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ABSTRACT

Chemical, mechanical (ceometrical), electrical and thermal stability
parameters of the metal-oxide (insulator)-metal (MOM or MIM) diodes based on
point contact and discontinuous metal film structures have been examined
exhaustively for diode stabilization and optimization of performance for
mm wave and near infrared laser detection and mixing. Preliminary observations
and analysis have indicated possibility of achievina lono term stability
with little loss of the ultrahich frequency of operation and ultrabroad bandwidth
of these devices. As instability is areatly reduced, fundamental physics of
the conduction mechanism~ and thdr reaimes of operation should then be
unambi quous 1y analyzed and identified. The technigues acquired have Ted to
the initial fabrication of thin “iilm chiv diode arrays for more efficient

detection and mixino.




INTRODUCTION

The eenerally acconted tunnelling process as the Jdominant
conduction mechanism and the majoritv carrier aspect of such 1 conduction
process have becen widely demonstrated by the ultra-high frequency of
operation and ultra-broad bandwidth of the metal-oxide-metal (MOM)
or metal-insulator-metal (MIM) diodes. The point contact version has been
reported to perform mixing in the near infrared with bandwidths of
the order of over a hundred GHz. Despite its tremendous bandwidth and
excellent antenna property, the MOM point contact Jdiode has often been
faulted for its inherent mechanical, thermal and electrical instabilitieos
and non-renroducibility in fabrication. These undesirable features
have hamnered its wider aoplication. Alternate thin {ilm versions
have thus been censidered by us and a number of rescarch grouns,
The photolitroaranhic  thin film diode on substrates has been ‘1omcw1sr1w1rod:
to overcome mechanical instability only., The discontinuous metal Tilm

3

version with vreater case ot fabrication and rotential to overcomo
all the above instabilities is beine seriously considered by us.

The metals, their geometrical arrangement and shane, and the 1

naturally crewn oxides must be exnlored exhaustivetly in orvder to

arrive at MOY or MIM structures with ontimum stability and response. ?
In the point contact version usine sharn tuncsten whisher in contact 1
with the naturally orown oxtde on o nickel nost, hoth the ceemetric ‘

shape of the whisher tin and nature and thickness of the oxide laver
must be exanined. Studies Wave 1.0 to the >atablishment of an undamaceced

hooked tin with an ontinun <londer ratio and ontimum oxide thickness. &

e
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In the discontinuous metal film, island snacine, size and island

material with ditfferent work functions are the parameters that ultimately
determine diode performance and stability.

Thus, the performance and stability of these diodes arce extremely
dependent on the chemical, mechancial, electrical and thermal
properties of the materials that compose the diode: the metals and
their oxides determine the chemical stability of the oxide or
insulator laver and thickness; the ccometric shape of the tunegsten
whsiker tip in the point contact version determines the amount of
penctration of the tip into the oxide laver and thus the ultimate
oxide thickness between metals and the amount of hookine of the tin.
This aspect of geometric shapine for stability has been extensivelvy
exnlored: oxide thickness, island spacinc and size naturally determine
the electrical resistance of the diode, which bolds the kev to
diode performance, stability and immunity to puncture due to accumulated

clectrostatic charce.
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TUNGSTEN-NICKEL MOM

POINT CONTACT DIODV STABILITY PARAMELLRS

CHEMICAL STABILITY PARAMETERS
Ar outstandino characteristic of the tunasten is its vell
bnowin high meltirng point of 3410°C; its extremely strorg
atomic cohesion also accounts for its mechanical strencath
and small thermal expansior. These pronerties are thus
utilized for mecharical stability of the tungsten vhister
tip as the poirt contact of the diode, especially under
interse focused laser radiation. Furthermore, tunrgsten is
rot oxidized to a sianificant degree in the atmosnhere up
tc 550°C and remains so up to 1000°K reached under normal
laser irradiaticn. Even at higher temneratures, no consideratle
contritution comes from the inside oxide laver due to the
metallic properties of W40;; formino the outside oxide Tayer.4£’6
The tungsten whisker is generally etched from polvcrystallire
wire, which is usually drawn with preferred grain orientations
along the wire axis. Electrolvtic etchirg of the wire precduces
tips much smaller than the grairs so that the tip forms a
single crystal consisting of (111) faces with a common 110
axis alono the whisker direction ,
In the tungsten-on-nrickel MOM diode, the insulatina laver
that forms the tunneling btarrier is thus mainly the nickel
oxide, which is one of the best insulaters in nature with ar
electrical resistivity of 1015 ohm-cm, Oxide layer thickness

. 0
is approximately €-8 A by electropolishing ’ and 9-12 R by

6
anodic oxidation anrd much greater at elevated temperatures ,




Nickel oxide lavers have e¢lse teer farmed bty initial mechanical
polishire in a dilute vica solutior, ther etched vith
nhosphoric acid arcd rotassium dichromate to achieve a clean
surface; Thr surface oxide is ther farmea by short takire
at 450°Q Gxide thickress varies vit! the aurztior of oxidatior.
Gxide trictress formed ir this marrer ranases Trorm 5 Footo
15CC R, The dry air-formed oxide film at room tempers‘ure ia also
6-8 & in thickness and is basically stoichiometric NiO

