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[57] ABSTRACT

Optical radiation generation and detection using metal-
to-metal diode junctions. Coherent optical radiation 1s
generated by using an antenna connected to a metal-to-
metal diode junction with non-linear current-voltage
characteristics and by coupling to the junction electro-
magnetic radiation energy to interact with the junction,
causing emission from the antenna at optical frequency
absent from the input. Optical diodes are shown in the
forms of a mechanically contacted cat whisker system
and as single and multiple microscopic solid portions in
an integrated solid mass, defining both the antenna and
the junction, preferably as a deposit of solid layers upon
a substrate, preferably as overlapping printed circuit
line structures. Arrays of such junctions provide en-
hanced effects; useful arrays include Franklin-Marconi
geometries, fish-bone antennas and row and column
arrays. Such solid diode constructions and arrays
thereof are used not only for optical radiation genera-
tion but also detection and mixing including use in an
image scanner, energy converter and a broad band de-
tector. The diodes as a radiation source are used In
combination with an absorbtion cell in spectroscopic
analysis, a feedback loop in a stable frequency source,
and an optical frequency communicating system.

20 Claims, 37 Drawing Figures
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GENERATING AND USING COHERENT OPTICAL
RADIATION

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions made
by reissue.

The Government has rights in this invention pursuant
to Contract No. F19628-70-C-0150 and Contract No.
N00014-67-A-0204-0014 awarded by the Electronics
Systems Division of the Department of the Air Force
and the Office of Naval Research, Department of the

Navy, respectively.

CROSS REFERENCE TO RELATED
APPLICATIONS

This is a continuation of application Ser. No. 389,970
filed Aug. 20, 1973 (now abandoned) which isin turn a
continuation-in-part of application Ser. No. 62,380 filed
Aug. 10, 1970 (now U.S. Pat. No. 3,755,678).

BACKGROUND OF THE INVENTION

This invention relates to generating and detecting
radiation, especially optical radiation with wavelength
lying in the far infrared, infrared, visible, or intermedi-
ate regions of the spectrum.

Coherent optical radiation has been generated using
lasers and bulk non-linear media. Prior to my work,
visible and near infrared radiation had not been detected
in direct response to an induced alternating current
flowing at the frequency of the applied radiation, other
types of detectors have had deficient characteristics,
especially when operating without special provision for
cooling. However, to a certain limited extent work
involving a cat whisker as a detector at relatively low
frequencies has been previously published, see Hocker
and Javan, Frequency Mixing In Infrared and Far Infra-
red Using Metal to Metal point contact diode; Applied
Physics Letters, Vol. 12; No. 12, June 15, 1968 pp 401,
402.

The present invention features generating coherent
optical radiation by providing an antenna connected to
a metal-to-metal diode junction with non-linear charac-
teristics, (as by maintaining the pointed end of a metal
cat whisker in contact with a metal base or by use of
solid overlapped metal deposits) and coupling to the
diode junction electromagnetic energy sufficient to
interact with the junction to cause generation of current
through the junction, flow of the current in the antenna
and emission of radiation from the antenna, the current
and radiation being of optical frequency which is re-
lated to the frequency of the input and absent from the
point. |

Preferred embodiments of the invention feature col-
lecting the radiation emitted from the antenna for direc-
tion to a station for utilization, using a modulated micro-
wave input to cause the emitted radiation to be corre-
spondingly moduated, mixing such microwave input
with an input of optical frequency to produce the opti-
cal radiation, applying a d.c. biasing voltage across the
junction to shift the operating point on the current-volt-
age characteristic into a region for optimum perfor-
mance when the emitted radiation is produced by even
order mixing, making the pointed end of the whisker
with a radius of curvature less than 50 mm., making the
diameter of the whisker smaller than the wavelength of

2
the emitted radiation, making integrated solid diodes, in
particular with microscopic overlapping line structures
as described below singly and in phased arrays, promot-
ing coupling and using the diode construction in combi-
nation, with an absorbtion cell and a detector in spectro-
scopic analysis, using a feedback loop to control the
emission of the diode in a frequency source, and using a
demodulating diode to extract a signal from an optical

_ beam in a communication system.
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The invention achieves a high degree of control of
the frequency of emitted optical radiation and particu-
larly frequency stabilization of optical radiation for use,
for example, in a frequency standard; controlled sweep-
ing of the frequency of optical radiation for use, for
example, in spectroscopic analysis; and modulation of
an optical carrier beam over a wide band, including
high frequencies, for use, for example, in a communica-
tion system.

The invention also features, both for use in generation
of radiation, but also with application to detection, an
integrated solid construction comprising successive
metal deposits having a limited, 1.e. microscopic, com-
mon area at which the deposits are separated by a thin
dielectric layer, preferably sufficiently thin to allow
electron tunneling and preferably the diode or a succes-
sion of them being achieved by microscopic line struc-
tures overlapping at their tips, the line structure serving
as antennae for receiving incident optical radiation to
produce an electrical effect such as mixing, production
of a voltage across the junction, or in the case of genera-
tion, producing an alternating electrical current which,
in proceeding to the antenna, causes radiation at the
new synthesized frequency.

Preferred embodiments according to this subject of
the invention feature a plurality of such antennas and
junctions deposited in an array on a substrate; series
connection of array antennas and junctions to provide a
composite antenna structure with successive connec-
tions effective as rectifying junctions alternating with
non-responsive connections, the non-responsive con-
nections being made so by use of an ohmic connection,
by having an excessive area, by being placed at a node
of a standing wave; or cancellation of rectifying volt-
ages in successive junctions is avoided by use of a series
d.c. bias: enhancement of radiative coupling by making
each of the deposited antennas a length n(A/4) where n
is a chosen integer and A is the wave length of a fre-
quency of interest to enable effective coupling, by mak-
ing each of the antennas a length longer than the 1/1
attenuation length characteristic of the antenna relative
to the frequency of interest, by making each antenna
non-resonant and much shorter in length than the wave
length of the radiation of interest, by positioning anten-
na-forming deposits into a phased array relative to an
optical frequency of interest; or by arraying the anten-
nas in a Franklin-Marconi geometry with co-linear an-
tenna sections and re-entrant sections, the colinear sec-
tions constructed to relate to optical radiation in phase
and the two legs of each re-entrant section constructed
to cancel the effects of each other and thereby not relate
to radiation out of phase with said in phase radiation;
the positioning of diode junctions at the extreme excur-
sion of re-entrant sections, or in the middle of colinear
antenna sections.

Embodiments also feature: linear, planar, and 3-
dimensional arrays of antenna-junction devices depos-
ited on a substrate and arranged to produce cooperative
directional radiation and use of a transparent substrate
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and a reflective coating at a predetermined depth or of

integrated optics to enhance coupling.

The integrated diodes are employed according to the
invention as detectors either for specific frequencies or
over a range of optical frequencies, e.g. as room-tem-
perature broad band detectors or power converters. A
dense array of the devices is featured to resolve an
image for scanning purposes.

Further features and advantages of the invention will
appear from the following description of preferred em-
bodiments thereof taken in conjunction with the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows in perspective and partly cut away the
construction of a metal-to-metal, point-contact diode
according to the invention.

