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Studies of the Work Function of Rare Earth

and other Metal Films

by

Nicholas Chandler

ABSTRACT

Rare earth metal films have been prepared in Ultra~high Vacuum
(U.H.V.) and work function measurements made, in situ, by a vibrating
capacitor technique. The effects of aging in U.H.V. and of atmos-

pheric contamination have been studied.

Measurements Lave been made on Gd above and below the Curie
temperature, before and after annealing at 390°K by means of a novel

nichrome-film heater (developed for U.H.V. use).

The resistivities of the rare earth films were determined by an
" in situ potential probe method in conjunction with interferometric -

thickness measurements.

Work function measurements have also been made on other metal
films and on silicon surfaces to provide data relevant to theoretical

work on point-contact detectors for far infra-red radiation.
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Introductory Remarks

The principal objective of the work described here was to extend
the study of rare earth films to measurement of their work functionms.
Previous values had been obtained from only a feﬁ samples of gadolin-
ium and by techniqhes which were subject to significant errors. Fol-
lowing the introduction to the work function and its role in physics
in Chapter I, the range of available measurement techniques is des-
cribed in Chapter II, and feasons are given for the choice of the
vibrating capacitor method used in this work. Chapter III details the
experimental arrangement and comsiders the sources of error. The
preparation of the specimens is described in Chapter IV and the deve-
lopment of a novel film heater in Chapter 'V. The results are reported
and discussed in Chapter VI. A secondary objective arose within the
laboratory to construct and explain the behaviour of point-contact
diodes as detectors of far infra-red radiation. The resulting model
and the importance of the work functions of the materials, together
with the experimental results, are described in Chapter VII. Chapter
VIII concludes the thesis and includes some suggestions for further

worke.
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Chapter I The Role of the Work Function

1.1 Introduction,

The term '"work function" appears first to have been used in the
early part of the century in connection with the thermionic emission

(1)

of electrons from a heated metal cathode. Even then the concept of
a certain amount of work done in causing an electron to escape from a
cathode was not novel, and most of the earliest work concentrated
either on improving the life and efficiency of electric lamps or on
gaining experimental knowledge of the electron physics of metals to
compare with the emerging theories. Other means of emitting electrons
were conceived, such as applying high electric fields or electromag-
netic radiation. It was the interpretation of the photoemission of
electrons which helped establish the quantum theory of light. Clas-
sical physics could not explain the failure to emit electrons when
the incident radiation was of too low a wavelength, whereas the loca-
lised and quantised photon energy was able to do so, in terms of the
photon energy being smaller than the work function of the emitter,
The developments in several other technological and scientific fields
have depended on a knowledge of the work functions of various materi-
als and their variations under different conditions. These will be
considered after the work function and some related parameters have

been more fully described.

The methods of measuring the work function have been as numer-
ous as the topics to which it is important. Chapter II describes the
major techniques in brief, with particular reference to conditions
suitable for the highly reactive rare earth metals. With.the,advances
in Ultra High Vacuum (U.H.V.) technology and the development of
experimental surface techniques, there has been a renewal of interest
in worﬁ function as one of the basic properties of surface physics.
Specimens of ultra-high purity may now be examined under unpreceden-
tedly clean conditions and the effects of specific treatments or con-

taminants monitored by a variety of techniques.

16



1.2 Definition of the Work Function.

The work function depends on some fundamental physical parame-
ters which must first be explained. The Helmholtz free energy, F, of

an isolated body containing electrons is given by

F=U-1TS k equation (1.1)
where U = total internal energy

T = temperature

S = entropy.

A convenient thermodynamic parameter to describe the system is termed

the "electrochemical potential" of an electron therein and is defined
(2)
by

}I = (3F  equation (1.2)
on | T,v
where n = no. of electrons
and = volume of system.

To avoid ambiguity, the conventional definitions are followed where °
S =0at T = O and the energy of an electron at rest at infinite dis~
tance is also zero. Qualitatively, the electrochemical potential is
the work done when an electron is transferred from a point in vacuo
at infinity to a point in the bulk of the real material. This defini-
tion is not dependent solely on the iﬁternal state of the body, but
also on surface and external conditions. For example, a change in
electrostatic potential, Vés, of the body will‘change the electro-
chemical potential, so a second term, the "chemical potential",/u ’

is defined by(Z)

/M + eV'es ~ equation 1.3)

/.1

where e

1]

electronic charge.

This quantity is a function only of the internal statglof the body.

17



and is independent of surface and externmal conditions. Qualitatively, -
it is the work done in transferring an electron from a point in vacuo
at infinity to avpoint in an (unreal) homogeneous bulk of material
equal ?;)the real material except for the absence of a surface

dipole “°. It is due entirely to the interactions of the electron
with the bulk of the material,

The work function # of a uniform surface of an electronic
conductor, conceptually described as the work requiréd to remove
an electron from within the material to a point just outside it,
and at rest, can now be defined in terms of the electrochemical
potential just inside and the electrostatic potential energy just
outside, Vé, (2) ‘
i.ee g=-V -}I =V, -V - M | equation (1.4)

< -

e
vhere Ve = electrostatic potential inside the conductor

Since/u is solely a volume property, its contribution to the total
work function of a material is reflected in its alternative name

"inner work function'.

From equation (1.4) the total work function may be regarded as
comprising two parts: the inner work function and a surface effect. .
The latter results from the discontinuity of the lattice at the sur-
face. The electrons are no longer distributed symmetrically about the
ion cores of the surface atoms, but spread out into the vacuum. The -
redistribution of electrons occurs both ndrmal to the surface and
parallel to it, in such a way as to minimise the overall energy of -
the whole system. The former has been referred to as "spreading"and
the latter as "smoothing“(qz The spreading of the electrons outwards
from the surface leaves a corresponding positive charge, hence a
dipole or '"double layer"bwhich increases the work function since it

vtends to prevent electrons escaping from the bulk of the material.On

18



an atomic scale the lattice surface is, of course, not smooth, and
the electrons are redistributed so as to minimise the surface area,
and hence the energy, of the electron cloud just outside the surface.
This is equivalent to a reduction in the polarisation caused by the
spreading, and therefore tends to reduce the work function. Numerical

(&)

calculations for (b.c.c.) tungsten' ° showed the spreading effect to
be essentially isotropic, but that the smoothing caused a significant
variation of work function with crystal orientation. The reéults
agreed qualitatively with the experimental observation that there is -
a strong tendency for the crystal faces on which the surface atoms

are more densely packed to have the higher work functions.

In addition to the surface contribution anisotropy, the volume
contribution, i.e. the inner work function, may vary with crystal

orientation. This is due to the electronic band structure(a)

s which
determines the electron density and hence the exchange and correla-
tion energies. Further discussion will appear in Chapter VI, where the
work function anisotropy of gadolinium will be quantitatively esti-

mated from the band structure.

It is to be expected that all materials for which the work
function can be defined will exhibit some anisotropy. This has indeed
been observed experimentally for a wide range of metais, tungsten,
molybdenum, nickel, zinc, silver, copper and bismuth(a) to mention

&)

buat a few, and for the semiconductors silicon and germanium .

A polycrystalliné specimen will therefore consist of regions of
different work function, depending on the crystal orientation at the
surface of each grain, or "patch". The effect on the experimentally
observed values for different methods of measurement will be discus-

sed further in Chapters II and III.

\

1.3 The Relations between Work Function and Other Properties.

Although the term work function is used in connection with

19



several electron emission properties of materials, the quantities
measured by observing the various phenomena are not identical. The
discrepancies between the true and the apparent work functions of
metals and semiconductors measured by various techniques will be dis-
cussed in Chapter II. One group of techniques which does not suffer
from such discrepancies makes use of the identity of the electro-
chemical potential in two conductors, or semiconductors, which are

in thermal and electrical equilibrium. By inspection of equation
(1.4) it is evident that there will exist a difference of potential
between a point just outside material A and one just outside material

B given by
V- V= ¢B -8, = Vg ‘ equation (1.5)

and which is called the "contact potential difference” (ce.p.d.).