Q

¢ 10
However, it has been shown theoretically and experimer ‘ly that

diode responsivity increases several orders of maanitude with 1sina
1

-

insulator thickness, as a matter of fact, reaching a maximun at 12 A
Rectification efficiency has been shown10 to be extremely sensitive
to work function differences between the two metals so that dissimilar
metal diodes are superior. It has also been suacested i that ceometrical
asymmetry of the diode improves rectification for any metal combinations.
Thus, a aold whisker on a aold base proves to be the most efficient
detector at 75 GHz , but cannot be used as frequency mixer and harmonic
cenerator in the infrared.
It is well known that MOM point contact diodes oresent oreat difficulty
in control of contact pressure. It is reported 8 that detection sensitivity
is hichest when the contact pressure is very low. Diode resistance is a

strong function of the contact pressure.




These circuit limitations have =7,y peen demonstrated bv the dependence

of detection sensitivity on the load resistance in the aiecde circuit as srown

| below.
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DEPENDENCE OF CONDUCTION MECHANISM BETWEEHN METALS O OXIDE FILM THICKNESS

Tunnelina and Schottky emission are usuallv the nrncesses auoted to explain
electron conduction in an MOM dicde. Thus. we bave
3, v Texo(+a,i/T)

JT'V V2exo(-b/v) for tunnelina.

for Schottky emissicn, and

The current density due to Schottky emission is thus an exncnential funct:on of
temperature, while tunnelino current density is essentially temperature indenendent.
The operatinc ranaces of these two conduction processes are well illustrated in

the fiaures below 1
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These results seem to indicate t"at roctification is quite sensitive to
oxide film thickness and the two conductirn =ochanisms play their dominanf rnles
in different rances of oxide fitwm thicknacs. Thus, tunneling is dominant for
thin oxide films and Schottlty emissicr is dewinant in thick oxide films at
elevated temoeratures. We will thus corfine our considerations to thin films
for the fabrication of a temperature denendent diode. Since oxide film thickness
is closely related to diode resistance, which in tirn determines the anount of
rectified voltage from the diode as shown below, oxide film thickness and the
maintenence of the constancy of film thickness are the key to the fabrication of

an optimum and stable diode.

©  ®pasurep,
& Measurepd,
- (ALCulater,

10 /

()

RecTiF1ED VoLtact

10° 1
Diope Resistance ¢ a )

Dependence of the detected voltage on the .
contact pressure. Oxide thickness on the nickel post; Fi g. 5

10A.
From ouyr experijence, this so called contact pressure variation is nothing but
variation in oxide film thickness due to penetration of the whisker tin into the
deposited oxide layer. Thus, increase of contact pressure causes deeper penetration
and thus lower diode resistance and vice versa. Hence, th- authors noted that the
best response occurred when the .. hisker was Jjust senus’ from the nickel post or

minimum penetration since 10 A is the ontimum thickness for the rectified voltaace.




So far, only dry air oxidized films have been used in our experiments and

they are less than the optimunm thickness. The improvement in diode stability is
thus rather impressive, considerina that we have been operatina mostly on the
sianificantly steen slope of the rectified voltace versus oxide thickness curve.
It is thus our intention to arow thicker films so that we operate the diode at

the optimum thickness level with a broad peak. This will further reduce the
sensitivity of the diode to oxide thickness variation, resultina from many sources

such as mechanical vibrations, thermal expansions.
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MECHANICAL STABILITY PARAMETERS

CONTROL OF OXIDE FILM THICKNESS AND CONTACT PRESSURE AS KTY TO DIODE STABILITY
In the case of contactina a sharp whisker tip with an oxide layer at exactly

the optimum thickness, there will be certain amount of stability achieved due

to the flat top of the rectified voltace outout versus oxide film thickness curve.
Thus slight variation in the thickness between the two metals will not lead to
singificant variation in the rectified voltage. However, for such an arrangement,
the sharp tip is at the point of parelv mamﬂcontact with the oxide film, so that
any vibration induced variation in the separation be iween the tip and the post

will lead to periodic breaking of contact and thus open circuit at the vibration
frequency. Such sensitivity to vibrations cannot be tolerated. Such a configuration
involvina a sharp tip is also susceptible to oxide surface variations.

Such arrangement has been made in some MIS diodes, typically as shown be]ow12.
Great pains have been taken to ensure constancy of contact and contact pressure.
Even if we can be convinced of the mechanical stability of such a diode, we cannot
believe such a diode can be used under reasonably hiah powerradiation, when
thermal expansion must be taken into account, or even without irradiation except
room temperature variations. It must be noted that we are concerned about physical
distance variations of no more than 1-2 K. Then, there is the question of

[

very slight mechanical vibrations of 1-2 A amplitude. No doubt the high electric

field at the sharp tip due to accumulated static charge is often observed to

puncture the oxide layer.