FIG. 2 shows a plot of the output of the diode useful
in explaining its operation.

F1G. 3 shows in diagrammatic form a communica-
tions system using the diode according to the invention.

FI1G. 4 shows diagrammatically a set-up for spectros-
copy using the diode according to the invention.

FIG. § shows diagrammatically a set-up for provid-
ing a stable frequency using the diode according to the
invention.

FIG. 6 is a highly magnified diagrammatic plan view
of a solid state device according to the invention at a
first stage of manufacture.

FIG. 7 is a similar view of the completed device of
FIG. 6 and

FIG. 8 is a diagrammatic side view of the embodi-
ment of FIG. 7;

FIG. 9 is a diagrammatic side view of the device of
FIG. 8 in a device for generating coherent radiation;

FIG. 10 is a diagrammatic side view similar to FIG. 8
of an array of series-connected devices similar to the
individual device of FIG. 8 and FIG. 11 is a diagram-
matic plan view thereof;

FIG. 12 is a plan view similar to FIG. 11 and

FIG. 13 a side view similar to FIG. 8 of a series-con-
nected array with differing connections between anten-
nas for avoiding cancellation effects;

FIG. 14 is a similar side view of a device which is
constructed to operate with a standing wave to reduce
cancellation effects;

FIG. 15 is a plan view similar to the device of FIG. 11
employing D.C. bias;

FIG. 16 is a highly magnified diagrammatic cross-
sectional view of a mechanically contacted point
contact diode structure, FIG. 16a is a view similar to
FIG. 16 illustrating the reflection effect and FIG. 16b 1s
a side view of two antennas forming a point contact
diode system according to the invention;

FIGS. 17, 17a and 17b illustrate various antenna lobes
associated with respective antennas;

FIG. 18 is a highly magnified diagrammatic view of a
series array of diode devices forming effectively a Mar-
coni-Franklin antenna, and FIG. 18a is a similar view of
another such antenna employing a single diode device;

FIG. 19 gives a symbolic representation of a diode
device used in other views herein;

FIG. 20 is a highly magnified diagrammatic plan
view of a column phased array of devices according to

the invention;
FIG. 21 is a view similar to FIG. 20 of a Marconi-

Franklin array;
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FIG. 22 is a view similar to 22 of a row phased array
of devices according to the invention;

FIG. 23 1s a dlagrammatlc side view of the array of
FIG. 22;

FIG. 24 is a view similar to FIG. 20 of a row and
column matrix array;

FIG. 25 is a highly magnified and diagrammatic per-
spective view of a three dimensional array;

FIG. 25a i1s a view of an array incorporated in an
energy conversion circuit;

FIG. 26 is a schematic view of an imaging or similar
device incorporating the diode system of the invention;

FIG. 27 1s a highly magnified, diagrammatic plan
view of the array of devices employed in FIG. 26;

FIG. 28 is a highly magnified cross-sectional view of
an array upon a substrate incorporating a spaced reflec-
tor for enhancing coupling;

FI1G. 29 1s a cross-sectional view of an integrated
optics device incorporating an array according to the
invention while

FI1G. 30 1s a diagram of the array employed and

FIG. 31 is a perspective view of the device of FIG.
29.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

A metal-to-metal point contact diode as used in the
invention is llustrated in FIG. 1. The diode is similar in
construction to diodes used as mixers for detection of
0 infrared radiation (Hocker et al.: Applied Physics Let-
ters 12, No. 12, p. 401 of June 15, 1968) and for micro-
wave detection (Dees: Microwave Journal, Sept. 1966,
pp. 48-35). Diode 3 includes a thin tungsten wire an-
tenna 1, a “cat whisker”, and a nickel base 5. The whis-
ker 1 advantageously has a diameter of the order of the
wavelength or less of the electromagnetic radiation to
be detected, emitted, or whose frequency is to be mea-
sured, and in the preferred embodiment is approxi-
mately 2 microns in diameter, several millimeters in
length, and has tip 2 whose point advantageously has a
diameter about 100 nm or less (that i1s a radius of curva-
ture 50 nm or less) and makes contact with nickel base
§ to provide the diode junction. The base § is held in
place by a brass post 15 which in turn is connected
directly to the center contact of a coaxial connector 16.

The whisker is held in place by a “whisker holder” 7
to which it is soldered by standard techniques. In gen-
eral, the whisker is not wetted, but is held by solder
which squeezes it. The whisker holder, in turn, is
mounted to a flexible phosphor bronze strip 8 which is
attached to the bottom of the main frame 9.

A micrometer 11, whose shaft 13 rests against the
bronze strip 8, is attached and fixed with reference to
frame 9. By adjusting the micrometer 11, the displace-
ment of the phosphor bronze strip from frame 9 is con-
trolled, whereby the displacement and contact pressure
of the cat whisker 1 relative to the metal base § is con-
trolled. A 90° bend 6 is placed in a cat whisker 1 so that
the whisker holder acts as a pivot point thereby provid-
ing a fine tuning effect with reference to adjusting the
contact pressure between the whisker 1 and metal base
S.

The construction of the whisker is accomplished by
starting with a large diameter wire and etching it down
to a smaller diameter over as much of the length as is
desired. In this process, a KOH solution of about 0.1
normal i1s used and a 6 volt AC source is apphed across
the wire. The resulting current through the wire etches
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S ,.
it to a smaller diameter over the length that i1s sub-
merged in the KOH solution. The point 2 of the whisker
is made by etching just the end of the whisker in the
solution, by either etching it away completely or by
rapidly etching for a short time. The resulting point has
a radius of curvature of 50 nm.

For operation of the diode, micrometer 11 is adjusted
such that the tip of the cat whisker 1 just makes contact
with the nickel base 5. Electromagnetic input with com-
ponents of one or more frequencies is coupled to the
diode. This may be done by exposing cat whisker 1 near
the junction with base 5 to radiation. The cat whisker 1
acts as an antenna coupling the radiation field to the
diode. It is advantageous in coupling optical radiation
to focus the radiation to a spot of size comparable to the
wavelength of the radiation. Mircowave frequency
input (for example from a klystron tube) may be satis-
factorily coupled by connection to coaxial connector
16. The coupled input interacts with the junction to
cause a current to flow through the junction. Due to the
non-linear characteristic of the junction, which may be
the result of electron tunnelling effects in an oxide film
on the base, the current is not linearly related to the
input but contains harmonics of the input and sum and
difference frequencies. The diode thus acts as a fre-
quency mixer generating frequencies absent from the
input. In general any generated frequency F;will be one
obtained from the expression F;=(afixbfhtcfi+ .. .)
where f1,f2. . . are input frequencies and a, b, c, . . . are
non-negative integers. It will also be convenient hereaf-
ter to define the order n of a generated frequency as
n=a+b+c+ ....Itis readily seen that when some of
the input frequencies fy, f2 etc. are microwave frequen-
cies and some are optical frequencies then the generated
frequencies F; can include some microwave and some
optical frequencies.

