal one and then it is possible to
realize an Ohmic 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 wide variety 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, are preferred.

In order to realize Ohmic contacts with p-type semiconductors, theoretically, metal materials having high work
functions should be used. Conventionally, however, Ohmic contacts were formed by addition of impurities in high con-
centrations 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-type metals. In the present invention, metals
having high work functions are used. More specifically, metals which can be used for p-type semiconductors for forming
Onhmic contacts include noble metals such as Ni, Pd, Pt, Cu, Ag, and Al and meilals 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, il heal lrealment is required aller the formalion of electrodes. a metal which is resistant
to oxidation 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
or desired, the above-described effect of the present invention cannot be deteriorated. What is important in the present
invention is to use a metal having a low work function for an n-type SiC and a metal having a high work function for a
p-type SiC. Practically, metals are divided into low and high work function metals when they have work functions up
to 4.5 eV or higher than 4.5 eV. However, 4.5 eV is not a strict threshold value. This is because when a metal is
deposited on SiC at ambient (room) temperature, 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 classitying
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metals.

Viore specificaily, ine present invention comprises an oxidation process using an oxidative gas. Usuaily, a sample
is placed in an oxidative atmosphere in an apparatus which enables 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 achieved. 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 accumuiate 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 hydrofluo-
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 slabilily of the electrode structure as compared with the conventional method in which heal 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 reducc the Schottky barricr height to zero so that high performance Ohmic electrodes having theoractically 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 controlling 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 difficulty 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-SIiC was used as a semiconductor substrate immediately
40 after it was ground. The substrate had a carrier density of about 1x10'7 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 tiim. .
+5 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 lower than Ni, which has conventionally
been used as an Ohmic electrode and has a work function of 5.3eV. The SiC substrate used was not heated previously.
The thickness of deposiled lilm was about 500 nm. Deposilion was not carried oul 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 uremenis.
Fig. 3is a graph illustrating current-voltage (1-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. 3 clearly indicates that the clectrode obtained is Ohmic, that is, current is proportional to voltage. The interface
resistance of the resulting electrode was 6.7x10-2 (dcm2. The electrode made of a SiC material having a low carrier
55 density as low as 2x10'7 cm 3 had an Ohmic contact which had theoretically the lowest resistance.
An electrode structure was fabricated in the same manner as in EXAMPLE 1 except that no oxidative etching was
conducted but only dipping in 5% hydrofluoric acid was performed (COMPARATIVE EXAMPLE 1). The comparative
electrode structure showed no Ohmic property but exhibited Schottky property (Fig. 4). In Fig. 4, curves 4a and 4b

10
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show normal and reverse direction leakage currents, respectively.
EXAMPLE 2 Confirmation of Ohmic Property (SiC-Al structure)

5 Next, an electrode structure was fabricated in the same manner as in EXAMPLE 1 except that instead of Ti was
used aluminum (Al), which is a non-transient, low melting metal and belonging to the group (i11) of the periodic table.
In this case, 100, 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
10 showed linearity and the interface resistance was about 1.4x102 Qcm?2. The electrode made of a SiC material having
a low carrier density as low as 2x10'7 cm-3 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 Contirmation 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 7x10'¢ cm3. The
20 subslrate was cleaned using methanol and trichloroethylene, and then placed in an electric oven filled wilh 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 oblained 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-
25 istics of the resulting clectrode structure. A line 62, which is a straight line, represents the sample with 5% hydrofluoric «
acid lreatment. A line 6b, which is also a straight line, represents the sample with hot water treatment after 5% hy-
drofluoric acid treatment. A line 6c, 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
30 present invention has an Ohmic contact having a good linearity of current-voltage characteristics (the line 6c). 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 106 cm3 (COMPARATIVE EXAMPLE 2) gave a Schottky barrier whose obn was
0.89 eV after receiving the same 5% hydrofluoric acid treatment as in the instant example (Fig. 7). In Fig. 7, curves 7a
35 and 7b denote current flows in normal and reverse directions, respectively. Comparing the lines 6a to 6c in Fig. 6, it is
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'® cm3, 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 inslant example is considered to be attributable to a sufficiently decreased Schottky
40 barrier.

EXAMPLE 4 Structural Uniformity of Electrode Structure

A Tielectrode was tabricated in the same manner as in EXAMPLE 1. Fig. 8A is an illustrative view prepared based

+5 on an optical micrograph of the surtace of the Ti electrode. Fig. 8B is an expanded schemaltic 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 subslrale as used in EXAMPLE 1, deposiling Ni thereon by vapor deposilion 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

so surface of the Ni electrode. Fig. 9B is an expanded schematic cross sectional view showing the Ni electrode shown in
Fig.BA.In Figs. BAand 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 electrodes were in the form of a disk of 0.3 mm in
diameter. From Figs. 8A, 8B, 9A and 9B, it is apparent that the Ti clectrode fabricated on SiC fabricated without heat
treatment in accordance with the present invention has a high flatness in surface. The Ni electrode 13 shown in Fig.

55 9A has a rough surface. clearly lacking structural uniformity. In contrast, in the Ti electrode 14 of the present invention,
no region is observed where surface conditions are ditferent, and the area inside a contour line 12 of the electrode 14

is uniform in appearance and highly flat, thus presenting excellent structure for Ohmic structure. The electrode fabri-

cated according to the methed of the present invention (Fig. 88) had a surface 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. 8B) had a surface with an unevenness
(X2) of about 200 nm. This clearly indicates that the electrode fabricated by the method of the present invention had
a surface flatness much superior to the electrode fabricated by the conventional method.

5 EXAMPLE 5 Dependence on Atomic Level Flattening Treatment - Epitaxial Growth

The same SiC substrate immediately after grinding as used in EXAMPLE 1 was dipped in boiling water (100°C)
for 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, difference

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
sufficiently so that the interface tevel density decreases and as a result, the Schottky barrier height decreased and
Ohmic property increases. In fact, the SiC substrate immediately after grinding had an interface resistance of 1.2x10-2
Qem?2 (the line 3cin Fig. 3) while the epitaxial SiC substrate had an improved interface resistance of 6x10°3 Qcm? (the

15 line 3d in Fig. 3). From this it follows that epitaxial growth is effective for flattening on an atomic level the surface of a
semiconductor and for decreasing interface level density of the semiconductor.

