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Abstract
Video detection at 90 GHz, 890 GHz, 28.3 THz, and 4Tk THz ie exsmined with respect to whisker advancement.

Reproducible behavior of I-V curves is obtained and correlated with the RF data.
shown to compete with conventional barrier rectification.

A significant thermal effect is
Micrographic analysis coupled with microhardness

measurements clearly demonstrates that the tungsten whisker exerts sufficient pressure to deform the silicon

surface of the diodes.
Introduction

Point contact devices have played a major role in
the detection, mixing, and harmonic generation of 1-8
coherent sources from the microwave to the infrared
Particular sucgess has been obtained with tungsten -
p type silicon’ and the metal-oxide-metal devices.I-12
The prime thrust of this effort is to characterize the
behavior of the tungsten - p type silicon, run-in,
point contact diode from the millimeter wave to the
vigible region.

Theory

There are two theoretical bases upon which to ex-
plain the detailed behavior of the barriers formed
between metals and semiconductors. The first, the
diffusion theory, assumes a barrier thickness large
compared to the mean free path, so that the electron
experiences numerous collisioﬁs within the barrier
region. Mottl3 and Schot barriers are specific
examples of the diffusion theory. The second model is
the diode theory of Bethe. o Here, image force lower-
ing of the barrier is taken to be a function of the
applied voltage, electrons tunneling the barrier lower
its effective height, and the work function of the
surface is a varisble over the contact a. The above
models have had numerous modificationl®-cl and enly
recently with the advent of the Schottky barrier devices
has some semblance of ordexr appeared.

Diode Description

The point contact devices used in this study con-
sisted of a tungsten whisker 0.001 inch in diameter,
electrolytically etched in NaOH solution to a fine
point, in contact with a p type silicon wafer having a
resistivity of 0.007.cm. The silicon wafer is
polished, etched in HF acid, and rinsed in distilled
water. The diodes were housed in two commercially built
mixer mounts (RG99/U), one commercially built multiplier
(Re 98/U to RG 135/U), and a lab built open structure
unit. This latter unit consisted of a differential
micrometer for run-in of 5 X 107V inches resolution and
a8 Sphericsl reflector mounted on a translational stage
with three degrees of freedom.

For reference, the equivalent cirecuit of the point
contact diode 1s given in Fig. 1, where Rg is the
gpreading resistance, is the barrier resistance, cb
is the barrier capacitauce, and L, 1s the whisker
inductance. In this equivalent circult, and G,
are variable and functionally dependent on applied
voltage.

I=1, (e
Ry, = kT/qI
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qv/kT_l) W

(2)
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while I, axnd Ry are independent of applied voltage but
are depen%gnt upon mechanical configuration and contact
pressure. The spreading resistance is dependent upon
the bulk resistivity of the semiconductor and is inyerse~
1y proportional to the radius of the point contact.Z3
The barrier capacitance depends directly upon the ares
of the contact and inversely upon the thickness of the
barrier. This capacitance shunts the non-linear
resistance, Ry, of the barrier, be a more effec-
tive by-pass as frequency increases.

Diode Characterization

Initial efforts to obtain reproducible behavior of
the diode characteristics only resulted in general
obgervations due to the coarseness of the differentilal
serews used in the commercisl units and to the method
of initial contact cbservation.

The use of a Lansing 22 505 differential micro-
meter is an open structure gave an order of magnitude
improvement in whisker advancement resolution over the
commercial units. A method of initial contact observa-
tion was devised as follows:

(1) surface cleaning of silicon wafer with "Biodenm,"
acetylcellulose replicating film (used by electron
microscopists).

(2) Visual determination of initial contact by
impinging HeNe laser through the point contact area to
the spherical reflector and observing the magnified
back projection.

(3) Initial electrical contact dermined with a
Tektronix 1ATA.

A successful initial contact will occur when the
noise signel, observed on an oscilloscope (step 3),
changes its character prior to any whisker bending
(step 2). Other criteria lead to anomalous results.

