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Abst r act

The conducti on nechani sns of netal evaporated tunnel junctions are
examned for applied electric field frequencies fromRF to the visible.
For optical frequencies, responses were neasured when a | aser source
directly illumnated the junction. Responses of both nornal and
super conduct i ng j unctions were neasured.

In the netal -oxi de-netal junction, two frequency dependent regines
of conductivity exist. At R, where the frequency is snaller than the
junction's (RO the conduction schene is electron tunneling. At photon
energies in the range of the tunnel barrier height the conduction schene
i s phot o-i nduced tunnel ing. Expressions for the tunnel barrier paraneters
(wdth, height, and asymmetry factor) in terns of the RF rectified
response are derived fromthe tunneling fornalism It is shown that the
tunnel current, for photo-induced tunneling, is a function of the barrier
shape through the energy dependent tunneling probability function.

Tunnel ing theory is used to derive the photocurrents, as a function of

i nci dent photon energy, for different barrier shapes; square, trapezoidal,
parabolic, and image force | owered. Estinates of barrier shapes for three
junctions (A-M), A-A, and M)-My) were obtai ned by natchi ng neasured
phot ocurrents to those cal culated fromthe barrier nodels. Barrier
paraneters obtai ned fromRF rectification neasurenents were used as bounds
for the barrier nodels.

Responses to optical fields of the A -Pb, netal -oxi de-
super conducting junction were found to be of two types; the thermal, or
heating response, and a rectification-like response. The nont her nal
responses were found to be i ndependent of radiation frequency, and cl osel y
resenbl e the RF rectified response of the junction. Examnation of the
nont her mal response characteristics shows that rectification at opti cal
frequenci es does not occur. A conduction schene based on a | aser-i nduced
nonequi li briumel ectron distribution in the superconductor



is presented. This nodel is an extension of a recently proposed
nodel expl ai ning the conduction schene in superconductor -
superconductor junctions. The nodel proposes that a popul ation
i nversion of electrons and hol es exi sts about the edges of the
super conducting gap when the laser illum nates the junction.
The response of the junction, as a function of bias, changes
sign at V, = App/ e, resenbling the rectification response.
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I nt roduction and Sunmary

In 1967 the first optical frequency m xi ng experinment was
performed using a high speed adaptation of a mcrowave
rectifying diode; a netal -dielectric-sem conductor point
contact diode.! This point contact diode was formed by
el ectrochem cally etching a thin metal wire, formng a very
smal|l point, and lightly contacting this point to the surface
of a flat sem conductor. Current flowed through the contact
region as a nonlinear function of the electric potentia
applied across it. This el enent successfully generated
har noni cs of m crowave radiation m xing themw th 337um
radi ati on. This worked because the whol e capacitor-1|ike
junction could oscillate at these frequencies.

As the frequency of the radiation was increased above
about 85umit becanme apparent that the current in the
sem conductor had a high frequency limt due to the relatively
| arge free carrier response tinme. A polished netal post was
subsequently substituted for the sem conductor.? Infrared
frequency m xi ng experinments using this netal -netal oxide-
nmetal (MO-M diode confirnmed that the response tinme was very
short, approaching the RC tinme constant set by resistance and
capaci tance, or area of contact. This M 0-M point contact diode
has proven its ability to mx infrared frequencies as high as
1.5um 3 al l owi ng direct and accurate frequency measurements of

many | aser transitions.
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Despite the inpressive performance of this device, its
instability against vibration has partly pronpted a search for
a new geonetry to replace it. The natural choice as a
substitute for the point contact diode is the netal evaporated
tunnel junction. This is, effectively, a small capacitor formnmed
by evaporating a thin netal filmonto substrate, oxidizing it,
and sandwi ching this oxide dielectric by overlapping with a
second netal film The shape usually resenbles a cross,
al t hough ot her geometries have been formed.* The oxide thickness
nmust be snmall enough to permt electrons to tunnel through it.

Several investigators have studied the response to
electric fields of these netal evaporated junctions at | ow
frequenci es, where the junction (RC)"! was about that of the
radi ati on frequency, and at higher frequencies.>%° The hope in
nost of these investigations was that the conducti on nmechani sm
in the evaporated junction be the sane as that of the point
contact di ode, being high frequency rectification. Mst of
these investigations were perforned on MO-Mjunctions at
t enper at ures above 77K

The possibility of using these junctions as detectors of
infrared and visible radiations has led to the study descri bed
in this thesis. Junctions having both normal and
superconducting el ectrodes were studied at incident electric
field frequencies fromradio frequency (RF) to the visible. The

net al - oxi de- superconductor (MO0-S) junction response to
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RF is seen to be caused by the sane conducti on nmechani sm
exhibited in the MO-Mjunction at this frequency, nanely,
rectification fromelectron tunneling. At higher frequencies,
however, the conduction processes in these junctions are nuch

different.