EXAMPLE 6 Dependence on Atomic Level Flattening Treatment - pH Adjusted Dilute Hydrofluoric Acid Treatment

20 An oxidized/elched subslrale having a current-vollage characleristics represenled by lhe line 3a in Fig. 3 as used
in EXAMPLE 1 was dipped in a pH adjusted dilute hydrofluoric acid for 10 minutes. Then, a metal was deposited on
the surface of the thus oblained substrate. In Fig. 3, the line 3b represents the current-voltage characteristics of the
electrode sample. In this case, the dilute hydrofluoric acid was adjusted to pH 10. Comparison of the line 3b with the
line 3a shows that the interface resistance is improved to 1.5x10-2 Qcm?2. As demonstrated in the instant example, pH

25 adjusted dilute hydrofluoric acid treatment is also effective in decreasing interface level density.

EXAMPLE 7 Fabrication of a Schoftky Electrode Showing Less Leakage

Fig. 10 illustrates current-voltage characteristics of gold (Au) electrode on 6H-SiC(0001) face. Lines 10a, 10b and
30 10c show normal direction leakage currents and 10a'. 10b' and 10c¢* show reverse direction leakage currents. In the
case of SiC surface with usual 5% hydrofluoric acid treatment, the reverse direction leakage current was on the order
of 107 A/em? (line 10a'). When oxidation/etching treatment was conducted, the reverse direction leakage current was
decreased to 107'9 A/cm? or less (line 10b"), thus showing a drastically improvement in leakage characteristics by 12
digits. Furthermore, with additional boiling water treatment, the reverse direction leakage current was further improved
35 by 2 digits to 10-21 A/cm? (line 10¢'). This indicates that oxidation/etching treatment and boiling water treatment which
accelerate flattening 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 example clearly shows

that high quality Schottky electrode can be fabricated without heat treatment of the electrode.

40 EXAMPLE 8 Controi 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 inclination of

45 the line is about 0.2 (line 11a). Then, atomic level flattening of SiC was conducted by oxidation/etching treatment, S=0 8
was obtained, which indicates aimost pinning free state (line 11b). Further, boiling water treatment gives rise to S=1.0,
which indicates no pinning is observed (line 11¢). Thus, the present invention realized pinning free state for those
semiconductors which inherenlly show pinning. As a resull, lhe Schollky barrier height can be [reely changed merely

. by changing the work function of the metal as illustrated in Fig. 11 clearly. When the same metal is used, change in
s0 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 illustrates Schottky barrier heights of Schottky electrodes fabricated on 6H-SC(0001) substrates by the
conventional method and by the methods of the cxamples of the present invention. For strict comparison, conventional
electrodes were fabricated on clean surfaces and |-V characteristics values measured at room temperature were used.

55 The data of the conventional electrodes exist in the region (0). Ti, Mo and Au electrodes subjected to oxidation/etching
treatment and boiling water treatment according to the present invention are plotted in regions (1), (IV) and (i), respec-
tively. The data show that the present invention made it possible to realize Schottky barrier heights beyond the lower
limit (region (1)) and beyond the upper limit (region (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 conventionat Ti electrode
having lower work function. This means that to give a certain Schottky barrier height, those metals that were 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

s invention. _
Table 2 summarizes the resuits of examples and Comparative examples above.
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The present invention has been described in detail with respect to an embodiment, and it will now be apparent
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from the foregoing to those skilled in the art that changes and modifications may be made without departing from the
invention in its broader aspecis, and it is the intention, therefore, in the appended ciaims to cover ail such changes
and modifications as fall within the true spirit of the invention.

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 controt 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 claimed in claim 2, characterized in lhal said control of the Scholtky barrier height of said Schollky
electrode is carried out by controlling a step density on an atomic level of an electrode metal/semiconductor inter-
face.

5. The method as cltaimed in claim 2, characterized in that said control of the Schottky barrier height of said Schottky
25 electrode is carricd out by controlling sclecting 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 controliing the Schottky barrier height of the Schottky electrode under conditions without
giving thermal hysteresis. :

30

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.

10
9. A method of fabricating an Ohmic electrode, characterized by comprising the step of: forming flat electrode metal/
semiconductor interface on an atomic level.
10. A method 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,
characlericed by comprising the slep of:
fabricating an Ohmic electrode 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 selected 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 level.
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15. A Schottky electrode structure provided on a semiconductor characterized by having a Schottky barrier height
which is impossible to realize by conventional method.

16. An Ohmic electrode structure provided on a semiconductor characterized by containing no high concentration
5 impurity.

17. An Ohmic electrode structure characterized by having a Schottky barrier height which is substantially zero.

18. The electrode structure as claimed in any one of claims 14 to 17, characterized in that said semiconductor is made
10 of a semiconductor selected from the group consisting of Si and SiC.

19. 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.

15 20. 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.

21. The method as claimed in claim 20, characterized in that said oxidizing of the silicon or silicon carbide is carried
20 oul by healing the silicon or silicon carbide in an oxidalive gaseous atmosphere.

22. The method as claimed in claim 20, characterized in that said removing the oxide film is carried out by reacting
the oxide film with a reducing liquid or gas.

25 23. The method as claimed in any one of claims 20 to 22, characterized in that said silicon or silicon carbide is n-type
sificon or n-type silicon carbide, and wherein said electrode metal is a metal having a work function fower than that
of noble metals.

24. The method as claimed in any one of claims 20 to 22, characterized in that said silicon carbide is p-type silicon

30 carbide, and wherein said electrode material is a noble metal or a metal having a work function of a level substan-
tially equal to that of noble metals.

25. The method as claimed in claim 23, characterized in that said electrode material is titanium (Ti).

35 26. The method as claimed in claim 23, characterized in that said electrode material is aluminum (Al).

27. Amethod 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

40 method claimed in claims 1 to 8.

28. 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.

+5 29. A device according to claim 28 wherein the electrodes are ohmic and Schotiky electrodes respectively, and the
interfaces therewith are atomically flat and other than atomically flat respectivety.

50

55

17

‘DOCID: <EP  _ 0789388A2 1_>

‘GF Exhibit 1004 - 128/165



EP 0 789 388 A2

1.5

METAL/n-Si INTERFACE

SCHOTTKY BARRIER HEIGHT dbn([eV]

Y 1 2 3 a4 5 6

WORK FUNCTION OF METAL &m([eV]

FIG.1
(PRIOR ART)

18

300CID: <EP__ 0789388A2_} >

~GF Exhibit 1004 - 129/165



EP O 789 388 A2

-
5]

METAL/n-Si INTERFACE

Eg (1.12eV) 2

0
§
e S
S ol meo >//{/{//%/ 9
; HREGTON (II1) = p
g ‘.E“i%" .
" 0.5 L 55 ReGTON
? s AR, (IV)
3
] /,//REGION (1)

0 7

1 2 3 4 5 6

WORK FUNCTION OF METAL OdmileV].

