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(57) ABSTRACT

An assembly 1ncludes a first electrical circuitry for providing
a first electrical signal containing data and a transmitting
arrangement, connected with the first electrical circuitry, for
receiving the first electrical signal and for converting the
first electrical signal into an electromagnetic signal contain-
ing at least a portion of the data. The electromagnetic signal
has a carrier frequency greater than 300 GHz. The assembly
also 1ncludes a receiving arrangement for receiving the
clectromagnetic signal and for converting the electromag-
netic signal 1nto a second electrical signal containing at least
some of the portion of the data, and a second electrical
circuitry connected with the receiving arrangement and
configured for receiving the second electrical signal.
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TERAHERTZ INTERCONNECT SYSTEM AND
APPLICATIONS

RELATED APPLICATION

[0001] The present application is a continuation of
copending application Ser. No. 10/462,491, filed on Jun. 14,
2001; which 1s a continuation-in-part application Ser. No.
10/337,427, filed on Jan. 6, 2003; which 1s a continuation-
in-part of applications 1) Ser. No. 09/860,988, filed May 21,
2001 and issued as U.S. Pat. No. 6,534,784, 2) Ser. No.
09/860,972, filed May 21, 2001 and 1ssued as U.S. Pat. No.
6,564,185, 3) Ser. No. 10/103,054, filed on Mar. 20, 2002,
and 4) Ser. No. 10/140,535, filed May 6, 2002. All of the
aforementioned patent applications and patents are 1Incorpo-
rated herein by reference 1n their entirety.

BACKGROUND OF THE INVENTION

10002] The present invention relates generally to elec-
tronic devices. More particularly, the present invention
relates to interconnection of electronic devices at carrier
frequencies 1n a range from a few gigahertz to several
hundreds of terahertz, and more specifically to terahertz
interconnection of electronic devices.

[0003] Increased amounts and speed of data transfer in
communication and computing systems pose a challenge to
the current state of device technology. Large quantities of
information must be transferred quickly across distances
ranging from very short distances, from between chips as
well as between boards containing chips, to longer distances
between racks of devices, very short reach (VSR)/optical
Ethernet and beyond. Even with the development of high-
speed communications switches and routers, the data must
be taken 1n and out of such high-speed devices at compatibly
high rates 1n order for the entire system to function effi-
ciently.

[0004] Radio frequency (RF) inter-chip and intra-chip
connections have been developed as a possible way of
transferring data within and between chips. However, RF
interconnects use large antennae and/or waveguides on or
connected to chips, thus requiring valuable on-chip and
device “real estate.” RF interconnects are limited in data
transfer speed due to the use of radio frequencies. Further-
more, It 1s submitted that the design and manufacture of such
RF lines for high signal frequencies 1s an expensive part of
prior art RF interconnection design.

[0005] Other researchers have suggested the use of optical
signals as an alternative to electrical signals in providing
inter- and intra-chip connections.” For instance, parallel
fiber-optic interconnects which are edge-connected to semi-
conductor devices have been developed for use within
systems with a large number of electronic components (¢.g.,
computers).” Although optical interconnect technology
promises the possibility of higher rate data transfer than
electrical interconnects, optical interconnect technology, as
heretofore suggested, 1s still cost prohibitive in comparison.
There 1s potentially a huge market for high speed 1ntercon-
nect arrangements because all desktop computers and local
arca networks would benefit from the use of high speed
interconnects between components on chips, between chips,
ctc.

[0006] Currently, electrical interconnects are generally
used 1n communication and computing systems for power
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and data signal distribution, such as 1n bus lines, efc.
Electrical interconnects, however, require hardwired con-
nections such as, for example, lithographed lead lines on a
chip, wire bonds from the chip to a chip package, pins
leading from 1inside the package to a circuit board, printed
circuit board wiring, edge connectors from circuit board to
other boards, input/output (I/O) devices, data storage
devices, and others. Such hardwired connections add para-
sitic capacitance, inductance, and resistance, which seri-
ously degrade data transmission at high data bandwidths.
Thus, the cost and performance limitations of electrical
interconnects are compounded as circuits are made to oper-
ate at increasingly high frequencies. At high frequencies,
electrical interconnects are limited 1n connection distance
and require large amounts of power as well as signal
reconditioning. Applicants submit that there are at least two
1ssues contributing to this problem. First 1ssue 1s the relative
change 1n material properties, such as refractive index and
clectromagnetic radiation propagation speed, over the band-
width of the signal. A second, and perhaps more significant,
issue 1s the relative difference in wavelength over the
bandwidth of the signal. For example, 1f the signal band-
width is centered at zero frequency (i.e., DC), then the
wavelength of different signal components may range from
infinity (for the DC components) to, for instance, centime-
ters for components at tens of gigahertz. This enormous
range 1n wavelength makes 1t difficult to design electrical
fransmission paths which will work efficiently over the
entire bandwidth range.

[0007] In addition to the aforementioned RF inter- and
intra-chip interconnects, other wireless interconnects at
other frequencies have also been suggested. For example,
wireless data communications link between circuit compo-
nents using GaAs-based MIMIC transmit/receive integrated
circuit devices, operating at high-bandwidth millimeter-
wave frequencies, coupled to corresponding circuit compo-
nents, such as digital processing units (or CPUs) have been
disclosed by Metze in U.S. Pat. No. 5,754,948 (hereinafter,
Metze). It is submitted, however, that GaAs-based MIMICs
are complex devices which require expensive epitaxial
orowth techniques 1n the fabrication. Applicants submit that
epitaxial growth techniques are expensive and severely limait
the 1ntegration of devices with different epitaxial layer
structures. Also, the disclosure of Metze 1s confined to
millimeter-wave frequencies; specifically, the transmait/re-
ceive circuit of Metze 1s described as preferably operating:

[0008] at frequency ranges above 35 GHz, and most
preferably at frequencies between 60 GHz and 94 GHz

. other frequencies may be utilized and still fall
within the standard I.E.E.E. definition of “millimeter-
wave” for purposes of this invention. (Metze, column 5

lines 25-32)

[0009] Regarding the “standard I.E.E.E. definition of ‘mil-
limeter-wave™ as referred to by Metze, according to the
IEEE Virtual Museum website, the millimeter wave region
1s generally considered to correspond to 30 GHz to 300

GHz.

[0010] As another example of wireless interconnects, in
U.S. Pat. No. 5,056,111, Duling, III, et al. (hereinafter
Duling) discloses a communication system for transmitting
and receiving terahertz signals, which involves the genera-
tion of sub-picosecond (i.e., terahertz) pulses for transmis-
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sion of data. However, Applicants submit that ultrashort
pulse generation, such as that disclosed in Duling, require
complex systems such as femtosecond lasers that are
impractical to use as a replacement for local electrical
interconnects. As will be described at appropriate points
below, the present invention recognizes certain problems
with both the electrical interconnects and wireless intercon-
nection schemes which are thought to be unresolved by the
prior art.

[0011] As will be seen hereinafter, the present invention
provides a significant improvement over the prior art as
discussed above by virtue of its ability to provide the
increased performance while, at the same time, having
significant advantages 1n 1ts manufacturability. This asser-
fion 1s true for electromagnetic devices generally, which take
advantage of the present mnvention, as well as data commu-
nication and computing devices 1n particular.

SUMMARY OF THE INVENTION

[0012] As will be described in more detail hereinafter,
there 1s disclosed herein an integrated circuit chip including
a formation of integrated layers. The integrated layers are
coniligured so as to define at least one 1ntegrated electronic
component as well as an integrated electron tunneling
device. The itegrated electron tunneling device includes
first and second non-insulating layers spaced apart from one
another such that a given voltage can be provided across the
first and second non-insulating layers. The integrated elec-
tron tunneling device further includes an arrangement dis-
posed between the first and second non-insulating layers and
configured to serve as a transport of electrons between and
to the first and second non-insulating layers. The arrange-
ment 1ncludes at least a first layer configured such that the
transport of electrons includes, at least 1n part, transport by
means of tunneling. The itegrated electron tunneling device
further includes an antenna structure connected with the first
and second non-insulating layers, and the integrated electron
tunneling device 1s electrically connected with the integrated
clectronic component.

[0013] In one aspect of the invention, a method for fab-
ricating an integrated circuit chip is disclosed. The method
includes forming a plurality of integrated layers, where the
forming step includes the steps of defining at least one
integrated electronic component and defining an integrated
clectron tunneling device. The integrated electron tunneling
device includes first and second non-insulating layers spaced
apart from one another such that a given voltage can be
provided across the first and second non-insulating layers.
The integrated electron tunneling device further includes an
arrangement disposed between the first and second non-
insulating layers and configured to serve as a transport of
clectrons between and to the first and second non-1nsulating
layers. The arrangement includes at least a first layer con-
figured such that the transport of electrons includes, at least
in part, transport by means of tunneling. The integrated
clectron tunneling device further includes an antenna struc-
ture connected with the first and second non-insulating
layers. The method further includes electrically connecting
the integrated electron tunneling device with the integrated
electronic component.

[0014] In another aspect of the invention, an integrated
circuit chip includes a formation of integrated layers, which
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integrated layers are configured so as to define at least one
integrated electronic component. The integrated circuit chip
also 1includes an electron tunneling device including first and
second non-insulating layers spaced apart from one another
such that a given voltage can be provided across the first and
second non-insulating layers. The electron tunneling device
further mncludes an arrangement disposed between the first
and second non-insulating layers and configured to serve as
a transport of electrons between and to the first and second
non-msulating layers. The arrangement includes at least a
first layer configured such that the transport of electrons
includes, at least 1n part, transport by means of tunneling.
The electron tunneling device further includes an antenna
structure connected with the first and second non-insulating
layers, and the electron tunneling device 1s formed on top of
and separately from the formation of integrated layers
without interference with an intended function of the inte-
orated electronic component and its spatial location while
being electrically connected with the integrated electronic
component.

[0015] In still another aspect of the invention, an inte-
orated circuit chip includes a formation of integrated layers,
which formation of integrated layers 1s configured to define
at least one 1ntegrated electronic component and 1s further
configured to define an integrated optoelectronic device
having an antenna. The antenna 1s configured to receive an
optical signal. The integrated optoelectronic device 1s elec-
trically connected with the integrated electronic component.

[0016] In yet another aspect of the invention, an integrated
circuit chip includes a formation of integrated layers defin-
ing at least one 1ntegrated electronic component. The inte-
orated circuit chip also includes an optoelectronic device
having an antenna, which antenna is configured to receive an
optical signal 1incident thereon. The optoelectronic device 1s
formed on top of and separately from the formation of
integrated layers without interference with an intended func-
tion of the integrated electronic component and its spatial
location while being electrically connected with the inte-
orated electronic component. In an alternative embodiment,
the optoelectronic device 1s configured to provide an optical
signal while the antenna 1s configured instead to transmit the
optical signal.

[0017] In a further aspect of the invention, an integrated
circuit chip includes at least one substrate and circuitry
formed on the substrate, which circuitry includes at least first
and second 1ntegrated electronic components. The integrated
circuit chip also includes a first optoelectronic device for
providing an optical signal. The first optoelectronic device
includes a first antenna, which first antenna 1s configured to
emit the optical signal, and the first optoelectronic device 1s
supported on the substrate while being electrically con-
nected with the first integrated electronic component. The
integrated circuit chip further includes a second optoelec-
tronic device. The second optoelectronic device includes a
second antenna, which second antenna 1s configured to
receive the optical signal from the first antenna such that first
and second optoelectronic devices are 1n optical communi-
cation with one another, while the second optoelectronic
device 1s also supported on the substrate and 1s electrically
connected with the second integrated electronic component.

[0018] In a still further aspect of the invention, an inte-
orated circuit assembly 1ncludes first and second substrates.
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First circuitry, including at least a first integrated electronic
component, 1s formed on the first substrate, and second
circuitry, including at least a second integrated electronic
component, 1s formed on the second substrate. The inte-
orated circuit assembly also includes a first optoelectronic
device for providing an optical signal. The first optoelec-
tronic device includes a first antenna, which 1s configured to
emit the optical signal, and 1s supported on the first substrate
while being electrically connected with the first integrated
clectronic component. The integrated circuit assembly fur-
ther 1ncludes a second optoelectronic device including a
second antenna. The second optoelectronic device 1s sup-
ported on the second substrate and 1s electrically connected
with the second integrated electronic component. The sec-
ond antenna 1s configured to receive the optical signal from
the first antenna such that the first and second optoelectronic
devices are 1n optical communication with one another.

[0019] In another aspect of the invention, an assembly
includes an optoelectronic system, in which an optical signal
1s present and which includes at least one optoelectronic
device configured to act on the optical signal. The assembly
also includes an electron tunneling device also configured to
act on the optical signal. The electron tunneling device
includes first and second non-insulating layers, which are
spaced apart from one another such that a given voltage can
be provided across the first and second non-insulating lay-
ers, and an arrangement disposed between the first and
second non-insulating layers, which arrangement 1s config-
ured serve as a transport of electrons between and to the first
and second non-insulating layers. The arrangement includes
a {irst amorphous layer configured such that using only the
first amorphous layer in the arrangement would result 1n a
ogrven value of nonlinearity in the transport of electrons, with
respect to the given voltage. The arrangement also includes
a different, second layer disposed directly adjacent to and
configured to cooperate with the first amorphous layer such
that the transport of electrons includes, at least 1n part,
transport by means of tunneling through the first amorphous
layer and the second layer, and such that the nonlinearity,
with respect to the given voltage, 1s increased over and
above the given value of nonlinearity by the inclusion of the
second layer without the necessity for any additional layer.
The assembly further includes an optical configuration coop-
erating with the electron tunneling device and with the
optoelectronic device such that the optical signal i1s trans-
mitted therebetween.

[0020] In a still another aspect of the invention, a device
includes a waveguide, which waveguide 1n turn includes an
optical mnput port. The optical mput port 1s configured for
receiving an input light. The waveguide also includes an
optical output port and 1s configured for directing the 1nput
light from the optical input port toward the optical output
port. The device also includes an optoelectronic assembly,
which includes an electron tunneling device. The electron
tunneling device includes first and second non-insulating
layers, which are spaced apart from one another such that a
ogrven voltage can be provided thereacross, and an arrange-
ment disposed between the first and second non-insulating
layers and configured to serve as a transport of electrons
between and to the first and second non-insulating layers.
The arrangement includes at least a first layer configured
such that the transport of electrons includes, at least 1n part,
transport by means of tunneling. The optoelectronic assem-
bly also includes a coupling arrangement configured to
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cooperate with the electron tunneling device and the
waveguide for coupling at least a portion of the mput light
from the waveguide into the electron tunneling device.

[0021] In yet another aspect of the invention, an arrange-
ment includes an optical waveguide with an optical 1nput
port, which optical input port 1s configured for receiving an
mput light, and an optical output port. The optical
waveguide 1s configured for directing the input light from
the optical input port toward the optical output port. The
arrangement further includes an optoelectronic assembly
with a surface plasmon device, which 1s configured to act on
an 1nput signal. The surface plasmon device includes a
device input port, which 1s configured to receive the input
signal, a device output port and a structure including a
tunneling junction connected with the device mput port and
the device output port. The tunneling junction 1s configured
in a way (1) which provides electrons in a particular energy
state within the structure, (i1) which produces surface plas-
mons 1n response to the input signal, (ii1) which causes the
structure to act as a surface plasmon waveguide for directing
at least a portion of the surface plasmons along a predeter-
mined path toward the device output port such that the
surface plasmons so directed interact with the electrons 1n a
particular way, and (1v) which produces at the device output
port an output signal resulting from the particular interaction
between the electrons and the surface plasmons. The opto-
clectronic assembly further includes a coupling arrange-
ment, which 1s configured to cooperate with the surface
plasmon device and the optical waveguide for coupling at
least a portion of the mput light from the waveguide 1nto the
surface plasmon device as the mput signal.

[0022] In a further aspect of the invention, an integrated
circuit chip includes a substrate and a formation of inte-
orated layers supported on the substrate, which integrated
layers are configured so as to define at least one 1ntegrated
clectronic component. The integrated circuit chip also
includes an optical waveguide, which 1s also supported on
the substrate and includes an optical input port configured
for receiving an 1nput light including a clock signal encoded
thereon. The integrated circuit chip further includes at least
one optoelectronic assembly electrically connected with the
integrated electronic component and including an electron
tunneling device. The electron tunneling device includes
first and second non-insulating layers spaced apart from one
another such that a given voltage can be provided there-
across. The electron tunneling device also includes an
arrangement disposed between the first and second non-
insulating layers and configured to serve as a transport of
clectrons between and to the first and second non-1nsulting
layers. The arrangement includes at least a first layer con-
figured such that the transport of electrons includes, at least
in part, transport by means of tunneling. The optoelectronic
assembly also 1ncludes a coupling arrangement configured
to cooperate with the electron tunneling device and the
optical waveguide for coupling at least a portion of the input
light including the clock signal from the waveguide into the
clectron tunneling device. The electron tunneling device 1s
configured to (1) receive the portion of the input light, (ii)
produce an electric signal and (iii) transmit the electric
signal toward the integrated electronic component electri-
cally connected with the optoelectronic assembly for use by
the integrated electronic component.
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[0023] In another aspect of the invention, an assembly
includes a first electrical circuitry for providing a {first
clectrical signal containing data. A transmitting arrangement
1s connected with the first electrical circuitry and i1s config-
ured for receiving the first electrical signal and for convert-
ing the first electrical signal into an electromagnetic signal
containing at least a portion of the data. The electromagnetic
signal has a carrier frequency greater than 300 GHz. The
assembly further includes a receiving arrangement config-
ured for receiving the electromagnetic signal and for con-
verting the electromagnetic signal into a second electrical
signal containing at least some of the portion of the data, and
a second electrical circuitry connected with the receiving
arrangement and configured for receiving the second elec-
trical signal.

10024] Instill another aspect of the invention, a method for
use 1n an assembly including at least a first electrical
circuitry for providing a first electrical signal containing data
and a second electrical circuitry for receiving a second
clectrical signal 1s disclosed. The method mncludes connect-
ing the first electrical circuitry with a transmitting arrange-
ment configured for receiving the first electrical signal and
for converting the first electrical signal into an electromag-
netic signal containing at least a portion of the data. The
clectromagnetic signal has a carrier frequency greater than
300 GHz. The method further includes connecting the
second electrical circuitry with a receiving arrangement
configured for receiving the electromagnetic signal and
converting the electromagnetic signal 1mto the second elec-
trical signal containing at least some of the portion of data
to be received by the second electrical circuitry.

[0025] In yet another aspect of the invention, another
method for use 1 an assembly including at least a first
electrical circuitry for providing a first electrical signal
containing data and a second electrical circuitry for receiv-
ing a second electrical signal 1s disclosed. The method
includes, at a first location, receiving the first electrical
signal from the first electrical circuitry, and converting the
first electrical signal 1nto an electromagnetic signal contain-
ing at least a portion of the data. The electromagnetic signal
has a carrier frequency greater than 300 GHz. The method
further includes, at a second location, receiving the electro-
magnetic signal, converting the electromagnetic signal into
the second electrical signal containing at least some of the
portion of the data, and directing the second electrical signal
to the second electrical circuitry.

