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Characteristics of Integrated MOM Junctions at dc
and at Optical Frequencies
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T. KENNETH GUSTAFSON

Abstract~We present a new metal-oxide-metal device (Ni-NiO-Ni,
“Edge MOM”) which is stable, reproducibly fabricated, and with a
107%¢cm? tunneling area. Performing detection experiments, the
device’s nonlinear I-V characteristic is shown to be invariant at audio
frequencies, 10.6, 3.39, and 0.6328 um. Similar devices with 1078-cm?
tunneling areas perform as well as the Edge MOM’s in the visible and
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the near-infrared range, but deteriorate in performance at the 10-um
range. A dominant competing effect is a thermal-induced signal, which
increases with frequency and temperature. Coupling mechanisms at
the various regimes are investigated.

The device can serve as a broad-band detector and mixer, and might
in the future be a basic element of broad-band amplifiers and oscillators.

I. INTRODUCTION

E report new work on the metal-oxide-metal (MOM)

device. This is one of the most interesting of recent
devices, and one for which there is still much discussion about
the mechanism of operation.

0018-9197/78/0300-0159800.75 © 1978 IEEE
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The earliest MOM device reported in the literature utilized
a cat whisker tungsten wire in contact with a polished metal
plate for detection of submillimeter waves [1]. The contact
was not ohmic due to some trapped material at the contact,
and conduction was assumed to happen by means of electrons
which tunnel through this uncontrolled insulator. This partic-
ular configuration had a very small capacitance (1072 pF) and
a low spreading resistance (a few ohms), which led to alimiting
“RC time constant” on the order of 1073 s.

The point contact configuration was utilized in the following
nine years (1966-1975) in direct detection, harmonic genera-
tion, and mixing experiments, in an attempt to find the upper
frequency limit of the device. Successively, the frequency of
operation was increased starting from 337 and 311 um [2],
through 118 [3], 84 [4], 78 and 28 [5], [6], 10.6 [7]-{10],
9.3 [11], 5.2 [12], 3.39 [13], [14], 3.5 and 2.2 [15], and
0.6328 um [16]. In addition to the experiments mentioned
above, the point contact configuration proved to reradiate
[17] and to exhibit coupling characteristics of a linear antenna
up to the 10-um regime [18], [19]. Frequency limitation of
this coupling mechanism had been predicted theoretically
[20]-22].

Unfortunately, the extreme mechanical instability of the
point-contact device made it useless as a practical device, and
encouraged the fabrication of a stable, integrated device. The
results of only a few experiments are reported in the literature.
The integrated devices so far reported are all in an evaporated
form with a minimum area of 107% cm? (100 times larger than
in the point-contact configuration). A mixing experiment at
300-um range and direct detection up to 10-um range was
described by Small er al. [23}. Unfortunately, the lead
resistance (400 ) was much larger than the tunneling resis-
tance (50 ), and detected signals could as well be attributed
to a combination of lead and junction thermal signals.®
Further experiments had been carried out in the visible [24],
[25}. In [24] (area 107% cm?), the results did not show con-
clusively that the resulting signals were other than thermal and
in [25] (area 107¢ ¢m?), the detected signals were attributed
exclusively (after the subtraction of an estimated thermal
response) to photoinduced electrons traversing the barrier.
Evaporated antennas (the analog to the cat whisker in the
point-contact configuration) had inferior properties in the
10-um regime, due to the high refractive index and losses of
substrates and structural roughness [23], [26].

At that stage of research it was believed that the response
time of the diode in its point-contact configuration was af
least short enough to respond to signals of 2-um wavelength.
Much less was known about the evaporated structures, but it
was generally believed that in the optical regime detected
signals were due to photoemission effects or thermal-assisted
contributions.

What are the obvious differences between the point-contact
and the evaporated configurations? 1) The area of the first
evaporated devices is larger by a factor of 100, 2) antennas are

Iwe detected similar signals all the way into the visible on similar
junctions and found a good correlation with simple thermal contribu-
tions.
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better (in the far infrared) in the point-contact configuration
and, 3) different materials have been used in the two classes
of devices.

We have decided to examine the importance of 1) and 3)
using evaporated junctions with an area on the order of 107
em?. Mixing experiments would be more convincing, but they
are much more difficult to perform in the visible, thus, we
have chosen to check the devices via direct detection experi-
ments and to use special precautions in the identification of
the detected signals.

In the following sections we describe the idea behind the
device operation, the method of fabrication which led to a
stable device with a controlled oxide and area of ~1071° e¢m?,
and the results of detection experiments in 10-, 3-, and
0.6-um ranges. All experiments were performed with large
(~1078 c¢cm?) and small (~107"° c¢m?) area junctions and the
results led us to believe that our devices respond to the electric
field all the way from dc up to at least 0.6 um; namely, the
response time corresponds to frequencies which are at least
in the visible range.

II. PRINCIPLES OF OPERATION

We first consider an ideal model. A thin crystalline insulator
that is sandwiched between two parallel faces of ideal con-
ductors, can be represented in an energy diagram representa-
tion as a potential barrier (its height is some fraction of the
energy gap of the insulator) for electrons which are concen-
trated near the Fermi levels of both conductors.