FIG.2

19

3DOCID: <EP___0789388A2 |_>

‘GF Exhibit 1004 - 130/165



1SDOCID: <EP___ 0789388A2_ | >

[A/cm?]

CURRENT DENSITY

10

EP 0 789 388 A2

Ti ELECTRODE
ON TicC
ND=2X1 o! 7cm'3

3b
Pc=1.5x10200cm?

3d

Pc=6x1030Qcm2 3a

.

VOLTAGE (V]

FIG.3

20

GF Exhibit 1004 - 131/165



EP 0 789 388 A2

t Ti ELECTRODE
ot i
10° L ON SiC
E 5% HF
' TREATMENT
2
— 10
o~
E
3]
~
=
4
B 10
(=)
0
2
7]
a
5
g 10
E db=0.75eV
(3]
8
10 ¢
10'10 I

VOLTAGE [V]

FIG.4

21

3D0CID: <EP_  0789388A2_1 >

GF Exhibit 1004 - 132/165



EP 0789 388 A2

10
Al ELECTRODE

. ON sicC
% Np=2x10"7cm-3
2 s
5
&
H
2
2 0F
2)
= 5
g\ Pc=1.4x10"200cm?
5 57}
3]

-10 - L A

-0.2 -0.1 0 0.1 0.2

VOLTAGE (V]

FIG.5

22

SDOCID: <EP __ 0789388A2 | >

GF Exhibit 1004 - 133/165



CURRENT DENSITY [A/cm32]

DOCID: <EP___0789388A2 | >

EP 0 789 388 A2

0.03

Al ELECTRODE
ON Si
Np=7x10'6cm-3

6c
Ps=1.5Qcm?2

-0.1 0

VOLTAGE (V]

FIG.6

23

0.1

'GF Exhibit 1004 - 134/165



3D0CID: <EP__ _0789388A2_|_>

CURRENT DENSITY [A/cm?]

01

10

00

10

-01

10

-02

10

-03

10

-04

10

10°°°

EP 0 789 388 A2

Al ELECTRODE ON
Si(111)

5% HF TREATMENT

7a

Pbn=0.69eVv

7b

{ 1 I |

0

0.1 0.2 0.3 0.4 0.5

VOLTAGE [V]

FIG.7

24

GF Exhibit 1004 - 135/165



EP 0 789 388 A2

[RRvRI.

FIG.8A
| |
| |
FIG.8B | |
l |
2a | ‘ij‘ |
12
4 :
%

25

DOCID: <EP__0789388A2 | >

GF Exhibit 1004 - 136/165



EP 0 789 388 A2

¥ -
5 Jis g
FIG.9A| % Q& —f12
=775 %9 .
o 8B
Y g O ¥ — 12
T T

FIG.9B o

12
11

\

26

ISDOCID: <EP  0789388A2 | >

GF Exhibit 1004 - 137/165



EP 0 789 388 A2

:
f=q
E
[ &)
~
=
LIMIT OF
F» ; MEASUREMENT
a 10 Jisi o9
b," 0,’ [ E‘
£ i}
2 13 ~ i ® 5 \ 4
O] 1 0 n ',' "' wn
8 _ Y < O a
SN = [5S)
oo ;Q; ﬂ for [
© 1015 g 9B k]
l' " m
. o+ 8
ey "I 2
10 (3]
10b'
109 /. o {/
10c¢c’
1021 7 R
1 0_23 ' B o L

VOLTAGE [V]

FIG.10

27

-DOCID: <EP___0789388A2_| >

GF Exhibit 1004 - 138/165



EP 0 789 388 A2

ELECTRODE ON EPITAXIAL SicC
[ Np=5x10""¢cm-3

SCHOTTKY BARRIER HEIGHT [eV]

OLJIL i U U U VI ST SR ST VO S |

3.5 4 4.5 5 5.5

WORK FUNCTION OF METAL ([eV]

FIG.11

28

.SDOCID: <EP __0789388A2 {_>

GF Exhibit 1004 - 139/165



EP 0 789 388 A2

¢T'DId

(A®]ug TYIIW JO NOILONNA MHOM

9 S'S S Ll 4 14 G¢

(AT) NOIDIN HHHI-

H-4

_..—' m< .&Iﬂ\)

(0) NOT®TY —

NOILNJIANI O
TYNOILNIANOD @

R (TIX )
T m.&“UZOHUﬁnn

)
ISANEEROERNREE S

|
\\&\\\x\\\.\»\\ L

sy
(A®98°Z)Bd

JOVJHILNI (T000)DJTS-u/IVLIN

0

SCHOTTKY BARRIER HEIGHT {bn(eV]

29

3DOCID: <EP___0789388A2_1_>

GF Exhibit 1004 - 140/165



3

-

W

E3

X T

o TR

RN

o ©

GF Exhibit 1004 - 141/165



Européaisches Patentamt

Office européen des brevets

(19) 0’ European Patent Otfice

(88) Datc of publication A3:
16.09.1998 Bulletin 1998/38

(43) Date of publication A2:

EP 0 789 388 A3

3DOCID: <EP___|

13.08.1997 Bulletin 1997/33
(21) Application number: 96306139.5

(22) Date of filing: 22.08.1996

L T

(1) EP 0 789 388 A3
(12) EUROPEAN PATENT APPLICATION

(51) intcie. HO1L 21/285, HO1L 21/04

(84) Designated Contracting States:
DE FR GB

(30) Priority: 25.08.1995 JP 216935/95
25.03.1996 JP 68018/96

(71) Applicant: AGENCY OF INDUSTRIAL SCIENCE
AND TECHNOLOGY
Chiyoda-ku Tokyo (JP)

(72) Inventors:
* Hara, Shiro
Tsukuba-shi, Ibaraki (JP)

(74)

Kajimura, Koji
Tsukuba-shi, Ibaraki (JP)
Okushi, Hideyo
Tsukuba-shi, Ibaraki (JP)
Teraji, Tokuyuki
Tsukuba-shi, Ibaraki (JP)

Representative: Beresford, Keith Denis Lewis

BERESFORD & Co.