Crose-sectional view of encapsulated point.
contact photodionle.
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A natural step that can be adonted to alleviate most of the above difficulties
is to alter the contacting arrancement. A thicker than ontimum oxide layer can
be grown, and the sharp tip is allowed to penetrate the oxide layer tc reach the
optimum thickness. In the nrocess of penetration the sharp whisker tip is expected
to hook, creating a reasonably larae contact area inside the oxide film and
providing via the hook some measure of a cushioning effect. The key of the success
of this scheme lies in the controlled etchina of the sharp whsiker tip to achieve
a so called ontimum slender ratio - ratio of the tanered shaft lenath to the tip
diameter. An optimum slender ratio is defined as the shape parameter that will
ensure hookino of the tin with minimum damaage to the tip and minimum diversion of
the tip from the elbow or contact area. This thus calls for careful reexamination

of the electrolytic etchino process of the tungsten whisker.
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TUNGSTEN WHISKER TIP DEFINITION

It is through the careful and consistent definition of the
physical state : damaged, blunted, hooked and undamaged, of the
whisker tip of the MOM point contact diode that we have been atle
to arrive at a single design parameter of the undamaged hooked tip
coined by us as the slender ratio. The shape of the hook controls
the stability of the diode with no sianificant loss in tip
responsivity.

The slender ratio is designed by reexaminina systematically
the fabrication process. This process involves two steps: etching
of the tip and contacting of the tin with the nickel post.

At a certain voltage between electrodes and KOH solution
concentration, the single factor that determines the slender ratio
is the depth of immersion of the tungsten wire in the solution.
The simultaneous etching 6f the portion of the wire covered by the
miniscus and the submerged portion, with the latter providing
an additional conduction path served to prolong miniscus
etching in proportion to immersion depth up to a certain depth.

Tips with different slender ratios are then mounted for
contact with the nickel post. Hooks are formed during this
contacting process. The shape of the hook is determined by the
slender ratio and the carefully applied contacting stress or

pressure. An appropriate amount of stress is defined as that

which achieves diode stability and reasonable sensitivity. Excessive

stress will produce excessive hooking in very slender tips, i.e.,
tips of large slender ratio, and blunting or damage in stout tips

or tips with gsmall slender ratio.
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A

Diode stability is classified accordina to origin as:
mechanical, heating and electrical. The unique feature of the hook
provides some cushioning for mechanical vibrations, a free end
for thermal expansion and contraction, and a rounded bend in
the oxid=2 junction area and thus less susceptibility to electric

charge buildup and puncture. A1l these conjectures have been

proven to be true.

With proper hook shaping, sharp tip field enhancement in
the junction area is not significantly degraded if the sharp tip
is not too far away from that area. In V band mixing experiments,
the MOM diode has demonstrated its superior bandwidth at this
stage of fabrication to commercial units.

It is thus believed that with some more work in packaging,

the point contact MOM diode may prove to be a field applicable

i

device with sensitivity comparable to MIS units and bandwidth

not matched so far.
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The standard clectrolyvtic,self-teminatine process for ctching the
tngsten wire in SN KOH solution was adonted . The anplied ac voltage, conduction
current and depth of tip inmersion were carefully monitored and controlled. The
etching process was scrutinized under a 100 x microscope. Although it is
generally believed that the miniscus around the immersed wire detemmines the
profile of the ctched tip, we foumd that wire inmersion denth was, within
a certain range, also a controlling factor by provine an additional conduction

path, which prolonged the etching process. Thus, deep immersions produced

long, slender tips, while miniscus ctchine dominated for shallow immersions.

leading to sharp tips with shart shafts. The tip profile was conveniently
characterized by a slender ratio, i.e., the ratio of the shaft length to tip
diameter. A tip with optimum slender ratio is defined as one that will
penetrate the oxide layer with minimum damace and sufficiently to produce
high responsivity and be minimally bent so as not to increase the contact
area appreciably.

The bent tip has often been encountered by workers in this field, but
viewed negatively because of possible damage imparted on it, it uncontrollability
and the possibility of increased contact area, thus increased capacitance.
However, it has also been argued that the simultaneous reduction in diode
resistance may compensate the increase in capacitance so that degradation
in diode performance is debatable. Uncontrollability can definitely be
removed by controlling the slender ratio. It is on this basis and our
preliminary experimental observations of no noticeable reduction in

responsivity that we decided to define and investicate systematically
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the possibility of exploitine this hook feature to tmprove diode
stabiliz,
Absence of the sharp tip in the contact region will certainly
reduce vulnerability to electrical shocks. Spring action of the hook

cusions guitc well mechanical vibrations affecting the free standing

3

whisker. Susceptibility to heating is present in varying degrees 1
the metal isiand, printed circuit and free standing versions, with

the last two affected the most. This 1s almost nonexistent in the

hooked-tip version, in which thermal expansion and contraction occur
at the free end and not in the junction area.