If a potential difference is generated between the two
conductors,-a net number of electrons can traverse the barrier
via thermal excitation above the barrier (Schottky emission)
and by tunneling through the barrier. For example, under
low biasing conditions and at room temperatures, for a 10-A
barrier thickness and a barrier height greater than 0.1 eV,
the tunneling current will be dominant. In the tunneling
regime, if a simple model is assumed, a small biasing voltage
V(eV << &) will result with a tunneling current of the form

[=cAVexp—b(f>1/2d ()

where ® is the barrier height, d is the oxide thickness, 4 is
the area, and b and ¢ are constants. For example, if 4 = 107!°
em?,d=7 A, and ® =2 eV, the zero bias dynamic resistivity
ry is about 100 Q; ford =15 Aand ®=0.5 eV, 7y ~ 5 kQ.
These numbers will give us some idea of the oxide thickness in
our devices. The resulting I-V characteristic is nonlinear, and
its details depend on the metals and insulator types, and insu-
lator thickness.*> For detailed tunneling equations the reader
should refer to {27] and to the references contained in it. The
tunneling electrons traverse a 10-A thick barrier in times as
short as 1071 s [28], [29], hence, it is reasonable to believe

2The “real” junctions are far from being ideal. For example, if d =
10 A, the number of surface states excceds the number of bulk states
and energy bands are allowed in the gap, the transition from oxide to
metal is not abrupt, the fluctuations in the oxide thickness are probably
as large as the oxide thickness, image corrections will vary the barrier
shape, and more. No attempt is made to compare results with theory,
but tunneling will be assumed to be the dominant phenomenon of
conduction.
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I'ig. 1. Three major phenomena result when radiation is shined on a
biased junction. (a) Photo-assisted tunneling. “Dark current” is due
to the electrons that are not excited. For simplicity, electron exci-
tations in only one metal are shown. (b) Thermal-assisted tunneling.
The Fermi tails are only of the order of KT, (c¢) [ermi level modula-
tion around the biasing point eVg.. The potential barrier is simplified
by a trapezoidal barrier.

that the dc I-V characteristic is invariant up to at least 10
Hz (the visible range). In the visible range the “RC time-
constant” concept has to be examined carefully [22], since its
validity will affect the magnitude of the optical voltage across
the junction.

When optical radiation impinges on a biased junction, at least
three major phenomena take place (they are described pic-
torially in Fig. 1).

A. Photo-Assisted Tunneling

Electrons in the metals, in the vicinity of the barrier, absorb
photons and gain energy fico. The excited electrons tunnel
with larger probabilities or surmount the barrier. It is believed
that the barrier height is bias dependent [27], so this contribu-
tion should monotonically increase with bias [25]. An open-
circuit voltage across the junction will result from an opposite
current that flows through the junction® [25]

Ves =-Ipys ¥q

Ips = blfiw - ®(Vp)]? )]

where Vp, and Ipy are the photo-assisted voltage and current
in the junction, ®(V} ) is the bias dependent barrier height, and
b is a constant proportional to the area of the junction.

The effect is inherently fast® and depends linearily on the
area of the junction. Since the highest quantum yield which

3The opposite current is necessary to satisfy open-circuit conditions.
7g is used assuming ac¢ techniques employed.

4The time is limited by the excitation and transverse times of elec-
trons, both in the 10715 -s range or less.
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had been reported did not exceed 0.1 percent [31], [32],
and our devices possess a very small area (1071° - 1078 cm?),
the induced photo-assisted open-circuit voltage is much smaller
than the other two phenomena to be described.’

B. Thermal-Assisted Tunneling

The incoming photons are coupled to phonons and the
metal’s temperature rises., Fermi electrons will gain ~KAT
additional energy —according to the Fermi-Dirac distribution—
and the tunneling current will increase. When the preirradia-
tion temperature of the device is lower, for the same AT, less
current will be induced, an obvious consequence of tunneling
probability versus energy relations. This effect is inkerently
slow® and is not directly related to the junction area. As a
result of our experiments, we have observed that the open-
circuit thermal-assisted signal increases monotonically with
bias.

C. Field-Assisted Tunneling (or Fermi-Level Modulation)

By some coupling mechanism (antenna in the far infrared
[18], [19], surface plasmons or other in the visible [22]),
an electric field is enhanced in the barrier, and since d <<},
an “optical-voltage” can be defined. This voltage will alternate
at the applied frequency (w) around the quiescent point (Vj.),
and will enhance an ac current component in addition to the
existing dc current bias (via the modulation of the Fermi levels
in both metals—one with respect to the other).” Due to the
nonlinearity of the I~V characteristic, a dc, 2w, 3w * * - nw fre-
quency components will be generated. Provided the I-V
characteristic is invariant from dc up to nw and the applied ac
signal is small enough, the nth frequency component will be
related to d"1/dV" of the dc I-V characteristic. In particular,
the open-circuit dc voltage across the junction will be