2-5 Warwick Court

High Holborn

London WC1R 5DJ (GB)

(54)  Structure and fabrication method for schottky and ohmic electrodes onto semiconductor

devices

(57) A novel electrode structure for Schottky elec-
trodes and Ohmic etectrodes and novel methods of fab-
ricating electrodes by freely controlling electric charac-
teristics of electrodes on semiconductors. Interface
states density of a semiconductor (11) after deposition
of 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 etectrode having a Schottky
barrier height of substantially zero. The Schottky barrier
height 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
eleclrodes (13, 14) withoul need of heal lreatmenl. Fur-
ther, the method can provide Ohmic electrodes without
high concentration doping.

1.5

METAL/n-Si INTERFACE

Eg (1 12eVI 2
i

mxon (II)’

vess o)

,/?/,/ .

SCHOTTKY BARRIER HEIGHT dbn{eV)

/// //7/// 7

.;'9 Z REGION (:)//

.///// %7

o 1 2

4

WORK PUNCTION OF METAL dm{ev]

FIG.2

Printed by Jouve, 75001 PARIS (FR)

0789388A3 | >

GF Exhibit 1004 - 142/165



9

EP 0789 388 A3

European Patent PARTIAL EUROPEAN SEARCH REPORT Application Number

Office which under Ruie 45 of the Zurcoean Patert ConventongP 96 3G 6139
shall be consigerad. for the purposes of subsequent
proceedings. as the European searsh repont

DOCUMENTS CONSIDERED TO BE RELEVANT

vol. A48, no. 4, 1 April

= the whole document =*

Cate Citation of document with indication. whare agpropriate. Relevant CLASSIFICATION OF THE
hankd of relevant passages to claim APPLICATION (Int.Ci.6)
X S. M. SZE: "Physics or Semiconductor 2.5.7.8,| HO1L21/285
Devices” 17 HO1L21/04
1981 , JOHN WILEY & SONS , NEW YORK !
XP002063071 :
* page 245 - page 311 =
X US 4 301 592 A (LIN HUNG CHANG) 24 1
November (981 :
* column 2, line 63 - column 3, line 32;
figures 2.3 *
X EP 0 111 364 A (PHILIPS NV) 20 June 1984 (2.7
* abstract; figure 2 =
X ADEGBOYEGA G A ET AL: "SCHOTTKY CONTACT 20.22

BARRIER HEIGHT ENHANCEMENT ON P-TYPL
SILICON BY WET CHEMICAL ETCHING"
APPLIED PHYSICS A. SOLIDS AND SURFACES.

1989,

pages 391-395, XP000112320

~/-= HOIL

TECHNICAL FIELDS
SEARCHED {Int.C1.6}

INCOMPLETE SEARCH

Clasns saarchad incompiataty *

Clamms nct searcned |

Geason for the limdation cf tha search

see sheet C

The Searcn Division considers that the present appiication or ana or more of ita claims. coes:do
nol comply with the SPC 1o such an exdent that a meaningtul search mio the siate of the art c2nndt
be carriec out. or can cnly be carriad out partiatly. for thes=2 c aims

Claims searchaa compietaly -

1O FOHM 1500 b B2 (FuaCu/,y

Praca of search Date of compiztion of he search | Examuner i
i
A P :
THE HAGUE 15 June 1998 {  Konigstein. C
CATZ30RY OF CITED DOCUMENTS T - tmasry ar oANCEIe UAAAMYIng the INnvantion
E aarker patent cocument. but pubkshed on or
X parcularly relevant f rtaken alone aRer the tihinq Jate
Y vartcuiarly relevant f combined with another C cowument citad :nth2 adplzaticn
Jocument of the same category L - document Zited to- othar reasana
A - technoiogical backgreuna Ce e B . e o e e .
2 ° non-wntan asclosure & mamber ot tha nane patert tamly. sorresponding
4

" mtermeciate Jccumant

Jocument

.SDOCID: <EP__0789388A3_1_>

GF Exhibit 1004 - 143/165



o b

EP 0 789 388 A3

a’) European Patent INCOMPLETE SEARCH Appticatian tumter
’ ' SHEET C EP 96 30 6139

Claim(s) searched completely:
1-5,7-14,16-29

Claim(s) sigrched incompletely:

*

Reason for the limitation of the search:

The subclaim 6 describes the fabrication of a Schottky electrode
characterized in that the Schottky barrier height is controlled 'under
conditions without giving thermal hysteresis'.

The claim 15 describes a Schottky electrode characterised by having a
Schottky barrier height 'which is impossible to realize by conventional
method’.

The wording used in these two claims is not clear {Art. 84 EPC).

In claim 6, it is not clear what (effect) gives the thermal hysteresis
and how this can be achieved.

In claim 15, it is not clear what is meant with 'conventional method'.

3DOCID: <EP___0789388A3 _I_>

'-GF Exhibit 1004 - 144/165



ot i

EP 0 789 388 A3

o ) European Patent PARTIAL EUROPEAN SEARCH REPORT Application Number
Office i EP 96 30 6139

DOCUMENTS CONSIDERED TO BE RELEVANT APPLICATION ety

Citation of document with inaication. where appropnate.
ot relevant passages

B

Relevant
to claim

2.5

Category|

X CHANDRIKA NARAYAN: “"TUNING OF THE
SCHOTTKY BARRIER HEIGHT USING BI-METALLIC
LAYERED STRUCTURES"

APPLIED PHYSICS LETTERS,

vol. 59, no. 20, 11 November 1991,

pages 2541-2542, XP000330120 :
* the whole document * I

X PATENT ABSTRACTS OF JAPAN 3
vol. 095, no. 003. 28 April 1995

& JP 06 333892 A (FUJI ELECTRIC CORP RES
& DEV LTD), 2 December 1994,

* abstract #*

A US 5 087 322 A (LILLIENFELD DAVID ET AL) 29 | SEAncNED mecis

11 February 1992 ; —
* the whole document * i !

A EP 0 452 661 A (IBM) 23 October 1991
* the whole document *

A US 4 060 820 A (PUCEL ROBERT A ET AL) 29
November 1977
* the whole document =

P.X TERAJI T ET AL: "Ohmic contacts to n-type|l-4.