Some early work(s’ 6)

refers to "Volta potential" to describe the
same effect, after its discoverer. Due to the anisotropy of the work
function there will be a c.p.ds between various crystal faces of a
single material. The consequences of such variations on the measure-
ments between polycrystalline surfaces will be discussed in detail in
Chapter III. Equation (1.5) is valid for contacts betweeﬁ metals and
semiconductors. Indeed, techniques based on c.p.d. measurements are

(1)

unique in measuring the true work function of semiconductors” ‘.

In many texts the work function is derived in terms of the
familiar Fermi level. At absolute zero, when the most energetic elec~
tron in a metal resides at the Fermi level, EF' the workvfynction is
simply the difference between that level and the energy of an elec-
tron at rest just outside the surface, the vacuum level, WV, both
energies being measured from the bottom of the conduction band rather
than from infinity(7), as shown in Figure (1.1)

g =, - E; - equation (1.6)



-N" T T —[—Vacuun Level

—+ —— Fermi Level

N Bottom of Conduction Band

Figure 1.1 Energy Level Diagram of Electrons

in a Metal

In this scheme it is the Fermi levels of the two metals (A and
B) which become identical when they are in thermal and electrical

equilibrium, as shown in Figure 1.2.

SN TR T T M
/ | - aB
______ 2 1 B R 2
n A
85 8y , .
/I\—— — ‘AL—— JL —t+ —p— “—Fermi Level
Egg Wyp LI -
v ) - E,
: o v
: R
Metal A | Metal B eap | Metal A
1 ] ]

Fisure 1.2 Energy Level Diagram of Electrons in

Two Metals in Equilibrium

The work function of a semiconductor may be derived analagous-
ly, with the same reference point, but the energy just outside the

surface is now termed the "electron affinity", X s and the Fermi
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level is below the conduction band, and therefore negative. The

(7

relation is

g= X-~- Ep | equation (1.7)
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F:Lglre 1.3 FEnergy Level Diagram of Electrons

in a Semiconductor

The above electron affinity, X s should not be confused with -
the elemental electron affinity, > , which is defined as the energy
required to neutralize a stable, singly negatively ionised atom,
often free but sometimes in an ionic lattice' ’. The elemental elec-
tron affinity, > s and the first ionisation potential, I, which is
the energy required to produce an ion-electron pair, are interesting
parameters in that they form the bases of experimental methods for
measuring work function. The methods involve measuring the positive
and/or negative ionisation currents emitted from a solid surface in
equilibrium with a gas for which I and/or 2. are known. However,
these techniques are far from simple in practice, especially for

(0

semiconductors,due to their large band-gaps .

The change in the work function of a surface caused by adsorpQ
tion of a foreign species is called the surface potential (of that
combination). The magnitude of the surface potential depends on the
nﬁmber of dipoles per unit area of the surface and on their magnitude
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If the adsorbed species is ionised, then a dipole of moment M is
produced by the ion and its image charge. For a surface density of

adsorbed ions n_, the work function of the material after adsorption

a
is given by(7)
¢a = g - B " equation €.8)
€ o |

For positive ions M>0, so the work function is reduced and for
negative adsorbate ions it is increased. This result is strictly
valid only for coverages significantly less than a monolayer, since
as the coverage increases it is energetically more favourable for the

(7

adsorption to be as neutral atoms rather than as ions '’.

1.4  The Relevance of the Work Function to Overating Devices and

gguipment.

Aé mentioned earlier, a knowledge of the work function has been
useful in many spheres of technological and scientific activity.
Although it is beyond the scope of this work to examine all the dif--
ficulties and ambiguities of these topics, it is interesting to con- »

sider the role of the work function in application.

Probably the oldest and most familiar phenomenonvto which the
work function relates is thermicnic emission. The current densit& for
thermionic emission is dependent on the work function and on the tem~
perature (see Chapter II). Unfortunately the work functions of’metals
are quite high, especially those metals which will withstand the high
temperatures required for high cﬁrrent density. The work function may
be lowered by the adsorption of positive ions on the surface, as des-
cribed by equation (1.8). A greater reduction in work function is
achieved by the inclusion of a monolayer of oxygen between the base
material and the foreign species, with the‘addgd advantage of better
stability at high temperétures. Barium,caesium and thorium are com-
monly used in this way to reduce the work function of tungsten cath;

odes. For example, a cathode with a W~O-Th surface has a work func-
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tion of only 2.7 eV, compared to 4.5 eV for clean tungsten, and is
(9). Still further improvements

have been made by using a mixture of barium, calcium and strontium

over 200 times as emissive at 2000°K

oxides on nickel, resulting in a work function as low as 1.4 eV for

(7)

lity and efficiency to be gained by operating cathodes at lower

the optimum mixture'’’. Apart from the obvious improvements in stabi=-
temperatures, the reduction in noise for'electronicAapplications was
useful, although this is now less important due to the development of
solid state devices. The improved stability and reliability of cath-
odes at higher operating pressures has benefited mass spectrometers

and other users of ion sourcese.

The efficiency of the direct conversion of thermal energy to
electricity depends on the work functions of both cathode and aﬁode
of a vacuum diode(7). To minimise heat losses by radiation and cone
duction, the electrodes should be as cool as possible, consistent
with sufficient net current, so the cathode work function should be -
low but the difference between the two work functions should be
large. Obviously a compromise must be reached in the design of an

efficient converter.

Photoemission is also dependent on the work function of the
emitter. The work functions of most metals are too high for photo- -
emission in the visible region. The alkali metals have low work
functions, but even these are not generally used since their quantum
efficiency is low due to the high reflectivity of the metal surfaces.
By methods very similar to those used for thermionic emitters, the
efficiency and range of applicability (i.e. wavelengths at which
photoémission occurs) may be improved.‘However, it is more common
to use photoconductive materials for detectors, although of course
photomultipliers must still use emitters. In this application only a
very small photoemitted current is required, albeit at the expense of
a long chain of dynodes. The secondary-electron emission from the

)

dynodes. is dependent on the work function of the material used



The emission of electrons in the presence of a high field
strength permits - .: crystallographic studies of surfaces at 1oQ
temperatures, whereas thermionic emission requires relatively very
high temperatures which would in many cases destroy or prevent the
feature which it is desired to observe. The Field Emission Microscope
consists basically of a fine tip, mostly tungsten to date, in order
to produce a high field strength, and a phosphorescent screen on
which to observe the pattern of emission. The emission current from
each crystal grain on the tip surface depends on its work function
(see Chapter II), so that a pattern is produced which copies the work
function distribution of the surface, allowing observation of the
crystal structure, its change due to heat treatment, and the adsorp-
tion of foreign atoms or molecules, including surface diffusion and

(2

for surface studies of adsorption mechanisms from work function

nucleation studies of deposited films'““. An alternative technique
measurement is based on the surface potential described by equation
(1.8). The value obtained is that averaged over the whole surface
rather than showing the variation from point to point, so that either
the degree of coverage of anbadsorbant by an adsorbate or the dipole
moment cf the adsorbant~adsorbate bond may be measured provided that
the other parameter is known. At low coverages the value measured by
techniques which employ an electric field for electron collection
cannot simply be related to the dipole moment(IO). This is an example
where c.p.d. can provide a true value measurement and a simple,
versatile technique unlimited by otherwise common difficulties such
&as are associated with filaments, e.g. high temperatures, non-zero

field, and perturbation of the system by the process of measurement.