Mest of these conjectures were confirmed in our experiments. Thus,
the shape of the whisker tip characterized by its slender ratio can
De controlled and reproduced through strict control and maintenance
cf the etching parameters. The ratio is the governing factor of the
eventual hook contour following tip penetration into the oxide 1laver.
There is trade off between stability and responsivity only in the sense
when the tip is excessively hooked because of too slender a shaft,
resulting in insufficient penctration of the oxide layer and excessively

large contact area. The range of slender ratios for acceptable per-

PO,

formance is rather large. Many whiskers were fabricated and tested
at X band, V band and at CO, laser frequency on an optical table purposecly
without provision for removal of normal room vibrations. H

Typical experimental data on sharp tip dctection in the infrared

arc prescented. The improvement in stability once the hook was formed
was dramatic. We have yet no long term stability data (over
days or months), but our rather casual handling of the diode mount

and repcated observation of stable detection with a hooked tip,

were convincing evidence of possible long term stubility




Resporsivity improved as contact pressure was reduced by no more

than tvo to three fold, while instatility increased significantly.
This mav be indicative of the RC irdependence of diode nerformance
to first order so that the hocked contcur should be a sound hasis

for a stable device.

Creation of a free erd is the single most important feature
of this improved diode, enabling it to avert the major heating
instability resulting from thermal expansion of the whisker tip.
Heatina effect is definitely present as evidenced in the extrene
case of an unchopped laser bteam and the observeiion cf a reagular
pulse train due to making and breaking of contact of
the whisker with the nickel post, the former due to thermal expansion
of the whisker and the latter, its retraction after heat sinkina
by the post. This pheromencn was not observed in the case of the
hooked tip. Departure of the detected signal from a rectangular wava-
form cast dodbt on the true nature of detection, such as
possitle heat induced djode resistance variation at the chooper speed.
This was removed by changing chopper speed and observing no signi-
ficant change in detected signal amplitude. This form of
instatility is unavoidatle at high incident powers, but should play

no part in the device as a mixer.

Arother often reported and analyzed effect is polaritv reversal,

which, interestingly enough, was not observed with the hooked tip.

It was freauently encountered durina the early part 9f our work
with the sharp tip and again in the case of the hooked tip only
when it was withdrawn to the point of breaking contact,

This suggests that polarity reversal, though may be of fundamenteal

interest, is another form of instability associated with the sharp tip.
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These improvements in stability have been demonstrated in the
free standing roint contact diode, and should be applicable to the
orinted circuit versiorn. The removal of the effect of thermal
exoansion of the tip is the most important feature. Thus, not only
car this device be used as a high power infrared detector, but also
as an efficient and stable mixer, where high power stability is
essential, since its efficiency is proportional to local oscillator
power level. The tremendous bandwidth has also been recently reported
at 170 GHz1 .

Possibility of long term stability study is teing ccnsidered

since it involves strict maintenance of environmental conditions,
such as vibrations, room temperature, draft conditions, etc. The
bjconical antenna model of the long wire version also needs

revision.
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ALTERMATE MIM STRUCTURES

Photolitnooraphic printed circutis - have been nronosed as alternate MOM
structures. No particularlv encouracinc results have been renorted. These MOM
structures denosited on alass substrates will remnve mechanical instability.
However, these are essentially metal-insulatorsubstrate)-metal devices since
no fabrication of a 17 A oxide film thickness is nossible with current technoloay.
Such diodes thus tend to have very low responsivity. Furthermore. the sharp tin
structure is stil) nresent so that thev are acain not immune to thermal and
static shock instabilities.

We have so far conducted substantial amount of work towards the develooment
of a discontinuous metal film MOM diode by sputterina various tynes of metals onto
a alass substrate at very short durations. Accordinc to theory 5. metals islands
are formed on the substrate with seobaration between islands hichly dependent on
the deposition rate, and achievina distances from 0 to 40 A. Witk the understandinc
nained from the noint contact diode work, we bélieve we can achieve the optimun
island senaration of 12 A. Other oparameters can also be emnloved such as the use

of dissimilar metals or metals with naturally very thin oxide layers of hiah

resistivity. Some of our preliminary experimental results are aiven below.
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In the initial ohase of continuous metal €ilm deposition, the deposited

film structure is discontinuous, consistina of a laras nunber 0f islands cn a

substrate and orowina in size as metal atoms accuiulate con the substrate.

In films with hioh density of small islands, direct tunnelinc will be the

principal conduction mechanism. However, as the distance between islands and

the sizes of the islands are increased, the conduction process becomes ccmplicated.
Thus, other models of conduction have been prooosed, such as conduction via
imourity levels of the substrate material, thermal excitation of electrons in

the islands and thermal emission of electrons. Domains of operation of the

various conduction mechanisms have thus been proposed as shown below.
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A discontinuous metal film correspondina to reaion A, where direct tunnelina
is the dominant conduction mechanism, consists of a laroe number of M-I-M
junctions connected in series and parallel. ‘hen an electromacnetic wave is

incident on such an array, sionals detected by individual ijunctions are sunmed.