6H-SiC without post-annealing” 9-14,
ITI-NITRIDE. SIC AND DIAMOND MATERIALS FOR |{16-20.
ELECTRONIC DEVICES. SYMPOSIUM, 22,23,

ITI-NITRIDE. SOC AND DIAMOND MATERIALS FOR[25.27.29
ELECTRONIC DEVICES. SYMPOSIUM, SAN
FRANCISO. CA. USA, 8-12 APRIL 1996. 1996, o
PITTSBURGH, PA, USA, MATER. RES. SOC. USA.
pages 149-154. XP002068069

*+ the whole document =

-

EPO POAM 1503 03.62 (PO4C 10)

SDOCID: <EP_  0789388A3 |_>

GF Exhibit 1004 - 145/165



9

EP 0 789 388 A3

European Patent PARTIAL EUROPEAN SEARCH REPORT

Otfice

¢t ame—

Appiication Number

EP 96 30 6139

DOCUMENTS CONSIDERED TO BE RELEVANT

Cateyory|

Citation of document with indication where approptiate.
of relevant passages

Relevant
o claim

CLASSIFICATION OF THE
APPLICATION (int.Ct.6)

P.X

HARA S ET AL: "Pinning-controlled
metal/semiconductor interfaces”

THIRD INTERNATIONAL CONFERENCE ON
INTELLIGENT MATERIALS. THIRD EUROPEAN
CONFERENCE ON SMART STRUCTURES AND
MATERIALS, LYON, FRANCE. 3-5 JUNE 1996.
vol. 2779, ISSN 0277-786X. PROCEEDINGS OF
THE SPIE - THE INTERNATIONAL SOCIETY FOR
OPTICAL ENGINEERING, 1996. SPIE-INT. SOC.
OPT. ENG, USA,

pages 802-806. XP002068070

* the whole document *

EPO FORM 1803 02.82 (P04C10)

1.e,7

TECHNICAL FIELDS

SEARCHED

(int.C1L6Y

DOCID: <EP_,_0789388A3 | >

GF Exhibit 1004 - 146/165



ey
i

TRITIWETLR Y VAN A

v ada L R L LA

s

GF Exhibit 1004 - 147/165

¥
y




. . : . ~ \

. Application or Docket Numler
PATENT APPLICATION FEE DETERMINATION RECORD ‘ _ — (ﬂ
' Effective Oclober 1,2003 [0 ;(f’zzﬁ - 1
CLAIMS AS FILED - PART | SMALL ENTITY OTHER THAN
. ~ (Column 1) (Column 2) OTYPE (T OR SMALL EENTITY
TOTAL CLAIMS - RATE | FEE RATE |  FEE
FOR NUMBER FILED NUMCER EX1RA BASIC FEE[ 385.00 | R [BASIC FEEl 770.00
TOTAL CHARGEABLE CLAIMS minus 20= | XS 9= OR XS18=
INDEPENDENT CLAIMS minus 3= | Xd2= -~ orl| xes=
'MULTIPLE DEPENDENT CLAIM PRESENT 0 -
: : “145: OR| +290=
* If the difference in columin 1 is fess (han zero, enter “07 i calunin 2 TOTAL OR TOTAL
CLAIMS AS AMENDED - PART I - OTHER THAN
{Column 1) ' (Column 2y Calugin 34 SMALLENTITY (it SMALL EENTITY
el 4 ( eld earTeR N ~BATE | TIONAL RATE | TIONAL
E AMEHDMENT \\ FEE FEE
a | Totat : .5 Minus ( a- XS g= XS518=
5 a inus 4 - \‘i
’ Independent |« Min von ' . , B
<§I p . 19/ . inus Cﬂ X43~ OR 6= .
FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM ] ‘\‘
' +145 = OR '+290= S |
TOVAL TGTAL
ADOIT FEE ! OR apoir Fee
{(Column i} (Column 2i__ {Caluitin 3)
o CLAIMS : HIGHEST . -| aoo1- ' ADDI-
' REMAEC e | PRESE RATE | TIONAL RATE | TIONAL
fﬁ AMENDMENT FAID FOR FEE FEE
é ,Total « ’ Mius : Ty - RS 9 OR/| XS18=
w . : . - - .
.é- inaependent |« - Minus e = X43- or| xes=
FIRST PRESENTATION OF - MULTIPLE DEPENDENT CLAIM E] : - ) -
- — . R T ' OR | +290= .
ToIAL ' ; TOTALY -
‘ ADOIT FEE OR.spniT FEE
(Column 1) (Column 2)  {Column 3] .
i N . CLAIMS ) HIGHEST .ADDI-
O REMAINING NUMBER PRESENT ALDI- -
= AELEE gacwiousy | exroa BATE | TIONAL | RATE | TIONAL |
R AMENDMENT " PAID FOR FEE | [ FEE
(ajTotal ___fel o Minus g e =L oxses ) LRI N |
|2 . : fef--X8-9 - o~ JOR- ki e
g Independent |« - Mm_qs oo = ' )(43‘:, : .OF{ XB6=
i FIRST PRESENTATION OF MULTIPLE DEPENDENT CLAIM D | -
S S ‘ ' 1452 lor | +290=
* It the enry in column 1 is less than the enlry in colimn 2. wrile 0" in column 3. TOTAL. OR .: TOTAL
" * ({ the "Highest Number Previously Paid For™ iN THIS SPACE is less than 20, enler "20."  opoyT FEE ] ADDIT. FEE
“+{ the *Highes! Number Previously Paid For™IN THIS SPACE is less than 3, enter "3.
The *Highest Number Previcusly Pald Fos* (Total or Independent} is the highesl number found in the appropriale box.in column 1.

FORM PTO.675 (Rev 10071 Patent and Trademark C¥ice. UJ.S. OEPARTMENT OF COMMERCE

GF Exhibit 1004 - 148/165



,.' Clalm Date Clalm Date Claim Dale -
| ik I3k | : I TTT
i g » g | [? : |
N 51 101]- —
i 2 52 . . oo .
3 T 1.
' {4 K il
’ 5 3 &
' ¢ 56 e T —
, I O i o= e =
! 8 58 [ o i
' i 100
L 60 o
i 81 e
2 62 112
13 63 113
- 64 114
15 65 115,
' 18 66 16|
' L4 &7 v
16 o8 i
2 69 119
0 0] o0
! 71 121
2 72 >
pd 73 ;
. i 4 124
. 75 125 =
2p] - 78] e
2k i e 27
2 478 128
49 79 .
{0 80 %
3 81 T
32 M =
P 83 -
84 134
» 85 “Tias
136 - L
37 87 3
= 8¢ 38
- 89 iag
2 |90 40
nd 1) 144
iz o2 142
4 93 143
44 94 144
@ = i
£ 88 146]
47 - =
46 sl .
Tee 5 =
! 16

If more than 150 claims or 10 actions
staple additionat sheet here

(LEFT INSIDE)