[0026] In a further aspect of the invention, an assembly
includes a first electrical circuitry for providing a first
clectrical signal containing data, and a transmitting arrange-
ment connected with the first electrical circuitry and con-
figured for receiving the first electrical signal and for con-
verting the first electrical signal into an electromagnetic
signal containing at least a portion of the data. The assembly
further includes a receiving arrangement for receiving the
clectromagnetic signal and for converting the electromag-
netic signal 1into a second electrical signal containing at least
some of the portion of the data, and a second electrical
circuitry connected with the receiving arrangement and
coniigured for recerving the second electrical signal. At least
one of the transmitting and receiving arrangements includes
an electron tunneling device, which includes first and second
non-insulating layers spaced apart from one another such
that a given voltage can be provided across the first and
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second non-insulating layers. The electron tunneling device
further mncludes an arrangement disposed between the first
and second non-insulating layers and configured to serve as
a transport of electrons between and to the first and second
non-insulating layers. The arrangement includes at least a
first layer configured such that the transport of electrons
includes, at least in part, transport by means of tunneling.

[10027] In a still further aspect of the invention, an assem-
bly includes a first electrical circuitry for providing a first
clectrical signal containing data, and a transmitting arrange-
ment connected with the first electrical circuitry and con-
figured for receiving the first electrical signal and for con-
verting the first electrical signal into an electromagnetic
signal containing at least a portion of the data. The electro-
magnetic signal has a carrier frequency of at least three
oigahertz. The assembly further includes a receiving
arrangement for receiving the electromagnetic signal and
converting the electromagnetic signal into a second electri-
cal signal containing at least some of the portion of the data,
and a second electrical circuitry connected with the receiv-
ing arrangement and coniigured for receiving the second
clectrical signal. At least one of the transmitting and receiv-
ing arrangements 1ncludes an electron tunneling device.

[0028] In a yet further aspect of the invention, an assembly
includes a first electrical circuitry for providing a first
clectrical signal containing data, and a transmitting arrange-
ment connected with the first electrical circuitry and con-
figured for receiving the first electrical signal and for con-
verting the first electrical signal into an electromagnetic
signal containing at least a portion of the data. The assembly
further includes a receiving arrangement for receiving the
clectromagnetic signal and for converting the electromag-
netic signal 1nto a second electrical signal containing at least
some of the portion of the data, and a second electrical
circuitry connected with the receiving arrangement and
configured for receiving the second electrical signal. At least
one of the transmitting and receiving arrangements includes
a metal-msulator-based, electron tunneling device.

[10029] In another aspect of the invention, an assembly
includes a first electrical circuitry for providing a first
clectrical signal containing first data, and a first transceiver
arrangement connected with the first electrical circuitry and
configured for receiving the first electrical signal and for
converting the first electrical signal 1nto a first electromag-
netic signal containing at least a portion of the first data. The
assembly further includes a second transceiver arrangement
coniligured for receiving the first electromagnetic signal and
for converting the first electromagnetic signal into a second
clectrical signal containing at least some of the portion of the
first data, and a second electrical circuitry connected with
the second transceiver arrangement and configured for
receiving the second electrical signal. At least one of the first
and second transceiver arrangements 1ncludes an electron
tunneling device. The electron tunneling device includes
first and second non-insulating layers spaced apart from one
another such that a given voltage can be provided across the
first and second non-insulating layers, and an arrangement
disposed between the first and second non-insulating layers
and configured to serve as a transport of electrons between
and to the first and second non-insulating layers. The
arrangement includes at least a first layer configured such
that the transport of electrons includes, at least in part,
transport by means of tunneling.
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[0030] In still another aspect of the invention, an assembly
includes a first electrical circuitry for providing a {first
clectrical signal containing data, and a transmitting arrange-
ment connected with the first electrical circuitry and con-
figured for receiving at least the first electrical signal and for
converting the first electrical signal 1nto an electromagnetic
signal containing at least a portion of the data. The assembly
further 1ncludes a receirving arrangement for receiving the
clectromagnetic signal and for converting the electromag-
netic signal 1nto a second electrical signal containing at least
some of the portion of the data, and a second electrical
circuitry connected with the receiving arrangement and
configured for receiving the second electrical, signal. At
least one of the transmitting and receiving arrangements 1S
configured to provide electron tunneling and includes an
antenna connected therewith.

[0031] In a further aspect of the invention, an assembly
includes a first electrical circuitry for providing a {first
clectrical signal containing data, and a transmitting arrange-
ment connected with the first electrical circuitry and con-
figured for receiving the electrical signal and for converting
the first electrical signal into an electromagnetic signal
containing at least a portion of the data. The electromagnetic
signal has a carrier frequency greater than 300 GHz. The
assembly also 1ncludes a receiving arrangement configured
for receiving the electromagnetic signal and converting the
clectromagnetic signal into a second electrical signal con-
taining at least some of the portion of data, and a second
clectrical circuitry connected with the receiving arrange-
ment and configured for receiving the second electrical
signal. The transmitting arrangement and the receiving
arrangement are disposed 1n close proximity to one another
such that the electromagnetic signal 1s transmitted from the
fransmitting arrangement to the receiving arrangement at
least 1n part by means of coupled-mode energy transfer.

[0032] In another aspect of the invention, an assembly
includes a first electrical circuitry for providing a first
clectrical signal containing data, and a transmitting arrange-
ment connected with the first electrical circuitry and con-
figured for receiving the first electrical signal and for con-
verting the first electrical signal into an electromagnetic
signal containing at least a portion of the data. The assembly
further includes a receiving arrangement configured for
receiving the electromagnetic signal and for converting the
clectromagnetic signal into a second electrical signal con-
taining at least some of the portion of data, and a second
clectrical circuitry connected with the receiving arrange-
ment and configured for receiving the second electrical
signal. At least one of the transmitting and receiving
arrangements 1ncludes an electron tunneling device, which
in turn 1ncludes first and second non-insulating layers spaced
apart from one another such that a given voltage can be
applied across the first and second non-insulating layers. The
clectron tunneling device further includes an arrangement
disposed between the first and second non-insulating layers
and configured to serve as a transport of electrons between
and to the first and second non-insulating layers, where the
arrangement 1ncludes at least a first layer configured such
that the transport of electrons includes, at least in part,
transport by means of tunneling. The transmitting arrange-
ment and the receiving arrangement are disposed 1n close
proximity to one another such that the electromagnetic
signal 1s transmitted from the transmitting arrangement to
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the receiving arrangement at least in part by means of
coupled-mode energy transfer.

[0033] In still another aspect of the invention, an assembly
includes a substrate and an integrated circuit package sup-
ported on the substrate. The integrated circuit package
includes an integrated circuit module configured for provid-
ing an output electrical signal containing output data, and a
fransceiver arrangement connected with the integrated cir-
cuit module for receiving the output electrical signal and for
converting the output electrical signal into an output elec-
tromagnetic signal containing at least a portion of the output
data. The assembly further includes a waveguide having a
first segment and a distinct, second segment, where the first
segment 15 also supported on the substrate and configured
for recelving at least a portion of the output electromagnetic
signal and directing the portion of the output electromag-
netic signal toward the distinct, second segment of the
waveguide.

[0034] In yet another aspect of the invention, an assembly
for use 1n a system including an integrated circuit module
configured for providing an output electrical signal contain-
ing data 1s disclosed. This assembly for receiving the inte-
orated circuit module and extracting the output data includes
a substrate and an integrated circuit package supported on
the substrate. The integrated circuit package i1s configured
for accommodating the integrated circuit module thereon,
and includes a transceiver arrangement connected with the
integrated circuit module for receiving the output electrical
signal and for converting the output electrical signal into an
output electromagnetic signal containing at least a portion of
the output data. The assembly further includes a waveguide
having a first segment and a distinct, second segment. The
first segment 1s also supported on the substrate and config-
ured for receiving at least a portion of the output electro-
magnetic signal and directing the portion of the output
clectromagnetic signal toward the distinct, second segment
of the waveguide.

[0035] In still yet another aspect of the invention, an
assembly for use 1n a system including an integrated circuit
module configured for providing an output electrical signal
containing output data 1s disclosed. This assembly for
receiving the integrated circuit module and extracting the
output data includes an integrated circuit package configured
for accommodating the integrated circuit module thereon.
The integrated circuit package includes a transceiver
arrangement connected with the imtegrated circuit module
and configured for receiving the output electrical signal,
converting the output electrical signal into an output elec-
tromagnetic signal containing at least a portion of the output
data, and directing the output electromagnetic signal away
from the 1ntegrated circuit package.

[0036] In another aspect of the invention, an assembly
includes a substrate and an integrated circuit package. The
integrated circuit package includes an integrated circuit
module for providing an output electrical signal containing
output data, and a plurality of electrical pin-outs for direct-
ing the output electrical signal away from the integrated
circuit module and away from the integrated circuit package.
The assembly further includes a socket arrangement sup-
ported on the substrate and configured for receiving the
integrated circuit package thercon. The socket arrangement
includes a transceiver arrangement disposed therein such
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that the transceiver arrangement receives the output electri-
cal signal from the plurality of electrical pin-outs and
converts the output electrical signal 1into an output electro-
magnetic signal containing at least a portion of the output
data. The assembly also includes a waveguide having a first
scoment and a distinct, second segment, where the first
segment 1s also supported on the substrate and 1s configured
for rece1ving at least a portion of the output electromagnetic
signal and directing the portion of the output electromag-
netic signal toward the distinct, second segment of the
waveguide.

[0037] In still another aspect of the invention, an assembly
for use 1n a system including an integrated circuit package
1s disclosed. The integrated circuit package includes an
integrated circuit module, for providing an output electrical
signal containing output data, and a plurality of electrical
pin-outs, for directing the output electrical signal away from
the mtegrated circuit module and away from the integrated
circuit package 1s disclosed. This assembly for receiving the
integrated circuit module and extracting the output data,
includes a substrate and a socket arrangement supported on
the substrate and configured for receiving the integrated
circuit package thercon. The socket arrangement includes a
transceiver arrangement disposed therein such that the trans-
celver arrangement receives the output electrical signal from
the plurality of electrical pin-outs and converts the output
clectrical signal into an output electromagnetic signal con-
taining at least a portion of the output data. The assembly
further includes a waveguide having a first segment and a
distinct, second segment. The first segment 1s also supported
on the substrate and 1s configured for receiving at least a
portion of the output electromagnetic signal and directing,
the portion of the output electromagnetic signal toward the
distinct, second segment of the waveguide.

[0038] In yet another aspect of the invention, an assembly
for use 1n a system including an integrated circuit package
1s disclosed. The integrated circuit package includes an
integrated circuit module, for providing an output electrical
signal containing output data, and a plurality of electrical
pin-outs, for directing the output electrical signal away from
the 1ntegrated circuit module and away from the integrated
circuit package. This assembly for receiving the integrated
circuit module and extracting said output data includes a
socket arrangement configured for accommodating the inte-
orated circuit package thereon. The socket arrangement
includes a transceiver arrangement configured for receiving
the output electrical signal from the plurality of electrical
pin-outs, converting the output electrical signal into an
output electromagnetic signal containing at least a portion of
the output data, and directing the output electromagnetic
signal away from the socket arrangement.

[0039] In another aspect of the invention, an assembly
includes a substrate and an integrated circuit package sup-
ported on the substrate and containing an integrated circuit
module. The integrated circuit module 1s configured for
providing an output electrical signal containing output data.
The assembly also includes an electrical interconnect also
supported on the substrate and having first and second ends,
where the first end 1s connected with the integrated circuit
module through the integrated circuit package and 1s con-
figured to receive the output electrical signal such that the
output electrical signal 1s directed through the electrical
interconnect toward the second end. The assembly further
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includes a transceiver package also supported on the sub-
strate and 1ncluding a transceiver chip. The transceiver chip
1s connected with the second end of the electrical intercon-
nect such that the transceiver chip receives the output
electrical signal and converts the output electrical signal into
an output electromagnetic signal containing at least a portion
of the output data. Additionally, the assembly includes a
wavegulde having a first segment and a distinct, second
secgment. The first segment 1s also supported on the substrate
and configured for receiving at least a portion of the output
clectromagnetic signal and directing the portion of the
output electromagnetic signal toward the distinct, second
secgment of the waveguide.

[0040] In yet another aspect of the invention, an assembly
for use 1n a system including an integrated circuit package
1s disclosed. The integrated circuit package includes an
integrated circuit module configured for providing an output
clectrical signal containing output data. This assembly for
receiving the integrated circuit module and extracting the
output data includes a substrate configured for supporting
the mtegrated circuit module thereon. The substrate includes
an electrical interconnect having first and second ends. The
first end 1s connected with the integrated circuit module
through the integrated circuit package and 1s configured to
receive the output electrical signal such that the output
electrical signal 1s directed through the electrical intercon-
nect toward the second end. The substrate also includes a
transceiver package mcluding a transceiver chip. The trans-
ceiver chip 1s connected with the second end of the electrical
interconnect such that the transceiver chip receives the
output electrical signal and converts the output electrical
signal 1nto an output electromagnetic signal containing at
least a portion of the output data. The substrate further
includes a waveguide having a first segment and a distinct,
second segment. The first segment 1s configured for receiv-
ing at least a portion of the output electromagnetic signal and
directing the portion of the output electromagnetic signal
toward the distinct, second segment of the waveguide.

[0041] Instill another aspect of the invention, an assembly
for use 1 a system including an integrated circuit package
1s disclosed. The integrated circuit package includes an
integrated circuit module configured for providing an output
electrical signal containing output data. This assembly for
receiving the integrated circuit module and extracting the
output data includes an electrical interconnect having first
and second ends. The first end 1s connected with the inte-
orated circuit module through the 1ntegrated circuit package
and 1s configured to receive the output electrical signal such
that the output electrical signal 1s directed through the
electrical interconnect toward the second end. The assembly
also mcludes a transceiver package including a transceiver
chip. The transceiver chip 1s connected with the second end
of the electrical interconnect and 1s configured for receiving
the output electrical signal, converting the output electrical
signal 1nto an output electromagnetic signal containing at
least a portion of the output data, and directing the output
clectromagnetic signal away from the transceiver package.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

[0042] The present invention may be understood by ref-
erence to the following detailed description taken 1n con-
junction with the drawings briefly described below. It 1s
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noted that, for purposes of illustrative clarity, certain ele-
ments 1 the drawings may not be drawn to scale.

10043] FIG. 1A is a diagrammatic illustration, in perspec-
tive view, of an mterconnected electron tunneling device of
the present invention, shown here to illustrate an embodi-
ment 1including a planar waveguide on a chip as the inter-
connection.

10044] FIGS. 1B and 1C are diagrammatic illustrations,

In cross-section, showing details of electron tunneling
devices suitable for use 1n the interconnected electron tun-

neling device of the present invention.

10045] FIG. 1D 1s a diagrammatic illustration, in perspec-
tive view, of an alternative embodiment of an interconnected
clectron tunneling device of the present mvention, shown
here to 1llustrate the use of a double antenna electron
tunneling device.

10046] FIGS. 1K and 1F are diagrammatic illustrations,

in perspective view, of additional embodiments of an inter-
connected electron tunneling device of the present 1nven-
tion, shown here to illustrate the use of surface plasmon
devices.

10047] FIGS. 2A and 2B are diagrammatic illustrations,
in cross-section, of embodiments of an edge-fed, optical
clock distribution scheme of the present invention.

10048] FIGS. 3A and 3B are diagrammatic illustrations of

a top-fed, optical clock distribution scheme of the present
invention.

10049] FIGS. 4A-4D are diagrammatic illustrations of

another interconnected electron tunneling device of the
present 1nvention, shown here to 1illustrate embodiments
including optical fiber as the interconnection between
devices on separate chips.

[0050] FIG. 5 is a diagrammatic illustration of still
another 1nterconnected electron tunneling device in accor-
dance with the present invention, shown here to 1llustrate the
use of free-space optical interconnection between electron
tunneling devices on separate chips.

[0051] FIGS. 6A-6E are diagrammatic illustrations of a
waveguide-coupled device of the present invention, shown
here to 1llustrate various embodiments of the coupling of
clectron tunneling devices with a waveguide, as used 1n the
aforementioned interconnected electron tunneling devices.

10052] FIGS. 7A-7D are diagrammatic illustrations of an

alternative waveguide-coupled device of the present inven-
fion and applications.

10053] FIGS. 8A-8C are diagrammatic illustrations, in

perspective view, ol examples of packaging options and

applications for the waveguide-coupled device of the present
invention.

10054] FIGS. 9A-9D are diagrammatic illustrations of

examples of layout configurations for a terahertz intercon-
nect system 1n accordance with the present invention.

[0055] FIG. 10 is a diagrammatic illustration of a power/
clock distribution scheme designed 1n accordance with the
present mvention.

[0056] FIG. 11 is a diagrammatic illustration of a terahertz
optocoupler designed 1n accordance with the present inven-
tion.
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[0057] FIGS. 12A and 12B are diagrammatic illustra-

fions, 1n perspective view, of examples of a three-dimen-
sional interconnection system designed in accordance with
the present invention.

[0058] FIGS. 13A-13D are diagrammatic illustrations of

assemblies for integrating electrical circuitry such as, for
example, standard integrated circuit chips, into the terahertz
interconnect system of the present invention.

[10059] FIGS. 14A-14C are diagrammatic illustrations of a
board-to-board interconnection scheme based on the tera-
hertz mterconnect of the present invention. FIG. 14A a
diagrammatic illustration of a side view of a plurality of
boards interconnected by a plurality of interconnected,
transceiver chip pairs, while FIGS. 14B-14C are diagram-
matic 1llustrations, 1n perspective view, of two examples of
pairs of interconnected, transceiver chips 1n accordance with
the present invention.

[0060] FIGS. 15A-15C are diagrammatic illustrations of
terahertz 1nterconnect systems including guided wave con-
figurations 1n accordance with the present invention.

[0061] FIGS. 16A-16C are diagrammatic illustrations of
embodiments of the terahertz interconnect system of the
present mvention, shown here to illustrate an example of a
transmitter/recerver pair including coupled transmission
lines on a surface of a substrate (FIG. 16A), a close-up of
the coupled transmission lines (FIG. 16B), and an alterna-

five arrangement of the transmitter and receiver on opposing
faces of a substrate (FIG. 16C).

[10062] FIGS. 17A-17C are diagrammatic illustrations, in
cross-section, of exemplary embodiments of coupling

schemes to establish communication between two electronic
circuitry on two separate substrates, such as two integrated
circuit chips, based on the terahertz interconnect system of
the present invention.

DETAILED DESCRIPTION

[0063] The following description is presented to enable
one of ordinary skill in the art to make and use the mnvention
and 1s provided 1n the context of a patent application and 1its
requirements. Various modifications to the described
embodiments will be readily apparent to those skilled 1 the
art and the generic principles herein may be applied to other
embodiments. Thus, the present 1nvention 1s not intended to
be Iimited to the embodiment shown but 1s to be accorded
the widest scope consistent with the principles and features
described herein.

[0064] As described in the Background section, there is a
crowing need for high speed mterconnection between
devices over short distances, such as between racks, boards,
chips, as well as between components located on a single
chip. These interconnection arrangements must be capable
of high speed transmission of data and should be low cost.
The interconnection arrangements and systems need to be
competitive and compatible with current state-of-the-art
clectrical interconnects 1n terms of cost, speed, power,
distance, requirement for signal processing and allowance of
plug-n-play. For low cost, high speed and highest level of
integration, the interconnect components may be integrated
directly onto silicon integrated circuitry. The interconnect
should 1deally be compatible with standardized systems and
interfaces provided by existing suppliers. In order to accom-
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modate the current state of the technology, the interconnect
should be compatible with multi-mode fibers and be time
division multiplexing (TDM) or coarse wavelength division
multiplexing (CWDM) compatible. Alternatively, depend-
ing on the application in which the interconnect is to be used,
single-mode fibers might also be used. Polarization-insen-
sitivity 1s desirable 1n order to reduce signal loss. VCSEL
devices are the mainstay light sources in the current art;
therefore the interconnection arrangement should be com-
patible with VCSEL devices. Currently-available VCSEL
devices operate at 850 nm and, potentially, at 1300 and 1550
nm wavelengths. Furthermore, current VCSELSs operate at
2.5 Gbps, while 10 Gbps and, 1n the future, 80 Gbps devices
may be available. The interconnect should also be tempera-
ture-1nsensitive 1n order for the interconnect to be icorpo-
rated onto silicon integrated circuitry. For example, as will
be described in detail hereinafter, the interconnect may be
top-side coupled onto CMOS-integrated components.