The prooer cnoice of arrays can ensure & larae outnut sianal, and thus compensates
the absence of the lona wire antenna ¢t the noint contact diode. Such a structure
is mechanically stable, and with prener desien (to be discussed) can also be

thermally and electrically stable.




The standar¢ vacuun deposition techniaue is employeda. Yarious metals were
tested with no detection on Ni and Al films due nossibly tc the readv natural
oxidaticn of such islands, which increases the spacina between islands.Discontinuous
aold films are successful, but film resistance is unstable. However, both larne

and small islands are nresent, with the latter actinag as noise sources.

In our attempt tc construct discontinuous metal film diode as hiah freauency
detector with lTow noise, high sensitivity and stability, it stands to reason to
fabricate “ilms in which direct tunnelinag is the dominant conduction mechanism.
It is known that ilms of palladium or pnlatinun-palladiun deposited on alass
substrates orovide stable islands of extremely small size. However, such films
normally nresent righ sheet resistance of several mea-ohms and low sensitivity.
Suck hioh dicde resistance is easily loaded by external detection circuits .

Multi-laver “ilm structures have therefore been suaaested, consisting of

jo]

alladiun-platinun film deposited on cold discontinuous film. Gold film is
f1rst deposited to aive a filn resistance in the hundred kiloohm rance, and
this is reduced by Pt-Pd film down to the ten kiloohm ranoce. The Pt-Pd islands
are observed to be situated between larcer aold islands. Such a multi-layer is
stable and demonstrates improved noise property, sensitivityv and life.

The relationshio catweer film resistance and detection sensitivity is
shown telow. The drop in sensitivity in the low resistance rance is obviously
due to the formation of a proaressively continuous film, and that towards the
hiah resistance range due to increasinag departure from the direct tunneling
domain. There is also the circuit condition that very 1ittle sianal can be
extracted from the diode, which has either extremely low or extremely hich

internal resistance. A Quinut !
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STABILITY PARAMETERS OF THE DISCONTINUQUS M-1-M FILM

MECHANICAL STABILITY - this is considered to have been overcome bv the denosition

of such films on glass substrates.

THERMAL STABILITY - If film deposition is such that the diode will be cnerating
in the direct tunnelinc reoion, the conduction current is not a function of
temperature. However, under intense irradiation either by microwaves or the
laser, there will be some thermal expansion of the metal islands. Variations

in inter-island spacinog can be extremely significant due to its extremely

small dimension. It will therefore be quite advantaceous to select a spacina
such that we are operating on the flat ton of the detection sensitivity versus
island spacing (or diode resistance) curve. The diode should then be able to
tolerate certain amount of spacing variations without serious effects on the

detection sensitivity.

FABRICATION STABILITY OR REPRODUCIBILITY - The above flat top reaion of oneration

of the diode w111 also lead to larcer tolerance in film denosition.

SUSCEPTIBILITY TO ELECTRIC SHOCKS - Optimum inter-island spacino will also

lead to lower susceptibility to puncture of insulator laver due to accumulated

electrostatic charae.

STABILITY TO FILM AGING - This is caused either by instability of the metal,

or the insulator layer between islands. Thus, metal combinations will be
explored which give best stability of both of these factors. Metals with very
stable natural oxides will be studied again since the ootimum flat top response

is situated at an inter-islans spacing larcer than the thickness of such oxides.




DISCONTINUQUS MIM FILM DIODE PERFORMANCE PARAMETERS

RECEIVING PROPERTY -« It does not have the lonag wire antenna so that as manv

isYands as possible must be included in the diode strin .

RESISTANCE PROPERTY - The islands must be sufficient close to ensure the direct
tunnelina mechanism, ana sufficiently far away to aive sufficient diode resistance

for ontimum flat ton ooeration.

DIQDE CIRCUIT OPTIMIZATION - The dicde may have to be loaded and biased for
best detection response for a particular inter-island spacino and particular

metal islands.

“~Sam—



24

V-BAND DETECTION AND MIXING

Follwoing our success at X tand, wve haprened to have V band
eauipments available and felt we could nrovide a broader bandwidth
test for the MOM diode of up to as much as near 10 CHz.

In the process of familiarization with these ecuipments, we
performed the detection experiments first. These were Imnatt diode
sources with a 7 GHz tunability and no internal modulation. A ferrite
switch was thus incorporated in the microwave plumbing to act as

a modulator (see schematic in Fig. 8).

At this stage we had decided that unless we achieved some measure
of stability of the diode, we could not perform the mixing tests.
This was a necessary condition since with such bandwidth (7-10 GHz)
in mind and no spectrum analyzer of this bandwidth available, it would
be virtually impossible to find the beat of two V band sources and
an X band source (three frequency beatinag) and display it on the
narrowband scope amidst the noise generated by instabilities.