GF Exhibit 1004 - 149/165



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

P.O. Box 1450

Alexandria, Virginia 22313-1450
Www.uspto.gov

UNITED STATES PATENT AND TRADEMARK OFFICE

NOTICE OF ALLOWANCE AND FEE(S) DUE

EXAMINER J
KANG, DONGHEE

08791 7590 06/21/2004 (
BLAKELY SOKOLOFF TAYLOR & ZAFMAN

12400 WILSHIRE BOULEVARD, SEVENTH FLOOR
LOS ANGELES, CA 90025 I

ART UNIT | PAPER NUMBER J

2811
DATE MAILED: 06/21/2004

[ APPLICATION NO. I FILING DATE FIRST NAMED INVENTOR
10/342,576 01/14/2003

TITLE OF INVENTION: INSULATED GATE FIELD EFFECT TRANSISTOR HAVING PASSIVATED SCHOTTKY BARRIERS TO THE CHANNEL

ATTORNEY DOCKET NO. | CONFIRMATION NO. |

Daniel E. Grupp 3771P004 9775

APPLN. TYPE ‘ I DATE DUE J

nonprovisional YES $665 $300 $965

SMALL ENTITY | ISSUE FEE [ PUBLICATION FEE | TOTAL FEE(S) DUE |

09/21/2004

THE APPLICATION IDENTIFIED ABOVE HAS BEEN EXAMINED AND IS ALLOWED FOR ISSUANCE AS A PATENT.
PROSECUTION 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
STATUTORY PERIOD CANNOT BE EXTENDED. SEE 35 U.S.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:
I. Review the SMALL ENTITY status shown above.

If the SMALL ENTITY is shown as YES, verify your current
SMALL ENTITY status:

A. If the status is the same, pay the TOTAL FEE(S) DUE shown
above.

B. If the status is changed, pay the PUBLICATION FEE (if
required) and twice the amount of the ISSUE FEE shown above
and notify the United States Patent and Trademark Office of the
change in status, or

If the SMALL ENTITY is shown as NO:

A. Pay TOTAL FEE(S) DUE shown above, or

B. If applicant claimed SMALL ENTITY status before, or is now
claiming SMALL ENTITY status, check the box below and enclose
the PUBLICATION FEE and 1/2 the ISSUE FEE shown above.

O Applicant claims SMALL ENTITY status.

See 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 fee(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.

IH. 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 3

PTOL-85 (Rev. 11/03) Approved for use through 04/30/2004.

GF Exhibit 1004 - 150/165



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 required). Blocks 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 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: Legibly mark-up with any comrections or usc Block 1) Note: A certificate of mailing can only be used for domestic mailings of the
Fee(s) Transmittal, This ccrtiﬁcate cannot be used for any other accompanying
Eapers. Each additional paper, such as an assignment or formal drawing, must

08791 7590 06/21/2004 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.
(Depositor's name)
(Signature)
(Date)
[ aprLicaTionno. | FILING DATE [ FIRST NAMED INVENTOR | ATTORNEY DOCKET NO. | CONFIRMATION No. |
10/342,576 01/14/2003 Daniel E. Grupp 3771P004 9775
TITLE OF INVENTION: INSULATED GATE FIELD EFFECT TRANSISTOR HAVING PASSIVATED SCHOTTKY BARRIERS TO THE CHANNEL
l APPLN. TYPE | SMALL ENTITY ] ISSUE FEE | PUBLICATION FEE | TOTAL FEE(S) DUE | DATE DUE ]
nonprovisional YES $665 $300 $965 09/21/2004
( EXAMINER [ ART UNIT | crasssuscLass |
KANG, DONGHEE 2811 257-024000

1. Chanfe 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 registered patent attorneys or |

0 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 5

0O "Fee Address" indication (or "Fee Address" Indication form agent) and the names of up to 2 registered patent

1 ndi St
PTO/SB/47; Rev 03-02 or more recent) attached. Use of a Customer aQﬁmeys or ggents. 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 assigaee 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)
Please check the appropriate assignee category or categories (will not be printed on the patent); QO individual O corporation or other private group entity O government
4a. The following fee(s) are enclosed: 4b. Payment of Fee(s):
Q Issue Fee 0 A check in the amount of the fee(s) is enclosed.
Q Publication Fee O Payment by credit card. Form PTO-2038 is attached.
Q3 Advance Order - # of Copies O 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).

Director for Patents is requested to apply the Issue 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 Issue Fee and Publication Fee (if required) will not be accepted from anyone
other than the apgllcant; a registered aqomeg/ or a]gem; or the assignee or other party in
interest as shown by the records of the United States Patent and Trademark Office.

This collection of information is re%uired 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 is 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 dcpcndinF 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)
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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

Alcxandria, Virginia 22313-1450

WWW.uspto.gov

I APPLICATION NO. | FILING DATE | FIRST NAMED INVENTOR [AT]‘ORNEY DOCKET NO. I CONFIRMATION NO. J
10/342,576 01/14/2003 Daniel E. Grupp 3771P004 9775
08791 7590 06/21/2004 [ EXAMINER |
BLAKELY SOKOLOFF TAYLOR & ZAFMAN KANG, DONGHEE
12400 WILSHIRE BOULEVARD, SEVENTH FLOOR
LOS ANGELES, CA 90025 [ ArTUNIT [ raerNUMBER |

2811

DATE MAILED: 06/21/2004

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 O 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
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) 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 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. 11/03) Approved for use through 04/30/2004.
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Application No. Applicant(s)
. o 10/342,576 GRUPP ET AL.
Donghee Kang 2811

-- Th MAILING DATE of this communication appears on the cover sheet with the correspond nce 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 05-07-04.
2. X The allowed claim(s) is/are 1-16 and 34-49.
3. X The drawings filed on 04-12-04 are accepted by the Examiner.

4. [J Acknowledgment is made of a claim for foreign priority under 35 U.S.C. § 119(a)-(d) or (f).
a)dJ Al b)[J Some* c¢)[JNone of the:
1. [0 Certified copies of the priority documents have been received.
2. [ Certified copies of the priority documents have been received in Application No.
3. [J 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 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.

5. [ A SUBSTITUTE OATH OR DECLARATION must be submitted. Note the attached EXAMINER'S AMENDMENT or NOTICE OF
INFORMAL PATENT APPLICATION (PTO-152) which gives reason(s) why the oath or declaration is deficient.