1 IH
41
where 1" = d? I/dV?, 1' = dI/dV (we will define “sensitivity”
as S = -1"/1"), V,. is the amplitude of the ac voltage across the
junction, and Vg is the dc contribution at the biasing point
Vyc (marked as IVdc)' The area of the junction, its geometrical
configuration and the properties of the radiating source deter-
mine V,.. As will be shown later, the field contribution is
greater at lower temperatures, due to an enhancement in I"/T'.
Fig. 2 describes graphically the generation of an open-circuit
dc signal at two different temperatures,

As was mentioned earlier, the MOM in its point-contact
configuration gave the best experimental results, but its insta-
bility was a major drawback. On the other hand the “large

Véc =- (3)

Vaclve

Sfor a 0.6328 um, 1-mW laser, focused into a 25-um spot, and assum-
ing 30 percent of incoming light absorbed in the metals of a junction,
the photo-assisted signal is estimated to be a function of 1 4V and much
less for longer wavelengths.

6Limited by the thermal time constant of the junction (heat conduc-
tivity and geometrical effects). Experimentally found to be around
50 us.

"This change of potential energy of the metals is probably duc to an
accumulation of charges on the surface of the metals (limited by the
relaxation times in the metals, which are also on the order of 10715 s
{30D).
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I'ig. 2. Thermal and field contributions. When radiation impinges on
junction an AT change in junction temperature arises and the I-V
characteristic is modified. Note the significant reduction in the
thermal contribution when the temperature is decreased. The gen-
eration of V. is shown. Assuming V¢ is applied by a voltage source,
the optical current is a distorted sine wave with a dc component Ig,.
~Idc tlows to keep Igc constant (open circuit condition) and -V, is
generated.

area” evaporated junctions did not give satisfactory results,
probably due to the differences in geometrical structure, area
and the choice of metals and substrates. In the next section
we describe the fabrication and structure of a new device: the
“Edge-MOM” junction that solves the “area” problem-—em-
ploying simple fabrication methods—and introduces a number
of new possibilities in the exploitation of MOM junctions.

[1I. THE FABRICATION OF “EDGE-MOM” JUNCTION

At first we attempted to fabricate 1 ym X 1 um junctions
composed of Al-Al;0;-Al.  Aluminum seemed attractive
at the time because of its high reflectivity over a wide range
of frequencies (which would have reduced thermal and photon
assisted effects), its low dc resistivity, and the vast amount of
data in the literature on Al-Al,O3-Al junctions (see, for
example, [33], [34]).

Since aluminum tends to oxidize easily, the resulting oxide
was very sensitive to many uncontrolled parameters, and the
fabrication of junctions in the kilohm range was not repro-
ducible. After testing a few of the aluminum junctions at
near-infrared and visible frequencies, we realized that the
thermal signal was dominant (even at 77 K), and if the field
induced signal existed, it was too small to be detected. We
also realized that the nonlinearity of the I-V characteristic
was very small, and S=-1"/I' 2 0.1 (much less than in the
point-contact junctions which had §= 10. See also [25] for
S value).® Since S was small and the area was large in the

8probably due to high ®(~2 eV) and the very small d(5 - 10 A), the
[~V curve has an chmic nature.
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I'ig. 3. Schematic description of the “Edge-MOM” device. FEFach Ni
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electrical contact in the purpose of shorting a single junction by a
voltage pulsc.

Ni elecirode
e

aluminum junctions, an unavoidable conclusion was reached:
to look for a junction with an enhanced nonlinearity, which
could be reproducibly fabricated and preferably with an area
of ~1071° cm?,

An overlap of two 0.1-uM metal strips would give the
desirable -area, but conventional photolithographic techniques
do not have sufficient resolution, and “electron-microscope
exposure” techniques are not efficient for the fabrication of a
large number of junctions on one chip at this time. We have
developed a method that involves an overlap between a 1-um
metal strip and an oxidized edge of a metal strip, ~100 A
thick, to get an overlap area of 1 um X 100 A =107% ¢m?.
We named the new junction an “Edge-MOM” junction. A
device of this kind can be fabricated using conventional fabri-
cation techniques. Since one of the metal electrodes is only
100 A thick, the resulting lead resistance is 100-200 2. To
overcome this problem we fabricated the device which is
described in Fig. 3. Two junctions separated by 3~5 um exist
in one device. The biasing current flows through the two thick
electrodes (1000 A thick), and only through a 3-5-um path, in
the thin metal film. As a result, the lead resistance is reduced
to 10-40 Q. The two electrodes (1 um in width) serve also as
two antennas in the infrared regime; each antenna is termi-
nated by a tunneling junction. On top of the 100-A nickel
layer, a thick insulator is deposited (SiO, ), to eliminate tunnel-
ing through these overlapping areas.

By a process of trial and error,” we found that nickel-nickel
oxide-nickel junctions can be reproducibly fabricated and have
S on the order of 1-10.