The microwave frequencies generated as described
above in the diode may be sensed by apparatus appro-
priate to processing microwave signals connected to
coaxial connector 16. It has been found that optical
frequencies generated in the diode are emitted as radia-
tion at detectable levels from wire 1 so that the gener-
ated optical frequencies can be collected and directed
with conventional optical elements such as lenses and
mirrors. Using the diode it is therefore possible to con-
trol the frequency of the emitted optical radiation by
manipulating the frequency of a microwave input.

It has also been found that the amplitude of the vari-
ous generated frequencies is influenced by a d.c. bias
voltage applied across the diode junction. For odd
order generated frequencies the output is found to be
near maximum with zero bias; for even order generated
frequencies the output is near minimum for zero bias.
FIG. 2 shows the results of mixing lines of the 9.3 um
band from a CO; laser with a microwave frequency
near 52.6 GHz to generate the first side bands. Since the
first side band is an even order, the output is minimum
at zero bias in conformity with the statements above, It
is readily seen from FIG. 2 that the output of an even
order generated frequency may advantageously be en-
hanced by applying a d.c. bias to the diode.

It is sometimes necessary to try various contact points
between the whisker and the base and various pressures
to obtain a junction with the required characteristic-
s—namely responsiveness to the highest operating fre-
quency and non-linearity in response. When a good
contact is made and with the input frequencies applied,
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6

a d.c. voltage is generated across the junction. This
serves as a convenient indicator of an effective junction.

A laser input to the diode may be operated in the
pulsed mode or continuously. For pulsed operation
typically the output from a CO; laser is 100 watts over
one half a microsecond pulse width; from an H>O laser,
10 watts over 3 microseconds pulse width; and from the
microwave source, a klystron, 30 milliwatts. If the la-
sers and the microwave generator are operated continu-
ously their output should be kept below about 100 milli-
watts to prevent diode burnout.

Generating far infrared, infrared and visible radiation
is accomplished by subjecting a diode to infrared laser
radiation at a frequency. The diode in turn will emit
radiation with frequencies that are integral multiples of
the laser radiation. Here again, a microwave frequency
may also be coupled, and the resulting emitting radia-
tion will have frequencies reflecting the sum and differ-
ence and their respective various harmonics.

Apparatus utilizing two diodes in a communication
system can be understood with particular reference to
FIG. 3. Sending station 20 includes a diode 3a con-
structed as described above. Carrier generator 24,
which may be a continuously emitting CO3 laser, has its
output 26 focussed by lens 28 on the cat whisker of
diode 3a near junction 2. Signal input channel 32 is
connected to and controls the output frequency of
source 30 which may be a tunable klystron. The output
of modulation source 30 is connected to coaxial connec-
tor 16 of diode 3a. D.C. bias source 34 is also connected
to connector 16. Diode 3a, responding to the joint stim-
ulus of the inputs from the carrier source 24 and the
microwave modulation source 30, generates and emits
radiation at the difference frequency between the
sources as described above. The radiation emitted is
modulated in accord with the signal. Lens 36 collects
optical radiation emitted by diode 3a and collimates 1t in
beam 38, which enters optical amplifier 40. The output
beam 42 from amplifier 40 is directed from sending
station 20 to receiving station S0.

Receiving station 50 includes diode 3b constructed as
described above. Beam 42 is focused by lens 52 on the
cat whisker of diode 3b. Optical local oscillator 54,
which may advantageously be a continuously emitting
fixed frequency COz; laser, has an output beam 56 which
is focused on the cat whisker of diode 3b by lens 58.
Microwave heterodyning source 60, which may advan-
tageously be a fixed frequency klystron oscillator, has
its output 61 connected to connector 16 of diode 3b. LLF.
amplifier 62 has its input 64 also connected to diode
connector 16. Diode 3b mixes its inputs as described
above to generate a signal-modulated microwave input
to amplifier 62. The output of amplifier 62 is connected
through signal channel 66 to apparatus where it will be
used or further processed. |

A use of the diode in spectroscopy according to the
invention is shown in FIG. 4. Tunable radiation source
70 includes stable laser 72, the output from which is
focused by lens 74 on diode 3¢ constructed as described
above. Tunable klystron 76 tuned by control 77 is con-
nected to connector 16 to couple its output to diode 3c,
and d.c. bias source 78 1s also connected to connector
16. When stimulated by both laser 72 and klystron 76,
diode 3c radiates at a frequency equal to the sum of the
input frequencies and also at the difference frequency.
The optical radiation from the diode is collected by lens
80 and directed to absorption cell 82 containing a mate-
rial with an unknown spectrum in absorption. Radiation
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passing through cell 82 passes to detector 84. By pro-

gressively tuning the klystron through a range of fre-
quencies the (say) difference frequency generated by
the diode will change through a corresponding range.
The absorption of the material in the cell to the vanous
frequencies in the diode output is measured by the de-
tector to ascertain the unknown absorption spectrum of
the matenial.

The use of the diode in a frequency standard may be

explained with special reference to FIG. 5. Cell 90 10

contains a frequency standard material with an optical
resonant absorption line of known frequency which 1s
sharp enough to provide a frequency base of the accu-
racy required. Laser source 92 and tunable tracking
oscillator 94, which may advantageously be a klystron,
are selected so that by tuning oscillator 94 the difference
frequency between oscillator 94 and laser 92 can be
swept through the absorption line of the material in cell
90. The output of laser 92 is focussed by lens 96 on the
cat whisker of diode 3d constructed as described above.
The output of microwave oscillator 94 is coupled to
diode 3d by connecting to connector 16. D.C. source 98
is also coupled to diode 3d by connecting to connector
16. Acting under the joint stimulus of laser 92 and oscil-
lator 94, diode 3d emits radiation at the difference fre-
quency. This radiation is collected by lens 120 into
beam 102 and directed through cell 90 to detector 104.
The attenuation of beam 102 in passing through cell 90
will depend on the frequency of the beam with respect
to the resonant absorption line of the material in cell 90,
the maximum absorption, and consequently the mini-
mum throughput, occurring when the frequency of the
beam 102 exactly corresponds to the frequency of the
absorption line. Detector 104 operates as a sensor for
the correspondence of the frequency emitted by the
diode in beam 102 to the frequency of the absorption
line which is the frequency base of the system. The
output of detector 104 is connected through channel
106 to control the tuning of oscillator 94, thus forming
a feed-back loop 108. Using well-known techniques and
circuitry, the loop will control the tuning of oscillator
94 so that the frequency of the radiation emitted by
diode 3d and passing in beam 102 will be maintained in
close correspondance to the absorption line of cell 90. It
should be noted that drift in the output of laser 92 is
tolerable in the system, since the feedback loop through
cell 90 causes the oscillator 94 to track the laser fre-
quency producing a difference frequency more stable
than the direct output of the laser and determined essen-
tially by the absorption resonance in cell 90. Count-
down oscillator 110 tunable in a range including a sub-
harmonic (say the 14th) of the absorption line of cell 90
has its output coupled to diode 3d by connection to
terminal 16. Diode 3d mixes the input from oscillator
110 with the inputs from laser 92 and oscillator 94 to
generate a beat at a frequency equal to the laser fre-
quency less the sum of the tracking oscillator frequency
and the 14th harmonic of the countdown oscillator.
This beat is transmitted to amplifier 112 by way of a

connection to connector 16. The output from amplifier 60

112 passes to frequency detector 114, the output of
which is connected to control the tuning of countdown
oscillator 110 in a feedback loop so that oscillator 110
operates in a fixed frequency relationship with the dif-
ference frequency between the laser and the tracking
oscillator. The output of countdown oscillator 110 is
also connected to conventional divider circuits 116
which provide on output channel 118 a convenient
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8

frequency for further use. It may readily be seen that
through the feedback loops connected through diode
3d, the output on channel 118 is locked in a fixed ratio
to the frequency of the absorption line of cell 90 and so
will exhibit the same degree of stability.