6. [ ] CORRECTED DRAWINGS { as “replacement sheets”) must be submitted.
(a) [ including changes required by the Notice 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.

Attachm nt(s)

1. [0 Notice of References Cited (PTO-892) 5. [J Notice of Informal Patent Application (PTO-152)
2. [ Notice of Draftperson’s Patent Drawing Review (PTO-948) 6. [J Interview Summary (PTO-413),
. ' Paper No./Mail Date .
3. X Information Disclosure Statements (PTO-1449 or PTO/SB/08), 7. 0 Examiner's Amendment/Comment
Paper No./Mail Date 05-07-04
4. [] Examiner's Comment Regarding Requirement for Deposit 8. [] Examiner's Statement of Reasons for Allowance
of Biological Material 9. [ Other .

Wy/.&:——

Donghee Kang
Primary Examiner
Art Unit: 2811

U.S. Patent and Trademark Office
PTOL-37 (Rev. 1-04) Notice of Allowability Part of Paper No./Mail Date 06072004
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Hstitute for form 1449A/PTO Complete if Known
: Application Number 10/342,576 :
HFORMATION DISCLOSURE |qrooas anvars 147003
TATEMENT BY APPLICANT First Named Invemtor | Daniel E. Grupp
{use as many sheets as necessary) Art Unit 2811
Examiner Name Kang’ Dongbee ’
tN
L Sheet 1 of 2 Attomey Docket Number 3771P004 y
U.S. PATENT DOCUMENTS
Document Number
miner| i P 3n Date ican Pages, Columns, Lines, Whers
E!'r:uals? S:e‘ Number - Kind Code’ (if known) Mm‘;;m Name:,’ &f:"m::f'“ ' Relevanlr :is;ags :a :ﬂetevam
oMk US-3,983,264 09-28-1976 | Schroen et al.
DHA US-5,021,365 04-04-1991 | Kirchner et al.
D US-5,801,398 09-01-1998 | Hebiguchi
nH* US-200/0061646 Al 05-23-2002 | Kanet al.
~ US-
D US-
US-
Us- T~
US- \\
US- \
US- N
US- o~
US- N
US- N
Us- N
US- ‘ N
US- N
US- N
US- ~
FOREIGN PATENT DOCUMENTS
. Foreign Patent Document .
Examiner | Cite icati o m atonte Pages, Columns, Lines,
taitials* | NO." | county Code’- Number: - Kind Code (i known) ng(o'?"\r%a\‘r App;‘;nf,;' &;, (;o::'nenl o‘?’:‘l’;ﬁf\‘f&’:}::ﬁ::;
VL. EP 0295490 Al 12-21-2088 {IBM
. EP 0 789 388 A2 : 08-13-1997 |Agency IND Science Techn.
\
\\
\
e
Examiner Date .
Signature ,Z&???"%/}QM Considered J é —~o07 "'9%

‘Examiner: Initlal if reference considered, whather or not citation is in conformance with MPEP 609. Oraw line through citation if not in conformance and nat co'(sldered Include
copy of this form with next communication.

*Applicant’s unique citation designation number (oplionsl). 'See Kinds Codes of USPTO Patent Documents al www.uspto.gov or MPEP 801.04. 'Enter Office that issued the
documant, by the two-letter code (WIPO Standard ST.3). *For Japanese patent documents, the indication of the year of reipn of the Emperor must precede the serial number of
the patent document. 'Kind of document by (he appropriate symboals as indicated on the document under WIPO Standard ST. 18 if possible. *Applicant s to place a check mark
hem if English language Transiation is attached.

Based on PTO/SB/OBA (08-03) as modified by Blakely, Solokofi, Taylor & Zafman (wir) 68/11/2003.

Send To: Comvmissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450
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bstitute for form 1448A/PTO Complete if Known

Application Number 10/342.576

INFORMATION DISCLOSURE Filing Date January 14, 2003

STATEMENT BY APPLICANT First Named Inventor Daniel E. Grupp
Art Unit 2811
Examiner Name Kang. Donghee

L Sheet 2 of 2 Attorney Docket Number 3771P004 y
NON PATENT LITERATURE DOCUMENTS
Examiner | Cite Include name of the author (in CAPITAL LETTERS), tile of the article (when appropriate), title of the item (book,
Initials® No.' magazine, journal, serial, symposium, catalog, etc.), date, page(s), volume-issue number(s), publisher, city and/or T

country where published.

International Search Report, PCT/US03/25057, Mailing Date December 18, 2003

pHiC

S. M., SZE, "Metal-Semiconductor Contacts", Physics of Semiconductor Devices, New
Your, John Wiley & Sons, US, 1981 Pgs. 245-311, XP002068071

. T, TERAIJI et al., "Ohmic Contacts To N. Type 6H.SIC Without Post-Annealing", Materials
Research Society Symposium Proceedings, Materials Research Society, Pittsburg, PA, US,
April 8, 1996, Pgs. 149-154, XP002068069

V.S. BANNIKOV et al., "Field-Effect Transistor With
Metal-(Tunneling-Insulator)-Semiconductor Contacts and A Gate Insulator Made of A
Langmuir-Blodgett Film", Soviet Technoical Physics Letters, American Institute of Physics,
New York, US, Vol. 15, No. 3, March 1, 1989, Pgs. 211-212, XP000102701

L.M. PORTER et al, "A Critical Review of Ohmic and Rectifying Contacts For Silicon
Carbide", Materials Science and Engineering, Vol. 34, No. 2, November 1, 1995, Pgs.
83-105, XP004000935

S. HARA et al., "Pinning-Controlled Metal/Semiconductor Interfaces”, Proceedings of the
Spie, Bellingham, VA, US, Vol. 2779, June 3, 1996, Pgs. 802-806, XP002068070

Examiner - Date ‘
Signature Q’%/ & W Considered O b—ci7—¢ 7&

(3 Initial if ed, whether or not cltation s in conformance with MPEP 609. Draw lina through citation if not In conformance and not considered. Include
copy of this form with next communication.

‘Applicant’s unigue citation designation number. 'Applicant is to place a chack mark hera if English language Transtation is attached.