Full scale etching studies were Taunched at this point to
correlate the slender ratio with diode detection performance.
Our efforts are graphically demonstrated in Figs. 9-13. It is auite
evident that as slender ratio value increases, so does stability of
the diode with no significant sacrifice in responsivity. Short

term stability over hours was achieved with repeatability.
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As an after thouaht, the !"0!" diode was compared with the commercial
V tand diode for freauency resronse btv varying the switchina
frequency. Vivid demonstration of the suneriority of the "0OM diode
appears in Figs. 14, 15, A note of caution is that the MOM diode
is in an open structure, while the comrercial diode is packaaed so
that its freouency cutoff mav te due to packaaing parasitics rather
than parasitics of the diode itself.

The commercial diode also did not respond in the waveform of
the switchino voltage, while its spikina was easily picked up hv the
MOM diode.

As the necessary next step, the diode was tested for long
term stability. Since only one diode mount was available, the
diode was tested for a maximum of 21 davs with the results shown
in Fig. 16. In this test, the diode mount was enclosed to keep out
draughts in the room, and no adjustments were made during the
entire period. After this period, for curiosity contact pressure
was reduced as the tip was pulled away from the post and the diode
response and stability observed. Response increased somewhat, but

deterioration in stability was evident.
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Modulation
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Hz Crvstal
Detecror
1K
MOM Dereccor
17%

Fig. 15 Increased switching frequency resulted in a reduced
detected signal or both the commercial and the MOM
uatector.
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Only when stability of the diode was achieved did we qo ahead
with the mixinag experiment. The two V band sources were nulled
apart in freaquency to about 7 GHz, a value that could be readily

beat with the tunable ¥ band source. The ¥ btand was modulated for

better indication on the scope, vhile the Impatt sources ran CH.

Since V band freouency meter was available, it was not difficult

to set the frequencies of the V band sources and their difference
calculated. The ¥ band source was then tuned to this difference
frequency with the final beat shown veryv well on the scope. Since

the scope was narrowtand, roll off of the beat was cuite rapid.

Two versions of the beat signal with two different vriskers are shkown in

Fies. 17, 18.
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DYNAMICS OF CONTACTING OR HOOKING OF WHISKER TIP

There are so far two ways of contacting or hookina the tip
with the proper slender ratio. We believe one wav will Tead to
better stability for the diode than the other. The dynamics of
both contact methods is shown in Fig., 19.

Since we believed that sufficiert contact pressure had to he
brought about at the whisker tip before a hook would form, in
contacting method 1, the tip was advanced towards the nickel nost
until an electrical short was registered. This was our indicatior of
the formation of a hook, and the tip was retracted gradually. The
retraction steps wvere such that at every step the tip was left
untouched for a period to see whether stability could be established.
The response would be low, but stability high as shownr by curve 1
in Fig. 19a. In order to improve response, further retraction of the
tin was made until another point of stahility was reached as in
curve 2. The condition represented by curve 4 was highlv urstable,
but with corresponding high response. Our efforts were then to
maximize the response-stability triangle area. However, an additional
controlling parameter must be considered and this is the initial
tilt of the triangle, which is totally a function of the slender
ratio. Thus, in Fig. 19b, the whisker with slender ratio 2 is better
than that with slender ratio 1.

We finally realized that in this procedure contact pressure
of the tip was maintained by the hook itself throuech its own
relaxation, which was highly unpredictable. This stability condition

became increasingly sensitive to the decreasing contact pressure,




which was increasinaly unpredictable. We are thus alwvays faced with
a compromise sjtuation between statilitv and responsivitv. Howvever,
we do know that the hooked structure can nrovide a remarkable dearee
of mechancial stability for the point contact diode as lona as the
stressat the contact point is maintained.

Contacting method 2 was imnlemented precisely to achieve this
goal - maintenance of constant contact pressure. This procedure
consisted simply of reversing the contacting method 1. Thus, the
sharp whisker tip was brought in contact with the nickel post with
great caution. Contact pressure was increased very slowly, and its
V band detection monitored. Once a detected sianal of sufficient
amplitude and stability was observed, the tip was left in that
position under presumably constant stress.This procedure was applied
to a number of tips with different slender ratio with convincing
indication that we are moving in the correct direction. Tvpical

result is shown in Fig. 19 b (the PP curve).
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Fig. 20. V band detection under laser heating




INFRARED DETECTION &ND STABILITY

In parallel with the V band experiments, the MOM noint
contact diode was also tested for detection of 10.6 micron CO,
laser radiaticn. The open structure of the diode mount provided
easv access of any type of radiation to the diode simultaneouslv.
The laser radiation was focused onto the diode junction area
with a Ge lens after the beam was chopped for modulation. Focusinag
was necessary both for concentrating laser power at the junction
area and localizing the radiation so as not to overheat other
portions of the diode. Laser linre mixina was not attempted in
this series of experiments due to lack of eauipments such as
another frequency stabilized laser with fine tuning, and other
auxiliary eaquipments such as mm wave harmonic chains to provide
a harmonic suitable for beating with the laser difference freouencyv
that could be displayed on commercial spectrum analyzers. This
series of experiments were aimed at stability studies in infrared
detection with the assumption that stability results were applicable
to mixing.