Let us first describe the method of oxidation, which has been
the key for the successful fabrication of the junction. We have
adopted an oxidation procedure which was developed by
Greiner {35]. The method involves sputter etching and oxi-
dation processes simultaneously. As is well known, the rate
of oxidation decreases when the oxide thickness increases
following the logarithmic law [35]: (dx/df)oxidation = Ke ™0,

SWe have used silver, copper, gold, chromium and nickel. Silver,
copper and chromium oxidized too readily and the silver film dete-
riorated in time. Chromium had a high dc resistance. Gold could not
be oxidized. Ni-NiO-Al and Ni-NiO-Au were unstable electrically,
(probably due to ion migration between the different metals).
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IFig. 4. A calibration curve for Ni-NiO-Ni “Edge MOM.” The dynamic
resistivity is measured at zero bias, for a single junction. The gas
mixture is Ar(80 percent) - O2(20 percent) and the power is kept
constant at 5 W (corresponding to an accelerating voltage ~80 V dc).
The substrate is quartz. (For Si substrate the resistivities are some-
what lower, presumably due to the larger heat conduction of the Si
and the resulting lower temperature during oxidation).

where K and x, are oxidation parameters and x is the oxide
thickness. The sputter-etching rate can be assumed a constant
R. If the parameters are chosen so that the initial rate of oxi-
dation is higher than the sputtering rate, oxide will grow
asymptotically to Xgna = Xo In K/R with a time constant xo/R.
If £ >> x4 /R, both rates—oxidation and sputtering—are equal,
and the process afterwards is time independent.’® Moreover, a
prolonged process will improve the quality of the oxide due to
a reduction in the number of oxide pin-holes.

Oxidation and etching parameters that can be controlled are:
partial pressure of oxygen in an argon plasma, total pressure of
the oxygen-argon mixture, accelerating dc voltage and sub
strate temperature.!!

The oxidation was performed in a multitarget RF sputtering
unit.'> To minimize changes in the substrate temperature, the
“substrate utilized a heat sink of gallium to a water cooled sub-

strate holder, and the oxide thickness was controlled by chang-
ing the total pressure of a mixture argon (80 percent)-oxygen
(20 percent), w1th0ut changmg the accelerating voltage and
the partial pressure of oxygen.!® A calibration curve of the
zero-bias dynamic-resistance versus total pressure for the “Edge
MOM?” is given in Fig. 4. The results were fairly reproducible
from run to run, and all diodes on the same substrate did not
vary by more than 2:1 in their dynamic resistances.

Junctions have been fabricated on two different substrates.
For experiments using radiation with wavelengths 0.6328 and
3.39 um, a quartz substrate was used, and for a 10.6-um wave-
length, a silicon substrate (n type, ~5 £ - cm)with some 500 A

OTwo minutes is a typical time constant, and 10-15 minutes is
the actual time used for growing a ~15-A& oxide.

quc‘ucally, it is very difficult to ‘control the tcmperaturc and
this parameter leads to some spread in the results.

2NRC 836 (Randex), by Perkin-Elmer. 3-in target diameter, 2'5-in
targct -substrate holder separation.

The acceleration voltage was 80-100 V ( ~5-W incoming power),

and the total pressure was controlled in the range 5-20 mtorr.
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I'ig. 5. SEM photographs of the final device. Note the 100 A of nickel
layer clearly seen sandwiched between the quartz substrate and the
sputter-deposited SiO;. Note too, the unavoidable roughness of the
nickel electrodes due to the chemical etching. (Tilt angle 45°.)

of Si0, for dc isolation was used.’* Metals and dielectrics
were sputter-deposited in a multitarget RF sputtering unit.!?
After the deposition of some 100 A of nicke] layer, and
2000 A of Si0, on its top (without breaking the vacuum), the
substrate was removed from the system, and the shape of the

-first electrode  was formed lithographically with positive

photoresist ' (~3-5 um wide). Baking for two hours with a
gradual increase in temperature up to 160°C hardened the
photoresist, which served as a mask in a successive sputter-
etching procedure.”® The sputter etching removed the un-
masked top Si0,, the 100 A of nickel layer, and 500 A of the
Si0, substrate, leaving the edge of the nickel layer exposed.
The hardened photoresist was removed in an oxygen plasma-
asher. The substrate was then introduced back into the
multi-target sputtering unit, and the system was evacuated to
10 7-torr range. First, sputter etching was performed (with
pure argon), to remove oxide that grew on the nickel layer
edge, and then oxidation was performed for 10 min following
the procedure described above. The system was evacuated
again and ~1000 A of nickel was sputter deposited.!’® After
removing the substrate, a photoresist pattern of the top elec-
trodes (1 um in width) had been formed photolithographically,

4For the A =0.6328- and 3.39-um ranges, sapphire substrates were

tried too, but they could not be purchased scratch free. For the
A= 10.6-um range Cal’, was cvaporated-and MgO was sputtered on
top of the 8i substrate, in order to replace the very lossy SiO;. The
Cal'p after evaporation had a rough surface and the MgO wuas ctched
away by all etchants for the metals. A Cal’y substrate was tried too,
unsuccessfully.

In a sputtering unit by Vacuum Technology Associated (VTA),
5- m substrate diameter, 4-in substrate-anode separation.