The c.p.d. between metals or between a metal and a semiconduc-
tor is also important to the behaviour of a third type of photodetec~
tor. The rectifying characteristics of a device consisting of metal-
insulator-metal (M.I.M.) or metal-insulator-semiconductor (M.I.S.)
depend on the absolute and relative values of the work functions of
the two electrodes, since they determine the tunnel and thermionic
currents through the intermediate barrier. Detectors of this type are
operational up to very high frequencies due to the extremely low
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Jjunction capacitance afforded by point-contact construction. Fufther '
description of the fabrication and performance of such diodes for use
as far infra-red detectors and a new model which explains their
bebaviour will be given in Chapter VII.

The cep.de between a metal and a semiconductor plays a signifi-
cant role in the performance of many other M.I.S. (more usually cal-
led MOS) or metal-semiconductor (M.S.) contacts. To connect the semi-
conductor to external circuitry it is desirable to use a contact
which is ohmic, i.e. which produces no rectification or other non-
linear effects, by allowing free transfer of charge between the two
materials. In order to equalise the Fermi levels in the two materials
when contact is made, electrons flow from one to the other, the
direction being dependent on the relative magnitude of their ﬁork
functions. If the electron flow is in such a direction as to increase
the number of majority carriers (i.e. from metal to n-type semicons‘
ductor or from p-type semiconductor into metal) then the barrier bet-
ween the materials is negligibly low and thin, resulting in an ohmic
contact. Electron flow of the opposite polarity produces a depletion
layer wholly in the semiconductor, resulting in rectification. This
simple theory predicts ohmic contacts when the metal work function is
smaller than that of an n-type or larger than that of a p-~type semi-
conductor. Practical results do not always follow this rule because
the physical discontinuity produces energy levels at the surface of
the semiconductor, called surface states. In some cases the electron
re-distribution cannot neutralize the effect of these states, so a
barrier remains and causes rectification. There are, fortunately,
several means of ensuring ohmic contact, including producing a high
impurity concentration at the semiconductor surface (either directly
or by diffusion of the contacting metal) and producinga high rate of
electron~hole recombination near the semiconductor surface by mechan-

ically or chemically damaging the surface before metallisation(ll).
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Chapter IT Methods of Measﬁring_the Work Function

2.7 Introduction.

This chapter describes briefly the major experimental techni—_
ques for measuring true or apparent work function, preliminary to the
detailed description of the method used for the present work, given
in Chapter III. Reasons are given for the exclusion of specific teche

niques from consideration for use for rare earth metals.

2e2 Thermionic Emissione.

The current density J emitted from a conductor of uniform sur-

face at temperature T is given by the Richardson-Dushman equation

J

A(1;;;)T2 exp(-ed/kT) equation(2.1)

vwhere

4T mk2e/h> = Richardson constant = 120.k A/d/°K>

electronic mass ~

Boltzmann corstant

electronic charge

Planck constant

ol o » 8 »
1]

zero-field reflection co-efficient for incident

electrons

g

true work function,

assuming that the applied field necessary to produce saturation (i.e.
all the emitted electrons are collected) is so weak that its value
approache5~zero. When the field E is not weak, the work function is

(1

reduced by an amount

AF =379 . 10"” E% eV _ ‘equation(a.z)
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This effect has been named after Schottky.

Experimentally the saturated cﬁrrent density is measured as a
function of field strength for a series of fixed emitter temperatures
and plotted as 1ln J vs,. E%. Extrapolation to zero-field yields values
of Jo’ the saturation zero-field current density. A graph of
1n(J°/T2) vs. (1/T) is plotted, the gradient, by analogy with

equation (2.1) is

d 1n(Jo/T2) = —ef*/k,

a1/T )

equation (2.3)

where @* is the "apparent work function" and is related to @ since
J, must satisfy equation (2.1). Substitution of (2.3) into (2.1)
gives .

. _ 2 y
gr=pg-T(df\- K . 4re equation (2.4)

aT e(1—;;) aT

(2)

The values for ;; and d;; have been shown to be small for tungsten —y
daT

but cannot necessarily te assumed to be so for rare earth metals.

In general, the surface of an emitter will not be uniform, as
has so far been assumed, but will have patches of different work
functions. The contribution of an individual patch to the total
emitted current will vary in a complex way, depending on its relative
size and its work function relative to the average over the whole

. surface.

Riviere(1)
field strenth is

has shown that the apparent work function at high

* * . .
g E;wiﬁi | equation (2.5a)

_wherélthe subscript denotes the ith patch, and LA is the fraction of
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the total zero=field current carried by that patch, and at weak
field strength is

g = Z wigj: +t Wl - TdB equation (2.5b)
i>] art

where in‘g g for i< j

B’ = zi:fiﬁl
i
t

fi is the fractional area occupied by the i h patch, and
w is the fraction of the total zero-field emission
from all patches with g} < [}

The inestimability of Wy renders an exact relation between g** or
g** and @ impossible, so that the comparison of @ with the results
of other workers is only possible for known crystal orientations in
single crystal samples. For such samples, the work function temp~
erature coefficient, the electronwreflection coefficient and its
temperature dependence (see equation (2.5b)) must be measured or
shown to be negligible.

Because of the extreme reactivity of the rare earth metals, the
chosen technique would be required to be as rapid as possible, which
would possibly also be helpful in determining the effects of aging.
High purity specimens would be achieved by vacuun distillation,i.e.
thermal evaporation onto a clean substrate in U.H.V., and would be
unlikely to be in single crystal form.

By evaluation from equation (2.1), emission current densities
at room temperature would be of the order of 10-25A/cm2, so that
temperatures significantly above the Curie temperature of gadollnlum .

would be required to produce practlcable currents.

Because of the uncontrollability of the errors in the
measurement of 3', and the temperaturé and time required for this
technique, thermionic emission measurements were judged inappropriate

for rare earth metal films.
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2.3 Photoelectric Fmission

When photons of energy hv are incident on the uniferm surface
of a conductor of work function @ at a temperatufe T, the zero~field

(12)

rhotocurrent in the region of h _ = ef is given by
2 .
J = c(kT) fllhv - hxb)/kﬂﬂ equation(2.6)

where f is a universal function of [(hv - hvo)/kﬂ. The value of hvo ‘
is that of the photoelectric threshold, which is the energy required

to emit an electron from the Fermi surface, i.e. at T = O, The
quantum yield, defined as the number of electrons emitted per absorbed

(9

photon ), Iq, is given by

Iq = b° £ [(hv - hvo)/kT] equation (2.7)

vhere b' is assumed constant over the range of values considered heré,
although it is a function of quantum mechanical selection rules for
the probability of photoemission and of the optical properties of the
material. Experimentally, the material is illuminated monochromati-
cally, and photoemitted electrons are collected by an electrode

maintained at a small positive potential to the subjecte.

For a more accurate estimate of the threshold energy h»g, and
hence @, than would be obtained from the intercept on a graph of
'Iq vs. V, a plot is made of

In Iq vse hV

72 KT

together with a plot of

1n f[(hv- hv )/kT] vs. hv,
o
kT
and éhe two curves made to coincide by a shift parallel to one or .

both axes. The shift parallel to the [hvlaxis is equal to

'hvo =ed . In practice, however, beca%ge a non-zero field is required
KT T

to collect the photocurrent, a modified universal function is used,



yielding the apparent photoelectric threshold, hv;(1). The effects

of surface patchiness may spoil the fit of the two curves in the

Fowler plot described above. As in the case of thermionic emission,
the sum of the contributions from individualipatches bears an extremely
complicated, and generally inestimable, relationship to the true
physical quantities., The work function value so derived is therefore

only applicable for a particular cathode and in particular conditions(1).

A further disadvantage of the photoelectfic technique is its
inapplicability to semiconductors as a true work function technique;,
Not only is the free-electron model totally invalid for semi-
conductors, it has been shown both experimentally and theoretically(1):
that photoemission from semiconductors is a combination of surface and
volume effects, so the threshold energy is not equal to the true work .

(1)

function .