The first detection experiments were with unhooked tips,
and the observed results are shown in Fig. 21. As expected, the
response was high but extremely sporadic, and did not correlate
with the chopping frequency. Spikina continued in a reqular fashion
even when the chopper was removed, indicating that laser heating
of the tip was taking place, which caused expansion of the tip into
the oxide layer until it came in contact with the nickel post.
The Tatter then acted as a heat sink, coolina the tin, which
contracted until contact was broken. The tip was reheated by the

laser radiation and the above process repcated once more, resultinag

e —

Y L T




in the appearance of a pulse train, although the chopper was removed.

No such spiking was observed once a hook was formed. Generally,
the detected signal followed the choppina freauency, indicating
the heating effect was essentially removed. The signal waveform
varied somevwhat, depending on the whisker slender ratio. Thus,
too large a slender ratio, i.e., very slender whiskers, leads to
excessive hooking and a response with a slower rise time. Tynical
hooks and their responses are shown in Figs. 23-25.

To further assess heating effect, the chopping frequency was
varied from a few Hz to 2000 Hz. Accoridng t¢ the results shown
in Fig. 24, the amplitude of the response remained approximatelv
constant, indicating that the waveforms displayed were no. due to
heating and cooling cycles of the tip as concluded in the case

of sharp, unhooked tips.




Response of a short, sharp whisker.

21,

ig.




Fig.

22,

Response due to a blunt unhooked tip.
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D.ISCONTINUOUS METAL FILM - X, V BALD DETECTIGH AND MINNG EXFERIMERTS

Ve have beszun a svstematic testin: o the discentinuous @'l e
diodes. Blunt tip and zold-ball tip nrebes are uscd as electrical contac:
in an attempt to eliminate nonlinecarity of the T-\ characteorizise

due to sharp tip effects. X band detection was first attemnted to

acquailnt ourselves with the detection chracteristics of these {ilnms.
X band mixing experiments then followed to ensure that the signal
obtained is genuine signal from the MOM diode. V band detection was
then performed. Experiments are still in progress on V band detection
and mixing tests of various types of films and ceometrics.

The data obtained so far are shown in the figures and tabulated.

The general conclusions reached are as follows: Pd-Au combination

films arec superior in performance to Pd films Jue possibly to the
difference in work functions of the dissimilar metals: the {ilms

deposited have too low a film resistance, meanine that the islands
are too close together, leadinc to creat Jdifficulty in tapnine the
rectified voltage from the film. Film resistance is artificicallvw

raised by deliberately making poor contacts between the nrobes and

the film, and this leads to instability of the signal, a feature we
would like to eliminate with thin fiims denosited on class substrates.

Figure9,was obtained with freshlv denosited Pd-Au combination
film. The detected x bhand signal is quite stable over a short time.
and was dependent on the contact resistance of the diode. Thus the
sienal was enhanced substantially by raisine diode resistance threouch
the nrobe tins from 170 ohm to 1 K ohm (Fic. 29 2),

Ficurcg 3gives the result ~tf X band detection on Pd-onlv filn.
Film resistance is hicher due to absence of ¢old, and the Jdetected
si1gnal was lower as anticinated Jdue to the similarity of the motal

tslands.
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In an attempt to improve stability, we chance one of the probes
to a gold ball tip (the other nrobe remains to be a blunt tip ).
There was substantial reduction in the sensitivity of diode resistance

to contact pressure between probe and film. X band mixing was achieved

and shown in Fig.?29.4V band detection wns attempted to no avail.

We therefore tried V band detection with the higher performance
Pd-Au film, and were able to observe detection. The results arc shown
in Fig. 29.5Strancely, the diode resistance in this case was 100K ohm.
This led us to conclude that the film was probably not uniform, and
there are strips where the film resistance is very high.

To verify this, we returned to the Pd strins we prenared nreviously,

which gave rather high film resistance. X band detection was achieved
and shown in Fig.29.6 Film strin resistance reached 150 K ohm with
two gold ball tip probes.

We have therefore concluded that we must proceed to film strips
with dimensions of mm to extract usable metal island croups, which

will provide good tunneling conduction and high diodc resistance.

Ideal diodes should have resistance of the order of 50K to 100K ohm.

Good tunneling involves small island separation and large work

function difference, the former tend to lower diode resistance. Thus, ;
Ni films are being considered since nickel forms oxide naturally with
extremely high resistance (of the order of 1015 ohm-cm). Hence, Ni

islands can be very closely situated and the resulting film can still

have rather high resistance. However, deposition of nickel must be

done in high vacuum, which noses rather severc technological problem.