¥ This is a critical point. In.the time interval between the end of
oxidation and the deposition of the top nickel electrode, the nickel
edge can be continuously oxidized thermally, from residual of oxygen
in the system. This time interval was reduced to 90-120 s, and that
included the time nceded to clean the nickel-oxide from the top of
the hickel target before deposition.



164

and the top nickel layer had been etched chemically down to
the substrate, forming the “Edge-MOM” device. The photo-
resist was then removed chemically. The final product is shown
by the SEM pictures in Fig. 5. '

Edge MOM’s with zero-bias dynamic resistivities beginning
from 100 and up to 1 M and above, were fabricated
reproducibly. The I-V characteristics were very stable and
did not change after many cycles of biasing. Slight aging,
resulting in the increase of the diode resistivity, occurred over
days. To minimize the aging effect, each diode was formed
immediately prior to its use (by etching the top metal struc-
ture and removing the photoresist mask).

Large area MOM’s (~1 um?) were prepared simultaneously
with the Edge MOM’. The only structural difference was the
absence of the top SiO, buffer so that the tunneling area in
each junction was 1 um X 1 um = 1078 cm?2.

It seems appropriate now to describe shortly the difficulties
we faced in handling the devices and the experimental setup
which we employed for the detection experiments.

1V. DEVICE HANDLING AND EXPERIMENTAL
SETUP

A 0.1 V across the junction will be sufficient to develop an
electric field in the range of 10® V/cm in the oxide. Since the
oxide is probably not extremely pure, the breakdown fields
are smaller than in a pure bulk material. As a result, the device
is very vulnerable to an accumulation of static charges, tran-
sients from the line, and pick-ups of low-frequency voltage
from surrounding equipment (especially when leads are
connected to the electrodes). The “statics” problem was the
major one, and a vast number of junctions turned into shorts
without any apparent reason, even though all precautions had
been taken. We have succeeded in controlling the problem
only by raising the relative humidity in the laboratory to
about 60 percent. The other problems were controlled by
using a complete differential setup where all the outer coaxial
shields were grounded.. Gold wire leads were connected via
silver paint using wooden sticks, and the junction was shorted
with a variable resistor before and after each step of the experi-
ment. The device was mounted in a metallic grounded Dewar
which enabled us to cool it down and to shield it from electri-
cal pick-ups.

When all precautions were taken, the device had an indef-
initely long lifetime, except for a slight aging which resulted
in the increase of its resistivity. Experiments were performed
on a single junction!” at room temperature and at liquid-
nitrogen temperature.

First, the quasi-dc I' and I” were monitored as a function
of the dc biasing voltage, which was supplied by variable
current source. 1” was monitored by mixing two low-frequency
signals (40 and 42 kHz, 10 mV each) supplied by a voltage
source (54-€2 output impedance). The frequency difference
(2 kHz) was monitored using a lock-in amplifier (LIA).'®

70ne of the two adjacent junctions had been burned by a voltage
pulse, which had resulted in its shorting. The connection to the outer
circuit had been done via the two 1000-A thick nickel electrodes.

IBpAR lock-in amplifier, model 124; with a differential preamplifier,
Modecl 116 (110-MQ input impedance).
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I' was established from dynamic resistivity measurements.
For the detection experiments (Fig. 6), three different lasers
(A=0.6328, 3.39, and 10.6 um) were focused (by a S-cm
CaF, lens), on a chopper (930 Hz), to generate an almost
ideal square-wave modulation (with rise times of 2 us in the
visible, 10 us at 10.6 um). The beams were then collimated
(by a 10-cm NaCl lens), passed through a A\/2 plate, and
focused (by a 10-cm CaF, lens) onto the diode which was
placed inside a Dewar, with a ZnSn window. The output
signal from the diode was monitored by the LIA,'® which was
synchronized to a reference signal generated by a collinearized
alignment laser. The junction’s d¢ current and the LIA’s
output were displayed by two x-y recorders simultaneously,
as a function of the biasing voltage.

The detected signal is then compared qualitatively with the
predicted thermal and field induced signals. The thermal
signal can be deduced by the change of the 1I-V characteristic
versus temperature (see Fig. 2), and after subtraction, the
remaining part V{(w,, ) will be compared with

1 III

= _ 2 I
Vims(@m ){ Vae \/*2? Vrms(‘%) T )

Vde

where Vins(w,,) is the rms value of the first harmonic at the
chopping frequency (w,, =930 Hz) and Vip(w.)= 12
Vac(w,), where V. is the amplitude of the optical voltage
which is developed across the junction and is assumed to be
constant. The electric field available from the lasers is found

by:

f - Eg, rms (@¢)

i ®)

where P is the laser power, 4 is the effective focal area,
E, ms{w,) is the rms electric field in the focal point, and n is
the characteristic -impedance of the ambient in which the
junction is immersed in {n =377 £ will be used). The optical
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voltage available across the junction V), () can be esti-
mated by

Va, rms(@e) = Ea, rms{We) d 6)

where d is the oxide thickness (10 A will be used). An “en-
hancement factor” G will be calculated via the definition

Vims(w)

Va, rms(@We)

G can give some clue on the coupling mechanism.