2.4 Field Emission

Electron emission from a metal or semiconductor in the presence

of a very high electric field, which reduces the width of the potential
barrier at the surface, has been discussed by Fowler and Nordheim(14’15)°'

The current density

J = (1.55 . 10'6 E2/¢) exp(- 6.86 . 1o7¢¥ e(x)/E)

equation (2.8)
where
X = 3.62 . 07" E%/¢

and e(x) is the Nordheim'elliptic function.

On a graph of 1n(J/E2) vs. 1/E, the gradient would be

d 1n(J, EZ)
dZ17E§

- 2.98 . 107 g* [o -x (gg”
2 \ax

- 2.98 . 107 #* s(x).
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Tabulation of S(x)(16).has shown it to be stowly varying, so that
the gradient d 1n(J 2) depends principally on .
dZ1§E5 o

In practice the applied voltage, V, and collected current, i,
are related to E and J by V= fE and i = AJ.  Absolute determination
of ¥ depends on an evaluation of . A technique for numerical
evaluation of ¢ and 8 has been given by Yelinson et al(17), but
suffers the disadvantages of requiring measurements at two different
temperatures, and that a narrow tip specimen is required in order to
achieve a suitable field strength, which necessitates high temperatures
to produce measureable currents. This would cause annealing, possibly
a rise in vacuum pressure and therefore contamination local to the
specimen, and possibly re-evaporation from the specimen. Obviously

it would also preclude measurement below the Curie temperature.

A field-emission technique for measuring the average work
function of a patchy surface, without temperature restrictions and
without reference to any other work function value has been given by
Holscher(18). However, the consideration of the effect of patchiness
was only qualitative, and the effect of non-normal electron incidence
can be expected to alter the measurement of work function. With
careful tube design; manufacture and operation, particularly to
minimize non-normal electron incidence at the collecter, Holscher
estimated the accuracy of the work function values to be ¥ 0.01eV,
Later work(qg)
estimated the error to be from - 0.02 to = 0.05eV.

using this technique for single crystal samples

It was also shown that to allow validity of the free~electron
condition on which the technique is theoretically based, certain
crystal directions must be avoided. For polycrystalline samples
this cannot be guaranteed, so errors would occur due to the departure
of electron band structure from the free-electron model. This would
be especially true for materials with band structures as complex as

the rare earthse.
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2¢5 Surface Ionisation

The similarity between the definitions of work function,
ionisation potential and electron affinity provides two techniques -

for measurement.

26501 Positive Surface Jonisation

The first technique involves measurement of the positive

ionisation current, o,

librium with an elemental gas of knowvn first ionisation potential,

s emitted from a conductor which is in equi-
I. A graph of

Inoe, vse 1T
includes a linear portion whose gradient is equal to

e(ﬁ% - I)/k

where ¢; is the apparent wi§§ function for a uniform surface,
measured by this technique , which suffers from the same sources
of error as field emission measurements. The presence of the gas,
and the uncontrollability of the temperature at which the relevant
linear slope occurs render this technigue unsuitable for rare earth
metals.

2e5.2 Ratio of Positive to Nezative Surface Ionisation.

The second technique requires the metal surface to be heated
and to be in equilibrium with a gas which can provide both positive
and negative ions and which does not condense onto the metal. The
ratio of the positive to negative ionisation currents is determined
by the ionisation potential of the atom species, I, the electron
affinity of the negative ions,§: s and the apparent work function
of the metal, ﬁ;(1). Limited current knowledge of electron
affinity values restricts the gas to the alkali halides. The same
comments apply as to unsuitability for measurements on rare earths

only more soO.
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2.6 Contact Potential Difference.

If two conductors A and B of true work functions ¢k and ¢é
at the same temperature are connected electrically, then electron
flow will occur until the equilibrium state is reached where the
two. Fermi levels are the same, resulting in a potential difference
between points just outside the two unconnected surfaces of VAB'
given by

| Wy - V= =(g, - ) = V,z equation (2.9)
called the contact potential difference, (c.p.d.) see Figure 1.2.

For a patchy surface, the electrostatic potential at a point

just outside the i patch, of work function ¢i, is
Vi = —(gi +/J~/e)

whene)I is the electrochemical potential. For zero applied field,

the potential at a distance large compared to the patch size is

V= - (F + i/e)

(see paragraph 3.2.4) where & =2;:fi¢i, which is the area-weighted
average work function for a patchy surface. If both conductors

have a patchy surface then

= --(?5A - BB) . equation (2.10)

VaB

~

If an external potential VE is introduced into the electrical

circuit between A and B then

Vi: - VJ]; = -(BA - EB) + Vg = VAB + Vo equation (2.11)
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Several experimental techniques exploit equation (2.11)
including
1 Kelvin (Vibrating Capacitor)
Static capacitor
Magnetron
Saturated diode
Breakdown field
Electron beam
Space-charge-limited diode
Thin-film sandwich diode methods.

O~ o\t NN

and

2¢6.1 Kelvin Method

The two materials form a parallel-plate capacitor, C,

the charge on the capacitor, Q, being given by

Q = C(VAB + VE) ’

and alteration of the capacitance will cause a charge flow

AQ =AC(Vyg + Vp) equation (2,12)

If VE is adjusted so that

VAB+VE=O’

then no charge will flow on alteration of C, and the c.p.d. is evalu-

ated (20). The capacitance may be varied either by plate oscillation
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or by changing the dieiectric betwéen the plates, in either case a
repeated modulation prodﬁces an a.c. signal for easy detection and
measurement at low level. In practice, surface patchiness and plate
non-parallelism blur the point where zero charge flow should occur

into a region of minimum non-zero current..

2.642 Static Capacitor Method

This is similar to the previous method. A well séreened,
cylindrical capacitor is used, the temndency for charge flow upon
electrical connection is detected and a compensating p.d. applied to
oppose it(21), in a time shorter than the time constant of the cir- -

cuit. The claimed sensitivity is 0.25mV.

2.6.3 Magnetron Method

The two materials form a fine cathode in the axis of a cylin-
drical anode, respectively, and an external voltage V is applied. A
uniform magnetic field, parallel to the cathode, is applied, and the
field strength Ho required to halve the saturation current from its
zero=-field value is noted, then

V+V

2 .2 .
gt Vp = H.o Re/8m equation(2.13)

where e/m is the electronic specific charge, and VT is a temperature

dependent term, independent of V and Ho’ derived by Oatley(aa) and R

is the anode radiuse. VLB is obtained from the intercept of a plot of
Hbz vse V, but very accurate alignment of cathode and magnetic field
coaxially with the anode is necessary to prevent non-linearity of the

graph. Oatley obtained a repeatability of only +0.02 volts.

2.6.4  Saturated Diode Method

A coaxial diode is used, as in 2.6.3, but at such a low current '

that space-charge effects are negligible, so that
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i=1 exp[%(v + VAB)/ké] for (V + VAB)<< 0
equation (2.14)

i= J‘.S = saturation current for (V + VAB) >0.

A plot of In i vs. V will therefore have 2 linear sections, inter-
secting sharply where V = ;le‘ In practice, the sharp intersection

is blurred by patchy surfaces, geometric misalignment of the electrodes,
and the influence of the applied potential on the electron trajec=-
tories, although these difficulties can be mollified. ~Shelton(23)

has described a éombination of eléctric and magnetic fields with

a mechanical aperture, arranged to form an electron gun. This

ensured that all the collected electrons originated from a known area
of the emitting surfaces, and that the relevant emitting and coliecting
areas were known to be smaller than individual patches on the two
surfaces, thus eliminating the effects both of electrode patchiness

and of electron-trajectory dependence on the applied potential.

It also enabled plane-parallel alignment between the two surfaces,
reducing as far as possible the geometric errors of the earlier

coaxial diodese.