I-V Cheracteristics

Given a proper initlal contact, a characteristic
curve sequence as shown in Fig. 2 is observed. It is
the one sequence occurring repeatediy in initial contact
and run-in on all samples tested. The initial contact
corresponds to the cutermost curve of picture 1. As
pressure 1s increased, or better, as advancement of the
whisker is continued, the curves, forward and back,
display an increase in differential comductance
(g = aI/av) uwntil & maximm is reached (innermost curve
of pictures 2 and 3). Further whisker advancement them
causes & decrease in the differential conductance to
values less than those produced by the initial contact
(pictures 3 and %).
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The characteristic curves of Fig. 2 were found to
be completely reproducible from experiment to experi-
ment. Changes induced during the time of whisker
advencenent are reversible and the entire process
cyclical providing that the elastic limit of the
whisker is not exceeded.

If the diode is set to the condition depicted by
the outermost curve of picture 4, Fig. 2, and a 1 mA
current limited pulse of approximately 50 V is applied
to the diode in the forward direction, the I-V
characteristic is radically changed as shown in the
outer curve of picture 5. Now, with further whisker
advancement the differentlal conductivity once again
increases, but no longer exhibits a reversal as noted
in pictures 3 and 4. One does note, however, an
improvement in rectification efficiemcy (front to back
resistance rstio). The sequence of Fig. 2, therefore,
shows the behavior of a typlcal point contact diode
made by the run-in process and the difference between
a point contact and a welded contact characteristic.

Interpretation of the DC Characteristics

In an attempt to obtain correlation between theory
and the experimental observations of diode behavior as
a function of whisker pressure, it was postulated that
a mechanical deformation of both the silicon surface
and tungsten whisker occurred. To establish credibil-
ity for the following arguments, a detailed micro-
graphic study was carried out. Electron microscopy
replicating techniques we;ég employed here to observe
the surface of the diode,*? (Fig. 3). Here, since the
shadowcast angle was 450, the length of the shadow is
equal to the height of the hillock in the replica which
is equal to the depth of the valley in the silicon
surface. In particular, the depth is 1300 R and, in
this case, is equal to the diameter.

Figure 4 is an electron micrograph of a typical
tungsten whisker; the dark area is whisker and the
gray periphery is contamination produced in the
electron microscope. The magnification is identical to
that of the previous micrographs showing the correlation
of whisker and valley size.

Now, by establishing the hardness values for
silicon and tungsten, it will be shown that the tungsten
whisker is, in fact, capable of penetrating the surface
of the silicon wafer. In the past, the assumption has
been that silicon was much harder than the tungsten
vhisker and, therefore, no penetration was possible.
This assumption is not correct for heavily drawn
tungsten wire.26

The hardness of silicon is well documen‘l;ed.,27
however, the hardness of tungsten is dependent upon the
number of dislocations, and as the wire is drawm, the
dislocation count increases. A specific study was
performed on the tungsten wire (0.001") and the silicon
wafer used in the present experiments. The measured
value of the silicon is KHNe, = 980 Kg/mn® (Fig, 5 a)
and that for the tungsten 18 KHNcy = 1020 Kg/mm® (Fig.
5b). Since the tungsten is at léast as hard as the
silicon and the geometry of the two surfaces greatly
favors the whisker, it seems conclusive that the
tungsten whisker does penetrate the silicon surface
upon making contact.

Coordinated studies, using the visual aid technique
concomitant with the curve itracer, indicate that a max-
imm in the differential conductivity occurs approxi-
mately when maximum pressure is transmitted from the
vhisker to the wafer., As whisker advancement is further
increased, the whisker bends and is no longer capable
of sustaining the force it did prior to bending, since
shearing deformation now becomes a significant factor.

We now look at the spreading resistance to account
for the behavior of the characteristic curves. Wwhen a
contact is first initiated, the contact area can be
approximated by a circular plane ares of very small
dimensions. Here, the resistance is simply that of
parallel plates separated by the resistive layer and
()

R = €1/a

or in the case of a circular contact
fl/ b (5)

vhen the whisker is advanced, the planar model
gives way to a spherical contact of radius r, due to
deformation of the silicon surface. Here, the contact-
ing surface ares prior to vhisker bending is simply
that of a hemisphere, 27r°. The total resistance
encountered is then given by,29

Ry = <e/av~>f (6)

where r, is the radi\‘;s of the whisker tip. Now, the
whisker advances no further into the semiconductor and
as the run-in proceeds, the whisker begins to bend
causing a rotation of the hemispherical tip. First, as
this rotation occurs, caused by the whisker bending, the
surface area of the contact between whisker and wafer is
reduced, since one side of the hemisphere rolls or
presses into the semiconductor and the other side departs
from the semiconductor surface by an equal amount. Now,
the contact is no longer hemispherical, but, at best, is
approximately the surface of one quarter of a sphere.
This new surface is now better approximsted by the ini-
tial condition of a plamar surface, than that of a
spherical surface. Therefore, due to the fact that the
planar surface, for equal contact areas, produces a
greater spreading resistance than the hemispherical
surface, by a factor of 1/r,, a maximm in the conduc--
tivity followed by a subsequent decresse is evident.