[0065] Recent progress in tunneling junction technology
by the assignee of the present application has greatly
increased the flexibility 1n fabrication and design of electron
tunneling devices based on metal-insulator(s)-metal struc-
tures, thus allowing the fabrication of high speed electron
tunneling devices. For example, see atorementioned U.S.
Pat. No. 6,534,784 (Attorney Docket Number Phiar-P001;
hereinafter, P1 patent), U.S. Pat. No. 6,563,185 (Attorney
Docket Number Phiar-PO02; hereinafter, P2 patent) and U.S.
patent application Ser. No. 10/103,054 (Attorney Docket
Number Phiar-3; hereinafter, P3 application), Ser. No.
10,140,545 (Attorney Docket Number Phiar-3cip; hereinaf-
ter P3-cip application), Ser. No. 10/265,935 (Attorney
Docket Number Phiar-1cip; hereinafter P1-cip application)
and Ser. No. 10/337,427 (Attorney Docket Number Phiar-5;
hereinafter P5 application). All of the aforementioned pat-
ents and applications are incorporated herein by reference in
their entirety.

[0066] As described in the P5 application, the electron
tunneling devices as disclosed 1n the aforementioned P1 and
P2 patents as well as P3, P3-cip and P1-cip applications are
particularly suited for integration onto existing chips
because combination of metal and msulating layers forming,
cach electron tunneling device may be deposited directly on
the chips without the need for additional semiconductor
processing steps. That 1s, the electron tunneling devices of
the aforementioned applications may be formed monolithi-
cally on existing semiconductor devices without high tem-
perature or crystalline growth procedures. Additionally,
unlike hybrid integration assemblies, in which separately-
fabricated devices are surface mounted or tlip-chip bonded
onto existing chips, the electron tunneling devices devel-
oped by the assignee of the present invention may be formed
directly on the chips themselves. Furthermore, as described
in detail 1n the P1 and P2 patents and P3, P3-cip and P1-cip
applications, the electron tunneling devices as disclosed 1n
these applications are capable of operating at high speeds,
thus enabling these devices to function in optical regimes
and at high data rates. Still further, the electron tunneling
devices may be integrated into the circuitry itself (i.e.,
formed during the fabrication procedure of the circuitry as a
part of the circuitry components), if so desired. Therefore,
by incorporating the electron tunneling devices of the afore-
mentioned P1 and P2 patents and P3, P3-cip and Pl-cip
applications as part of an optical interconnect assembly, a
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high speed imterconnection solution for use between com-
ponents on chips, between chips and so on may be attained.

[0067] Moreover, the electron tunneling devices devel-
oped by the assignee of the present invention may be
fabricated directly adjacent to a waveguide and be config-
ured to cooperate with the waveguide so as to absorb an
evanescent field portion of a lightwave traveling through the
waveguide. For example, the electron tunneling device may
include an antenna designed to couple light of a particular
wavelength (e.g., optical wavelengths) out of the waveguide
and 1nto a tunneling junction region of the electron tunneling,
device. Alternatively, the electron tunneling devices may be
fabricated within a waveguide so as to absorb the propagat-
ing field portion of the a lightwave traveling through the
waveguide. As will be discussed 1n detail at an appropriate
point 1n the text below, the concept of combining the
clectron tunneling devices with a waveguide 1s significant 1n
that 1t allows the coupling of light energy 1nto and out of the
waveguide as well as the directing of light energy to
clectronic devices as electrical energy. This concept may be
utilized to provide high speed interconnections between
optical and electronic components, as will be discussed in
detail immediately hereinafter.

[0068] Turning now to the drawings, wherein like com-
ponents are indicated by like reference numbers throughout
the various figures, attention 1s immediately directed to FIG.
1A, which 1llustrates an approach to the interconnection of
two electron tunneling structures on a chip 1n accordance
with the present invention. FIG. 1A 1s a diagrammatic
illustration, 1n perspective view, of an interconnect assembly
10. Interconnect assembly 10 includes a chip 11, which
includes circuitry 12 formed on top of a substrate 13. A
waveguide region 14 i1s defined on chip 11, and a first
clectron tunneling device 16 and a second electron tunneling
device 18 are formed on top of waveguide region 14. First
and second electron tunneling devices 16 and 18 may be, for
instance, high speed electron tunneling devices and variants
as disclosed in the aforementioned P1 and P2 patents and P3,
P3-cip and Pl-cip applications, which high speed electron
tunneling devices are formed of thin film layers of non-
insulating and insulating materials. Waveguide region 14
may be formed, for example, of polymers, dielectric mate-
rials such as glass, fused silica and silicon-on-insulator,
photonic crystals, lithium niobate, organic materials and
photonic bandgap materials. In the embodiment illustrated
in FI1G. 1A, first and second electron tunneling devices 16
and 18 include antenna arms 20A-20B and 22A-22B,
respectively, defining bowtie antennae. Other antenna
designs such as, but not limited to, Vivaldi, Vee, and those
designs described 1n the Pl-cip application, may also be
used. First and second electron tunneling devices 16 and 18
may be connected to mtegrated electronic components in the
existing electronic circuitry (represented by squares 24 and
26) on the chip by, for example, pairs of metal lines 28 A and
28B and 30A and 30B, respectively. The integrated elec-
tronic components 24 and 26 may be, for example, driver
transistors or amplifier transistors.

[0069] Still referring to FIG. 1A, a number of different

conilgurations of the interconnect assembly of the present
invention are contemplated. As an example, first electron
tunneling device 16 may be a modulator, as described 1n the
P2 patent or P3 or P3-cip application, and second electron
tunneling device 18 may be a detector, as described in the
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aforementioned P1 and P2 patents and P3, P3-cip and P1-cip
applications. In this case, an external continuous wave (CW)
light source (not shown) may feed a CW light, indicated by
an arrow 40, mto waveguide 14, then the circuitry on the
chip may cause first electron tunneling device 16 (modula-
tor) to modulate the CW light in the waveguide so as to
produce a modulated light, indicated by a wavy arrow 42.
The manner 1n which the first electron tunneling device may
act as a modulator 1s described 1n detail 1n the aforemen-
tioned P2 patent and P3 applications. Waveguide region 14
may be further configured to act as an interconnect between
the first electron tunneling device 16 and second electron
tunneling device 18 such that second electron tunneling
device 18 (detector) detects modulated light 42 to generate
an electrical signal, indicated by an arrow 44. Electrical
signal 44 can then be directed back into the existing circuitry
on the chip or be coupled out to integrated electronic
component 26. Alternatively, second electron tunneling
device 18 may be configured to detect only a portion of
modulated light 42 such that a slightly attenuated, output
light, indicated by a wavy arrow 46, i1s further directed
through waveguide 14 to be coupled out of the chip. As yet
another alternative, second electron tunneling device 18 may
be replaced by a conventional detector which 1s not based on
clectron tunneling such as, for example, a semiconductor-
based detector.

0070] Continuing to refer to FIG. 1A, interconnect
assembly 10 1s advantageous in that an optical means of
interconnecting various devices on-chip as well as off-chip
1s provided without additional complications in the chip
circuitry 1tself. As described in detail in the aforementioned
P1 and P2 patents and P3 application, the electron tunneling
devices disclosed by the assignee of the present mmvention
may be formed of readily depositable materials, such as
metals and insulators. As a result, first electron tunneling
device 16 may be formed directly on top of a chip, as shown
in FIG. 1A, without interference with the intended function
of the integrated electronic components 1n the chip circuitry
or displacing existing circuitry on the chip, using relatively
simple, deposition and lithography, rather than semiconduc-
tor crystalline growth techniques. Also, rather than relying
upon a direct, hardwire electrical connection from the por-
tion of the chip circuitry near component 24 to that near
component 26, data may be transferred between the two
regions on the chip by the optical imterconnection between
the first electron tunneling device and the second electron
tunneling device. Furthermore, modulated light 46, which
contains mnformation as encoded onto first electron tunneling
device 16 acting as a modulator, may be directed onto a site
away Ifrom chip 11 such that the encoded information is
transmitted off-chip at optical speeds.

[0071] Referring now to FIGS. 1B and 1C, possible
configurations for the electron tunneling devices shown 1n
FIG. 1A are described. FIG. 1B illustrates a cross-sectional
view of one embodiment of an electron tunneling device
suitable for use 1n the mterconnect assembly of the present
mvention as shown in FIG. IA. This electron tunneling
device 1s similar 1n design to those shown 1n the aforemen-
tioned P1 and P2 patents. An electron tunneling device 16B
includes a first non-msulating layer 50, which forms one of
the antenna arms (e.g., antenna arm 20 in FIG. 1A) of the
first electron tunneling device. In the embodiment shown 1n
FIG. 1B, first non-insulating layer 50 1s deposited on top of
waveguide 14, which i1n turn has been formed on top of
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circuitry 12. First non-insulating layer 50 may be, for
example, a metal, semi-metal, semiconductor or supercon-
ductor. A first layer 52 1s deposited also on top of waveguide
14 such that first layer 52 partially overlaps first non-
insulating layer 50. First layer 52 may be, for example, an
amorphous or crystalline insulating material. The portion
which overlaps with first non-insulating layer S0 may be, for
instance, an oxide of the first non-insulating layer or a
separately deposited, amorphous insulating layer. A second
non-insulating layer 54 1s deposited on top of first layer 52
such that a tunneling junction region 60B 1s formed by the
overlapping portions of first non-insulating layer 50, first
layer 52 and second non-insulating layer 54. Second 1nsu-
lating layer 54 defines the other of the antenna arms (e.g.,
antenna arm 21 in FIG. 1A) of first electron tunneling
device 16B, and may be formed of, for example, a metal,
semi-metal, semiconductor or superconductor. In a tunnel-
ing junction region (indicated by a dashed box 60B), first
and second non-nsulating layers are spaced apart from one
another such that a voltage (not shown) may be applied
thereacross. First layer 52 1s further configured to cooperate
with the materials forming the first and second non-imsulat-
ing layers such that electrons are allowed to travel there-
through by means of tunneling depending on the voltage
placed across the first and second non-insulating layers. That
1s, the thickness of first layer 52 as well as the material from
which the first layer 1s formed are selected such that first
clectron tunneling device exhibits the desired electron tun-
neling characteristics. For instance, the first non-insulating
layer may be 40 nm of nickel, and the second non-1nsulating
material may also be 40 nm of nickel, both deposited by
sputtering. The first layer may consist of, for example, a
layer of nickel oxide, 4 nm thick, formed by thermal
oxidation.

[0072] Referring now to FIG. 1C, a variation of the
clectron tunneling device of FIG. 1B 1s illustrated. An
clectron tunneling device 16C 1s based on the structures
described 1n the co-assigned P1 patent mentioned earlier.
Like electron tunneling device 16B shown i FIG. 1B,
clectron tunneling device 16C includes first and second
non-insulating layers 50 and 54, respectively, with a first
layer 52 disposed therebetween. Additionally, a tunneling
region 60C of clectron tunneling device 16C includes a
second layer 62. As described 1n detail in the P1 patent, the
addition of second layer 62 serves to increase the nonlin-
carity 1n the current-voltage characteristics of the electron
tunneling device. Moreover, the inclusion of the second
layer allows the possibility of resonant tunneling as the
clectron transport mechanism through the electron tunneling
device. Second layer 62 may be, for example, an amorphous
or crystalline insulating layer. For instance, the first non-
insulating layer may be 40 nm of niobium, and the second
non-insulating material may be 40 nm of tantalum, both
deposited by sputtering. The first layer may consist of
amorphous niobium oxide, 1.5 nm thick, on top of which 1s
deposited amorphous tantalum oxide, also 1.5 nm thick,
both deposited by atomic layer deposition.

0073] It should be noted that, the modifications shown in
FIGS. 1B and 1C may be applied to one or both of first and
second electron tunneling devices 16 and 18 of FIG. 1A.
Additional modifications, such as the addition of three or
more adjacent 1nsulating layers or a combination of metal
and 1nsulating layers between the first and second non-
insulating layers as shown in FIGS. 1B and 1C, are also
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contemplated and discussed 1n the aforementioned co-as-
signed U.S. patent applications.

|0074] Additional variations on the interconnect assembly
of the present invention are shown in FIGS. 1D-1F. FIG.
1D 1s stmilar to the interconnect assembly shown 1n FIG.
1A, but first electron tunneling device 16 has been replaced
with an electron tunneling modulator 72. Electron tunneling,
modulator 72 includes first and second pairs of antenna
arms. First pair of antenna arms 20 and 21 1s essentially the
same as that shown in, for example, FIG. 1A, and 1is
designed to receive mput light 40 and modulate 1t so as to
produce modulated light 42. As discussed in reference to
FIGS. 1B and 1C, antenna arms 20 and 21 may be config-
ured to overlap such that a tunneling junction region (not
shown) is formed. Electrical signals 71 A and/or 71B may be
provided via wires 28A and 28B, respectively, as a modu-
lation signal so as to vary the electron transport character-
istics of the tunneling junction region, thus yielding the
modulated light in accordance with the modulation signal.
Electron tunneling device 72 further includes a second pair
of antenna arms 73 and 74, which may be configured to
receive an optical modulation 1nput 75. Optical modulation
input 75 acts as an optical modulation signal to vary the
clectron transport characteristics of the tunneling junction
region, thus, again, such that electron tunneling device 72
yields modulated light 42 in accordance with the optical
modulation signal. Details of such a crossed-bowtie antenna
modulator are disclosed i1n the aforementioned P2 patent.
Additionally, second pair of antenna arms 73 and 74 may be
connected with an integrated electronic component 78 1in
circuitry 12 via wires 76A and 76B.

10075] FIG. 1E shows yet another alternative embodiment
of an interconnect assembly 80, this time using a surface
plasmon device of the P3 application as a detector device, in
place of second electron tunneling device 18 1n interconnect
assembly 10 of FIG. 1A. A surface plasmon device 82
includes a pair of antenna arms 84 and 86, which are
coniigured to receive modulated light 42 from first electron
tunneling device 16. Antenna arms 84 and 86 direct the
modulated light so received into a surface plasmon
waveguide region 88 as surface plasmon waves. Surface
plasmon waveguide region 88 then provides electrical signal
44 1n accordance with the received modulated light.

[0076] As yet another alternative, an interconnect assem-
bly 90, as shown in FI1G. 1F, may include a surface plasmon
device 92 acting as an emitter, such as described in the P3
application. For instance, in interconnect assembly 90 as
shown 1n FIG. 1F, surface plasmon device 92 receives an
clectrical signal 93 from integrated electrical component 28,
which 1s a part of the chip circuitry. The received electrical
signal generates surface plasmon waves (not shown) in a
surface plasmon waveguide region 94. A pair of antenna
arms 96 and 98 of surface plasmon device 92 acts as an
emitter antenna to emit the generated surface plasmon waves
as an output light 46.

10077] FIGS. 1A-1F illustrate interconnect assemblies in
which light coupling from the waveguide mnto and out of
clectron tunneling devices and surface plasmon devices 1s
performed using antennae. It should be noted that other light
coupling schemes are also possible. For example, as dis-
closed 1n the P3 application, surface plasmon evanescent
couplers and grating couplers may also be used in the
interconnect assembly of the present invention.
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[0078] An application of the interconnect assembly of the
present 1nvention 1s shown in FIGS. 2A and 2B. FIG. 2A

1llustrates a cross-sectional view of an integrated circuit chip
100A 1ncluding an optical clock distribution configuration.
Integrated circuit chip 100A includes circuitry 12 disposed
on substrate 13 as discussed earlier. Integrated circuit chip
100A also includes a tunneling device layer 102 based on an
insulator 104 with a waveguide layer 110 disposed thereon.
Tunneling device layer 102 includes two or more electron
tunneling devices 116, which are connected to circuitry 12
through, for example, vias 118. Each one of the electron
tunneling devices may be configured as a detector as
described, for example, 1n the P1 and P2 patents and P3
application. In the integrated circuit chip shown 1n FIG. 2A,
an optical signal 120, carrying a clock signal shown as a
waveform 122, 1s edge-coupled 1nto waveguide layer 110.
Opftical signal 120 may have a sufficiently long wavelength
(e.g., 1550 nm) such that the optical signal is not absorbed
by, for example, a silicon substrate or silicon components 1n
the circuitry but only by the electron tunneling devices. As
optical signal 120 1s guided through waveguide layer 110,
cach one of electron tunneling devices 116 detects a portion
of the optical signal, converts the optical signal into an
electrical signal (not shown) and communicates the electri-
cal signal to circuitry 12. In this way, the clock signal
encoded onto optical signal 120 1s very quickly distributed
across the entire chip with minimal clock phase skew.

[0079] A variation of the optical distribution configuration
of FIG. 2A 1s 1illustrated in FI1G. 2B, showing a cross-
sectional view of an integrated circuit chip 100B. Like
integrated circuit chip 100A of FIG. 2A, integrated circuit
chip 100B includes substrate 13 and waveguide 110, but the
clectronic circuitry and electron tunneling device layers
have been combined. A combination layer 130 includes
circuitry 132 with electron tunneling devices 116 monolithi-
cally integrated thereon such that electron tunneling devices
116B are disposed alongside electrical components (not
individually shown) in the circuitry layer. Electron tunneling
devices 116B may be formed during the same fabrication
steps as those used to form circuitry 132 or may be formed
separately following the fabrication of circuitry 132.

[0080] The optical clock distribution configurations
shown 1in FIGS. 2A and 2B present an improvement over
the conventional, electrical clock distribution schemes, 1n
which clock signals are provided as electrical signal through
clectrical lines that take up chip real estate, produce signifi-
cant clock skew and produce electromagnetic pickup. The
optical clock distribution configurations of FIGS. 2A and
2B avoid these problems mherent to electrical clock signals
by taking advantage of the fact that the interconnect assem-
bly of the present invention, including the electron tunneling
devices and waveguide, may be added on top of an existing
integrated circuitry chip. It 1s often a ditficult task 1n chip
layout design to ensure that the clock signal reaches all parts
of the chip simultaneously without degradation and while
maintaining a constant phase across the chip. Since optical
signals 1n waveguides travel much more quickly and more
directly than electrical signals 1n electrical lines, an optical
clock signal may be distributed over the chip much more
quickly than an electrical clock signal. The optical clock
signal broadcast into the waveguide layer may be picked up
by the electron tunneling devices through, for mnstance, vias
where needed.
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[0081] Various modifications to the optical clock distribu-
tion configuration of FIGS. 2A and 2B are contemplated.
One such example 1s shown m FIGS. 3A and 3B. Like
previously discussed embodiments of the present invention,
an integrated circuit chip 150 shown 1n FI1G. 3A includes
circuitry 12 on top of a substrate 13. Like integrated circuit
chip 100A of FIG. 2A, integrated circuit chip 150 also
includes tunneling device layer 102. Integrated circuit chip
150 further includes a modified waveguide layer 152, which
1s designed to receive optical signal 120 carrying a clock
signal 122 when the optical signal 1s incident normally on
modified waveguide layer 152. A grating coupler 154, which
1s 1ntegrated into modified waveguide layer 152, couples
optical signal 120 1nto modified waveguide layer 152 such
that optical signal 120 1s radially broadcast throughout
modified waveguide layer 152 as an optical clock signal
(represented by arrows 156).