Thie experimental results which are described in the following
section will help us to determine whether the dc I-V charac-
teristic is valid at optical frequencies, the relative importance
of “thermal” and “field” contributions, and the importance
of ‘area. Also, we will get some idea about the coupling
mechanism and the noise characteristics of the device.

G= (7

V. EXPERIMENTAL RESULTS

Experimerits have been carried out on four types of junc-
tions: “Edge” and large-area MOM’s on quartz and silicon
substrates. The success of our experiments depended strongly
on the detailed shape of I"/I' and the magnitude of the
thermal-assisted signal relative to the field-assisted signal. Un-
fortunately, thin nickel films (100-200 A) absorb around 40,
20, and 10 percent of the incident power at A= 0.6328, A =
3.39, and A=10.6 um, respectively, which leads to a large
thermal contribution that is dominant at the optical fre-
quencies. But, fortunately, as a compensation for the low
reflectivity of nickel, the sensitivity S of Ni~-NiO-Ni junction,
is quite high, and has a distinct peak which occurs around a
biasing voltage of 100 mV. This peak becomes even more
profound at lower temperatures, and when the temperature
is reduced even more, another peak shows up at ~150 mV."
If upon shining radiations with different wavelength on our
device, the detailed structure of I"/1’ versus V. is reproduced,
it will suggest that mixing of sidebands occurs at the frequency
of the radiation, and optical currents are ﬂowmg through the
junction at this frequency.

Let us begin with results, when 10 6-um wavelength was
used. Fig. 7 describes typical I~V and - I"/1' curves of a
large-area single junction at 300 K and 77 K, fabricated on
top of a Si substrate (covered with ~500 A of 8i0,).2° -1"/1'
results from two separate quasi dc measurements; 1/1" [Fig.
8(a)}] and -1" [Fig. 8(b)]. Note that 1" at 77 K changes very
little relative to 1" at 300 K, but 1" has a threefold change
which leads to a similar enhancement in ~1"/I'. As a result
of Fig. 7, we hope to get a larger field-assisted contribution
at lower temperatures [see (4)]. When 10.6-um radiation was

19The first peak appears also in Al-Al,O3~Al junctions but in a less
profound form.  Atthough we are not certain of the physical reasons
for the peaks, we can suggest some possibilities: 1) a result of the energy
band structure of nickel, 2) a result of the overall tunneling equations
including all parameters such as fluctuation in oxide thickness, field
penetration into clectrodes, surface states, traps, etc., and 3) inelastic
scattering in the oxide due to trapped molecules. Peaks like these had
been shown to exist by Lambe and Jaklevic {36].

201y, I'-V and ["=V are monitored when the radiation is focused on
the junction to maintain the actual temperature that exists in the
detection experiment,
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Fig. 7. Chdracteristics of a large-area single MOM (no. 1) at two dif-
ferént temperatures. Junction characteristics aré antisymmetric.
Spreading resistivity is about 10 Q.

focused onto the junction (about 100 mW, 150-um focal spot),
the signals shown in Fig. 9 were detected by the LIA (plotted
for positive bias only). We have also plotted the expected
thermal signal that was deduced from Fig. 7 (see Fig. 2 for the
method), and the two curves agree rather well (the interpo-
lated signal was needed to match V(w,,) at its maximum).
Apparently the detected signal at room temperature is mostly
thermal. When the device was cooled down the thermal signal
dropped considerably (5 to 10 times), and the field-assisted
contribution—that was predicted to be enhanced threefold—
showed up from the background of the thermal contribution.
If the thermal signal is interpolated and subtracted out from
the total detected signal at 77 K [Fig. 10(a)], the field.contri-
bution remains (V(w,,)), as shown in Fig. 10(b).?* For
comparison, -1"/1" is plotted too, and the agreement between
the -curves is very good. The results above will provide us
with the enhancement factor G(7), as will be discussed in the
next chapter. Apparently the junction, even though iis area
is 1078 cm? and its calculated time constant is around 107! s
seems to respond to the 10.6-um wavelength and as we will
soon see, all the way to at least 0.6-um range.

Similar quasi-dc characteristics have been observed when an
“Edge-MOM” was tested (“Edge-MOM” no. 2, Fig. 11). In
this particular junction, the second-peak in 1" (near 150 mV)
is more profound when the dc bias is positive (1000-A Ni
positive with respect to oxidized 100-A Ni). When the CO,
radiation is focused on the device, an enhancement in the field-
assisted signal is clearly seen—even at room temperature—
comparatively to the signal from the large-area junction. At
77 K the detected signal has a very distinct peak near Vg, =
80 mV and the estimated thérmal contribution is assumed to

AThe thermal signal was interpolated so that its subtraction will tit
I"/1” around Vg4¢ = 300 mV (an inaccuracy in the interpolation would
not change the shape of V{wy,) considerably).
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I'ig. 8. Large-area MOM (no. 1). (a) Dynamic resistivity versus Vy.
(b) d%1/dV? versus V.. Note a second peuak that starts showing up
at Vge = 150 mV.