2.6.5 Breakdown Field Method

The intrinsic electric field EI across an insulator of thick-

ness d between condﬁctors of average work function.ak and Bé is

EI = (BA - EB)/ed °

If an external voltage V is applied until breakdown occurs through

the insulator, then for one polarity

v1 = (Ec + EI)d
and the other
v2 = (Ec - EI)d
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where Ec is the critical breakdown field strength. If two identical
structures are exposed to dielectric breakdown of opposite polarisa-
tion, then

V, =V, = 2Ed = 2(F; - B,))/e = 2V /e
equation(2.15)

In practice a sandwich incorporating a very thin insulating
film is used, but spurious results will arise if the film is not
truly insulating, due to premature breadkown via impurity levels near
the band edges. Patchiness will affect results, since breakdown will
occur between opposite patches of lowest local. c.p.de. The physical
contact between the insulating layer and the counterelectrodes ren-
ders this method unsuitable for rare earth metals.

2.6.6 Electron Beam Method

A low velocity, collimated, narrow beam of electrons impinges

on an area which is small compared to the specimen, but large atomi-
(24)
cally

« A curve is plotted of the target current vs. the voltage
applied between target and emitter, characteristic of the specimen. A
similar curve plotted for another specimen of known work function, |
will, ideally, be different from the first only in displacement along
the voltage axis, 5y an amount equal to the c.p.d. between the two,.
In addition to the usual perturbing effect of patchy surfaceé, poor
specimen alignment and less than total electron collection by the
specimen will contribute to the non-parallelism of the displaced 4
curves, and hence uncertainty in assigning a ce.pe.d. for their coinci-

dence.

2.6.7 Space-charge~limited Diode Method

In this method, the anode current-voltage characteristics in
the'region where the current is space-charge limited are plotted for
different anodes, which can be in the form of a cylinder, wire, or.

ribbon, and the displacement between the curves, along the voltage
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axis, again gives the c.p.d. directly., The same disadvantages apély
as to the electron-beam method, aggravated in particular by changes
in cathode temperature causing geometrical changes‘, and the possibil-
ity of some of the electrons emitted from the cathode not beiﬁg col-
lected at the anode, but by some other element>of the equipment. The
proximity of the hot cathode to the specimen further militates '

against the use of this method for rare earth metals.

2.6.8 Thin-film Sandwich Diode Methods

A thin-film sandwicﬁ diode, consisting of a base electro&e, a
thin insulating layer, often formed from the base electrode, and a
counterelectrode of the material under investigation, can be used to
determine the c.p.d. between the two metals. For temperature, voltage
and insulating layer thickness, s, conditions where thermionic conm
duction through the %gs?lator dominates the tunnel conduction through
5

it, Simmans'equation , may be used for the forward current, i.e.
q .

when the electrocde of lowest work function is negatively biased,

J1 = AT® exp(—kﬁ) exp[‘il}.h(ev +A @) z for V>_A£

kT EIE(I{T)? : e
equation (2.16) .
where € is the dielectric constant of the insulating

r
layer

q% is the barrier height between the base electrode
and the insulator
A# is the work function difference (c.p.d.) between
the electrodes '
and A is the Richardson constant.

To avoid the need for absolute determination of Er, s and T,
comparison may be made between diodes which are identical but for
counterelectrodes of materials of different work function, one of

which is used as a reference., Plots of J 4 VSe V produce "exponential
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curves whose separations parallel to the voltage axis are equal to
the c.p.d. between the respective counterelectrodes. Distinction bet-
ween forward and reverse bias may be made because in reverse bias,
fhe curves of Jé vszag)are separated to a far gréater extent than the

forward bias curves o This apparent increased sensitivity is not

usable, however, since the relation between the reverse current den-

sity, J,, and the c.p.d. is not simple.

2

For conditions where tunnel conduction predominates, the analy-

(26)

sis of Simmons enables an estimate of the work function differw
ence between the two electrodes to be made, by curve fitting to the
theoretical dependence of tunnel-resistivity on either insulator

thickness or applied voltage, e.g. at low voltage, the tunnel-resis-

tivity,
O = 1/(Jﬂﬂ% exp(-~ B$%)) equation(2.17)
3 2
wvhere Jp = (2m)? /s {(e/n)
B = mgam(aﬂ%
A s = barrier thickness at the Fermi level
and QIL = mean barrier height above the Fermi level of the

negatively biased electrode, at low voltage. The latter parameter is
dependent on the c.p.d. between the two electrodes. For both thermal
and tunnel conduction it has been assumed that the use of common base
electrode and insulator renders all variations attributable to the
counterelectrode work function. This may not be so if there are vari-.
ations in the insulator permittivity or effective thickness, which
may be affected by the deposition temperature oz the aﬁomic radius of
the counterelectrode material(27). No account has been taken of the
effect of patchiness, and it is appareht from the non-linearify of
the equations that the area~weighted average work function, @, would
not be measured. The use of a sandwich diode was considered unsuita-
ble for the highly chemically reactive rare earth metals, due to the
need for physical contact between the electrodes and the insulating



layere The use of a vacuum for the potential barrier is precluded
by the practical difficulty in obtaining a uniform, constant yet

very small separation.

2.7 Summary and Choice of Method.

The Surface Ionisation,Breakdovmn Field and Thin-film Sandwich
Diode methods were all rejected because of their need for contact
with foreign material. Thermionic Emission was rejected due to theo=
retical uncertainty in the effect of surface patches, the need for |
high temperatures, significantly above the magnetic transitionsaof
all rare earths, and the lengthy procedure. The photoelectric work
function is not the true work function, but an "apparent work
function", due to the non-zero field required for electron collection;
the effect of patches produces a differently weighted average from-
that of, for example, contact potential difference methods, and
causes experimental uncertainty in the evaluation of even the
apparent work function. It is unsuitable for semiconductor materials,
being based on a free-electron approximation. This group of methods
was therefore rejected. Most Field Emission techniques require know-
ledge of the relationship between a measured potential and the field
streagth at the surface, incidentally non-zero. For the reasons
given in paragraph 2.4,_this is not simple, and unsuitatle for rare
earth samples. The Field Emission Retarding Potential method of
Holscher, although very attractive in being an absolute measufement,
and rapid in use once set‘up, was considered unsuitable for the poly-
crystalline rare earth films likely to be encountered, (see paragraph
2.2)e Only a qualitative description of the errors caused by patch-
fields was given by Holscher; and uncertainty is introduced in
interpretation of the voltage at which the field-emitted current sets
in, due to emission of electrons from above the Fermi level.  The
technique also requires a complex electron-optical arrangement for
optimum accuracy, the design and construction of which was outside

the experience of the author.
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Of the remaiﬁing contact potential difference methods, the
Magnetron and Saturated Diode techniques require magnetic fields,
which would affect the behaviour of rare earth specimens. In
addition there are theoretical and experimental difficulties with
patchy surfaces. The Magnetron requires a hot cafhode, which is
undesirable in the proximity bf the specimen, and an unceitainty in
its temperature produces error in the measurement of the work |
functions, via the term Vi; The Saturated Diode technigue requires
an electric field, which, in addition to affecting the measured work =
function, may influence the electron trajectories in the diode.

(23)

The modifications used by Shelton s although alleviating most
problems, only effectively measured single crystals, and produced

a c.p.d. of 0.015eV between two supposedly identical surfaces.

The Electron Beam method takes no account of the distribution
of patches over the small areas of the two specimens which are com-
pared, which could cause variations in measurements over a period of
time if the movements of the samples were not exactly repeatable, .
either for a single specimen or between different specimens of a
single material. Imperfect electron collection aléo produces errorse.
Similar reasons for the rejection of the Space-chérge-limited Diode

method have been enumerated in paragraph 2.6.7.