[0082] Details of modified waveguide layer 152 as well as
tunneling device layer 102 are more readily apparent in FIG.
3B, which illustrates integrated circuit chip 150 1n cross
section. As shown 1 FIG. 3B, modified waveguide layer
152 includes grating coupler 154, which 1s designed to
receive optical signal 120 and to direct the optical signal so
received throughout modified waveguide layer 152 as opti-
cal clock signal 156. Optical clock signal 156 1s picked up
by electron tunneling devices 116 at desired points across
the imtegrated circuit chip. Electron tunneling devices 116
then communicate the optical clock signal to electrical
components 1n the circuitry wherever needed.

|0083] As in the case of integrated circuit chip 100A of
FIG. 2A, the optical clock distribution scheme used in
integrated circuit chip 150 1s advantageous because the
optical clock signal 1s distributed over the entire chip within
picoseconds without being hampered by electrical delays.
As a result, the clock signal received at the chip circuitry
does not experience significant delay that may cause phase
differences 1n different part of the chip. Also, since the
optical clock signal 1s transmitted optically and 1s converted
to an electrical signal by an electron tunneling device only
where needed, electromagnetic pickup 1s reduced 1n com-
parison to conventional, electrical clock distribution through
electrical transmission lines.

[0084] Various modifications to the optical clock distribu-
tion schemes shown 1n FIGS. 2A-2B and 3A-3B are pos-
sible. For example, the optical clock signal may be broadcast
over the integrated circuit chip through free-space and
subsequently picked up by the electron tunneling devices at
various locations on the integrated circuit chip. Such a
free-space transmission scheme may include, for instance,
additional optical components such as lenses, holographic
optical elements and filters. Other modifications may be
apparent to those skilled 1n the art while remaining within
the spirit of the present invention.

[0085] Turing now to FIGS. 4A and 4B, still other alter-

native embodiments of an interconnect assembly of the
present mvention using optical fibers are illustrated. FIG.
4A shows an 1nterconnect assembly 200. Interconnect
assembly 200 includes first and second chips 202 and 204,
respectively. First chip 202 includes a substrate 206, on
which circuitry 208 1s formed. Similarly, second chip 204
includes a substrate 210 with circuitry 212 formed thereon.
The first and second chips further mnclude a first electron
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tunneling device 216 and a second electron tunneling device
218, respectively, formed thereon. In the embodiment as
shown 1n FIG. 4A, first electron tunneling device 216 1is
coniligured to act as an emitter, such as those disclosed in the
patent applications referenced above. First electron tunnel-
ing device 216 emits a light beam 220, which 1s focused by
a first lens arrangement 222 onto an optical fiber input 224.
Light beam 220 1s then transmitted through an optical fiber
226 1n the direction indicated by an arrow 228 toward an
optical fiber output 230. At optical fiber output 230, light
beam 220 1s then focused by a second lens arrangement 232
onto second electron tunneling device 218. For instance,
second electron tunneling device 218 may be an electron
tunneling device, as disclosed 1n the P1 and P2 patents and
P3, P3-cip and Pl1-cip applications, which 1s configured to
act as a detector so as to receive light beam 220. Alterna-
tively, a conventional detector, such as a silicon-based
detector, may be used as second electron tunneling device
218. In this way, an optical interconnection 1s established
between devices on first and second chips 202 and 204,
thereby allowing transfer of data therebetween. Such an
optical 1nterconnection 1s advantageous over, for example,
clectrical interconnections 1n terms of speed, signal loss,
propagation distance and drive power.

[0086] FIG. 4B shows an alternative embodiment of an
interconnect assembly using optical fiber. An interconnect
assembly 250 1s similar to interconnect assembly 200 of
FIG. 4A with a number of key differences. Interconnect
assembly 250 includes a laser 252 configured to direct an
input laser light (not shown) through an input optical fiber
254 1n the direction 1indicated by an arrow 256. Input optical
fiber 254 directs the mput laser light mnto an optical circu-
lator 288, which then directs the input laser light through a
fiber segment 260 toward first electron tunneling device 216.
In the embodiment shown 1n FIG. 4B, first electron tunnel-
ing device 216 1s configured to act as a reflective modulator,
which receives and modulates the input laser light. As a
result, a ligcht beam 262 as shown 1n FI1G. 4B 1ncludes both
the input laser light and a modulated light (not shown) as
reflected from first electron tunneling device 216 such that
fiber segment 260 contains light traveling into and out of
circulator 238, as indicated by a double-headed arrow 263.
Circulator 258 1s configured such that any light entering the
circulator from input optical fiber 254 1s directed 1nto fiber
secgment 260 while light entering the circulator from fiber
segment 260 1s directed toward optical fiber 226 1n direction
228. In this way, modulated light from first electron tunnel-
ing device 216 1s directed through optical fiber 226 and
detected at second electron tunneling device 218. It 1s noted
that multi-mode optical circulators are not commercially
available at the current state of technology. Therefore, input
optical fiber 254 and fiber segment 260 shown 1 FIG. 4B
would be required to be single mode fibers if single mode
circulators are used. However, 1t 1s anticipated that future
development of a multi-mode optical circulator would
enable the interconnect scheme of F1G. 4B to be compatible
with multi-mode optical signal transmission, therefore the
use of single mode optical fiber as well as the use of
multi-mode optical fiber 1n the configuration shown 1n FIG.
4B are considered to be within the spirit of the present
invention. Alternatively, the optical circulator may be
replaced by an optical coupler, albeit with loss of optical
power 1nto fiber 226.
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10087] Still referring to FIG. 4B, first electron tunneling
device 216 may be configured to receive a modulation signal
from on-chip circuitry 208. Consequently, data from cir-
cuitry 208 may be encoded onto the modulated light pro-
duced at first electron tunneling device 216 and optically
transmitted at high speeds to devices on chip 204 by way of
second electron tunneling device 218. Also, second electron
tunneling device 218 may be conficured with a second
optical circulator such that light reflected by second electron
tunneling device 218 may be passed down a chain or around
a token ring.

|0088] Alternative optical interconnect configurations
using optical fiber are shown 1n FIGS. 4C and 4D. As
shown 1n FIG. 4C, an interconnect assembly 270 includes
first and second chips 202 and 204, respectively. In addition,
interconnect assembly 270 includes first and second
waveguides 272 and 274, which are connected with first and
second electron tunneling devices 216 and 218, respectively.
First and second waveguides 272 and 274 couple light mnto
or out of the electron tunneling devices such that light from
the electron tunneling devices may be fed into optical fiber
226 and vice versa. For instance, 1if first electron tunneling,
device 216 is configured as an emitter (as described, for
example, in the P2 patent or the P3 application), light
emitted by first electron tunneling device 216 1s coupled
through first waveguide 272 and into one end of optical fiber
226. The light then travels through optical fiber 226 and, at
a distinct end of the optical fiber, 1s coupled through second
waveguide 274 and into second electron tunneling device
218, which receives the transmitted light. Optical fiber 226
may be, for example, butt-coupled to first and second
waveguides 272 and 274, which are disposed on top of
circuitry 208 and 212, respectively, as shown 1 FIG. 4C.
Instead, the waveguides may be embedded in the chip
circuitry, as shown i FKIG. 4D as first and second
waveguides 282 and 284. Additionally, alignment aids, such
as first and second v-grooves 286 and 288, may be included
in the chips to assist in the alignment of the optical fiber with
respect to the waveguides.

[0089] Yet another alternative embodiment of an intercon-
nect assembly 1s shown m FIG. 5. FIG. 5 illustrates an
interconnect assembly 300 1n a free space optical 1ntercon-
nect scheme. Interconnect assembly 300 includes a first chip
310, which includes a first substrate 312 and first circuitry
314. A first plurality of electron tunneling devices 316a-
316¢ are disposed on first circuitry 314. Interconnect assem-
bly 300 also includes a complementary, second chip 320,
which includes a second substrate 322, second circuitry 324
and a second plurality of electron tunneling devices 326a-
326¢ formed thereon. In the embodiment shown 1n FIG. 5,
first chip 310 and second chip 320 are positioned such that
first plurality of electron tunneling devices 316a-316¢ on
chip 310 are spaced apart from and 1n opposing relationship
with second plurality of electron tunneling devices 326a-
326¢ on chip 322. For 1nstance, first plurality of electron
tunneling devices 316a-¢ are configured to each emit a light
beam of at least a given frequency, indicated by arrows 328
and second plurality of electron tunneling devices 326a-
326¢ are configured to detect light of at least the given
frequency. Interconnect assembly 300 further includes a lens
arrangement 330, which 1s configured to direct light from
cach of first plurality of electron tunneling devices 316a-
316¢ to a corresponding one of second plurality of electron
tunneling devices 326a-326¢. For instance, as shown in
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FIG. 5, lens 330 1s designed such that light beam 328
emitted by electron tunneling device 316b on chip 310 is

directed to electron tunneling device 3265 on chip 320.
Moreover, one or more additional optical components, as
represented by a component 332, may also be included to
perform additional optical operations. For example, compo-
nent 332 may be another lens, filter, holographic optical
clement, reflector, grating, transmissive spatial light modu-
lator, etc. In this way, data may be transferred optically from
chip 310 to chip 320 through a free space optical intercon-
nect scheme.

[0090] Various modifications to the free space, intercon-
nect assembly of FIG. 5. Optical components, such as
mirrors and beamsplitters, may be added to enable a non-
parallel configuration of the chips. Also, lens arrangement
330 may be configured to cooperate with the electron
tunneling devices on chips 310 and 320 such that operation
of the interconnect assembly in the reverse direction 1is
possible. That 1s, 1t 1s possible to configure the second
plurality of electron tunneling devices on chip 320 to act as
emitters and conifigure the first plurality of electron tunnel-
ing devices on chip 310 to act as detectors so as to enable the
transier of data from chip 320 to chip 310. Also, component
332 may be configured as, for instance, a waveguide 1nclud-
Ing a grating or evanescent coupler such that at least portions
of light beams 328 and 328' may be transferred out of
interconnect assembly 300. In this case, an additional light
beam (not shown) may also be inserted into the interconnect
assembly at component 332 configured as a waveguide.
Furthermore, the free space interconnect assembly of FIG.
S5 may be combined, for instance, with the optical clock
distribution schemes 1illustrated 1n FIGS. 2, 3A and 3B such
that, rather than having an optical clock signal be indis-
criminately broadcast over the entire chip, the optical clock
signal may be selectively imaged onto specific electron
tunneling devices on the chip.

[0091] As described above, the interconnect assembly of
the present invention, including electron tunneling devices,
1s advantageous due to the high speed and integrability with
silicon devices (such as chips). The interconnect assembly of
the present ivention allows high speed interconnection
between components on a chip, between chips, between
boards and racks, etc., by taking advantage of high speeds
possible 1 the optical regime. It should be noted that an
important benefit of the approach of the present mvention
involving the use of electron tunneling devices 1n optical
interconnect arrangements 1s the fact that the present inven-
fion takes advantage of the ability of the electron tunneling
devices to detect, modulate or emit light directly into or out
of a waveguide or optical fiber. That 1s, the electron tunnel-
ing device technology developed by the assignee of the
present invention allows efficient coupling and conversion
between optical and electrical signals 1n a compact configu-
ration which 1s compatible with existing integrated circuit
chip technology. This feature 1s 1n contrast to conventional
silicon devices with waveguides, 1n which light traveling
through the waveguide must be redirected away from the
wavegulde and 1mto the silicon 1 order to be detected or
otherwise acted upon.

[0092] It is notable that the electron tunneling devices, for
example as shown in FIGS. 1A-1F, 2A-2B and 3A-3B, may
be fabricated directly adjacent to a waveguide to allow fast,
ouided transmission of optical signals from one electron
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tunneling device to another. Furthermore, the electron tun-
neling devices may be used to couple light energy mnto and
out of the waveguide as well as to direct light energy to
clectronic devices as electrical energy. Further details of
such waveguide-coupled assemblies are discussed 1n further
detail immediately hereinafter.

10093] Turning now to FIGS. 6A and 6B, a waveguide-
coupled assembly 400 fabricated in accordance with the
present mvention 1s illustrated. Waveguide-coupled assem-
bly 400 includes a substrate 402, which supports a first
insulating layer 404. For example, substrate 402 may be
formed of silicon, while insulating layer 404 1s formed of
silicon dioxide. Waveguide-coupled assembly 400 further
includes an optical waveguide layer 406 and a second
insulating layer 408. Optical waveguide layer 406 and
second insulating layer 408 cooperate to define a raised, rib
waveguide section 410. Rib waveguide section 410 includes
an optical input end 412, which directs 1nput light incident
thereon (indicated by an arrow 414) into the rib waveguide
section. Waveguide-coupled assembly 400 further includes
at least one electron tunneling device 416, which 1s formed
on top of rib waveguide section 410. Electron tunneling
device 416 1s designed to receive a portion of input light 414,
modulate the received portion of the input light, and produce
a modulated, output light (indicated by an arrow 418), which
output light 418 1s directed toward an optical output end 420.
For instance, bowtie antenna arms 422 and 424 of electron
tunneling device 416 may be formed 1n a particular shape
and size so as to pick up a portion of the input light of a given
wavelength. Different antenna designs may also be used to
optimize coupling to particular waveguide modes, such as
fransverse-magnetic and transverse-electric modes. Alterna-
tively, other coupling arrangements, such as grating cou-
plers, may be used i1n place of an antenna in electron
tunneling device 416. Also, a coupling arrangement and an
clectron tunneling component may be formed at physically
separate locations while still being connected with each
other such that an optical or electrical signal may be com-
municated therebetween. Electron tunneling device 416 may
be a modulator fabricated 1n accordance with the disclosure
in the aforementioned P1 and P2 patents and P3, P3-cip and
Pl-cip applications. As a possible variation, waveguide-
coupled assembly 400 of FIG. 6A 1s shown to include a
linear array of four electron tunneling devices 416 to provide
additional interaction with an evanescent light field portion
of the 1nput light so as to provide output light 418 having a
desired degree of modulation. More or fewer electron tun-
neling devices may be used 1n a linear or two-dimensional
array such that the resulting waveguide-coupled assembly
provides a particular function. That 1s, by using more than
one electron tunneling devices 1n the waveguide-coupled
assembly, the mteraction length between the mput light and
the electron tunneling devices may be effectively increased.
Coupling between the antenna and waveguide may also be
controlled by varying the spacing or cladding thickness
between antenna and waveguide core. Any combination of
the aforedescribed variations 1s also considered to be within
the scope of the present invention.

10094] It should be noted that, although waveguide-
coupled assembly 400 of FIG. 6A 1s shown to include a
silicon-on-insulator rib waveguide, other waveguide types,
such as buried waveguides, fully etched waveguides, or
photonic crystal waveguides, and different waveguide mate-
rials, such as glass or polymer, may also be used. In many
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instances, higher index and thinner waveguides couple more
ciiiciently to the antenna and also take up less space on chip.

[0095] An example of the interaction of the electron
tunneling devices with the input light 1s discussed 1n refer-
ence to KIG. 6B, showing a cross-sectional view of
waveguide-coupled assembly 400 of FIG. 6A. As shown 1n
FIG. 6B, clectron tunneling devices 416a-416d pick up
evanescent field portions of input light 414 (shown as arrows
430a-430d), modulate the received portions, then re-trans-
mit modulated light (indicated by arrows 432a-432d) back
into waveguide layer 406 so as to provide modulated, output
light 418. Evanescent coupling between the rib waveguide
region and the electron tunneling devices is particularly
efficient for thin, high index waveguides.”

[0096] Continuing to refer to FIGS. 6A and 6B, it is noted

that further modifications to waveguide-coupled assembly
400 are possible. For example, each of electron tunneling
devices 416a-416d may be conifigured to pick up a different
wavelength of mput light such that waveguide-coupled
assembly 400 acts as a wavelength-dependent modulator of
mput light, which input light may include a wvariety of
wavelengths. Alternatively, one or more of electron tunnel-
ing devices 416a-416d may be configured as a detector (see,
for example, aforementioned P1 and P2 patents and P3
application) so as to receive a portion of the input light and
ogenerate an electrical signal 1n accordance with the input
light so received, which electrical signal may be directed to
an electronic device located off of substrate 402 or also
supported on the substrate. As yet another alternative, one or
more of electron tunneling devices 416a-416d may be
configured as an amplifier (see, for instance, aforementioned
P2 patent and P3 application) so as to receive a portion of the
input light or a portion of modulated light, as produced by
another of the electron tunneling devices, and produce an
amplified output light. In still another alternative, one or
more of the electron tunneling devices may be configured as
an emitter (see, for example, aforementioned P2 patent and
P3 application) so as to emit additional light into the rib
waveguide region to contribute to the output light. Still
further, one or more of the electron tunneling devices may
be configured to re-emit the portion of mput light received
at that electron tunneling device, for example, 1n a direction
away from the waveguide and the substrate so as to produce
a free-space optical signal in accordance with the input light.
As yet another option, one or more of the electron tunneling
devices may be configured to receive free-space 1llumination

and re-transmit the received optical energy into the
waveguide.

10097] FIGS. 6C and 6D illustrate still more alternative
conflgurations to waveguide-coupled assembly 400 shown
in FIGS. 6A and 6B. For example, as shown 1 FIG. 6C,
modified electron tunneling devices 416a'-416d" are inte-
orated into a modified insulating layer 404', rather than being
formed on top of rib waveguide section 410. As 1 the
embodiment 1llustrated 1n FIGS. 6A and 6B, the modified
clectron tunneling devices also couple to evanescent field
portions of input light 414 (shown as arrows 430a'-430d"),
modulate the received portions, then re-transmit modulated
light (indicated by arrows 432a'-432d") back into waveguide
layer 406 so as to provide modulated, output light 418. In
contrast, modified electron tunneling devices 416a"-416d",
shown 1n FIG. 6D, are mtegrated into a modified optical
waveguide layer 406". In this case, input light 414 directly
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couples 1nto modified electron tunneling device 416a",
which re-emits a modulated light 4324". Modulated light
432a" then couples into modified electron tunneling device
416b", and so on until the output from the last device in the
series, 1n this case modified electron tunneling device 416d",
becomes output light 418. Thus, each one of the configura-
tions shown 1n FIGS. 6B-6D i1s advantageous 1n different
situations, depending on the level of integration required.
For example, although the electron tunneling devices are
most readily fabricated on top of the rib waveguide region,
it may be desirable 1n certain cases to have the direct
coupling of the principal portion of the 1nput light with the
clectron tunneling devices as allowed by the configuration
shown 1n FIG. 6D. Alternatively, closer coupling of the
evanescent field portions of 1nput light 414 may be enabled
by the positioning of the electron tunneling regions as shown
in F1G. 6C without drastically altering the lightwave-guid-
ing characteristics of the rib waveguide region.