According to a further aspect of the invention a solid
integrated structure capable of generating wave lengths
down to 10 microns or shorter (or detecting same) is
realizable providing the necessary non-linear junction
in the form of a dielectric layer or layers interposed
between fixed conductors. Such non-linear junctions
realize advantages of vibration-resistant stability, com-
pact packing and ruggedness, permitting use in the field.
(These junctions are for convenience referred to herein
as “diodes” although use of more than two conductor
layers and several dielectric layers to form a junction
configuration such as triodes, etc., are to be understood
included).

In the presently preferred form this solid diode com-
prises a deposit of solid layers upon a substrate, manu-
factured in accordance with generally known micro-
electronic methods, and preferably presented together
with other such diodes in a predetermined array, such
as one of the preferred arrays described below. For
constructing diodes operable in the 10 micron range,
the techniques of photolithography, e.g. as described in
Smith, Bachner and Efremow Journal of Electrochemi-
cal Society; Electrochemical Technology, May 1971,
Vol. 118, No. 5 are applicable, in which deposited lines
to an accuracy of less than 1 micron are realizable.
Alternatively, and of particular utility for shorter wave
lengths, one may employ the methods of electron beam
microfabrication such as are described in “Microcir-
cuits by Electron Beam”, Broers and Hatzaki, Scientific
American, November, 1972.

Referring to FIG. 6 the first step in forming a single
diode according to this aspect of the invention is to
deposit upon a substrate 120 (preferably transparent to
the radiation of interest, e.g. silicon or aluminum oxide
for infrared radiation) a conductive line structure 122
including antenna leg 124 of tungsten (or in other in-
stances copper, nickel or other appropriate conductive
material). The antenna leg 124 has a width d of the
order of 1 micron. According to the next step, the metal
of this line structure or at least the tip of leg 124 for the
point contact region is allowed to oxidize, forming what
will become a potential barrier consisting of a dielectric
layer 126 of a few angstrom (of the order of 1 nm)
thickness. Then, referring to FIGS. 7 and 8 in a third
step a thin metal layer 128, in this embodiment nickel, 1s
deposited on the substrate beyond line structure 122,
with a controlled thickness ¢ less than 1 micron and
slighty overlapping the top of leg 124 in region E, a
distance t kept small, less than 1 micron. The smallness
of overlap t and the narrowness d of the tip of leg 124
cooperate to keep the overlap area, hence the capaci-
tance of the contact, very low, e.g. the RC time con-
stant of the resultant structure permitting response to
radiation of wave length on the order of 10 microns, or
exhibiting an RC time constant as short as 10— 13 sec.
(For use at larger wave lengths, e.g. for the far infrared
region or where many diodes are employed in array,
tolerances are progressively not as critical. It 1s also
possible, in case of the RC time constant being longer
than the period of an optical cycle, to operate in the
“roll off”’ region. In this case a useful response can still
be obtained even though the speed of the junction is
somewhat slower than the frequency of the radiation.
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For instance for a junction area on the order of 1u
diameter and a series resistance arising from an antenna
with an impedance of about 50 ohm, depending upon
the thickness of the dielectric layer of say 8 A the speed
of response can be about 1012 Hz. Such a junction how-
ever still will respond to radiation of 10u wave length.
In this case however the device will operate at a roll off
point which is down by a factor of 30 from resonse at
1012 Hz, which corresponds to 300u wave length.
Thereafter, a protective layer of dielectric transparent
to the wave length of interest may be applied over the
entire structure, as suggested in the dashed lines 129 of
FIG. 8.

For the purpose of producing a second antenna for
the diode, layer 128 may be made narrow as suggested
by dashed lines 130 in FIG. 7, e.g. with a width d, or
somewhat wider for ease of fabrication in aligning the
first and second deposits for overlap.

As an alternative to the oxidizing step just mentioned,
a controlled layer of dielectric material of selected bar-
rier potential for the particular conditions of interest
can be deposited. In such case, after the first step of
depositing the antenna 124, this structure or its tip 1S
cleaned of any oxide layer (e.g. by ion bombardment or
electron beam cleaning in vacuum). Then a low vapor
pressure of the selected dielectronic can be introduced
to provide a thin layer of controlled thickness of a few
angstroms over the tip or the whole conductor and
substrate. Afterward, while still operating in vacuum,
the third step of depositing layer 128 can be accom-
plished.

Utilization of the solid structure just described is the
same as described above for the mechanically contacted
point contact system. Referring to FIG. 9 laser 131 of a
selected frequency directs its radiation upon antenna
124 establishing currents of corresponding frequency in
the antenna and in the contact region. One or more
currents of other frequencies as from microwave source
132 or as induced by other lasers 134 (or 136 in the case
of the second conductor 130 being properly sized) are
mixed in the contact region with the current established
by laser 131, producing current components of frequen-
cies at the sums and differences of the frequencies of the
inputs and harmonics. These new components travel to
the antenna and are radiated therefrom, being collected
by lens 140 and transmitted for utilization. As men-
tioned in regard to other embodiments described above.
DC bias may be applied to enhance the output under
various circumstances.

Referring to FIGS. 10 and 11, a series array of solid
diodes as just mentioned is comprised of first and sec-
ond metal antenna line-structure deposits 150 and 152 of
different metals such as tungsten and nickel, deposited
by the techniques mentioned above with a dielectrnic
layer interposed in the contact regions of interest. Lay-
ers 150 are first deposited in spaced-apart relation and
then, after provision of the dielectric layer, layers 152
are deposited each between and overlapping the ends of
a pair of layers 150. The enable effective coupling the
length of each line segment is an odd integer multiple of
A/4 where A is the wave length of the highest frequency
of interest or longer than the 1/1 attenuation length
characteristic of the antenna or is non resonant and
much less in length than the wave length. This con-
struction allows coupling of the incident rays simulta-
neously with several diodes and as well permits radia-
tion to be generated simultaneously be several diodes.

d

10

In certain instances where radiation from the diodes
is concerned (as well as in the detection or utilization of
electric signals induced in the antenna by incident radia-
tion) special arrangements are provided to prevent can-
cellation of radiation in a given direction (or of rectified
voltages) from various diodes in the series.