The remaining methods, the Vibrating Capacitor and the Static
Capacitor are very similar. Because they are c.p.d. techniques, they
measure the true work function for semiconductors as well as metals,
which was desirable for the measurements described in Chapter VII,

The choice of specimen temperature is not affected by the experimental
requirements, so may be made at one or more convenient, and non-
harmful, points. The electric field at the sample (and reference)
surface is due only to the patch fields, so the measured contact
potential difference remains the area-weighted average, and is not
affected by the arbitrary value of electric field strength obtained,
for example, in the Thermionic method. Nor are estimates of the

electron reflection coefficients at the surfaces required.
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It is of interest to note that if sub-monolayer contamination -
of the surface of a patchy sam?le'were to occur, then a technique
which measures the area-weighted average work function would be
expected to measure the effect as soon as it became significant com-
pared to the basic sensitivity of the method, no mafter where on the
sample the cqntamination occurred. A technique which is biased
towards areas of a particular type, e.g. low work function, would be
less sensitive to the effects of contamination unless it occurred at
sites to which the bias was already directed. Even then the effect
may be masked by causing the bias to be directed to uncontaminated
areas. Therefore if it is desired sensitively to study the effects
on work function of contamination on a patchy surface, a method which
measures the area-weighted average would generally be the most suit-
able. The speed of electrical adjustment required by the static capa-

citor method necessitates particularly effective electromagnetic and

electrostatic screening, and a sophisticated servo-amplifier adjust- .

ment system. The screening, as illustrated by Delchar et a1(21),

would prevent the possibility of in situ optical constant measure~
ments. Although the speed of the latter method is very attractive,
that of the former was considered adequate. In view of the possibil-
ity of optical measurements, the ease of heating and cooling the spe~
cimen in the available ultra-high vacuum equipment, the relative sim-
piicity of potential-probe resistance measurements in parallel plate
rather than cylindrical form, and the complexity of the electronic
control and measurement circuitry required for the static capacitor,
the Kelvin vibrating capacitor method was chosen. Further descriptionA
of the technique, and the design and operation of the experimental
equipment are given in Chapter iII.
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Chapter III. The Vibrating Capacitor Technique .

3,1 Introduction

The basic circuit used for the experiments is shown in

Figure 3.1:

Kelvin Capacitor

P.S.D.

FPhase
Shifter

Vibrator

1 P.S.U.

Vibrating Fixed
Plate Flate

AB

(a)

| (b)

Figure 3.1 (a) Experimental Circuit (b) Equivalent Circuit.
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Variation of the capacitance was achieved by driving one piate by .

means of an electromagnetic coil, so that the spacing, d, between the

parallel plates varied at the frequency of the drive unit. The alter-

native method, of varying the capacitance by changing the dieléctric

constant, was rejected because of the possibility of errors due to an

accumulation of charge on the dielectric

(28)

« The driving waveform was

also fed to the reference input of the phase-sensitive detector (p.s.d.)

vhich was used to detect the output signal from the capacitor.vThe .

external bucking voltage, Vg, supplied from the potentiometer across a

grid bias battery, was adjusted for null-detection at the p.s.d. and

measured with a high impedance voltmeter.

Although based on a very simple experimental method, not involv-

ing complicated calculations, analysis, or graph techniques, the

technique requires in practice considerable care to avoid errors and

inaccuracies in measurement. The factors affecting the precision of

measurement and the steps taken to minimise them are described below.

The choice of tungsten as a reference Surface is expléined with the

details of its preparation. An electromechanical vibrator was designed

as an accessory to be fitted externally to the vacuum chamber in which

the specimen preparation and measurements were made. The assembly did

.not undergo the 250°C bake of the vacuum pumpdown cycle, and it was a

simple matter to adjust the parallelism and spacing of the two plates

which made the vibrating capacitor and to align the vibrator for smooth

simple~harmonic operation.

3.2

Factors Affecting the Precision of Measurement.

The causes of measurement error may be broadly grouped as:

1o

2.

3.

Noise, including electromagnetic pick-up, microphony, detec-
tor input noise and the generation of harmonics of the
fundamental oscillation frequency.

Stray capacitance.

Thermoelectric effects.

Surface patches éf different work function.
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5. Surface roughness and non-parallelism of the capacitor
plates.
6. The reference surface.

7. Gas in the capacitor space.

3e2e7 Noise

As described above the Kelvin technique avoids inherent. electric
and magnetic fields, but stray fields must be reduced as far as pos-
sible. Electromagnetic screening was provided by the stainless steel
chamber in which the vibrating capacitor was situated and by the alu-
minium box in which the bias circuitry was assembled. Earth loops were
avoided in the detection and bias circuitry. The phase-sensitive detec-
tor used for null-detection of the Kelvin Signal reduced any remaining

electromagnetic pick-up.

Microphony was reduced as far as possible by using bare wires,
inside the screened vacuum chamber, for electrical connection to the
vibrating electrode, so as to eliminate tribological'generation; and
stainless steel flexible bellows between the vibrator and the rigid
parts of the vacuum chamber to which it was mounted, to minimise the
vibration transmitted to the stationary electrode. The inaccuracy due
to pick-up and microphony, together with effects of stray capacitance,
can be estimated by varying the separation of the electrode plates. In
particular, for large plate separations, the fractional change in
Kelvin capacitance becomes very small, whereas the stray capacitances;
pick-up and microphony are unchanged, so virtuwally all signal, and
noise, will be due to error sources. In these experiments, the remain-
ing signal at large plate spacings (over ') was totally buried in the
non-synchronous noise, even at high d.c. bias ( 3 4V). This also indi~-
cated that there was negligible e.m.f. induced by the movement of the

plate in any remaining stray magnetic field.
Amplifier noise was minimised by the high input impedance of the

8 .
phase-sensitive detector, which was 107§2 or 10°62 depending on

which of several available was being'used at the time.
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The generation of harmonics may beicaused either by non;sinusoi-
dal oscillation of the capacitor spacing; by thé reciprocal relation-
ship between capacitance and plate-spacing, or because the capacitor is
time-varying. The equation describing the complete circuit can be
expressed in integral form, and Fourier analysed. Macdonald and
Edmondson(zg) have given the analysis for the casé where the input
capacitance of the detection amplifier is negligibly smaller than the
Kelvin capacitor at rest. In this work that is not the case, since the

Kelvin capacitance at rest,

b 12 12

C, =af= 7. 10" x 8.85% 107 '“ =~ 6. 10 '© Farads

o

a 107
)
equation (3.1)

and the input capacitance of the amplifier(s) was of the same order.

The actual harmonic generation could be 6bserved in pracfice by C.R.T.
comparison of the driving waveform and the capacitor waveform with the
capacitor d.c. biased so that the other sources of noise were relatively -
negligibly small. The difference between the two wavefdrms was not |

discernible.

3,242 Stray Capacitance

In addition to the capacitance between the sample and the refer—
ence surface, there were capacitances between each surface and the
surrounding equipment, in this case the vacuum chamber walls, the sup-
ports for each plate and the electrical connecting wires. Therefore
their contributions to the detected signal had to be eliminated. This
wvas achieved by electrically connecting the vibrating electrode and the
assembly around the stationary electrode to the metal vacuum chamber,
and the whole to the earth of the detector circuit. The stationary
electrode was therefore connected to the "signal' connection of the
detector. Therefore no current was generated by the relative motion
between the vibrating electrode and either the vacuum chamber or the

support for the stationary electrode. The‘capacitance between the vib-
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rating electrode and the gold wires connected to the stationary elec-
trode must have been vanishingly small,-and the support for the vib-
rating electrode, though stout to avoid non-sinusoidal and sideways e
motion, was screened from the stationafy electrode by the vibrating
electrode 1tself. The relatively inert tungsten reference surface was
chosen to be the vibrating electrode, so that any remalnlng stray
capacitance would be as constant as possible during the measured life
of each sample, and from sample to sample of similar and different

materialse.