[0098] Attention is now directed to FIG. 6K, which illus-

trates an end-fire variation of the waveguide-coupled assem-
bly of FIG. 6A, generally indicated by a reference number
450. To the extent that waveguide-coupled assembly 450
resembles previously described waveguide-coupled assem-
bly 400, for example, with respect to its layered structure
and the location of the electron tunneling devices, such
descriptions are not repeated for purposes of brevity. A
substrate 451 of waveguide-coupled assembly 450 includes
first and second v-grooves 452 and 453, respectively, for
accommodating an input optical fiber 454 and an output
optical fiber 456, respectively. For example, 1mput optical
fiber 454 1ncludes a fiber core 458 surrounded by a cladding
460, and 1s designed to direct an nput optical signal 462
therethrough and into rib waveguide region 410 as input
light 414. Output light 418 provided at optical output end
420 1s then coupled mnto output optical fiber 456. As shown
in F1G. 6K, output optical fiber 456 includes a fiber core 464
surrounded by a cladding 466 so as to direct at least a portion
(indicated by an arrow 468) of output light 418 away from
optical output end 420. The coupling of optical fiber to the
rib waveguide region enables ready insertion of waveguide-
coupled assembly 450 into optical fiber-based systems, such
as long distance communication systems. This end-fire
embodiment allows higher coupling efficiency for single-
mode fibers. Furthermore, inclusion of alignment aids, such
as v-grooves 452 and 453 in substrate 451 allows self-
alignment of optical fiber with the waveguide-coupled
assembly of the present 1invention.

10099] Referring now to FIGS. 7A-7D, still further varia-
tions of the waveguide-coupled assembly of the present
invention are discussed. FIG. 7A shows a waveguide-
coupled assembly 500, which includes a shaped waveguide
502. Shaped waveguide 502 includes first and second
tapered sections 504 and 506, respectively, on either side of
a middle section 507. First and second chirped, focusing
grating couplers (surrounded by dashed lines 508 and 510,
respectively) are formed near opposite ends of shaped
waveguide 502 such that first chirped, focusing grating
coupler 508 receives an mnput optical signal 512 and couples
the optical signal so received into shaped waveguide 502 as
an input light (indicated by an arrow 514). Input light 514 is
then directed through first tapered section 504 into middle
section 507. One or more electron tunneling devices (three
are shown, indicated by reference numerals 516a-516c¢) are
disposed on top of middle section 507 and are configured
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for, for example, modulating the input light then producing
a modulated, output light (indicated by an arrow 518).
Modulated, output light 518 1s then directed through second
tapered section 506 and coupled out of shaped waveguide
502 through second chirped, focusing grating coupler 510 as
an output optical signal 520.

10100] FIG. 7B is an illustration of an integrated optical
transceiver chip including the waveguide-coupled assembly
of F1G. 7A. The mtegrated optical transceiver chip, gener-
ally indicated by reference numeral 550, includes a substrate
552 on which various components are supported, as will be
described 1n detaill immediately hereinafter. Substrate 552
includes an etched-out section 554, in which a modified
waveguide-coupled assembly 3500, which 1s similar in
design to waveguide-coupled assembly 500 as shown 1n
FIG. 7A. To the extent that waveguide-coupled assembly
500" resembles previously described waveguide-coupled
assembly 500, for example, with respect to 1its tapered
waveguide structure, focused grating couplers and the loca-
fion of the electron tunneling devices, such descriptions are
not repeated for purposes of brevity. An array of electron
tunneling devices 516' of waveguide-coupled assembly 500
are connected with modulation inputs $56a and 5565, which
lead from circuitry 558 supported on substrate $52. Circuitry
558 1s also connected with a detector 560, which 1s also
supported on substrate 552, via leads 562a and 562b. Power
may be supplied to circuitry 5388 through DC power lines

564a and 564b.

[0101] Referring now to FIG. 7B in conjunction with
FIG. 7C, one example of the operation of integrated optical
transceiver chip 550 is described in reference to a schematic
580 as shown i FIG. 7C. It 1s noted that corresponding
components 1n the two figures are labeled with the same
reference numbers for clarity. In one possible configuration,
detector 560 may be designed to receive an optical signal
582, including data encoded thereon, and to provide an
electrical, detector signal (not shown), also including the
data, via leads 562a and 562b to circuitry 558. Circuitry 558
may 1nclude, for example, electrical components such as
bias control/automatic gain control (AGC) 584, a pre-am-
plifier 586, a clock recovery circuit 588 as well as a
modulator driver §90. Modulator driver 590 generates a
modulation signal in accordance with the detector signal and
directs the modulation to the array of electron tunneling
devices of waveguide-coupled assembly 500'. As a result,
when a continuous wave (CW) light input 592 is incident on
first chirped, focusing grating coupler S08', the array of
clectron tunneling devices modulate the CW light input and,

consequently, waveguide-coupled assembly S00' provides a
modulated light output 594.

10102] FIG. 7D illustrates a further variation on the
waveguide-coupled assembly of the present invention as
illustrated 1 FI1G. 7A. FIG. 7D 1s a diagrammatic view, 1n
cross section, of a modified waveguide-coupled assembly
600. Modified waveguide-coupled assembly 600 includes
waveguide-coupled assembly 500, as shown 1n FIG. 7A,
supported on a substrate 602 with an insulating layer 604
disposed therebetween. Input light 512 1s provided through
an mput optical fiber 610, which includes a fiber core 612
surrounded by a cladding 614. As described previously in
reference to FIG. 7A, waveguide-coupled assembly 500
provides a modulated, output light 520. In the case of
modified waveguide-coupled assembly 600, output light 520
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1s recerved by an output optical fiber 620, which also
includes a fiber core 622 surrounded by a cladding 624 for
ouiding the output light away from the modified waveguide-
coupled assembly.

[0103] Turning now to FIGS. 8A-8C, several packaging
options for mtegrated optical transceiver chip 550 as shown
in F1G. 7B are described. FI1G. 8A shows a parallel optical
transceiver 650 including a transceiver module 652 contain-
ing a plurality of integrated optical transceiver chips 550
therein (not visible). A single mode fiber 654 serves as a CW
input for modulation. A plurality of pin-outs (indicated by
dashed bracket 656) serves to provide the various RF
mputs/outputs as well as DC power iput. Transceiver
module 652 includes an 1nput receptacle 658a and an output
receptacle 638D, both of which are designed to accept
multi-mode fiber (MMF) ribbons. For example, a first MMF
ribbon 660a may provide a plurality of optical data inputs
for the plurality of integrated optical transceiver chips, while
a second MMF ribbon 660b may serve to extract the
plurality of optical data outputs produced by the integrated
optical transceiver chips.

10104] FIG. 8B illustrates a scheme in which two or more
chips may be optically interconnected. A chip-to-chip opti-
cal backplane 700 1s designed to accept a lead frame-
mounted chip 702. Lead frame-mounted chip 702 includes
a die 704 containing circuitry and connected to a lead frame
706 including a plurality of pin-outs (indicated by a dashed
bracket 708). Optical backplane 700 includes an integrated
circuit socket 710 including a plurality of receptacles (indi-
cated by a dashed bracket 712) corresponding to the pin-outs
of the lead frame-mounted chip. Optical backplane 700
further includes a MMF ribbon input 714, a MMF ribbon
output 716, CW 1nput 718 and DC power mput through
leads 720a and 720b. Integrated circuit socket 710 includes
a plurality of the aforedescribed optical transceiver chips so
as to directly connect a chip in a standard lead frame
package with the optical transceivers.

10105] FIG. 8C illustrates yet another packaging option
for the optical transceiver chip of the present invention. An
optical processor chip 750 includes a package 752 contain-
ing a plurality of optical transceiver chips (not visible).
Package 752 includes an optical window 754, which allows
direct, optical connection of the optical processor chip with
other optical components through a parallel optical bus
(indicated by arrows bracketed by a dashed bracket 756).
Package 752 also includes the usual inputs for CW opftical
input (an optical fiber 758) and DC power input (leads 760qa
and 760b).

[0106] In addition to the optical interconnect applications
described 1n the P5 application, the metal-insulator-based,
clectron tunneling device technology, as described in the
aforementioned P1 and P2 patents and P3, P3-cip and P1-cip
applications, 1s readily adaptable to operate at frequencies
other than in the optical regime. The aforedescribed metal-
insulator-based, electron tunneling devices may be coniig-
ured to transmit, receive and/or modulate signals with vir-
tually any carrier frequency ranging, for example, from
microwave (approximately 3 to 30 GHz) to millimeter-wave
(approximately 30 to 300 GHz), sub-millimeter-wave
(approximately 300 GHz to 3 THz) and through optical
frequencies by suitable selection of, for 1nstance, tunneling
junction, antenna, and waveguide dimensions. Additionally,
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if the signal 1s riding on a carrier frequency much higher
than the signal bandwidth, the relative change 1n wavelength
over the signal bandwidth 1s small. As a result, transmission
paths for such a high carrier frequency signal are much
simpler to demgn than for signals exhibiting a large relative
difference in wavelength over the bandwidth of the signal. In
particular, if one doesn’t have to design transmission lines
that operate at DC, one can use electromagnetic radiation,
cguided or not, to transmit the information over the commu-
nication path.

[0107] In particular, metal-insulator-based, electron tun-
neling devices transmitting/receiving signals with carrier
frequencies above three gigahertz and into the terahertz
(THz; i.e., 10" Hz) realm are suited for intra- or inter-chip
interconnection for applications such as signal transmission,
power distribution and clock signal broadcasting. By THz
frequency range, Applicants generally refer to frequencies
from approximately one to several hundreds of THz, and, in
particular, a frequency range of approximately 0.03 to
10x10 Hz for the signal carrier frequency. It should be
noted that the electron tunneling device technology as
described 1n detail 1in the PI and P2 patents as well as P1-cip,
P3, P3-cip and P5 applications 1s particularly advantageous
in that it 1s adaptable to provide devices 1n a wide range of
frequencies including, and not limited to, approximately 3
GHz and up to several hundreds of THz. While the optical
interconnection system disclosed i the P5 application pro-
vides significant advantages over commercially available
electrical and wireless 1interconnects, interconnects based on
the aforedescribed metal-insulator-based, electron tunneling
device technology operating 1n a range from approximately
30 GHz into several THz may provide further advantages as
described immediately hereinafter.

|0108] A terahertz interconnect system of the present
invention 1s advantageous over known prior art in that
electrical lines and RF lines are eliminated. The THz carrier
transmitter/recerver of the present invention provide sufli-
ciently high frequency for efficient bandwidth use. For
example, ten 10-Gb/s signals may be carried on one THz
carrier. Also, the carrier frequency 1s high enough such that
the carrier waves do not interfere with most of the electronic
circuitry, thus keeping electromagnetic interference to
acceptably low levels. That 1s, the carrier frequency i1s
sufficiently high such that critical components in the elec-
tronic circuitry cannot respond to it. Alternatively, filters
may be included in the electronic circuitry to filter out the
THz carrier signals. Moreover, the 30 GHz through several
THz frequency range 1s low enough such that the carrier
signal 1s capable of penetrating many types of chip pack-
aging and enclosure. As a result, separate chips, with the
THz interconnect components of the present invention dis-
posed or 1ntegrated thereon, may be separately hermetically
scaled but still communicate 1 the present interconnect
system. In addition, the THz carrier transmitter/receiver may
be made tunable with the mnclusion of tuning means such as,
for 1nstance, voltage-controlled capacitors.

[0109] Furthermore, the antennae required in the terahertz
interconnect system of the present invention have dimen-
sions on the order of one millimeter, which are readily
fabricated using existing deposition and lithography tech-
nology. The large collection area of such antennae provide
correspondingly high sensitivity, and precise beam focusing
or device alignment, as required 1n optical interconnects, 1s



US 2006/0035163 Al

not necessary 1n terahertz iterconnects. The antennae may
be designed, for example, to receive power, clock signals,
and other forms of electromagnetic radiation. For example,
the metal-insulator-based, electron tunneling device tech-
nology developed by the assignee of the present mmvention
(as described 1n, for example, P1 and P2 patents as well as
P3, P3-cip, Pl-cip and P5 applications) allows efficient
generation/detection/modulation of signals using metal/in-
sulator antenna/diode systems at the relevant frequencies.
Alternatively, more traditional high speed components, such
as Schottky diodes, may be used. The carrier signal may be
encoded by schemes such as digital on/off, amplitude modu-
lation (AM), frequency modulation (FM), spread spectrum
and others.

[0110] In addition, the terahertz interconnect system of the
present invention allows flexible placement of the receivers
and transmitters. Each of the terahertz devices, acting as an
interconnect node, may be placed anywhere within the
reception and ftransmission cross sections of each other
device to/from which signals are to be transmitted or
received. The limitation on device placement 1s basically a
function of the directionality and strength of the signal to be
radiated and detected. Chips containing the interconnect
nodes may be laid out, for instance, randomly, end-to-end or
even one on top of another. One or more transceivers may
be formed on a single chip or on a plurality of chips. In
particular, 1n comparison to devices requiring epitaxial
crowth techniques for fabrication, the electron tunneling
device technology as disclosed 1n the P1 and P2 patents as
well as 1 the Pl-cip, P3, P3-cip and P5 applications and
based on a thin film approach, different layer structures are
much more easily integrated onto the same chip.

[0111] Some examples of device layout for the terahertz
interconnect system of the present invention are shown in
FIGS. 9A-9D. FIG. 9A 1llustrates a terahertz interconnect
system 800 1n which a chip includes a terahertz receiver on
one part of the chip and a terahertz transmitter on another
part of the chip. A chip 810 of terahertz interconnect system
800 includes a substrate 811 with first and second electrical
circuitry 812 and 814, respectively, disposed thereon ditfer-
ent parts of substrate 811. First electrical circuitry 812 1is
coniigured to provide a first electrical signal 816 containing
data and to direct first electrical signal 816 toward a first
clectron tunneling device 818, which 1s connected with first
clectrical circuitry 812 by a first electrical connection 820.
Upon receipt of first electrical signal 816 from first electrical
circuitry 812, first electron tunneling device 818 broadcasts
through free space a terahertz carrier signal 822 correspond-
ing to first electrical signal 816. Terahertz carrier signal 822
1s rece1ved at a second electron tunneling device 824, which
converts the terahertz carrier signal so received 1nto a second
clectrical signal 816'. First and second electron tunneling
devices 818 and 824 are configured to cooperate with each
other such that second electrical signal 816' contains at least
a portion of the data contained in first electrical signal 816.
For instance, first electron tunneling device 818 may be
sized so as to generate terahertz carrier signal 822 at a
particular frequency, while second electron tunneling device
824 1s of dimensions designed to receive that particular
frequency of carrier signal. For example, first and second
clectron tunneling devices 818 and 824, respectively, may
be, but not limited to, metal-insulator, thin-film based elec-
tron tunneling devices as disclosed in the P1 and P2 patents
and Pl-cip, P3, P3-cip and P5 applications. Alternatively,
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first and second electron tunneling devices 818 and 824 may
be based on another high speed component, such as Schottky
diodes. Second electron tunneling device 824 1s connected
with second electrical circuitry 814 by a second electrical
connection 826 such that second electrical signal 816" is
transmitted to electrical circuitry 814. In this way, data from
electrical circuitry 812 1s transmitted to electrical circuitry
814 without the necessity for a direct electrical connection
therebetween.

[0112] Another possible configuration of the terahertz
interconnect system of the present invention 1s shown 1n
FIG. 9B. FIG. 9B illustrates an arrangement in which a
plurality of chips are laid out 1n a V-configuration. A
terahertz interconnect system 850 includes a master chip 852
and a plurality of slave chips 854A-D. Master chip 852 1s
located at the apex of the V-configuration and includes a
master substrate 855 with a master electrical circuitry 856
disposed thereon. Master electrical circuitry 856 1s con-
nected with a transceiver arrangement 838 by electrical
connection 860 and 861. Transceiver arrangement 858 may
be based, for example, on the aforedescribed metal-insula-
tor-based, electron tunneling device technology of the Pl
and P2 patents and P3, P3-cip, P1-cip and P5 applications.
Master electrical circuitry 856 provides a first electrical
signal 862, which contains data and 1s communicated to
fransceiver arrangement 838 via electrical connection 860.
Transceiver arrangement 858 converts first electrical signal
862 1nto a terahertz carrier signal 864, which 1s broadcast
over the other chips in the V-configuration. Slave chips
854 A-D 1nclude substrates 863A-D with receivers 864A-D,
respectively, disposed thereon. Receivers 864A-D are
respectively connected with slave electrical circuitry
866A-D by clectrical connections 868A-D, respectively.
Receivers 864A-D are configured to receive terahertz carrier
signal 864 broadcast from transceiver arrangement 858 and
convert the signal so received 1nto electrical signals 869 A-
D, respectively, containing at least a portion of the data
contained 1n electrical signal 862. Then, electrical signals
869A-D are respectively received at slave electrical circuitry
866A-D. In this way, data 1n electrical signal 862 from
master chip 852 1s transmitted to slave electrical circuitry
866 A-D without direct hardwired connections therebe-
tween.

[0113] Yet another layout configuration is shown in FIG.
9C. A terahertz interconnect system 870 of FIG. 9C
includes a plurality of chips 872A-H. Chips 872A-H
includes substrates 874A-H, respectively, with electrical
circuitry 876A-H respectively disposed thereon. Electrical
circuitry 876A-H are connected with transceivers 878A-H,
respectively, by primary electrical connections 880A-H such
that electrical signals 882A-H respectively produced by
clectrical circuitry 876 A-H are respectively communicated
to transceivers 878A-H. Transceivers 878A-H convert the
electrical signals so received into terahertz carrier signals

such as, for example, terahertz carrier signals 884A (pro-
duced at transceiver 878A) and 884G (produced at trans-

ceiver 884G) as shown in FIG. 9C. Transceivers 878 A-H as
shown in FIG. 9C are further connected electrical circuitry
876 A-H wvia secondary electrical connections 885A-H,
respectively, such that terahertz carrier signals may be
received from other chips and communicated to the electri-
cal circuitry on a given chip in the system. Transceivers
878A-H may be based on, for example, the aforedescribed
metal-insulator-based, electron tunneling device technology
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as described in the P1 and P2 patent and P3, P3-cip, P5 and
P1-cip applications. In one embodiment, each of transceiv-
crs 878A-H may be configured to transmit and receive the

terahertz carrier signal from only one other of transceivers
878A-H. For example, transceiver 878A on chip 872A may

be formed of predetermined dimensions so as to transmit
and receive terahertz carrier signals of only a particular
frequency. At the same time, transceiver 878E on chip 872E
may be configured transmit and receive terahertz carrier
signals of that same particular frequency while all other

transceivers are configured to transmit and receive terahertz
carrier signals of frequencies other than the particular fre-
quency. In this way, although a plurality of chips are 1n close
proximity, chips 872A and 872E may only communicate
with each other while 1gnoring the terahertz carrier signals
from other chips. Chips other than 872A and 872E may also
be configured to cooperate 1n pairs or in other groupings so
as to communicate only within those groupings. Alterna-
tively, each chip may be configured to communicate with
every other chip.