We feel, nevertheless, a vacuumof 10~6 Torr mav be adequate due to

the briefness of the deposition nrocess,

e




Our point contact diode work is still procressing and has

helped us g¢reatly in understandine the naturce of the disontinuous
films. Thus, the optimum oxide film thickness for rectification
established for the point contact diode provides the guideline for
the deposition of thin films. lence there is an optimum senaration
of islands for best diode response, especially in the case of
dissimilar metals both because of the dependence of tunneling on
metal separation and dependence of diode resistance on oxide laver

thickness and resistance.

ey oot - e
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Picture| Curve}Diode Film Operation Probes Voltage Current R
# # | type type used scale scale
1 a' |commercial X band 0.1v/div
detection
a | MOM 3:1 Y , . .
film 1 |Pd:Au ;Y_‘;}“;’:t tio } 0.5ml
1! MOM |
film 1 " [-\" curve " 0.05V 0.2 mA 170 -~
. L
2 a " " ' X band |
detecction " 1 mV
2 " v | 1-V curve] " 0.05V 0.2 mA | 1K=
o S
3 a [MOM film pa x band
2 cnly detection " 0.1 mV
b " e ' re [} X} !
3! a " w!oI-v curve : 0.2V} 0.1 mA! 2K=
b t vv| v 1] ‘ " ] 1] , 6K =
a a " " x band | 1 blunt tip | 4 5 v
© mixine 5.1 gold ball °~
. tin B
b " " . x band
:dctcction " "
i
5 a' |commerci i \ band | l
al { detection{ 2 blunt tip 1 mV
— ' I nrohes \
a MOM r1lm tdi%u. " , " 0.5 nv l
]_ .).1; “
5 " " ?lI-\' curve " L 0.03V 5 4A 100K~
| |
6 a M%M frlmstieoi x band Z_Qold ball | 0.1 me
(01d !dctectlon tins
film) ; ;
Smm ' ; 2
> 2mm 1 i
|
a' cnger- 'x band 0.1 m ]
ci1a detectinn i
Y - Y o0 ] T, - & = e
6 MQM £ilm ?d.| I-v curvcl _A,?ld ball Jol oA R) fux ‘ 150N
K] strip P tins '
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The discontinuous MIM films we have nrepared so far demonstrate clearly
the feasibility of achievinag detection and mixina up to V band. The inability
of the films to produce sianals comparable to the point contact MOM diode
is essentially the result of the lack of the Jong wire antenna and the
sianificantly lower resistance of the film. Two avenues are beina pursued
to alleviate this problem. Workinc on the definition that a "cood" island
groupina is one that has ontimun island spacing for the preservaticn of the
tunnelina process while producing a substantial overall diode resistance of
the order of kiloohms, we can either improve the film itself by varying
the film deposition rate or search for best island arounina by makina film
strins of the order of the aberture of the wavecuide.

Film strips have been prenared and tested up to now with widths of 1 mm or
Tess and varyira lenaths. Gold ball tips are used as contacts for sappina

the signal. Contact pressure is no longer a stability factor. These probes still

allow us to probe the strips for bets resistance paths. The detected sianal

orce realized is stable. To enhance detectability, X band oscillator oower is
raised to 300 mW (as comnared to 10 mW oreviously). Stable detection at X band

is observed and shown in Fia.30 for Pd-only films with a film strip resistance

of 2. K ohn, This low sianal iz <sianificantly enhkianced with sliaht lateral
moverment of the probes, as demcnstrated in Fia.31., This is exactly the situation
in whick a better island path has been establisted, while film strip resistance
remain constant. The Pd-Au {ilm combination strips are then tested with
censiderably more stable sional detection at a much Yower film strin resistance
of 100 ohm (Fia.32.. This is a clear indication of the sunerjor detectability of
the combination film, since if film resistance were 0f the same order of that

of the Pd-onlv films. the outout sianal would have been much hicher. Furthermore,
so far the Pd-Au film is the onlv one that will detect V band radiation with

the same measure of stability. Mo stable detection is observed with Pd-only films

(Fia. 33) .
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The MGM soint gontact Jiode consists of 2
a7s%en wnis<er and a aickel post with a natu=-
£ .lv 3Tswm thin oxide laver. The whisker cip i3
fvom 28.= zungsten wires by zhe standars
leztrolvzie zechnique, wnere the wire is dipped
inta 1 2% XCH solution and an ac voltaze i3 apolied,
This etening process is carefully zonitored in
ter™s of the vnlz3ve acToss the eiectroaes, the {=-
2er3icn depeh of the tungsten wire solution ana the

Initially, the detected resconse was high and
uastabiz, The is«ar used in tiis Test had Teen
etcnes o he anor: and sharp as in the case of the
«-tand. After lcng unsuccesstul attamots e 5Ta=
bilize tne signal with these wniskers, we fimally
turned o leng, slenaer and sharp whiskers. As the
whis<e?r penetrated the oxide layer, and contact pre-
ssure was increasecn., a1 stable thouynd non-square
‘:ave restonse was bserved. Zncouraged bv this re-
lacively long-tera *table detection, whiskers were
etchea carefully by controlling the imzersion depth
dand appiled voitage to achieve a slender and sharp
whisker. In repeacr tests stable detec:ion was ob-
servea Jrd seouare wiv- response wis possible by var-
JLZZ TonIac? 3ressurl. The siznal was optizmized,
and was 2bservea to follow the ipe=a of the chompper.
The whiirer was exadined and “ound, without excep-
tion, to have acquived a hook cantour. Variations
in nook contour are possidble 1€ the Zabricacrion
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