The theory of elastic electron tunneling was applied to
rectification data obtained fromseveral MO-Mjunctions to
determine their barrier paraneters; the barrier wdth, L
average height, ¢, and an asymmetry parameter, A@. Three
junctions, Al-Al,03-A, Al -Al03-M, and My- MJO- My, exhi bited
smal | average barrier heights ranging from1l.97eV to 2. 8eV.
This nmet hod of obtaining the barrier paraneters was found to be

a conveni ent and versatile tool.

Wiile the | ow frequency response i s governed by el ectron
tunneling through the oxide potential barrier in MO-M
junctions, at |arge enough photon energies the response was
found to be caused by photo-induced tunneling. The photo-
current is determned by the transition probability across the
barrier as a function of energy. Plots of incident photon
ener gy versus photocurrent reveal ed a rapidly decaying
photocurrent as hv decreased below the barrier height. The
shape of this plot is related to the shape of the potentia

barrier near the top through the penetration probability.

The phot oresponse of three junctions exhibiting | ow
barrier heights (Al -A, A-M, and My- M), discussed above)
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was neasured usi ng photon energies from2.04eV to 2. 73eV Fow er
plots were used to determine a maximum height, ¢2. A nobdel of
phot o-i nduced tunneling was applied to both the nmeasured
phot or esponse data and barrier paraneters of each junction to
characterize the actual tunnel barrier shape. To facilitate the
cal cul ation, probability functions for several nodel barrier
shapes were used to cal cul ate the expected photocurrent, using
as constraints the neasured barrier paraneters, L, ¢, Ap, and
p2. The barrier nodels were those that gave anal yti c expressions
for the tunneling probability as a function of energy. These
are the square, parabolic, and trapezoidal barriers, and
Simmon's image force |lowered barrier, approximting a region
near the top as parabol a.

It was found that specific barrier shapes led to
cal cul at ed photocurrents matching cl osely the nmeasurenents
taken fromthe Al-My and Al -Al junctions. Qher barrier shapes
conforming to the measured quantities L, ¢, A, and ¢ did not
predi ct the observed photocurrents, confirm ng that the shape
of the barrier determnes the junction's characteristic
response to radiation energies greater than ¢. In the Mg-Mj
junction, the cal cul ated photocurrent was i ndependent of the
barri er shape for the optical energies used. This is described
by the el ectron tunneling nodel, which states that for energies

less than ¢ (which is the case for
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the My-My junction) the tunneling probability function is
determined by ¢ and not ¢(x), the barrier shape near the top.
The observed agreenent of the barrier paraneters to the photo-
i nduced tunneling data confirns that the barrier paraneters
found at | ow frequencies are the sane ones deternining

tunneling properties of the junction at visible frequencies.

The MO-S junction responses to optical fields were found
to be of two broad types; thermal or heating, and non-
equilibrium?®® Thermal and non-equilibriumhere refer to the
el ectron distributions within the junction electrodes in the
presence of the optical field. It was found that response
versus bias curves for infrared and visible frequencies closely
resenbl e the rectification response of the sane junction.
Optical rectification was excluded as the conducti on nmechani sm
for the response was found to exist when the laser illum nated
an optically opaque el ectrode. The opaque el ectrode bl ocked the
electric field fromreaching the barrier. A new conduction
mechani smis proposed, based on recent work performed using S-
O-S junctions. It is proposed that an inversion of enpty states
and filled states in the superconductor is established at the
edges of the superconducting gap. Electron excitation is
facilitated by phonons generated in the nornmal netal side by
| aser radiation. The filled states at the top of the
superconducti ng gap, called bl ocking states, are responsible

for rectification-like appearance of the response versus bias.
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This presentation has two major sections: First, the M0-M
junction response to electromagnetic fields is presented in
Chapters 1 and 3. In Chapter 1, a background theoretica
devel opnent of both the rectification and photo-eni ssion
processes is given. Typical junction responses resulting from
t hese processes are al so given including an exanpl e cal cul ati on
of barrier parameters of an Al -Al junction. Chapter 3 discusses
the nmet hods of obtaining the barrier shape from photo-induced
currents. First, the generalized treatnent of photo-induced
tunneling given in Chapter 1 is specified for the four nodel
barri er shapes. Then, photo-currents predicted by these nodels
are conpared to the nmeasured values for the Al-My, A -A, and
My- My, MO-Mjunctions. The fit is analyzed and a prediction of
the barrier shape is made for each junction. Chapter 2
descri bes the experinental arrangenent used to neasure both the
M O0-M and MO-S junctions responses.

The second section describes the superconducting junction
response to electromagnetic fields, and is contai ned in Chapter
4. In the first section the rectification response is
di scussed. This is followed by an anal ysis of the thernmal
response, and finally the non-equilibrium rectification-Iike

response in the remaining two sections.