[0114] Still another configuration is shown in FIG. 9D,
which 1llustrates a terahertz interconnect system 886. Tera-
hertz interconnect system 887 includes a transmitter chip
887 and a receiver chip 888. Transmitter chip 887 includes
a substrate 889, on which a first electrical circuitry 890 1s
formed. First electrical circuitry 890 1s connected with a
plurality of transmitters 891A-C by electrical connections
892A-C, respectively, so as to respectively and provides
clectrical signals 893A-C therethrough. In one example,
clectrical signals 893A-C are synchronized and identical
such that transmitters 891A-C essentially receive copies of
the same electrical signal. Transmitters 891 A-C respectively
convert electrical signals 893A-C 1nto synchronized tera-
hertz carrier signals 894A-C. Synchronized terahertz carrier
signals 895A-C add constructively to yield a sum signal
894D with greater broadcasting power and potentially
orcater directionality than each one of synchronized tera-
hertz carrier signals 894A-C. Sum signal 894D is then
received at a receiver 895 formed on a substrate 896 of
receiver chip 888. Receiver 895 converts sum signal 894D
into a converted electrical signal 897, which 1s transmitted

to a second electrical circuitry 898 via electrical connection
899,

[0115] It 1s noted that FIGS. 9A-D illustrate only a few of
the possible configurations for the terahertz interconnect
system of the present invention. Other layout configurations
are also contemplated and are considered to be within the
scope of the present invention.

[0116] Further advantages of the terahertz interconnect
system of the present invention includes the ease with which
additional components may be added into the overall sys-
tem. For example, additional components, such as memory
or devices with different functionality, may be provided with
a transmitter or receiver or transceiver operating 1n a tera-
hertz wavelength range compatible with the existing com-
ponents. Then, the additional components may simply be
placed within the active region (i.e., within the broadcast
range) of the existing components to be able to exchange
data with other components so as to be incorporated 1nto the
system. In this way, defective or obsolete components may
be removed or exchanged at will without affecting the
remaining components in the system.
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[0117] Additionally, the terahertz carrier signals used in
the interconnect system of the present invention may be
communicated by means of free space transmission, as
shown 1n, for example, FIGS. 9A-9D or by guided wave
transmission, such as shown in FI1G. 1A for instance. It may
be noted that guided wave transmission may limit the
placement of the transmitters/receivers on, for instance, a
chip substrate, but transmission of the terahertz carrier signal
through a waveguide may result in a reduction 1n electro-
magnetic interference and improved power efficiency. Other
possible embodiments of the terahertz interconnect system
of the present invention are discussed in detail immediately
hereinafter. For purposes of the present application, the term
“chip” 1s considered to encompass any type ol compact
device, set of components, input/output device or port, or a
small system.

[0118] Turning now to FIG. 10, another possible configu-
ration of the present invention for use 1n power or clock
distribution to a plurality of electrical circuitry is 1llustrated.
A system 900 as shown 1 FI1G. 10 includes an output source
902. Output source 902 may be, for example, a power source
which generates and radiates a power signal as an electro-
magnetic radiation 904 1n the form of, for instance, micro-
waves. Output source 902 may alternatively be a clock
generator which generates a clock signal as the electromag-
netic radiation 1n the form of, for mstance, optical signals,
for synchronizing a plurality of electrical circuitry such as
those on chips, boards, or in larger system configurations.
Electromagnetic radiation 904 1s directed toward a group of
sub-systems, indicated by a dashed box 906. Sub-systems
906 may include, for instance, a first chip 910. First chip 910
includes a first substrate 911 on which at least an electrical
circuitry 912 1s disposed. Electrical circuitry 912 1s con-
nected with a recerver 914 by an electrical connection 916.
The size and dimensions of receiver 914 are designed such
that receiver 914 1s responsive to electromagnetic radiation
904. Receiver 914 receives a portion of electromagnetic
radiation 904 and converts it to an electrical signal 918 to be
directed to electrical circuitry 912 via electrical connection
916. For example, if electromagnetic radiation 904 is a
power signal, then electrical signal 918 becomes a power
input for electrical circuitry 912. Alternatively, 1f electro-
magnetic radiation 904 1s a clock signal, then electrical
signal 918 acts as a clock mput for electrical circuitry 912.
In this way, electrical circuitry 912 may be supplied with an
external power or clock signal from output source 902
without the need for direct electrical connection with output
source 902.

[0119] Continuing to refer to FIG. 10, sub-system 906
may also include a second chip 930, which in turn includes
a second substrate 931 with an electrical circuitry 932 and a
transceiver 934 disposed thereon. Electrical circuitry 932
and transceiver 934 are connected by a first electrical
connection 936. Transceiver 934 receives a portion of elec-
tromagnetic radiation 904 and converts 1t to a first electrical
signal 938 to be directed to electrical circuitry 932 as, for
instance, a power signal to supply power or as a clock signal
to electrical circuitry 932. Furthermore, electrical circuitry
932 1s additionally connected with transceiver 934 by a
second electrical connection 940 and 1s configured to gen-
erate a second electrical signal 942 toward transceiver 934.
Transceiver 934 1s additionally configured to convert second
clectrical signal 942 received thereon 1nto a second electro-
magnetic signal 946 to be radiated away from second chip
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930. For example, second electrical signal 942 may contain
data, and transceiver 934 converts second electrical signal
942 1nto second electromagnetic signal 946 containing at
least a portion of the data. In this way, electrical circuitry
932 on second chip 930 may receive power or clock signal
from an external source as well as transmit a data signal to
other components 1n system 900 without the need for
hardwired electrical or optical connections.

10120] Still referring to FIG. 10, sub-system 906 may
further include a third chip 950. Third chip 950 includes a
third substrate 951 with a primary electrical circuitry 952
and a receiver 954 disposed thereon. Primary electrical
circuitry 952 and receiver 954 are connected by a first
clectrical connection 956. Receiver 954 receives electro-
magnetic radiation 904, converts 1t mto a first electrical
signal 958, and directs 1t along first electrical connection 956
to primary electrical circuitry 952, for example, as a power
signal to supply power or as a clock signal. Third chip 950
also includes a transmitter 960, which 1s connected with
primary electrical circuitry 952 by a second electrical con-
nection 962. Primary electrical circuitry 952 1s configured to
provide a second electrical signal 964 to be directed toward
transmitter 960 through second electrical connection 962.
Transmitter 960 receives second electrical signal 964 from
primary electrical circuitry 952 and converts 1t into a third
clectromagnetic signal 968 to be radiated away from trans-
mitter 960. Third chip 950 further includes a secondary
clectrical circuitry 970 connected with a transceiver 972 by
a third electrical connection 974. Transceiver 972 1s also
coniigured to be sensitive to electromagnetic radiation 904
50 as to receive electromagnetic radiation 904, convert 1t to
a third electrical signal 976 to be directed toward secondary
electrical circuitry 970 through third electrical connection
974 as, for instance, a power or clock signal. Second
electrical signal 970 and transceiver 972 are also connected
by-fi fourth electrical connection 980 such that a fourth
clectrical signal 982 generated by secondary electrical cir-
cuitry 970 may be directed along fourth electrical connec-
tion 980 toward transceiver 972. Transceiver 972 converts
fourth electrical signal 982 received thereon into a fourth
clectromagnetic signal 986 to be radiated away from trans-
ceiver 972. Alternatively, transceiver 972 may additionally
be configured to receive, for instance, third electromagnetic
signal 968 from transmitter 960 or second electromagnetic
signal 946 from transceiver 934 on second chip 930 so as to
convert the electromagnetic signal so received 1nto a part of
third electrical signal 976 to be directed to secondary
clectrical circuitry 970. Transceiver 972 may further be
configured to receive and modulate first electromagnetic
signal 968 so as to provide a modulated electrical signal as
a part of third electrical signal 976 to secondary electrical
circuitry 970. Such modulation techniques are described 1n
detail 1n, for 1nstance, the P2 patent and the P3 application.

[0121] Various modifications to the system shown in FIG.
10 are contemplated. Additional connections, for instance
clectrical, optical or RF interconnection, may be provided
between each of sub-systems 906. Sub-systems 906 may be
located on a single board or be located on different boards
arranged 1n relative proximity such that electromagnetic
signal 904 1s receivable at each of the sub-systems 906.
Electromagnetic radiation 904 may have a frequency ditfer-
ent from the carrier frequency of other signals 1n the system,
or be 1n the same range of frequencies as those used for
signal transmission. Electromagnetic signals provided at the
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various transmitters and transceivers 1n the system may be
directed to, for mstance, adjacent chips, external computer
and/or other mput/output devices. In the clock distribution
implementation, output source 902 may be another electrical
circuitry—transmitter combination as provided 1n the
present invention in, for instance, the master chip—slave
chips configuration of FIG. 9B. System 900 as shown in
FIG. 10 1s capable of handling a serial information stream
or parallel, multi-channel data due to the large bandwidth
enabled by the use of, for example, terahertz carrier fre-
quencies. Alternatively, each chip or electrical circuitry may
actually be hardwired to a power supply or other devices
readily accessible via electrical iterconnects, such as low
frequency signal sources and input/output ports while higher
frequency channels, or channels which are more practically
connected via free-space interconnection, may be provided
by terahertz wave interconnects.

[0122] System 900 as shown in FIG. 10 1s advantageous
because a group of electrical circuitry, whether on the same
chip or on different chips or boards, may receive power
and/or synchronized, clock signals from a single external
source without direct electrical connection to the source.
Simultaneously, signal transmission and inter- or intra-chip
communication may be provided by the system of the
present 1nvention. In this way, a plurality of chips or other
components, each of which performs a specific function,
may be readily mterconnected and supplied with power or
be synchronized by a single clock signal source. In particu-
lar, the clock distribution scheme as provided by the present
invention enables higher frequency electromagnetic wave
clock signals than 1s feasible using electrical interconnects
while providing less skew. Also, the present invention
provides a simpler implementation with less power con-
sumption than 1s feasible using optical clock signals distrib-
uted through optical mnterconnects. The present invention as
shown m FIG. 10 may serve as a replacement for hard-
wired, electrical interconnects, replacing wires for short
reach, high data rate connection. Also, due to the high carrier
frequencies used (e.g., frequencies above 30 GHz), higher
data rates are enabled. A system such as system 900 1s useful
1in a variety of applications. For example, the system maybe
use used 1n high speed memory access, in which the circuitry
on cach memory chip 1s connected with an external micro-
processor by the interconnection system of the present
invention. Also, the system may be useful in 1maging
devices, in which a plurality of receivers/transmitters may be
used to measure and/or transmit image information.

[0123] The interconnect system of the present invention
may also be used in an optocoupler configuration. A con-
ventional optocoupler 1s generally a combination of a light-
emitting diode (LED) and a photodetector used to separate
two parts of an electrical circuit. An electrical signal 1n a first
part of the electrical circuit 1s converted to a light signal at
the LED, then the light signal 1s received at the photode-
tector and converted back to an electrical signal to be
directed to a second part of the electrical circuit. An opto-
coupler 1s used, for example, to 1solate noisy signals or to
protect parts of the electrical circuitry from spurious high
voltage electrical signals.

10124] Conventional optocouplers, however, are limited in
operating speed up to approximately 50 Mbps mostly due to
the speed limitations of the LED as a result of its sponta-
neous emission lifetime. That 1s, the operating speed of the
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conventional optocoupler based on an LED-photodetector
pair is limited by how fast the LED can be modulated (i.e.,
turned on and off). Although the LED may be replaced by a
faster emitter device such as, for instance, a semiconductor
diode laser, the laser 1s more costly and consumes more
power than the LED. Also, there are various packaging
complexities to consider in the conventional optocoupler.
For instance, the LED and the photodetector are generally
fabricated as separate chips. As a result, the LED chip and
the photodetector chip must be aligned relative to one
another within the overall, optocoupler package 1n order to
provide efficient coupling of the light signal. Further com-
plicating this alignment task 1s the fact that an LED chip
usually emits light out of an edge of the chip while the
photodetector usually accepts light normal to the face of the
chip; that 1s, the LED and the photodetector chips must be
aligned at right angles to each other.

[0125] Attention is now directed to FIG. 11, which illus-
trates an optocoupler 1000 including an interconnect system
designed 1n accordance with the present invention. Opto-
coupler 1000 includes a transmitter arrangement 1002 and a
receiver arrangement 1004 coupled together by an electro-
magnetic signal 1006. Transmitter arrangement 1002 1is
configured such that 1t emits electromagnetic signal 1006
having a carrier frequency in and around the terahertz
frequency range (e.g., 0.03 to 10 THz), while receiver
arrangement 1004 1s configured to be responsive to electro-
magnetic signal 1006 having a carrier frequency in and
around the terahertz range. In the exemplary embodiment
shown in FIG. 11, transmitter arrangement 1002 1ncludes a
signal mput 1110, which receives a first electrical signal
1112 from a first part of an electrical circuitry (not shown),
and a driver amplifier 1114, which amplifies the first elec-
trical signal so received and provides a first amplified
clectrical signal 1115. First amplified electrical signal 1115
1s directed through, for example, first and second leads 1116
and 1117 to an oscillator 1118, which converts amplified
electrical signal 1115 1nto electromagnetic signal 1006 to be
transmitted through a transmitter antenna 1120. Transmitter
antenna 1120 may include, for example, first and second
transmitter antenna arms 1122 and 1124, respectively, which
are designed to efliciently radiate the electromagnetic signal.
Oscillator 1118 may be based, for example, on an electron
tunneling device as described 1n the P1 and P2 patents and
the P1-cip, P3, P3-cip and P5 applications. Oscillator 1118
and transmitter antenna 1120 may be connected with each
other through first and second electrical interconnections
1125 and 1127, respectively, or the transmitter antenna may
be integrally formed from oscillator 1118, as 1n the case of
surface plasmon device 92 as shown 1n FIG. 1F.

[0126] Continuing to refer to FIG. 11, receiver arrange-
ment 1004 of optocoupler 1000 includes a receiver antenna
1130 for receiving electromagnetic signal 1006. In the
embodiment shown in FIG. 11, receiver antenna 1130
includes first and second receiver antenna arms 1132 and
1134, respectively, having lengths designed for reception 1n
the carrier frequency range of electromagnetic signal 1006.
For instance, first and second receirver antenna arms 1132
and 1134 may be of such dimensions so as to together act as
a dipole antenna receptive to electromagnetic signal 1006.
Receiver antenna 1130 1s connected with a receiver 1136,
which may be, for instance, based on an electron tunneling,
device as described 1 the P1 and P2 patents and the P1-cip,
P3, P3-cip and P5 applications or on other high speed diode
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technology such as Schottky diodes. Receiver 1136 converts
clectromagnetic signal 1006 1nto a second electrical signal

1138. As shown 1n FIG. 11, receiver 1136 1s connected via
third and fourth electrical interconnections 1139 and 1141,
respectively, with a receiver amplifier 1144. Receiver ampli-
fier 1140 receives second celectrical signal 1138 from
receiver 1136 then produces an second, amplified electrical
signal 1146 at a signal output 1148 to be directed to a second
part of the electrical circuitry (not shown). In this way,
optocoupler 1000 connects the first and second parts of
clectrical circuitry by means of terahertz waves while pro-
viding high data rates, noise 1solation and high voltage
protection.

[0127] The optocoupler including the interconnect system
of the present mvention provides several advantages over
conventional optocouplers. For example, the terahertz car-
rier frequency 1s high enough to support data rates of 10
Gbps and higher. Also, the alignment tolerances of terahertz
emitters and detectors (on the order of 100 microns) are
much more relaxed in comparison to the precise, sub-micron
alignment tolerance required for optical connection. The use
of electron tunneling device technology, as described in the
P1 and P2 patents and Pl-cip, P3, P3-cip and P5 applica-
tions, enables practical emitters/oscillators and detectors.
For example, metal-insulator-metal-insulator-metal hot elec-
tron tunneling transistors coupled with antennas may be
used as oscillator 1118, and metal-insulator-metal electron
tunneling diodes coupled with antennas may be used as
receiver 1136 to provide a low cost, high speed alternative
to the conventional optocoupler. Furthermore, as discussed
especially 1n the P5 application, a complete optocoupler
including the aforementioned electron tunneling devices
may be fabricated monolithically with the transmitter and
receiver arrangements being fabricated, for example, 1n the
same process as the two parts of the electrical circuitry,
and/or on the same substrate. Also, various antenna designs,
such as dipole, vee and Vivaldi, are applicable to the
optocoupler of the present invention. In this way, the known
alienment and connection concerns of the conventional
optocouplers may be alleviated.

[0128] An application of the terahertz optocoupler of the
present 1invention 1s use as a video interconnect. The per-
formance speed of the terahertz optocoupler of the present
invention allows the replacement of group of parallel video
lines 1n a video system by a single, serial terahertz opto-
coupler. In this way, the video connections within a system
are simplified while eliminating insertion force problems 1n
high data rate transmission. Furthermore, the terahertz opto-
coupler may function as a part of a larger, wireless video/
audio network within a small area (such as a room) without
the problems associated with the electrical interconnect
bottleneck.

[0129] Another problem which maybe solved using the
terahertz interconnect concept of the present invention is the
rigidity of microcomputer architecture. Current microcoms-
puter architectures are largely fixed at the time of original
design and, therefore, are not flexible once the actual com-
puter has been manufactured. During the design process, the
architecture may be designed for a specific microprocessor
chip, for instance, and a certain number and types of
memory and input/output (I/O) ports, and one or more
printed circuit boards, including the mother board, are laid
out with data bus lines and control lines for electrically
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connecting all of the chips intended to be placed on the
board. In general, the only flexibility 1s 1in the add-on boards
that may be placed 1n standardized I/O sockets pre-posi-
tioned on the motherboard. Therefore, 1n order to add more
memory than provided in the original design of the board or
to upgrade to a faster microprocessor chip requires a whole
new motherboard (or, commonly, a new computer). Addi-
tionally, current microcomputer architectures still largely
conform to the von Neumann architecture. In this conven-
tional architecture, multi-processing and parallel processing
are accomplished 1n essentially a serial manner through a
single main processor. Therefore, although the von Neu-
mann approach has its advantages, it generally cannot
accommodate the more parallel processing approach needed
in many compufting problems. For example, pattern recog-
nition requires tremendous computing resources when per-
formed serially, but may readily be broken down into a
number of parallel tasks which may potentially be per-
formed 1n parallel. Also, other problems such as cognitive
computing require massively parallel object associations,
which are prohibitively time intensive 1in a von Neumann
architecture.

[0130] Just as the internet connects an array of nodes, each
of which can perform its function 1n conjunction with any
other node, so a micro-internet may be formed using the
components of the current invention. In the micro-internet a
node comprises a mICroprocessor, a memory device, a
storage device, an mput/output device, a clocking device, a
signal repeater, an amplifier, a system, or any other element
that functions i conjunction with other nodes. Each inter-
connected node 1ncludes at least one signal emitter, receiver
or transceiver. As described herein, the nodes may be
interconnected via free space, waveguides or transmission
lines. The nodes are situated within no more than a com-
munication distance away from at least one other node,
within an enclosure or among enclosures. The nodes may be
fixed 1n position, or mobile, and may operate simultaneously
or at different times. The interconnection can function such
that any node can communicate with any other node, all
nodes communicate through a central node, a reconfigurable
cellular configuration, or any other interconnection scheme
known to those skilled 1n the art.

[0131] The terahertz interconnect system of the present
imvention enables the construction of a flexible, networked
architecture to solve the aforedescribed problem. In this
approach, the computer architecture 1s considered like a
“micro-Internet” where each node within the network
includes a terahertz transceiver and at least some processing
power and storage capacity. This computer architecture of
the present 1nvention 1s enabled by the chip- and board-
integrable, high speed data transfer for low cost as provided,
for example, the electron tunneling device technology of the
P1 and P2 patents and the P1 -cip, P3, P3-cip and P5

applications.