As mentioned in 3.2.1, the signal obtained with the Kelvin
capacitance reduced by over an order of magnitude by increased plate
separation, was buried in non-synchronous noise, indicating the negli-
gible contribution from stray capacitance. Further evidence of the
elimination of stray capacitance was afforded by the independence of

(z0)

the measured c.p.d. of both the plate separation at rest, do s and

(31) because changing of these would change the

the vibration amplitude
proportional effect of any stray capacitance and hence the apparent

CePeds

Ze2e3 Thermoelectric Effects

The three major thermoelectric effects are named after Seebeck,

(13)

Peltier and Thomson « The Séebeck effect is the generation of an
e.n.f. by having two metallic junctions (thermocouples) at different
temperatures, the Peltier effect is the absbrption or liberation of
heat when current flows throﬁgh the junction of two dissimilar metals,
and the Thomson effect is absorption or evolution of heat when a cur-
rent flows in a (homogeneous) conductor along which a temperature
gradient exists. For common metals the Seebeck effect causes only a
‘few microvolts e.m.f. per °K of temperature difference, and in the
present work the overall temperature differences were generally as _
close to zero as possible, except for the experiments with heated and
cooled specimens, in which cases the temperature differences were no
more than 100°K. The consequent errors were therefore likely to be less

than a millivolt in the worst case and only microvolts in general. Near
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to, or at, the null point of the c.p.d. measurement virtually no
current flowed in the circuit, so the Peltier and Thomson effects;
being current dependent, were not expected to affect the temperature
of any parts of the circuit, and therefore not to generate e.m.f.,
by the Seebeck effect. '

3.2.4  Surface Patches of Different VWork Function

Consider an electrode whose surface lies in the xy plane.
The electrostatic potential at a point (x,y,2z) outside the surface,

generally expressed as
V= X(x) . ¥(y) . 2(2) + K ' equation (3.2)

where K is a constant, will satisfy Laplace's equation, when no

charge density exists in the épace, so that

VzVes =0 equation (3.3)

! /
Expressed in Cartesian co-ordinates, and divided by

X(x) . Y(y) . Z2(z) this becomes
2

Vv Vés = 1 d2X + 1 deY + 1 dEZ = 0 equation (3.4)

X(x) a2 Y(y) ay°  z(z) dz°

Consider a surface made up of patches of different work function

(2)

arranged periodically in x and y ~°, the solution

.0 0 ‘ )
Ves =ZZ anSinZI[nx+bncosaﬁn%ﬁmsinEKmy+dmcos2T[my exp(=gz)+K
m=1n=1
X X/\‘ Y Y

equation (3.5)

will safisfy equation (3.4) where ay boyc dy 8 X Y, are
constants. X and Y are the periods in the x and y directions resp-

ectively and are small compared to the dimensions of the electrode.
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End effects, in the xy plane, have been neglected. Substituting
equation (3.5) into equation (3.4),

2 2 2.2
2 ~4TT “n LT “m 2
vV L 2 = ° tg =0

Hence g equation (3.6)

"
al
=< l'.s '
A ] BV
+
ol
e
LS 2

In the absence of applied fields and at distances large compared to
X and Y, the electrostatic potential reaches a constant value, Vl.

At a position just outside the i'® patch

}E:;Zj a 51n2T[nx anOSZT[nxi cm81n2Ttmyi + dmcos2T[myi : Vl
m=1n=1 X Y ' Y

equation (3.7)
This holds for all (x VY3 ) of the i h'patch and similarly for all

patches, so the sum over all points on the surface gives

1,/2 1,/2
;Z;siv Ez:zz: a sin2Tnxdx + bn 2T[nx

m=1n=1 X

-1,/2 Tl 1/.2

: 12/2

c, 51n2Ttmydy + d‘/r cosETtmydy + avl
-1

-12/2 2/2

equation (3.8)

vhere s, is the area of the ith type of patch
. 1,/2 1,/2

a is the total area of the electrode = Jﬂ h[\ . dxdy
-1,/2 -1./2

The first integrals in each bracket equal zero, because the cosine is

an even function so that
11/2 12/2
Zisiv %:I:L— b Xd i sin2TTnx sin2TTmy + aVl
==t X Y
LTC“nm : _
| -11/2 12/2
. equation (3.9)
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Now the two trigonometric terms must each be < 2, X and Y have been
assumed much less than 11 and 12, and for a reasonable physical
sample the total variation of V from patch to patch will be a-
fraction of the absolute value of Vl so that

m=1 n=1
[+ 2] og
Z § b_d XY << av
m=1 n=1 ,_”.E2nm
So .
E:%iVi == aVl
i
.o Zf~vi = v equation (3.10)

vhere fi = f_i._ y the fraction of the surface area occupied by patches
Y _

of the ith type. The effective work function geff and electrostatic

potential are related by the electrochemical potential, ;. -
/J

- 3\
i.e. Vl = =l - ¢eff for the overall surface
e ' : Sequation (3.11)
- .th
and V. = -/,L - 4. for the i~ patch
1 1 . - J
e

1

RRb TS 2L
i

mlﬁ:l

e

= i 12
of £ equation (3‘1 )

X
1
2hd
p?
LS
|
S|
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sinci }-1- is a bulk'proper'ty of the sample and hence independent of ; ’
and @ is the area-weighted average of the work functions over the
patchy surface. In practice, a perfectly periodic patch distribution
of electrostatic potential will not obtain, and vés will decrease more
slowly with Z than indicated by equation (3.5).

If an external field is applied by a parallel uniform electrode '
at a distance which is larée compared to the patch size but small ‘
compared to the electrode size, then an extra term, linear in Z, should
be added to equation (3.5). If the second electrode is also patchy,
and with patch sizes small compared to the electrode separation, then

similar terms in x and y should be added to the equation. The

general result remains the same, however, (2) so that
1l =~ /uA - a
v —— A
A e

and 4 __ Mg _F-
v —_— B
.B e
If the two electrodes, A and B, are at the same temperature and A
electrically connected, so that /'_*A = FB s then the contact potential

difference,

v = VAl - VBl = -(?;_- B;) gquation (3.13)

If an external potential, VE’ is applied between the electrodes,

reducing the potential between them to zero, then

VAl - vB1 - VAB sV = -(B; - B;)+ V; =0 equation(3.14)
i.e. ?D;-BZ = Vg equation (3.15)
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If Bk<: Bs then the positive terminal of the extermal soﬁrce must be
connected to electrode B if a null is to be achieved. Equation (3.15)
shows that for perfectly parallel patchy electrodes, separated by a
distance large compared to the patch sizes, the signal developed across
the detector resistor is nulled when the bucking potential is equal to
the difference between the area~-weighted work function averages of the
two electrodes. The case where the electrodes are not perfectly

parallel is considered in the next paragraph.

3.,2e5 Surface Roughness and Non~Parallelism of the Capacitor Plates

The two patchy electrodes may be considered as a collection of

small capacitors,E:bi s each formed by the common area of two opposing

i .
patches on the two electrodes. Each capacitor is vibrated by an
amount 6z, so the time varying capacitance, .

C; = S50/ (1 7 bz coswt ' equation (3,16)

d.
io
where o and dio are the capacitance and separation at rest, respect-

ively. The total charge in the circuit, (see Figure 3.1)

Q =2£:ci(vABi- VE) + CpVp :/Egét + Qp equation (3.17)
i R, L

where VABi is the c.p.d. between the opposing patches of ) RI and CR
are the input resistance and capacitance of the detecting circuit,

Qg is the charge in the bias circuit (viz. the external battery, the
potentiometer and series resistor). Ideally, the resistance of the
bias circuit may be made so large that the current flowing in it may be -

ignored. The total charge in the circuit must be constant

i.e. dQ

——-= o
at .
. . -2
i.e. dQ = EZ}VABi-VE) ci6n5z31né% 1+ $zcosuwt + CRdvhf.XE =0

— i ———
at 7 d; / d; dy Rf
equation (3.18)

Now for minimum current in the detector, RI’ dVﬁ; 0

| at
. -2 .
SR G 2 (V) oy p8asinut| it Szcosut equation (3.19)
R 1 ' 4. a.
I . io 1o
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= Z(VE - VABi) ciougzsinwt 1«2 Szcoswt

1
dio dio
2 3
+3 $ zcoswt -4 Szcos wt equation (3.20)
dio io
The binomial series is convergent since Sz coswt <1
d,
io

Hence

(i) 1f vABi is the same for all patch pairs, and equal to VE

then Vh = 0y i.e. a null is achieved. This will hold for non-patchy
electrodes. . '
(ii) If d;  is the same for all pairs, then a null will be

achieved if
iZcio (Vags - Vg2 = 0

t=
|
|
|
[
&
He

which is the same result as in 3.2.k4.