Referring to FIG. 12 lines 150 of tungsten and subse-
quent lines 152’ of nickel are deposited as above how-

 ever the amount of overlap of each line structure 152" is
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different at its two ends. At the left end L the extent of
overlap is very limited, in accordance with the preced-
ing embodiments to less than 1 micron to provide an R
C time constant that enables response at the highest
frequency of interest. However at the right end R of
each line 150’ the extent of overlap is grossly larger,
e.g., several microns, and non-responsive. Response to
the frequencies of interest and mixing them occurs at
the ends L but not at ends R, hence no cancellation
results. (If the two successive overlaps were of the same
length, due to the reversal of the dissimilar metals, op-
posite rectification of voltages would occur at the two
ends with resultant cancellation.)

In the alternative embodiment of FIG. 13, the over-
lap of the second deposits 152 at the two ends are identi-
cal in extent. However by means of masking or other-
wise during application of the dielectric, the dielectric
layers 126 are provided only at the left ends L of lines
152. Thus only at those ends are the effective diodes
created, the contact between the right ends of lines 152
and the adjoining lines 150 being ohmic and not capable
of producing any rectified voltage or mixing.

In the alternative embodiment of FIG. 14 the series
line structure is made as in FIG. 10, with identical diode
constructions at each end of each line 152, however the
overall length of the series array is made less than 1/1
characteristic attenuation length of the antenna for the
wave length of interest, so that a standing wave can be
established, with the effective parameters selected so
that a current maximum occurs at a first diode, a node at
the next and so on, as indicated in FIG. 14. Maximum
rectification will occur at the points of maximum en-
ergy, little in the reverse direction at the nodal points.
Here the sum of the lengths a of each line 150 and b of
each line 152 should bear a special relation to the wave-
length of interest A, i.e.

(a+b)=n(A/2) with n as an integer.

In the example of FIG. 14 n=1 but n can be larger than
unity.

In the alternative embodiment of FIG. 15 the series of
diodes is constructed as in FIG. 12 except that the met-
als of line structure 150 and 152 may be similar (have
similar work functions) and DC bias is applied between
the terminals, thus biasing the entire series in the same
direction. The rectification at successive diode junc-
tions will then be of the same sign, hence will not can-
cel.

With regard to the solid diodes here described, the
dielectric substance for layers 126 is chosen to have a
non-diffusing characteristic with respect to the metals
which it contacts under operating conditions. Tungsten
oxide meets this requirement even in operating condi-
tions at room temperature. In other instances working
conditions are chosen at cryogenic temperatures, e.g. at
temperature of liquid helium in order to avoid disrup-
tive diffusion. By selectively depositing the dielectric
layer, as by deposit in vacuum, the barrier potential of
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the layer material may be controlled by selection of the
material, its geometry (especially size) controlled by
masking and its thickness controlled by vapor density
and duration, all to optimize the particular response
being sought.

Going beyond the fabrication of the diodes as printed
circuits as just described, the various highly accurate
microelectronic techniques are also used, according to
the invention to realize printed matched diodes and
arrays thereof for parametric generation and detection
of electromagnetic radiation in the farinfrared, infrared
and visible regions.

To explain the operation of these arrys, certain con-
siderations concerning the coupling between the elec-
tromagnetic radiation and the point contact diode will
first be mentioned. Taking first a single mechanically
contacted diode as illustrated in FIG. 1, in magnified
scale, shown in FIG. 16, the tungsten wire antenna 1
whose tip is pointed is mechanically contacted with
another metal part §. The tip of the tungsten antenna,
which is on the order of several hundred Angstroms in
diameter, is separated from the metallic nickel part 5§ by
a thin oxide layer on the nickel part 8§ as well as by the
oxide layer on the tungsten tip, combined thickness
being several Ansgroms. In this system the metal part §
can be envisaged as a mirror which produces an electro-
magnetic image of the tungsten antenna as shown in
F1G. 16b. Thus the nickel part § is equivalent to a thin
antenna facing antenna 1, the pointed tips of which are
separated by the oxide layers.

In use as a parametric generator of radiation for ex-
ample, infrared radiation of 10.6u 1s directed from a
CO; laser to the diode together with the output of a
microwave klystron. As has been indicated above, this
results in current flowing through the diode’s point
contact at the infrared frequency. Vg and at the micro-
wave frequency, V.. And due to the diode’s nonlinear
I-V characteristics, additional current components are
generated in the point contact at the synthesized fre-
quencies of the two applied fitelds. Those current com-
ponents include currents at frequencies Vi=VgtnV,,
where n is an integer. Subsequently, each current com-
ponent generated at the point contact excites a propo-
gating current wave along the wire antenna (and its
image), which subsequently radiates at the correspond-
ing frequency. By providing a barrier thickness not
exceeding about 8 A (Angstrom) the current flow
through the oxide layer occurs predominately via quan-
tum mechanical electron tunneling, which in turn gives
rise to the non-linear I-V characteristic).

According to the above, the diode of FIG. 1 can be
represented as in FIG. 16b. The tungsten-nickel system
acts as a long antenna excited at its center, showing the
close relationship now conceived between the mechani-
cally contacted diode and the printed diode, in the latter
the point or limited area contact being achieved by the
slight overlap of the two printed metalic antennas, see
FIGS. 7 and 8.

According to the present invention it is realized that
the well-known principles of coupling radio-frequency
radiation to free space are applicable, with appropriate
miniaturized dimensions, to the antenna of these infra-
red and visible radiation generating and detecting de-
vices here discribed, it being possible by available mi-
croelectronic techniques to manufacture a diode whose
antenna is optimally matched to free space according to
those principles, or to construct a phased array thereof,
to achieve entirely new optical effects. Following well-
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known principles the antennas consist of sections, each
section consisting itself of several antennas placed in
parallel or in series, either with several of them con-
nected to a single diode junction or with each having a
separate junction. For convenience the antennas de-
scribed below are illustrated as single dipule antennas
each having a junction. First the diodes as radiation
generators will be discussed.

Referring to FIGS. 17-17¢, good coupling with free
space is obtained by employing for an infrared radiation
of wave length A, a straight antenna of length n(A/2)
where n is an integer smaller than about 10, so that the
antenna is no more than a few wave lengths long. FIGS.
17, 17a and 17b illustrate the antenna lobes produced
when the selected value of n is 1, 2 and 3 respectively;
In the case of 10.6u radiation the overall length of the
antennas are Sy, 10p and 15u. As n increases the princi-
pal lobes of the infrared radiation turn toward the axis
of elongation and therefore involve more ohmic loss
and poorer coupling; the radiation impedance also in-
creases, though not as drastically, as n increases over
this region, increasing gradually from about 75 Q for
antenna length of (A2) until it reaches a stable value of
about 130 ().

Referring to FIG. 18, the radiating current along the
antennas of a linear array of diodes is kept in phase by
employing a Franklin-Marconi antenna construction.
The combined structure being several wave lengths in
length but for a given length of L=(A/2) of antenna
along its axis, the antenna turns 90° for d=(A/4), then
back upon itself for A/4; 1t then continuing along the
axis (A/2) and so on as above. Here the current is in
phase in each adjacent A/2 length, and radiates accord-
ingly (and the current in the A/4 sectors will not radiate,
the alternate phase thus being suppressed). In this case,
as the antenna length is increased, the radiation impe-
dance increase rapidly and the antenna pattern becomes
more and more directional. For a single re-entrant sec-
tion, FIG. 18a (antenna length 2(A/2) the radiation
impedance 1s about 250 (1, for 5(A/2) it has increased
nearly linearly to about 650 {1 and upwards with in-
crease in antenna length. These types of considerations
have been well known in the past in connection with
radio frequency transmitters or receivers, see Electro-
magnetic Theory by Julius Adams Stratton, pp.
438-460, 1st Ed., McGraw Hill, N.Y. 1941,

In FIG. 18 a deposited point contact region is de-
noted by each of the circles I, I and III at the extremity
of each of the re-entrant sections; alternatively point
contacts I and IIl could be omitted and only point
contact 11 could provide the radiating current.