10132] Examples of such a flexible architecture are shown
in FIGS. 12A and 12B. A system 1200 includes a plurality
of nodes (indicated as 1202A-G in the figure) in a networked
architecture. Each one of the nodes may be a chip, a board,
or a small system and includes one or more emitters,
receivers or transceivers, each connected with an antenna. In
the example shown 1 FIG. 12A, each one of the nodes
1202 A-G 1ncludes a processor 1204 and memory 1206 such

that each node has some “intelligence” (i.e., processing and
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storage capacity). It should be noted that, although processor
1204 and memory 1206 are shown as being located near a
corner of each one of nodes 1202A-G, the processor and
memory may be disposed at any convenient position on the
node such as, for example, at opposing corners of the node
or even embedded within the node.

[0133] Continuing to refer to FIG. 12A, each one of the

plurality of nodes 1202A-G includes a surface normal
antenna 1208 in the center of the node as well as a plurality
of edge antennae 1210, ecach one of the plurality of edge
antennae being located near an edge of the node. Surface
normal antenna 1208, as well as each one of the plurality of
cdge antennae 1210, 1s connected with a transceiver 1212.
Transceiver 1212 may be based, for example, on the electron
tunneling device technology of the P1 and P2 patents and the
P1-cip, P3, P3-cip and P5 applications so as to enable high
frequency detection and emission of an electromagnetic
signal such as, for instance, terahertz carrier frequency
signals. The transceivers on each node are connected with
the processor on the node such that electrical signal pro-
duced at the processor may be communicated out of the node
through the transceivers and the antennae and, simulta-
neously, the electromagnetic signal received at any of the
antennae 1s converted to an electrical signal and directed to
the processor.

10134] Still referring to FIG. 12A, the plurality nodes
1202A-G are each configured to communicate with other
adjacent nodes. For example, node 1202 A communicates via
clectromagnetic signal with node 1202D, as indicated by a
double-headed arrow A-D, through the centrally located,
surface normal antenna 1208 on each node. That is, the
surface normal antenna and the corresponding transceiver on
cach node 1s configured to send and receive electromagnetic
signals 1n a direction normal to the planar surface of the
node. In this way, the processor signal from the processor on
node 1202A may be transmitted to the processor on node
1202D, and vice versa by means of the surface normal
antennaec and associated transceivers. Similarly, node 1202D
may communicate with, for example, node 1202B as 1ndi-
cated by a double-headed arrow B-D through adjacent edge
antennae via electromagnetic signals.

[0135] System 1200 of FIG. 12A has various advantages.

New nodes may be readily added in order to add, for
example, more processing power, increased storage and
input/output capability. In contrast to conventional comput-
ers with completely pre-planned interconnections, the net-
worked architecture of system 1200 may grow and evolve
over time as needs arise. Old or obsolete nodes may be left
in place, except to the extent that they use power and take
up space, or they may be removed or exchanged with newer
nodes. Node failure or failure of one interconnect link would
have minimal effect on the system performance since the
network topology of system 1200 allows for bypassing of
the failed node or connection. The use of electromagnetic
signals, such as terahertz frequency carrier signals, enables
flexible, high-speed interconnection between nodes. In addi-
fion to the stacked configuration shown in FIG. 12A, the
nodes may be connected, for example, in a token-ring type
arrangement or in some sort of a network topology (such as
packet-switching). Additionally, some of the nodes maybe
configured to broadcast the electromagnetic signal over a
2-D area or a 3-D volume so as to enable communication
between non-adjacent nodes. The nodes may also be
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equipped with pomt-to-point links such as, for example,
waveguides 1n order to reduce external noise and electro-
magnetic signal transmission loss. Moreover, the electro-
magnetic signals transmitted through the system may be
multiplexed by, for example, frequency-division multiplex-
ing, code-division multiplexing (like a miniature cellular
network) or a master-slave architecture, in which a master
node controls which of the nodes may communicate with
which other nodes at a given time.

[0136] For example, system 1200 of FIG. 12A may be
adapted to provide interconnects for scalable 3-D storage
servers. Modular Internet storage servers, such as the IBM
[ceCube concept,” require low cost, high speed wireless
interconnects between processing and storage modules (so-
called “Collective Intelligent Bricks” or CIBs). Low cost is
a requirement due to the large number of interconnects
required 1n the server. Wireless interconnects are needed so
that the bricks may be assembled, interchanged and/or added
without hardwiring. High speed 1s needed to enable a high
rate of data transfer within the system. The use of free-space
optical interconnects has been suggested as a possible high
speed solution to this problem, but power consumption and
alignment precision of optical interconnects make them
expensive and impractical to implement. Capacitive inter-
connects provide some level of high speed and low cost, but
are only useful when the wavelength of the signal used to
communicate within the system 1s substantially longer than
the capacitive coupling elements. To solve this problem, the
plurality of nodes 1202A-G as shown may each be equipped
with, for 1nstance, a processor, electronic memory and one
or more hard disks, then interconnected through, for
example, surface normal and edge antennae as shown in
FIG. 12A. In this way, processed data and processing
capability are distributed over several nodes while the
terahertz interconnection between the nodes enable high
speed 1nterconnection with easy alignment of the nodes with
respect to each other. For example, using the electron
tunneling device technology as disclosed 1n the P1 and P2
patents as well as the P1-cip, P3, P3-cip and P5 applications,
terahertz transmitters and receivers may be built on the outer
faces of the nodes rather than taking up valuable on-chip real
cstate.

[0137] A example of the master-slave architecture con-
figuration of node interconnection 1s shown 1n FIG. 12B,
which shows a system 1250 including a plurality of nodes
1252A-G. In contrast to nodes 1202A-G of FIG. 12A, 1in
which each node 1s essentially identical to each other node,
cach one of nodes 1252A-G i1s configured to perform a
different function within a computer architecture. For
example, node 1252A may mnclude an arithmetic logic unit
(ALU) circuitry 1254A while node 1252D may contain a
central processing unit (CPU) circuitry 1254D. In the exem-
plary embodiment shown 1n FIG. 12B, node 1252 A includes
ALU circuitry 1254A, node 1252B includes a random
access memory (RAM) circuitry 1254B, and node 1252D
includes a CPU circuitry 1254D. Other circuitry such as, but
not limited to, video chips, networking chips, read-only
memory (ROM) circuitry and a sound chip may also be
implemented as the circuitry 1n a given node. In the example
shown 1n FIG. 12B, node 1252D serves as a central node to
which the other nodes are connected via a plurality of
transceivers 1212A-G, surface normal antennae 1208 and a
plurality of edge antennae 1210 by terahertz imnterconnection
of the present ivention such that CPU circuitry 1256
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regulates the circuitry on the other nodes. As a result, each
one of the various circuitry may be readily interchanged or
upgraded by replacing the node associated with that cir-
cuitry. For instance, node 1252D may be removed and
replaced with a new node including a faster CPU circuitry
without disturbing the connection of the various other nodes.
Furthermore, although not shown in the present figure,
additional nodes including additional circuitry, such as addi-
tional RAM, may readily be added in order to provide
additional functionality to the system.

[0138] One consideration in the use of terahertz range
frequencies 1n 1nterconnects 1s attenuation of the intercon-
nection signal. Terahertz signals broadcast from transceivers
broadcasting 1sotropically in three dimensions do not have
very long propagation length; namely, the signal strength
decreases an 1nverse square of the propagation distance. As
a result, the basic concept of interconnecting terahertz
transceiver nodes 1n a 3-D volume 1s limited 1n the overall
size and interconnection distance by the output power of
cach transmitter and the detection sensitivity of each
receiver. Although this problem may be ameliorated by
proper design of the transmitter and receiver antennae, it
may still be desirable to increase the propagation distance
while limiting the negative effects of, for example, external
noise. Furthermore, it would be desirable to provide a
structure 1n which commercially available chips and other
circuitry may be readily interfaced with the terahertz inter-
connect systems of the present mnvention without requiring
extensive modification to the chip or circuitry. Although the
metal-insulator-based, electron tunneling technology as dis-
closed 1n the P1 and P2 patents and P3, P3-cip, P1-cip and
P5 applications enable the direct integration of transmitters
and receivers on a chip surface, at times it may not be
desirable to bring terahertz carrier signals directly onto the
chip because the terahertz carrier signals may contribute to
interference or crosstalk with other signals already present
on the chip. For instance, metal interconnects on a chip may
act as antennas and, 1f of a suitable length, may act as a
receiver for the terahertz waves. Rectifying elements within
the chip circuit may the produce unwanted crosstalk signals
from these terahertz waves. Also, depending on the wave-
length of the carrier signal to be used, the aforedescribed
metal-insulator-based tunneling technology may take up too
much real estate on the chip. Metal interconnects or highly-
doped semiconductor regions on a chip may interfere with
terahertz transmission and reception.

[0139] A compact solution to this problem of signal
attenuation and chip compatibility may be provided by
coniining the terahertz carrier signal 1n combination struc-
ture of a waveguide and chip package to increase commu-
nication range and/or transmission eificiency. 2-D
waveguides (e.g., a slab waveguide) or 1-D waveguides
(e.g., metal transmission lines, such as coplanar, strip line,
and parallel plate configurations) may be used. Such a
transceiver may effectively transmit terahertz signals with-
out the need for an antenna. Alternatively, various antenna
designs may be used to optimize the signal coupling
between the transceiver and the waveguide. The edges
and/or ends of the waveguides used in the terahertz inter-
connection system may include absorbing material to avoid
unwanted back reflections. In the case of the 2-D waveguide
structure, a slab waveguide, for example, may be provided
on a support (such as on a chip, board, etc., across which the
interconnection is to be provided), then terahertz transceiv-
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ers, transmitters and/or receivers maybe be placed anywhere
in proximity to or directly on the waveguide surface. Each
transceiver or transmitter then broadcasts a terahertz carrier
signal through the slab such that the signal 1s guided along
the waveguide. The signal in the waveguide may be picked
up by another transmitter or a receiver disposed on or in
proximity to the waveguide. For a 1-D waveguide structure,
cach transceiver or transmitter may be placed on an outer
surface of, for example, a transmission line so as to 1nteract
with the evanescent field of the traveling wave. Alterna-
tively, the transceiver, transmitter or receiver may be placed
inside of the waveguide to absorb and/or detect the terahertz
carrier signal traveling therethrough. Also, transceivers may
be used to receive and re-transmit signals along a waveguide
as necessary so as to act as repeaters. The signal coupling
between the waveguide and the transceiver, transmitter or
receiver may be optimized by the suitable design of an
antenna connected therewith, but an antenna 1s not abso-
lutely necessary if the transceiver, transmitter or receiver 1S
disposed 1n close proximity with the waveguide.

10140] Some of the aforementioned guiding and chip
package structures are illustrated in FIGS. 13A-13D. FIG.
13A 1llustrates an assembly for providing terahertz inter-
connection between two separated electrical circuitry. An
assembly 1300 includes a substrate 1302 with a first chip
package 1304 disposed thereon. First chip package 1304 1s
configured to accommodate a first chip 1306, for example,
by enveloping first chip 1306 therein. A first transceiver
1308 1s embedded within first chip package 1308 as a part
of first chip 1306 such that first transceiver 1308 receives
clectrical signals provided by first chip 1306 and converts
the electrical signals so received into a terahertz carrier
signal. Assembly 1300 further includes a waveguide
arrangement 1310, which 1n turn includes first and second
waveguide couplers 1312 and 1314. First waveguide coupler
1312 1s configured to receive the terahertz carrier signal
from first transceiver 1308 and direct the terahertz carrier
signal through waveguide arrangement 1310 toward second
waveguide coupler 1314. Terahertz carrier signal may be
coupled into first waveguide coupler by broadcast from first
transceiver 1308, for instance, or by near field, mode cou-
pling. Assembly 1300 further includes a second chip pack-
age 1316 also disposed on substrate 1302. Second chip
package 1316 1s configured to accommodate a second chip
1318 with a second transceiver 1320 embedded therein.
Second waveguide coupler 1314 1s disposed in close prox-
imity to second transceiver 1320 such that the terahertz
carrier signal from first transceiver 1308 1s coupled to
second transceiver 1320. Second transceiver then converts
the terahertz carrier signal into a second electrical signal to
be directed to second chip 1318. Waveguide arrangement
1310 serves to confine the terahertz carrier signal therein
during propagation from first waveguide coupler 1312 to
second waveguide coupler 1314 so as to limit propagation
loss and 1ntroduction of external noise. Furthermore, first
and second chip packages 1308 and 1316 cooperate with
substrate 1302 and with waveguide arrangement 1310 such
that first and second chips, first and second transceivers and
first and second waveguide couplers are positioned with
respect to each other to yield efficient coupling between the
various components. Moreover, assembly 1300 may also
function 1n a reverse direction where second transceiver
1320 converts electrical signals from second chip 1318 into
the terahertz carrier signal to be carried through the

22
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waveguide arrangement from second chip package 1316 and
into first chip package 1304 to be received at transceiver
1308 and, consequently, at first chip 1306. In this way, the
data lines that need to be driven for operation of the chip is
reduced from the usual ~48 1mnches down to less than ¥2-1nch.
As a result, especially with careful design of, for 1nstance,
shielding, crosstalk resulting from the coupling of terahertz
signals with logic circuitry 1s virtually eliminated.

[0141] Another example of terahertz interconnect packag-
ing 1s shown in FI1G. 13B. An assembly 1325 of FIG. 13B
includes a chip package 1327, which 1n turn encloses a chip
1329 and a transceiver 1331 while keeping the chip and
transceiver 1n close proximity but not in contact with each
other. Transceiver 1331 receives electrical signals produced
at chip 1320 then converts the electrical signals into tera-
hertz carrier signals. Assembly 1325 further includes a
substrate 1333 with a waveguide arrangement 1335 disposed
therein. Waveguide arrangement 1335 mncludes a waveguide
coupler 1337, and chip package 1327 1s positioned relative
to waveguide arrangement 1335 1n such a way that trans-
ceiver 1331 and waveguide coupler 1337 are i1n close
enough proximity in order to couple the terahertz carrier
signal therebetween.

[0142] Assembly 1325 provides further advantages in that
chip 1329 does not need to be physically altered 1n order to
be accommodated 1nto the assembly. That 1s, a commercially
available, standard chip circuitry may be used as chip 1329
and accommodated into chip package 1329 without the
need, for example, to specially embed a terahertz transceiver
therein. The terahertz carrier signal coupled 1into waveguide
arrangement 1335 may be received, for instance, by a
receiving arrangement similar to second chip package 1316
of FIG. 13A. Furthermore, no change in the IC design is
required, and the chip 1s only required to drive 1nput/output
lines of approximately one centimeter in length such that
higher off-chip data rate 1s possible at lower drive power.

[0143] Still another example of the combination of
improved chip compatibility and signal propagation 1is
shown 1n FIG. 13C, which illustrates a socket system 1340.
Socket system 1340 includes a socket arrangement 1342,
which 1s configured to accommodate a standard chip pack-
age 1346 including a plurality of pin-outs 1348. A trans-
ceiver 1350 1s embedded within socket arrangement 1342 1n
close proximity to pin-outs 1348 such that electrical signals
from standard chip package 1346 1s received through pin-
outs 1348 and at transceiver 1350. Socket system 1340 also
includes a substrate 1352, which supports socket arrange-
ment 1342 thereon and further includes a waveguide
arrangement 1354 with a waveguide coupler 1356 connected
therewith. Socket arrangement 1342 1s disposed on substrate
1352 such that transceiver 1350 and waveguide coupler
1356 are brought 1n close proximity to each other. In this
way, the electrical signal provided at the standard chip
package 1s converted imto a terahertz carrier signal and
ouided away from standard chip package 1346 by broadcast
from the transceiver and/or near field mode coupling, with-
out requiring any modification to the chip package (or the
chip enclosed therein) or any hardwired electrical connec-
tions outside of the chip package.

|0144] Yet another example of the combination of stan-
dard chip packaging and waveguiding in a terahertz inter-
connect system 1s shown 1 FIG. 13D. An assembly 1360 of
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FIG. 13D includes a chip package 1362 enclosing a chip
1364. Chip 1364 is connected through an electrical inter-
connect 1366 with a transceiver 1370. Transceiver 1370 1s
enclosed 1n a transceiver package 1372 and 1s disposed 1n
close proximity with a waveguide coupler 1374 of a
waveguide arrangement 1376. The chip package, electrical
interconnect, transceiver package and waveguide arrange-
ment are all supported on a substrate 1378. For short
distances, electrical interconnect 1366 may be sufficient to
provide relatively noise/loss-free transmission between chip
1364 and transceiver 1370. Assembly 1360 also allows the
inclusion of a separately packaged, standard chip with a
pre-fabricated terahertz carrier signal waveguide arrange-
ment without any modification to the chip or the chip
package.

[0145] Another application of the terahertz interconnect
system of the present mnvention is for use as board-to-board
interconnects with near-field coupled, terahertz devices.
There are various instances where high data rate, wireless
communications over very short distances are required. It 1s
submitted that electrical interconnections 1n such applica-
tions are slow and generally result 1n a data feed bottleneck.
As described 1n the Background section, optical intercon-
nects are currently cost-prohibitive and unpractical due to
the precise and stable alignment required. It would be
desirable to provide an interconnection scheme which
allows a certain degree of tolerance to misalignment while
allowing close proximity of transmitter and receiver place-
ment 1n order to minimize the amount of required transmit
power. Furthermore, 1t would be advantageous to achieve a
high degree of energy coupling from the transmitter to the
receiver 1n order to reduce stray radiation, which wastes
power and may interfere with other existing circuits.

[0146] As illustrated in FIGS. 14A-14C, a number of
terahertz interconnect components may be grouped together
on boards to provide a larger network of interconnected
systems. For example, a transceiver pair 1400 as shown 1n
FIG. 14A 1ncludes first and second transceiver assemblies
1402 A and 1402B. First and second transceiver assemblies
1402A and 1402B include, respectively, first and second
substrates 1404A and 1404B, first and second ground planes
1406 A and 1406B, with first and second circuitry 1408A
(not visible) and 1408B disposed thereon. First and second
transceiver circuitry 1408A and 1408B are respectively
connected with first and second antennae 1410A and 1410B
via first and second electrical interconnects 1412A (not
visible) and 1412B. In the example shown in FIG. 14A, first
and second antennac 1410A and 1410B are essentially
identical and are designed to be poor radiators of terahertz
carrier signals in free space (i.e., not well matched to free
space impedance). When two such antennae are brought
within close proximity of one another (i.e., within a few
wavelengths), then the transmit antenna, for example first
antenna 1410A 1n this case, will “see” an 1dentical 1mped-
ance 1n the receive antenna, namely second antenna 14108
in this case, and transfer its terahertz carrier signal to the
receive antenna. First and second antennae 1410A and
1410B should have fairly high directivity such that the
radiation takes place specifically toward each other while
minimizing stray radiation. The selection of the antenna
design, such as patch antennae, dipole antennae, and so on,
would imfluence the radiation pattern, and therefore the
coupling efficiency. For instance, for a surface normal cou-
pling direction, a patch antenna may be preferable over a
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dipole antenna, which has a more omni-directional radiation
pattern than the patch antenna. The process would work just
as well 1n the opposite direction, going from second antenna

14101B to first antenna 1410A.