be reduced by approximately six times from the one at 300 K
(Fig. 12). We did not bother to subtract the thermal signal in
Fig. 12 (that will make V(w,,) and -1"/1" very much alike)
since the resemblance is striking even when it is included.
Antenna properties of the configuration had been checked
via polarization and angle dependence. When £ = £}, (Fig. 12),
the field contribution is enhanced more than five times with
respect to the case where £ = E| for 6 >45°, and more than
four times at normal incident. Also the shape of the curve is
more like ~1"/1" when E = E|. This agrees rather well with the
assertion of “Fermi levels modulation” which implies that a
field along the propagation path of electrons in the oxide is
necessary. When the angle @ is changed, an antenna enhance-
ment or lobe structure is not observed, but without much
surprise since the structure has rough edges from the chemical
etching (see Fig. 5) and both the SiO, layer on the silicon
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I'ig. 10. Description of obtaining the field-assisted signal. (a) Detected
and interpolated thermal signals. (b) A qualitative comparison
between V(wy,) and -1"/1".

and the sputtered nickel are lossy.!* The high index of re-
fraction of silicon (~3), causes a large reflection and reduces
the field at the interface, especially at large 8, where the
antenna enhancement should be the largest.

But note that with change of angle, the ratio between the
two contributions (£} and E,) is enhanced, since the thermal
signal drops fairly fast with angle but not so the field contribu-
tion, probably due to some enhancement of the “antenna-
structure.”

Experiments have also been carried out with large area and
Edge-MOM’s (both fabricated under the same conditions on
quartz substrates), employing radiation at 3.39- and 0.6328-um
wavelengths. As expected, the thermal signals were stronger
than in the 10-um range, but to our surprise, no significant
difference in the enhancement factor G was observed in the
edge junctions, We offer a possible explanation in the next
section.

The quasi-dc 1" and 1" versus ¥y, of these junctions are very
similar to the previous junctions and are not shown here. The
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Iig. 12. Detected signals from a single “Edge-MOM.” Thermal- and
field-assisted signals are on the same order of magnitude even at
room temperature. Note, the slight “bump” in -1"/I' (near V4. =
150 mV), that is reproduced in the detected curves.

detected signals at the output of the large area and edge diodes
are very much alike in shape and amplitude and are plotted in
Fig. 13 (0.6328 um at 1 mW and 50-um focal spot, 3.39 um
at 1 mW and 100-um focal spot). The signals are normalized
so that at 7= 300 K, Vpgr, (0.6328 um) and Vpgr, (3.39 um)

VDETECTED
T=300°K
{[sV] parE:
350 K
7 "EDGE" #3 8 #4
Ve
300+
’
/
250 //)\./ I=3OO"°K
% \\(/ EDGE".#5 ,
4/ ~N //
200+ .
/,\ 0.6328\ //‘\
V(A S 39, TEi20°K
150 / \-\\\~;/ /1 n? 8 "EDGE"
J - . T=120°K /#3 & #4
l e 'EDGE"
160 0.6328
50:

0 T T

0 100 200 3]OO 4(l)0

Vo [mv]

Iig. 13. 3.39- and 0.6328-um detection results, on large-area and
Edge-MOM’. Junctions no. 3 and 4 had been fabricated simulta-
neously. The familiar peak near Ve =100 mV shows up at the
output of junctions no. 3 and 4 for T = 120 K and dominant at the
output of junction no. 5, even at 7= 300 K (A = 0.6328 um).

will be similar in magnitude for junctions no. 3 and 4.2 Itis
clearly seen that the amount of thermal signal is larger at
0.6-um range than at the 3-um range and upon cooling down,
the field-assisted signal shows up with the familiar peak.”® We
did not subtract in Fig. 12 the interpolated thermal signal, but
again, its subtraction led to a very good agreement between
-1"/1"and V(w,, ).

Another junction that was fabricated in a different run
(no. 5), which had a smaller dynamic resistivity (~500 ),
produced a field-to-thermal signal ratio that was much better
even in the 0.6-um regime, and we have plotied the detected
signals in Fig. 13. In general, lower impedance junctions had
less thermal contributions than the high impedance ones, and
s0, even weak field-assisted signals could be seen rather easily
at their output terminals. Polarization dependence was not
profound in the 3 and 0.6 um ranges.*® No quantitative mea-
surements of noise had been carried out. The noise increased
with biasing, and best signal-to-noise ratio occurred at the peak
of the detected signal near V4. = 100 mV.

In the next section we analyze the results and summarize
them.

221 ight was shined from the back of the substrate to have a clear
approach to thc junction, which is buried under 1000-A thick nickel
electrode. '

23Duce to the low heat conductivity of the quartz substrate, the
temperature of the junction was estimated to be ~120 K (and not
77 K). This led to a larger thermal signal than could have been achieved
at 77 K.