As a further embodiment of the invention, in the
Marconi-Franklin infrared antenna of FIG. 18, the sec-
tions are made longer while keeping L. and odd number
of A/2 long and d an odd number of A/4, thus for exam-
ple L=(3A/2) and d=5(A/4). A certain Marconi-Fran-
klin effect will still be obtained as long as the phase
distribution of each of the sections of length L is the
same for all of them. Such construction may be em-
ployed with very short wave lengths, as being easier to
fabricate by virtue of the longer segments.

The solid diocde arrays formed by microelectronic
techniques are also advantageously provided in two and
even three-dimensional arrays, with further benefit of
improved coupling. Preferred embodiments of these are
shown 1n the drawings using the symbol of FIG. 19 to
denote a single printed diode, with the tunneling region
denoted by the circle.
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Referring to FIG. 20 there is shown a diode array for
parametric generation of a synthesized frequency of
two applied fields in the case where D.C. bias is not
employed. The array is deposited on a transparent or
semi transparent substrate, each diode consisting of two
narrow metal antennas of length ], overlapped as shown
in FIGS. 7 and 8. Overall diode length L=m(A/2)
where A is the wave length of the synthesized frequency
to be radiated and m is odd, preferably 1=(A/4) (at
A=10u, 1=3.5u) though depending on the microelec-
tronic method utilized, it may be convenient to manipu-
late a longer antenna length such as 21=(3A/2 (instead
of A/2) in which case, for p=10u,1=7.5p and L=154.
The spacing d can be less than A/2. All of the antennas
are excited by coupling light Iz, from an infrared laser
source, not shown, in the same direction for all diodes,
e.g. perpendicular to the axis A of the array, employing
uniform radiation so that all diodes in the array lie in the
same phase front (simply assured by making sure that
the straight array lies in the wave front of the incident
wave). The array is also subjected to second radiation
L, from a source not shown, e.g. a laser or a microwave
klystron under similar conditions. Accordingly the
phase of the current at the side band frequency
V,=V;+V,, will be the same in all of the individual
diodes. From this it follows that in the antenna array all
of the antennae will be excited in phase at the side band
frequency V;and hence they all radiate in phase at that
frequency. The resultant pattern, for L=A/2 will be:

T . QI
cm(2 cmﬂ) sm( 5 cmﬂ)

ain(% cm&)

sin (%— cosﬂ)

where the polar axis from which @ is measured is axis A
of FIG. 20, along the antenna axis and n is the number

of diodes in the array. For larger n the array is highly
directional, radiating in a plane perpendicular to the
array (i.e. 8=m/2), the intensity in this plane being
proportional to n2due to reinforcement in this direction.

As suggested above, at very short wavelengths
where printing of a diode having a total length L=A/2
is inconvenient, a larger length e.g. L=3(A/2) or (5A/2)
is chosen. For L=3(A/2) and of < <A, the pattern of
radiation will be:

2

f1(0)=A

K8) = A Fp? F3?

o[ (5

)(cnsﬂ + 1)]

Fo = sin &
> sin (6wm cos 8)
3 -

sin (67 cos @)

This array will have directionality as in the previous
case except there will be some side band lobes. Also, for
0 =7/2 the intensity will have the relationship I a n?®

The array of FIG. 20, just described, is useful for
generation of even or odd order sidebands in the case of
forming the two antenna sections of each diode of dis-
similar metals (i.e. different work functions). It is also
useful for generation of odd order side band in the case
of similar metals (e.g. Ni and Ni, separated by NiOz). To
generate even order side bands (Vs=V;+nVm with
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n=1, 3, 5, etc.) in similar metals requires d.c. biasing as
mentioned above.

FIG. 21 illustrates a diode array for parametric gener-
ation of a synthesized frequency employing D.C. bias,
useful for even order side band generation where the
pair of antenna sections of a diode are of similar metals
and as well where of dissimilar metals, for improving
the frequency mixing, taking the example of the first

- side band frequency V=V 4V,
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A Franklin-Marconi array similar to that of FIG. 18
is employed, except that the diode junctions are pro-
vided along the axis A of the array, not at the extremes
of the re-entrant portions. Preferably L=A/2 and
1=L1/2, where A is the wave length to be generated, and
a re-entrant section of matching length 1s introduced
between each axial length L to maintain in-phase excita-
tion of each half wave antenna section. (Take e.g.
I=(5A/4) or 9/4\ if A/4 is inconveniently short.)

Pads 120 are connected across each diode separately
for testing D.C. continuity of each diode and if a diode
is open, enabling it to be by-passed by shunting between
the appropriate pads.

In FIG. 22 a parallel diode array is shown which if all
excited in phase, as previously described peaks the in-
tensity of radiation in a direction perpendicular to the
array. Typically L=A/2 (or as before 3(A/2) etc.) and
d<A/2.

If, however, referring to FIG. 23, the array 1s excited
so that phases change progressively from one antenna
to the next (as by bringing the exciting laser wave V;at
an angle 8 with respect to the normal to the plane of the
array) then the radiation generated by the array will be
peaked in a direction at a given angle Y. If the diodes
are excited all in phase at the second frequency Vp,
then the angle Y of the radiation at the side band fre-
quency will be close to the angle of reflection of the
incident laser. The angle yr), may differ from ¥, due to
differences in the refractive index of the two media.

For separation distance d > A/2 the antenna system of
FIG. 22 acts as a grating. In this case, in addition to
radiation lobes in the direction Vs, there will be addi-
tional lobes corresponding to different orders of a grat-
ing with groove separation d > A/2.

Referring to FIG. 24 a two dimensional parametric
generator array is provided combining the two types of
linear arrays described in connection with FIGS. 20 and
22. Example: employing similar metal for the two an-
tenna sections 140, 142 of each diode, radiation
V=V 1+2V,, is generated by exciting the entire array
in-phase at a microwave frequency and, in-phase at the
incident laser frequency V.. The resultant radiation V;
will be peaked in the direction perpendicular to the
plane of the array (refer to as zero order direction), and
if d>A/2 there will be additional directions as in the
case of grating. The radiation intensity in the reinforced
direction will be proportional to 2 where n is the num-
ber of individual diodes.

If the laser field is incident at an angle as in FIG. 23,
the zero-order radiation at the side band frequency will
occur at an angle close to the reflection angle.