R=

el
r24r = € / 27r,

Furthermore, it is well established that the band
gap in silicon decreases with increasing pressure and
temperature.3% 3L myg 14 1ignt of the previous
argument on whisker bending, would also point to a
maximum in the conductivity, occurring when the greatest
pressure is applied to the semiconductor. A similar
argument can be msde for barrier capacitance, showing a
mininmum in the capacitance at initial contact followed
by an incresse as the whisker indents the semiconductor,
and then by a decrease as the bending causes the surface
area of contact to decrease.

Picture 5, Fig. 2 shows curves which are no longer
representative of a point contact diode. Here, the high
voltage spike was sufficlent to casuse sputtering,
resulting in either a Schottky barrier or an alloyed
Junction. In this case, no maximum in the conductivity
occurred, rather, advancement of the whisker produced
an increase in conductance up to some maximum value.

No reversal was evident, indicating that a fixed area
contact had been established and that no increase in
R8 was now possible as whisker belng occurred.

Responsivity Vs. Freguency
Measurements & Interpretation

Essentially, identical experiments on detector
responsivity were conducted at 94 GHz, 890 GHz, 28.3 THz,
and 4Tk THz. The devices were used as voltage detectors
working into a 1 M.a.load. Figure 6 shows a composite
of the experimental date. Responsivity versus whisker
advancement data at 9% and 890 GHz exhibits a pecak-
valley-peak characteristic which corresponds to and
correlates with the point contact I-V run-in sequence of
Fige 2. At 28.3 and 47h THz the polarity of the
detector voltage reverses and the responsivity as a
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function of whisker advancement is essentially con-
stant with a slight decrease observed at the initial
contact.

The data can be understood by assuming a point
contact diode model which includes thermoelectric and
photoelectric generators as shown in Fig. 7. From this
model, one should expect a responsivity curve versus
frequency similar to that of Fig. 8 to result.

Conclusions

The present study has clarified the behavior of
diodes, comprised of pointed tungsten whiskers in
pressure contact with heavily doped p type silicon, as
a function of freguency. The DC characteristics have
been correlated with RF performance at four major
frequencies: 90 GHz, 890 GHz, 28.3 THz, and W74 THz.

The existence of a significant thermal effect has
been identified and shown to compete with coaventional
barrier rectification. At the lower frequencies,
barrier rectification dominates and as the frequency
is increased, the thermoelectric effect tends to
become more dominant as the rectification efficiency
degrades due to the shunting action of the barrier
capacitance.

Finally, through micrographic analysis it has been
shown that the tungsten whisker exerts suffilcient
pressure to measurably deform the silicon surface.

This is believed to be the first clear demonstration

that such deformations actually occur. Previously, it

had been supposed that the tungsten whisker point

would consistently yield before the silicon surface.
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SCALES . Vertical - 0. OlmA div.. Horizontal - 0.5 Volts div,

Lw—WhiSker Inductance
Rb— Barrier Resistance
Cb~ Barrier Capacitance

Rs -Spreading Resistance

Fig.2 Diode run-in, I~V sequence.
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Fig.4t Electron micrograph of tungsten whisker.
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i Fig.6 Diode responsivity versus whisker run-in.

L, - Whisker Inductance
RY - Sprending Resistance

RY - Barrier Resistance

Cp - Barrier Capacitance

Cq - Device Capacitance (parasitic)
Vi~ Thermoelectric Voltaye Generator
v:m' Photoelectric Voltage Generator

6, (Gt )

Thermoelectric & Photovoltaic

Fig.7 Proposed diode equivalent circuit.

Relative Responsivity

Fig.8 Relative responsivity versus frequency.
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