24 Note added in proofs: Recent experiments with junctions fabri-
cated on sapphire resulted in undetectable signals at the 0.6 uM range.
We tend to believe at the moment that the previously detected signals
at 0.6 uM range were pure thermal signals due to the poor heat con-
ductivity of the quartz substrate. Experiments are planned with higher
power lasers.
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VI. DiscussioON aND CONCLUDING REMARKS -

When the detected signals (after the subtraction of the
thermal contribution) are compared with -1"/I', the distinct
feature in both (the peak near Vg, =100 mV) helps to con-
clude that they must result from a rectification of optical
currents by the nonlinear I-V characteristic, which must be
invariant (to the degree of accuracy of the results) up to at
least the frequency of the optical currents.

Using (4)-(7), laser power and beam spot measurements,
and exact geometrical configurations, Table I is constructed.
From it we see that in the 10-um regime the “Edge MOM” has
the largest G. At higher frequencies G drops and no difference
is observed between the two classes of MOM’s.

What can we say about the coupling mechanism at the three
wavelengths which we have used?

In the 10-um regime the agreement of V(w,,) with (4)
suggests a “voltage source” type of coupling, which can be
justified assuming some type of antenna coupling (with radia-
tion resistance of 100 £ or less [9], [19]). This assumption
is strengthened by the strong polarization dependence and the
large enhancement factor (70-150).

In the 3- and 0.6-um regimes, enhancement in the range of
10-20 can be explained theoretically by a simple match of
electric fields at the boundary of the metal-oxide interface.
The electric field can be evaluated inside the metal, and then,
by using the continuity of normal eE components to the
junction interface: Foxide = Fmetal [€meral/€oxidel-  The re-
sultant Egy;qe/F, [see (5)] is in the 10-20 range. Coupling
assumptions like that or via surface plasmons [22] are pretty
much independent of d, hence, a “voltage source” coupling
type assumption is adopted here too. Moreover, it is also
supported by the location of the peak in V{w,,).

The area of the junctions seemed to have some importance
at the 10-um range but none at all in the 3- and 0.6-um ranges
(junctions with area of 5um X 5 um led also to similar results).
A dc test of junctions with different areas which had been
fabricated simultaneously, led us to believe that the tunneling
resistivities are related by the ratios of circumferences and
not by the ratio of the areas.”® This suggests that most of the
tunneling occurs around the edges of the device, due to the
strong fields in the vicinity of the edges. This effect will make
the effective area of the large area MOM only a few times
larger than in the “Edge MOM.” Another possible explanation
may raise the question about the validity of the “capacitance”
concept at optical frequencies. It is possible that when the
frequency increases, the coupled field does not penetrate into
the junction and most of the field-assisted tunneling occurs
only near the edges (even if one could eliminate the edge
effects by some masking procedure).

Coupling efficiencies into the Edge MOM’s can be improved;
by improving the antennas in-the infrared regime or by cou-
pling via guiding in the visible and near-infrared regimes. The
SiO, buffer layer can serve as a dielectric waveguide (which

25Researchers in the past had strong evidence that the edges of
evaporated, large-area MOM’s enhance conduction through the devices
[37], [38].
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TABLE I
Ni-NiO-NiO MOM REesuLts. Summary oF ExpeEriMENTAL REsuTs Using
MOM Juncrions no. 1 THrRouGH 4. ResuLTs ARE MEASURED AT 77 K
(10.6 um) Axp 120 K (3.39 um, 0.6328 um). Juxcrioxs no. 3 axp 4
WERE FABRICATED SIMuLTANEOUSLY. RESULES AT 3.39 AvD 0.6328 um

ARE HEAVILY DEPENDENT ON THE INTERPOI ATION OF THE THERMAL SIGNAL,
SO ONLY THE APPROXIMATE G 18 SUBSTITUTED.
A=10.60 A= 3390 A= 6328
areh [ur?] 3.8 | 0.06 | 5.3 |0.03 | 5.3 |0.03
Zero Bias ResistiviTy
' [IQJ 850 1180 890 | 8125 890 |-8125
SEI"/1) MAX, [l/d 4,3 ’ 3,36 1.72 12,3 1.7212.3 B
CALCULATED OPTICAL ) :
VoLTAGE ACROSS THE 10 10 ~7 |[~4.8 | ~8.4|~6.7
JuncTIoN [MVJ
AvarLaBLe OpTicAL
VoLTaGce FROM THE 0.14 | 0,97 0,22 10.22 | 0,42 0.44
LasEr ﬁwVJ
ENCHANCEMENT
70 150 ~15 ~15 " | ~15 |~15
FacTor, 6

each junction possesses). Light can be coupled into the wave-
guide and be guided into the junction with a predicted en-
hancement of 10-100 in the detected signal, relative to the
present situation.

Since oxides can now be grown reproducibly, with thick-
nesses in the range of the mean free path of hot electrons in
them, the new device can be extended into a MOMOM con-
figuration. ~ In this structure, the first junction emits hot
electrons, the second collects it, and the common metal is
made very thin to minimize collisions of hot electrons in it.
A successful operation of MOMOM device will lay the way
toward an optical transistor.
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