Referring to FIG. 25 a three dimensional array is
constructed by first printing a two dimensional array
151 as described above, then depositing a layer 153 of
transparent dielectric, then printing another two dimen-
sional array 154, and repeating these steps a number of
times. Such an array has a radiation pattern similar to
the X-ray diffraction pattern of a crystal lattice.
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In the various embodiments shown it has been seen
that use of phased arrays enables an array gain to be
achieved increasing the power of radiation generated in
relation to the square of the number of diodes present,
as well as by making the radiation directional in various
ways as desired.

As has been noted, the printed diodes are also effec-
tive to generate currents or voltages in response to
incident radiation which can be used for other purposes,
as for detecting the presence of incident radiant energy
or rectifying or converting such energy to electrical
power. In such applications the basic considerations for
designing the arrays for detecting or converting are the
same as those for generating radiation.

Referring to FIG. 25a a power converter is shown in
which a series of diodes is exposed to incident radiation
which may be infrared or visible radiation, as from the
sun. In this case the antenna dimensions may not be
matched to a particular wave length, rather the broad
band capabilities of arrays are employed to permit con-
version of radiation of various frequencies to electricity.
This power converter comprises a 3 series array of
diodes, the arrays all connected in series. A.D.C. bias
device 170 applies D.C. bias across each of the diodes in
the series, useful to enhance the rectifying property of
the junctions (rectification being an even order pro-
cess). In the case where the junctions are made with
similar metal, the D.C. bias introduces a polarity which
enables all of the rectified voltages to add up together.

In the case of using dissimilar metals, the rectification
and power conversion can be obtained without need for
biasing the diodes. However, as noted in reference to
FIG. 12 above, the polarity of the contact is such that
current flows from the metal of low work-function to
that of high work-function. Cancellation of polarities
are avoided by the various means described above,
rendering every other contact a non-rectifying contact
as by making it an ohmic contact or making its contact
area large so as not to respond to the high frequency
currents here involved.

The load pictured in FIG. 25a may be replaced in an
appropriate design by metering or recording apparatus,
the unit then being operable as a detector for radiation.
When constructed for instance of the preferred nickel
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high sensitivity when at room temperature, even
greater sensitivity being achievable by cooling.

Referring to FIGS. 26 and 27 an imaging system 1§

shown in which the light pick up device for the image
comprises an array 200 of the printed diodes 202, the
diodes sized for response to the wave length of an image
projected through lens 204 upon a transparent plate 206.
The array is shown disposed on the back side of the
plate, with a diode distribution density corresponding to
the resolution desired, the antenna of each diode being
exposed to light rays of a corresponding picture element
of the image, the rays reaching the diode through the
transparent substance of the plate 206. For instance 1f
the rays forming the image are of a wave length of 10,
the substance of plate 206 may be silicon, which is trans-
parent to that radiation. |
Depending upon the amount of radiation present at a
given picture element at a given instant, the diode cor-
responding to that element will produce a rectified
voltage across the diodes. All of the diodes are con-
nected through conductor 208 to common point A. By
a raster scan of electron gun 210, the array 1s scanned
and the instantaneous rectified voltage of each diode 1s
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read. This is accomplished by the electron beam being
focused on the end of the antenna of the respective
diode, at points indicated by the numerals in FIG. 27: 1,
2.3 ...nn+1,n4+2. .., mm+1 m+42. ... At the
instant the beam is focused on a given diode, the current
passing through the diode junction and reaching com-
mon point A is indicative of the rectified voltage hence
the intensity of the radiation then incident on the re-
spective diode. The series of voltages produced in each
of a succession of raster scans may be recorded in nu-
merous ways, to record the succession of images; televi-
sion tube 212 is here shown displaying the resuitant
image, the respective signals from point A controlling
the blanking device for the T.V. electron gun, the gun
being synchronized in its raster scan with the scan of
read-out gun 210.

Referring to the embodiment of FIG. 28, a construc-
tion is shown for improving coupling between diode
array 220 and free space. The array 1s disposed upon
surface F of a transparent layer 224 of thickness
1=A/4,A being the wave length of interest. On the op-
posite face of layer 224 is a mirror-like face for the
radiation of interest. Light Iz incident upon the array
couples therewith and also courses through the layer
224, is reflected and reversed in phase by the reflection
and courses back through layer 224 to surface F where
it is also incident upon the diode. Due to the selected
thickness 1 of layer 224, the light Iz has a maxima at
surface F, and effective coupling is realized.

In an alternative embodiment this thickness 1 of layer
224 may be |=A/4+nA where n is an integer.

For fabrication of this embodiment, a block of start-
ing material 226 is ground and polished to provide an
upwardly directed surface; a substance reflective at
wave length A is vacuum deposited in the surface, form-
ing reflective surface 12, then a thickness | of transpar-
ent material is evaporated onto surface R to form sur-
face F, then the diodes 220 are printed upon surface F as
described above. |

In further alternative constructions layers of differing
refractive index at the frequency of interest are em-
ployed to produce a maxima of the E field at a surface
upon which are printed the light and infrared-respon-
sive printed diodes here concerned. -

Referring to FIGS. 29-31 coupling to the devices is
achieved by combination with means defining an inte-
grated optics assembly. In the practice of integrated
optics, the properties of an evanescent wave are well
known. These waves can be employed to couple into
the diodes. Referring to FIGS. 29 and 31 a two dimen-
sional diode array 300 is deposited on the back side 302
of prism 304. The incident radiation R; then passes
through one face of the prism, is reflected at the back
side of the prism and exits at the other face. There re-
sults an evanescent surface wave propogating along the
backside of the prism. By constructing the array as a
fish bone antenna in accordance with FIG. 30, radiation
can be coupled into the antenna array by the surface
wave, Ri.. In this embodiment 1 can be A/4 or A/44nA
where n is an integer and d can be less than A/2.

As a specific example of forming the solid devices,
one may begin with a dielectric substrate such as sa-
phire, transparent to the radiation of interest. The sur-
face is coated with a film of organic polymer such as
A-1350 resist from Shipley Co., Newton, Mass., a coat-
ing which de-polymenzes upon exposure to light. The
coating may be for instance from 5,000 to 20,000 A
thick.
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By computer suitable exposure masks are generated
for the first and second metal deposits. The organic
coating is exposed to light through the first mask, expos-
ing those lines desired and the resultant depolymenized
coating is washed away leaving a relief pattern for the
first metal deposit. Thereupon metal is evaporated in
vacuum over the entire crystal, the metal at the pattern
adhering to the crystal, otherwise to the coating. The
coating is then washed away as by acetone. Thereupon
the dielectric layer is formed as by exposing a tungsten
first metal to the atmosphere. The procedure is then
repeated for the second mask, being careful to use align-
ment markings also generated with the first mask, for
ensuring alignment of the second mask, thereby to ob-
tain the proper amount of overlap. These or other such
known techniques may be employed in forming the
diodes according to this aspect of the invention.