[0147] An alternative approach to using impedance
matched, poor radiator antennae 1s to use coupled transmis-
sion lines, as shown 1in FI1G. 14B. A transmitter pair 1450 of
FIG. 14B includes first and second transmitter assemblies
1452A and 1452B. As can be seen on second transmitter
assembly 14528, the transmitter assembly includes a trans-
mitter circuitry 1454B driving a pair of terminated, trans-
mission lines 14568 that provides an evanescent ficld 1458 B
in the free space immediately surrounding the transmission
line pair, terminated by a termination 1460B. Although not
visible 1n the present figure, a matching set of terminated
transmission line pair 1456A, with termination 1460A and
evanescent field 1458A, 1s present on the hidden face of
fransmitter assembly 1452A facing transmitter assembly
1452. Since the transmission line pair 1456B 1s terminated
by termination 14608, virtually no electromagnetic energy
1s radiated away from the transmitter assembly. However,
when the matching pair of transmission lines 1456A of
transmitter assembly 1450A 1s brought into close proximity
with the transmitter transmission line 1456B, energy from
the transmitter transmission line couples 1nto the receiver
transmission line by evanescent coupling, as represented by
an arrow 1462B. Although the two transmaission lines would
require relatively precise alignment and coupling lengths of
several wavelengths long for high percentage coupling, the
coupling process 1itself 1s quite efficient, while allowing the
freedom from hardwired electrical connections. It may be
noted that the process described in the foregoing 1s revers-

ible such that energy transfer may occur from first transmuit-
ter assembly 1452A toward 1452B as well.

|0148] The near-ficld terahertz communication link con-
cept may be expanded to provide board-to-board intercon-
nects to provide connections between standard printed cir-
cuit boards 1n an enclosure with high data-rate, low power
backplane links. For example, assembly 1470 of FIG. 14C
includes a plurality of boards 1472 interconnected by a
serics of transmitter pairs 1400 from FIG. 14A or transmit-
ter pairs 1450 of F1G. 14B. For example, transceivers on
cach board are aligned to standardized positions on the
boards such that the boards may be stacked 1n close prox-
1mity to one another. Each board-to-board link 1s terminated
at each end with a transceiver assembly 1402A or 14028
with transceiver assemblies mounted on both sides of the
boards.

[0149] The scheme as shown in FIG. 14C includes a

number of advantages over traditional, card-edge, backplane
interconnects. First, the communications lines on the board
are not required to run all the way to the edge of the board.
Second, 1n contrast to the one-dimensional interconnect
array of the traditional card-edge approach, a two dimen-
sional array of iterconnects may be implemented on each
board, thus resulting 1n high interconnect density and shorter
wire runs on the boards. Third, no card-edge sockets are
needed; basically, the boards need only to be generally
aligned with the transceiver assemblies 1n fairly close prox-
1mity to each other.

[0150] In some applications, it may not be possible to
bring the boards to such close proximity due to, for instance,
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cooling, crosstalk or assembly considerations. In such appli-
cations, individual transceiver pairs may be enclosed, for
example, 1n hollow metal waveguides 1n order to confine the
terahertz carrier signals between transceiver pairs. Examples
of such waveguided structures are shown 1n FIGS. 15A-15C
as described 1n detaill immediately hereinafter.

[0151] Referring first to FIG. 15A in conjunction with
FIG. 14C, a waveguided interconnect system 1500 includes
a plurality of transceiver arrangements 1502 disposed on
opposing surfaces of boards 1503. Waveguided interconnect
system 1500 would be suitable for use, for example, as one
of the transceiver pairs 1402A-1402B as shown in FIG.
14C. Each transceiver arrangement 1502 includes a trans-
ceiver 1504 embedded theremn and an alignment flange
1506. Alignment flange 1506 may be formed integrally from
the transceiver arrangement, as shown 1 FIG. 15A, or be
formed separately then affixed to be a part of transceiver
arrangement 1502. Boards 1503 and the corresponding
transceiver arrangements 1502 are aligned with respect to
cach other such that alignment flanges 1506 serve as guides
for the alignment of a waveguide 1510 thereacross.
Waveguide 1510 may be, for example, a hollow metal tube
waveguide such as an extruded metal tubing or metallized
plastic tubing. In addition, alignment flanges 1506 on the
transceiver arrangements allow waveguide 1510 to be accu-
rately aligned with respect to transceiver 1504. An align-
ment tolerance of approximately A/20 (120 of a wavelength)
1s suificient for efficient waveguiding. For example, 1n the
case of a 1 THz carrier wave, the signal free-space wave-
length 1s 300 microns, corresponding to an alignment tol-
erance of approximately 15 microns, which 1s much relaxed
in comparison to the sub-micron alignment tolerances
required, for instance, in optical interconnections. Lateral
misalignment between transceiver chips between boards
corresponds to angular misalienment of transceiver to
waveguide. For small angles, 1t 1s submitted that this mis-
alignment 1s not critical due to the large alignment tolerance
enabled by the use of terahertz range frequency carrier
signals. As a result, waveguide 1510 efficiently guides, for
instance, a terahertz carrier signal 1512 from one transceiver
1506 at one end of the waveguide to another transceiver at
another end of the waveguide.

[0152] An alternative waveguided interconnect system
1520 1s shown 1n FIG. 15B. In waveguided interconnect
system 1520, a plurality of transceiver arrangements 1522
are embedded m boards 1523 such that each transceiver
arrangement 1522 actually protrudes on either side of each
board 1523. Each one of transceiver arrangements 1522
includes a pair of transceivers 1504 arranged back to back
such that transceiver arrangement 1522 1s capable of trans-
mitting and receiving a terahertz carrier frequency signal
1512 from either side of board 1523. Like transceiver
arrangement 1502 1n FIG. 15A, transceiver arrangement
1522 includes alignment flanges 1506 such that waveguide
1510 may be aligned with respect to the transceiver arrange-
ments on adjacent boards 1n order to guide terahertz carrier
signal 1512 therebetween. A terminating waveguide 15285,
including an absorber 1527, may be used to cap the trans-
ceiver arrangement 1f no signal transmission 1n that direction
1s required.

0153]| Finally, to be compatible with traditional circuit
board mounting, some applications require a card-edge
backplane connector. A waveguided interconnect system
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1550 as shown 1n F1G. 15C accommodates such connection
schemes by providing transceiver chips in card-edge socket
packages. Waveguided interconnect system 1550 1s config-
ured to accept card-edge connected boards 1553 or a pass-
through board 1555 to take up an empty slot, and includes
a plurality of transceiver arrangements 1560. Transceiver
arrangements 1560 includes a slot 1562 configured for board
insertion therein. In this way, transceivers 1504 embedded in
transceiver arrangements 1560 are aligned at the edge of
cach board, and waveguide 1510 1s aligned at a suitable
position to guide the signals transmitted between the trans-
celvers.

|0154] Still another interconnect system using coupled
transmission lines 1s illustrated in FIGS. 16A-16C. FIG.
16A shows an interconnect system 1600 including a sub-
strate 1602 with transceiver arrangements 1604 disposed
thereon. Each one of ftransceiver arrangements 1604
includes a transceiver 1606, a transmission line arrangement
1608 and a termination 1610. Transceiver 1606 provides, for
example, a terahertz frequency carrier signal (not shown in
FIG. 16A for clarity) which is directed through transmission
line arrangement 1608 toward termination 1610. As the
terahertz frequency carrier signal travels through transmis-
sion line arrangement 1608 1n one of the transceiver arrange-
ments 1604, the signal 1s coupled to the transmission line
arrangement of the adjacent one of the transceiver arrange-
ments by evanescent coupling. In this way, there 1s no
requirement for energy to be radiated outside of the trans-
celver arrangement, thus eliminating crosstalk and wasted
energy.

[0155] The details of the evanescent coupling taking place
between transceiver arrangements 1604 are illustrated in
FIG. 16B. FIG. 16B illustrates the coupling of a signal
(represented by an energy curve 1622) from a first trans-
mission line arrangement 1608A to a second transmission
line arrangement 1608B. As signal 1622 propagates along
first transmission line arrangement 1608 A towards termina-
tion 1610A 1n a propagation direction indicated by an arrow
1624, the evanescent field associated with signal 1622
couples 1nto second transmission line arrangement 16088,
which 1s placed 1 close proximity with first transmission
line arrangement 1608A. As a result, energy from signal
1622 1s directed 1n a coupling direction, indicated by an
arrow 1626, and transferred into second transmission line
arrangement 1608B to become signal 1622' propagating 1n
a direction indicated by an arrow 1624'. The process may
also take place 1n the opposite direction from second trans-
mission line arrangement 1608B toward first transmission
line arrangement 1608A.

[0156] An alternative configuration of the coupled trans-
mission line mnterconnect system 1s shown 1n FIG. 16C. In
an 1nterconnect system 1650, the transceiver arrangements
1604 are disposed on opposing surfaces of substrate 1602. In
this way, as long as substrate 1602 1s thin enough to enable
evanescent coupling therethrough, the signal from the top
fransceiver arrangement may be transferred to the bottom
fransceiver arrangement, and vice versa.

[0157] Still another configuration for the opto-coupler of
the present invention are illustrated in FIGS. 17A-17C.
FIG. 17A shows a terahertz opto-coupler 1700 including a
pair of transceiver arrangements 1702A and 1702B coupled
through an insulator layer 1704. Transceiver arrangements
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1702A and 1702B respectively include substrates 1706A
and 17068, as well as circuitry 1708A and 1708B. Circuitry
1708A and 1708B each includes a transceiver and, option-
ally, additional electronics. Transceiver arrangements 1702A
and 1702B are bonded to insulator layer 1704 by bonding,
layers 1710A and 1710B, respectively. Terahertz opto-cou-
pler 1700 of F1G. 17A may be readily incorporated into an
electrical system by connection with electrical contacts as
shown in FIG. 17B. In FIG. 17B, terahertz opto-coupler
1700 1s connected with, for example, a chip 1722 by means
of ball bonds 1725A and 1725B. In this way, terahertz
opto-coupler 1700 may be electrically connected with an
existing chip or printed circuit board or other electrical
circuitry. In place of the ball bonds, other electrical contact
techniques, such as those used 1n flip-chip bonding, may be
used. F1G. 17C 1llustrates a further variation of the terahertz
opto-coupler including an insulator layer. In FIG. 17C, an
opto-coupler 1750 includes integrated circuit assemblies

1754A and 1754B. Integrated circuit assemblies 1754 A and
1754B respectively include substrates 1756 A and 17568
supporting electronic circuitry 1758A and 1758B, respec-
tively. In addition, on opposing surfaces of insulator layer
1704, transceiver circuitry 1760A and 1760B are disposed
thereon. Integrated circuit assemblies 1754A and 1754B are
brought into electrical contact with transceiver circuitry
1760A and 1760B by means of a plurality of ball bonds 1762
and/or other types of electrical contact techniques. In this
way, the terahertz interconnect techniques of the present
invention may be used to provide fast, opto-couplers that are
readily compatible with existing electronic circuitry.

[0158] Although each of the aforedescribed embodiments
have been 1llustrated with various components having par-
ticular respective orientations, it should be understood that
the present invention may take on a variety of speciiic
confligurations with the various components being located in
a wide variety of positions and mutual orientations and still
remain within the spirit and scope of the present invention.
Furthermore, suitable equivalents may be used 1n place of or
in addition to the various components, the function and use
of such substitute or additional components being held to be
familiar to those skilled in the art and are therefore regarded
as falling within the scope of the present invention. For
example, a reflective layer may be disposed between the
circuitry layer and the waveguide layer for better 1solation of
the waveguide layer from the circuitry as well as for
improved coupling of optical signals from the waveguide
into the electron tunneling devices (see, for example, the
P2-cip application). Also, the waveguide layer shown, for
example, in FIG. 1A may be a separately deposited
waveguide or a silicon-on-insulator (SOI) integrated
waveguide. Furthermore, the substrate itself may be opti-
cally transmissive or guiding such that the optical signal
may be provided from the substrate side of the interconnect
arrangement rather than being edge-fed or incident from the
top side. Still further, a variety of light coupling arrange-
ments may be mcluded 1n the embodiments of the present
invention such as, and not limited to, antennas (as shown in,
for instance, FIGS. 1A and 6A), grating couplers and
surface plasmon evanescent couplers, all of which are dis-
cussed 1n detail in the aforementioned P1 and P2 patents and
P3, P3-cip and Pl-cip applications. Another application of
the terahertz interconnect system of the present invention 1s
an optical-to-terahertz interconnect interface. There 1s a
range of cases 1n which an incoming signal in an optical
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fiber, for instance, must be converted to a much lower carrier
frequency, such as 1n or near the terahertz range, and vice
versa. There 1s a range of cases 1n which an incoming signal
in an optical fiber must be converted to a much lower carrier
frequency, e.g., having a carrier frequency in or near the
terahertz range, or vice versa. This conversion can be
accomplished by a number of means. One 1s to receive the
optical signal 1n a optical fiber receiver that converts the
signal to a pure electronic one, and then use this signal to
modulate a terahertz-wave transmitter, as described herein.
Another approach 1s to use mixing in a nonlinear device, 1n
which the optical signal 1s mixed with an optical frequency
that differs from that of the optical signal carrier frequency
by a speciiied near-terahertz-range frequency. The result waill
include the same signal now having a carrier frequency of
the speciiied near-terahertz-range frequency. The nonlinear
device that performs this function can include an antenna/
metal-insulator based device to perform the receiving, mix-
ing, and/or re-emission functions. Other means for convert-
ing a signal having an optical-frequency carrier to a near-
terahertz-range-frequency carrier are known to those skilled
in the art. Similar means may be used to perform the
opposite function of converting a signal having an near-
terahertz-range-frequency carrier to a optical frequency car-
rier. Other examples of applications of terahertz interconnect
technology of the present invention are described in a Phiar
Corporation white paper,” which is attached to the present
application as Appendix A and 1s incorporated herein 1n 1fs
entirety.

[0159] Therefore, the present examples are to be consid-
ered as 1llustrative and not restrictive, and the mvention 1s
not to be limited to the details given herein but may be
modified within the scope of the appended claims.
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What 1s claimed 1is:
1. An assembly comprising:

a first substrate supporting

a first electrical circuitry for providing a first electrical
signal containing data, and
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a transmitting arrangement connected with said first elec-
trical circuitry configured for receiving said first elec-
trical signal, and converting said first electrical signal
into an electromagnetic signal containing at least a
portion of the data, said electromagnetic signal having,
a carrier frequency greater than 300 GHz;

a second substrate, separate from said first substrate,
supporting

a recewving arrangement configured for receiving said
clectromagnetic signal and for converting said electro-
magnetic signal 1nto a second electrical signal contain-
ing at least some of said portion of said data, and

a second electrical circuitry connected with said receiving
arrangement and configured for receiving said second
clectrical signal wherein said transmitting and receiv-
Ing arrangements are configured to cooperate with one
another such that said transmitting arrangement con-
veys said electromagnetic signal to said receiving
arrangement by free-space transmission.

2. An assembly comprising:;
a first substrate supporting

a first electrical circuitry for providing a first electrical
signal containing data;

a transmitting arrangement connected with said first elec-
trical circuitry and configured for receiving said first
clectrical signal and for converting said first electrical
signal into an electromagnetic signal containing at least
a portion of said data, said electromagnetic signal
having a carrier frequency greater than 300 GHz;

a second substrate, separate from said first substrate,
supporting

a recewving arrangement configured for receiving said
clectromagnetic signal and for converting said electro-
magnetic signal 1into a second electrical signal contain-
ing at least some of said portion of said data;

a second electrical circuitry connected with said receiving
arrangement and configured for receiving said second
clectrical signal; and

a directing configuration cooperating with said transmait-
ting arrangement and said receiving arrangement such
that said electromagnetic signal 1s guided therebetween
along a predetermined path that 1s defined, at least 1n
part, using a waveguide wherein said waveguide
includes a first segment connected with said transmit-
ting arrangement and a second, distinct segment con-
nected with said receiving arrangement such that said
first segment of said waveguide 1s supported by said
first substrate and said second, distinct segment 1s
supported by said second substrate.

3. An assembly comprising:
a first substrate configured for supporting

a first electrical circuitry for providing a first electrical
signal containing data; a transmitting arrangement con-
nected with said first electrical circuitry and configured
for recerving said first electrical signal and for convert-
ing said first electrical signal mto an electromagnetic
signal containing at least a portion of said data
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a second substrate, separate from said first substrate,
confligured for supporting

a recewving arrangement configured for receiving said
clectromagnetic signal and for converting said electro-
magnetic signal into a second electrical signal contain-
ing at least some of said portion of said data, said
receiving arrangement being configured to cooperate
with the transmitting arrangement to convey said elec-
tromagnetic signal therebetween using {Iree-space
transmission, and

a second electrical circuitry connected with said receiving,
arrangement and configured for receiving said second
clectrical signal,

wheremn at least one of said transmitting and receiving
arrangements 1ncludes an electron tunneling device,
said electron tunneling device including first and sec-
ond non-mnsulating layers spaced apart from one
another such that a given voltage can be provided
across the first and second non-1nsulating layers, and an
arrangement disposed between the first and second
non-insulating layers and configured to serve as a
transport of electrons between and to said first and
second non-insulating layers, said arrangement includ-
ing at least a first layer configured such that said
transport of electrons produces electron tunneling
between said first and second non-insulating layers.

4. An assembly comprising:

a first substrate configured for supporting

a first electrical circuitry for providing a first electrical
signal containing data,

a transmitting arrangement connected with said first elec-
trical circuitry and configured for receiving said first
clectrical signal and for converting said first electrical
signal 1nto an electromagnetic signal containing at least
a portion of said data;

a second substrate configured for supporting

a recewving arrangement configured for receiving said
clectromagnetic signal and for converting said electro-
magnetic signal into a second electrical signal contain-
ing at least some of said portion of said data, and

a second electrical circuitry connected with said receiving,
arrangement and configured for receiving said second
clectrical signal,

wherein at least one of said transmitting and receiving
arrangements includes an electron tunneling device,
said electron tunneling device including first and sec-
ond non-mnsulating layers spaced apart from one
another such that a given voltage can be provided
across the first and second non-insulating layers, and an
arrangement disposed between the first and second
non-insulating layers and configured to serve as a
transport of electrons between and to said first and
second non-insulating layers, said arrangement includ-
ing at least a first layer configured for producing
clectron tunneling between said first and second non-
insulating layers; and

a directing conflguration cooperating with said transmit-
ting arrangement and said receiving arrangement such
that said electromagnetic signal 1s conveyed therebe-
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tween along a predetermined path using a waveguide
for defining at least a portion of said predetermined
path, said waveguide including a first segment con-
nected with said transmitting arrangement and a sec-
ond, distinct segment connected with said receiving
arrangement.

5. In a system including an integrated circuit package,
which integrated circuit package includes an integrated
circuit module configured for providing an output electrical
signal containing output data, an assembly for receiving said
integrated circuit module and extracting said output data,
sald assembly comprising;:

an electrical interconnect having first and second ends,
said first end being connected with said integrated
circuit module through said integrated circuit package
and configured to receive said output electrical signal at
said first end such that said output electrical signal 1s
directed through said electrical interconnect to said
second end,

a transceiver package including a transceiver chip, said
transceiver chip being connected with said second end
of said electrical interconnect and configured for
receiving said output electrical signal, converting said
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output electrical signal 1nto an output electromagnetic
signal containing at least a portion of said output data,
and directing said output electromagnetic signal away
from said transceiver package;

a substrate for supporting said electrical interconnect and

said transceiver package; and

a transmission line having a first segment and a distinct,

second segment, at least said first segment also being
supported on said substrate, said distinct, second seg-
ment being located away from said transceiver pack-

age,

wherein said transceiver chip i1s further configured for

directing at least a portion of said output electromag-
netic signal mnto said first segment of said transmission
line, and wherein said first segment of said transmis-
sion line 1s configured for receiving said portion of said
output electromagnetic signal and directing said por-
tion of said output electromagnetic signal to said sec-
ond, distinct segment of said transmission line and,
consequently, away from said transceiver package.
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