Based on PTO/SB/08B (08-03) as medified by Blakely, Solokoff, Tayler & Zafman (wir) 08/11/2003.
Send To: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450
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Application No. Applicant(s)
Issue Classification 10/342,576 GRUPP ET AL.
H“ ”"“ m II‘ - o
Donghee Kang 2811

Final

O (N OB |WIN|—

180 |- : 210
Part of Paper No. 06072004
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Search Notes Application No. Applicant(s)
10/342,576 GRUPP ET AL.
Examin r Art Unit
Donghee Kang 2811
SEARCH NOTES
SEARCHED (INCLUDING SEARCH STRATEGY)
Class Subclass Date Examiner DATE EXMR
24,25,273
257 0.37- 23/2004 | KANG
39,330,33 east
2 uspto,uspgpub,epo,jpo,dew,ibmtdb
updated search 6/7/2004 KANG
text search
see attached search history 20312004 KANG
text search 6/7/2004 | KANG
see attached search history
INTERFERENCE SEARCHED
Class Subclass Date Examiner
257 24,25 6/7/2004 KANG
257 27,30 6/7/2004 KANG
257 37-39 6/7/2004 KANG

U.S. Patent and Trademark Office

Part of Paper No. 06072004
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~ PART B - FEE(S) TRANSMITTAL

Completg 3id 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: Thisdgfm should be used for transmitting the ISSUE FEE and PUBLICATION FEE (if required). Blocks 1 through 4 should be completed where
§respondence including the Patent, advance orders and notification of maintenance fees will be mailed to the current correspondence address as
orre®eAll below or directed otherwise in Block 1, by (a) specifying a new correspondence address; and/or (b) indicating a separate "FEE ADDRESS" for

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 ccniécate cannot be used for any other accompanying
Eapers. Each additional paper, such as an assignment or formal drawing, must

08791 7590 06/21/2004 ave its own certificate of mailing or transmission.
BLAKELY SOKOLOFF TAYLOR & ZAFMAN Certificate of Mailing or Transmission
I hereby certify that this Fee(s) Transmittal is being deposited with the United
12400 WILSHIRE BOULEVARD, SEVENTH FLOOR States Postal ?ervice with sugi)lcient 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)
th (Signature)
September 20, 2004 (Date)
I APPLICATION NO. FILING DATE l FIRST NAMED INVENTOR I ATTORNEY DOCKET NO. I CONFIRMATION NO. J
10/342,576 01/14/2003 Daniel E. Grupp 3771P004 9775

TITLE OF INVENTION: INSULATED GATE FIELD EFFECT TRANSISTOR HAVING PASSIVATED SCHOTTKY BARRIERS TO THE CHANNEL

[ APPLN. TYPE | SMALL ENTITY | ISSUE FEE [ PUBLICATION FEE | TOTAL FEE(S) DUE ] DATE DUE
nonprovisional YES $665 $300 $965 09/21/2004
[ EXAMINER ] ART UNIT | CLASS-SUBCLASS |
KANG, DONGHEE 2811 257-024000

1. Chan3ge of correspondence address or indication of "Fee Address" (37 2. For printing on the patent front page, list (1) the BLAKELY SOKOLOFF

CFR 1.363). names of up to 3 registered patent attorneys or |TAYLOR & ZAFMAN LLP

Q Change of correspondence address (or Change of Correspondence agents O].{‘ alternatively, (2) the‘ name of a single

Address form PTO/SB/122) attached. firm (having as a member a reglstere_d attorney or 2

0 "Fee Address" indication (or "Fee Address” Indication form agent) and the names of up to 2 registered patent
ee ress" in ion (or "Fee ndi 0 s 1

PTO/SB/47; Rev 03-02 or more recent) attached. Use of a Customer att_ﬁmbeys or dents. If no name is listed, no name

Number is required. will be printed.

3

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

PLEASE NOTE: Unless an assigaee is identified below, no assignee data will appear on the patent. Inclusion of assignee data is onl{ 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); Dindividual O corporation or other private group entity O government
4a. The following fee(s) are enclosed: 4b. Payment of Fee(s):

XIssue Fee XA check in the amount of the fee(s) is enclosed.

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

XAdvance Order - # of Copies 10 X The Director is hereby authorized by charge the required fee(s), or credit any overpayment, to

Deposit Account Number (02=2666 (enclose an extra copy of this fom'B.

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

Pt

/
(Authorized Signature§ / ?/(/ (Date)
Tarek N. Fahmi, eg. Noo: 41,402 9/20/04

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 {1
interest as shown by the records of the United States Patent and Trademark Office.

09/24/2004 VASFANZ 00000072 022666 10342576

This collection of information is required by 37 CFR 1.311. The information is required to | + 01 FC:2501 665.
obtain or retain a benefit by the public whl)éh is to file (and by the USPTO to process) an | - 02 FC:1504 383 88 gg
application. Confidentiality 1s governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is | 3 03 FC:8001 30.00 DA .

estimated to take 12 minutes to complete, including gathering, preparing, and submitting 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, 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)
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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: 12396385

Application Number: 10342576

International Application Number:

Confirmation Number: 9775

INSULATED GATE FIELD EFFECT TRANSISTOR HAVING PASSIVATED

Title of Invention: SCHOTTKY BARRIERS TO THE CHANNEL

First Named Inventor/Applicant Name: Daniel E. Grupp
Customer Number: 8791
Filer: Tarek N. Fahmi

Filer Authorized By:

Attorney Docket Number: 40003771-0004-002
Receipt Date: 26-MAR-2012
Filing Date: 14-JAN-2003
Time Stamp: 19:17:16
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: COMMISSIONER FOR PATENTS

PO. Box 1450

Alexandria, Virginia 22313-1450

WWW.uspto.gov

| APPLICATION NUMBER | FILING OR 371(C) DATE |

FIRST NAMED APPLICANT I

ATTY. DOCKET NO./TITLE |

10/342,576 01/14/2003
27571

TAREK N. FAHMI, APC

84 W. Santa Clara St.

Suite 550

San Jose, CA 95113

Daniel E. Grupp

40003771-0004-002
CONFIRMATION NO. 9775

POA ACCEPTANCE LETTER

Y

0000

Date Mailed: 04/03/2012

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, Virginia 22313-1450
WWW.uspto.gov
| APPLICATION NUMBER I FILING OR 371(C) DATE I FIRST NAMED APPLICANT I ATTY. DOCKET NO./TITLE |
10/342,576 01/14/2003 Daniel E. Grupp

40003771-0004-002
CONFIRMATION NO. 9775
8791

POWER OF ATTORNEY NOTICE
BLAKELY SOKOLOFF TAYLOR & ZAFMAN LLP
1279 OAKMEAD PARKWAY (RN LA EMALAIEH AT
SUNNYVALE, CA 94085-4040 0000000534630

000

Date Mailed: 04/03/2012

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
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