[ claim:
1. A method for generating coherent optical radiation

18

tion, flow of said current through said antenna and
emission of radiation from said antenna, said cur-
rent and radiation being of optical frequency which
is related to the frequency of the frequency of the
input and absent from the input,

an optical element for collecting said radiation of said
optical frequency emitted from said antenna for
direction to a station for utilization. }

[13. Apparatus as claimed in claim 12, said source

10 providing a component of electromagnetic energy with
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a frequency in the microwave range. }

[14. Apparatus as claimed in claim 13, further com-

prising means for controllably varying said microwave
frequency. }

[15. Apparatus as claimed in claim 14, including

controls for adjusting said microwave frequency so that
said emitted radiation has a desired frequency.}

16. [ Apparatus as claimed in claim 14,] Apparatus

for generating coherent optical radiation comprising at

comprising providing an antenna connected to a metal- 20 %, 500 antenna connected to a diode junction having

to-metal diode junction having non-linear characteris-

tics, and coupling to said diode junction an input of

electromagnetic energy sufficient to interact with said
junction to cause generation of current through said
junction, causing flow of said current in said antenna,
and causing resultant emission of coherent radiation
from said antenna, said current and radiation being of an
optical frequency which is dependent upon the fre-
quency of said input and absent from said input.

2. The method of claim 1 wherein said diode junction
is provided by a metal cat whisker with pointed end in
contact with a metal base.

3. The method of claim 1 wherein said diode junction
is provided by solid deposits of two metal layers having
a limited common area at which the metals are sepa-
rated by a dielectric forming in effect a metal-to-metal
junction with non-linear current-voltage characters-
tics.

4. A method as claimed in claim 1 comprising collect-
ing said radiation of said optical frequency emitted from
said antenna for direction to a station of utilization.

5. A method as claimed in claim 1 wherein said input
comprises radiation of optical frequency coupled to said

junction through said antenna.
6. A method as claimed in claim 1, wherein said input

comprises a component frequency in the microwave
range.

7. A method as claimed in claim 6 including varying
said microwave frequency so that said emitted optical

radiation has a desired frequency.
8. A method as claimed in claim 7, said microwave

frequency being modulated by an information bearing
signal, thereby causing said emitted optical radiation to
be modulated by said signal.

9. A method as claimed in claim 1, said emitted radia-
tion being produced by even order mixing, and includ-
ing applying a d.c. biasing voltage across said junction.

10. A method is claimed in claim 2, said pointed end
having a radius of curvature less than 50 nm.

11. A method as claimed in claim 2, said cat whisker
having a diameter smaller than the wavelength of said
emitted radiation.

[ 12. Apparatus for generating coherent optical radia-
tion comprising at least one antenna connected to a
diode junction having non-linear characteristics,

a source of electromagnetic energy coupled to said

diode junction to interact with said junction to
cause generation of a current through said junc-
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non-linear characteristics,

a source of electromagnetic energy coupled to said diode
Junction to interact with said junction to cause genera-
tion of a current through said junction, flow of said
current through said antenna and emission of radia-
tion from said antenna, said current and radiation
being of optical frequency which is related to the fre-
quency of the input and absent from the input, said
source providing a component of electromagnetic en-
ergy with a frequency in the microwave range,

an optical element for collecting said radiation of said
optical frequency emitted from said antenna for direc-
tion to a station for utilization, and

means for controllably varying said microwave fre-
quency, including means for modulating said micro-
wave frequency by an information bearing signal,
whereby said emitted radiation is modulated by
said signal.

17. [Apparatus as claimed in claim 12,] Apparatus

for generating coherent optical radiation comprising at

least one antenna connected to a diode junction having
non-linear characteristics,

a source of electromagnetic energy coupled to said diode
Junction to interact with said junction to cause genera-
tion of a current through said junction, flow of said
current through said antenna and emission of radia-
tion from said antenna, said current and radiation
being of optical frequency which is related to the fre-
quency of the input and absent from the input,

an optical element for collecting said radiation of said
optical frequency emitted from said antenna for direc-
tion to a station for utilization, said diode junction
including a cat whisker with a pointed end contact-
ing & base.

18. Apparatus as claimed in claim 17, said base being

made of nickel.

19. [Apparatus as claimed in claim 12,] Apparatus

for generating coherent optical radiation comprising at

60 least one antenna connected to a diode junction having

65

non-linear characteristics,

a source of electromagnetic energy coupled to said diode
junction to interact with said junction to cause genera-
tion of a current through said junction, flow of said
current through said antenna and emission of radia-
tion from said antenna, said current and radiation
being of optical frequency which is related to the fre-

quency of the input and absent from the input,
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an optical element for collecting said radiation of said
optical frequency emitted from said antenna for direc-
tion to a station for utilization, said emitted radiation
being produced by even order mixing, and includ-
ing a source of d.c. biasing voltage applied across
said junction.

20. Apparatus as claimed in claim 17 said pointed end

having a radius of curvature less than 50 nm.

21. Apparatus as claimed in claim 17, said cat whisker
having a diameter smaller than the wavelength of said
emitted radiation.

[22. Apparatus as claimed in claim 15, said control
for said microwave frequency including a feedback
loop connected through said diode to stabilize the fre-
quency of said emitted optical radiation. }

23. [ Apparatus according to claim 12] Apparatus for
generating coherent optical radiation comprising at least
one antenna connected to a diode junction having non-lin-
ear characteristics,

a source of electromagnetic energy coupled to said diode
junction to interact with said junction to cause genera-
tion of a current through said junction, flow of said
current through said antenna and emission of radia-
tion from said antenna, said current and radiation
being of optical frequency which is related to the fre-
quency of the input and absent from the input, and

an optical element for collecting said radiation of said
optical frequency emitted from said antenna for direc-
tion to a station for utilization,

said apparatus comprising a solid substrate, a solid
metal deposit thereon, a solid dielectric layer upon
a portion of said metal deposit, and a second solid
metal deposit on said substrate, said second metal
deposit having a predetermined limited common
area with said first metal deposit, the respective
common portions of said metal deposits being 1n
intimate contact with opposite sides of and sepa-
rated by said dielectric layer, said dielectric layer
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being of limited thickness, said common region
thereby defining a potential barrier producing a
metal-to-metal junction with nonlinear voltage
current characteristics, a portion of one of said
metal deposits extending away from said common
region having a width related to the wave length of
said optical radiation and, forming an antenna re-
sponsive to said incident radiation to generate an
alternating electrical current at the frequency of
said radiation, and to conduct said current to said
junction.

24. The apparatus according to claim 23 wherein said
dielectric layer is of the order of 1 manometer or less
thickness, said metal deposits and interposed dielectric
layer chosen to provide a barrier potential enabling
quantum mechanical electron tunneling across the said
potential barrier to predominantly determine junction
impedance.

25. Apparatus for generating optical radiation com-
prising

an array of devices formed on a substrate transparent
to the generated radiation, each device including
an antenna connected to a diode junction having
non-linear current-voltage characteristics, each of
said devices including an elongated deposit of a
first conductive material, a dielectric layer contact-
ing a portion of said deposit, and a deposit of a
second conductive material contacting said dielec-
tric material close to said elongated deposit, the
devices in said array being disposed to give cooper-
ative directional radiation,

a source of electromagnetic energy coupled to the
junctions of said array to cause generation of cur-
rents in said junctions, flow of said currents
through said antennas and emission radiation from
said antennas, said currents and radiation being of

optical frequency absent from inputs to the devices.
» * * » %
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