(iii) If neither Vipi

patchy and non-planar and/or non-parallel, thenV§ = O can only be achieved

nor dio are constant, i.e. the electrcdes are

for special combinations of all the variables, 1i.e. a minimum value of
Vg given by equation (3.1?) will be achieved but will not generally be
zerc. If only the terms in equation (3.20) which are at the fundamental

frequency are considered, then the detected signal amplitude

—

2
w c.(ngz 3 52
Vk[: RI EiVE - VABJ io 1 +'E -
i

d. .
10 L 10 A

-
—

w
V | E V,,. C. u)éz
VE = Rl + . ABi Tio 1 +

2
Y
Ry 40 40

. equation (3.21)

& w

- 2
PR R
1 dio 4 dio

In practice the fractional variation of d; , was very small (§;10-2),

so the terms in dio may be extracted from the summations,
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viz.

w
R ZVABicio
v = . + i
-
RI Wz 1+ 3( 6z c Zc.
d, bla it i *°
io ig, ’
Vo -
V. R
E &% = 5 * VAB equation (3.22)
R whz |1 + 2 6z c, |
dio L & dio
Now the minimised value of v}‘;" < 107° Volts
w = 22TT
d. = ﬂO-B metres
o 12
Co = 6. 10 Farads
$z = 0.75. '10-3 metres
7
R, = 10°Q

Hence the measurement error due to small variations in dio was

- -4
VE - VAB ,\<_’2. 10 Volts

3.,2.6 The Reference Surface

Since the Kelvin method measures the c.p.d. between two electrodes,b
the accuracy with which the work function of one of them can be measured
depends on the accuracy to which that of the other is known. The ideal
reference electrode would be inert to changes of its ehvironment during
and between successive measurements, flat, and have uniform work function,
either well documented or measured by a technique compatible with c.p.d.
measurements. The reference electrode chosen for this work was a rect-
angle of sintered polycrystalline tungsten, cut from an X-ray target and ~
ground flat, which was expected to be inert under vacuum conditions and
repeatable from run to run since a system bake occurred between runs.

It @id not have uniform work function, however, since it was not single- '
crystal, but due to its stability the area-weighted average of work
function, as measured by this technique, would be constant. The work
function of tungsten in many forms is very heavily documented and poly-
crystalline tungsten has been recommended as a work function standard,

at L.545 eV (32'33). As a check the c.p.d. between the reference
electrode and a vacuum-evaporated film of tungsten on pyrex was measuredSBu)

Further details are given in paragraph 3.3
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3ele7e Gas in the Capacitor Space

The presence of gas in the capacitor space can lead to errors in
three ways. Firstly, the necessarily high input impedance of the -
detector may allow charge accum ulation on the virtually ungrounded elec-

(35) '

trode, in this case the sample. The absence of such a build-up
may be verified by the equality of c.p.d. measurements before and after

short-circuiting the capacitor.

Secondly, the presence of charged particles between the electrodes
would produce a signal at the same frequency and phase as the signal

(36)

due to the c.p.de. s due to the collision between them and the
electrode. This would occur whatever the electrode spacing, so its i
effect would be included during the check for stray-capacitance effects
(see Paragraph. 3.2,2) The gas, and therefore charge, density-in the
capacitor space may be reduced when the spacing is very small, i.e.:the«
effect will be even smaller under the c.p.d. measuring conditions.

For measurements to be made at gas pressures where such an effect would

d (26)

be significant, a method has been describe which avoids the error
due to charge impact, by driving the capacitor at two frequencies.

The signal from the capacitor would be at the higher frequency, amplitude
modulated at the lower. The modulation would not be affected Ey the
linear mechanism of charge collection by collisions at the moving surface,
This technique would be useful for adsorption studies in relatively low

vacuune.

The third form of error is the changing of work function of either
electrode, or both, due to reaction Qith or adsorption of gas(37).
The rare earth and tungsten films were prepared and measured in U.H.V.
equipmeht, to reduce these effects as far aé possible. Two films were
prepared and measured at O.H.V. in the same quipment for comparison. |

Further details are given in Chapters IV and VI.

3.3 The Reference Surface ‘ .
As mentioned in 3.2.6 it has been recommended

(32)

that a common
reference surface be used for all c.p.d. measurements, that this should
be well-aged polycrystalline tungsten foil, and that its assumed true
work function value at 300°K be 4.545 eV. Comparisons of tungsten foil
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(33, 34)

with vapour deposited films of‘tungsten on glass have shown
equality of work functions, so that the latter form may equally be used
as a reference. For.this work a block of sintered tungsten, cut from an
X~-ray targetrdisc, was used as a reference surface, comparison beirg made
between it and a vapour-deposited film of tungsten. The purity quoted
by the manufacturers (Metalwerk Plansee of Austria) was 99.95% minimum. -
The maximal impurities, in p.p.m., were quoted as oxygen 50, hydrogen,10,

(38)

nitrogen 50, carbon 80 and iron 50. The use of a solid plate of
tungsten, rather than a foil, enabled a good and repeatable plane-~
parallel gap to be maintained between the reference and specimen surfaces.
The tungsten was diamond-sawn into a rectangle'3.8 cm X 1.9 cm and was
ground flat on its front surface, using diamond dust. A tongue was
machined on its rear surface to enable a stainless steel holder to be
spot-welded to the rear without affecting the front. This intimate
metal contact was then the only connection between dissimilar metals

between the reference surface and the earthed metal vacuum chamber.

The reference surface was cleaned by electropolishing, which con-
sisted of the application of a low alternating voltage (~ 6V) between
it and a stainless steel counter-electrode, whiie immersed in a 1N sodium
hydroxide solution at room temperature. The voltage was increased till
gas evolutién just occurred at the electrodes, which were spaced suffic-
iently far apart to prevent streaming of the bﬁbbles between them. The
procedure was repeated till a uniformly bright and clean surface was ‘
obtained, the total polishing time being approximately 10 minutes.
The block was then thoroughly rinsed in distilled water to remove the
soaium hydroxide, then baked to remove the water. Observations in an
optical microscope, at 600 X magnification, revealed grain sizes typically
25 microns, with extremes of << 2 and up to 200 microns. TFigure 3.2 -
shows the tungsten block unetched and etched, and a tungsten ribbon all
at 1300 X magnification. Back-reflection laue X-ray diffraction
patterns of the unetched, etched and ribbon samples are shown in _
Figure 3.3. The sintered block samples had no obvious symmetry (other
than circular) because they were randomly polycrystalline, whereas the
_ ribbon showed preferred orientation. The etched sample pattern, |
Figure 3.3b, consisted of a larger number of smaller spots than the
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(a)

(b)

(c)

J  10yum

Figure 3*2 Surface Detail of Tmgsten at 13Q0X Magnification
(@) unetched block (b) etched block (c) ribbon
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(a)

(b)

(0)

Figure 3*3 X-ray Diffraction Patterns of the Samples Shown in Fig. 3-2
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unetched, showing that the eiposed grain sizes were smaller after
etching, although the optical micrographs suggested‘ uaﬁ the grain sizes -
were smaller on the unetched sample. The smaller size of the surface
features of the unetched sample must therefore have been irregularities
on the surface of the grains, possibly caused by the surface grinding.
These would be removed by the etching, leaving fresh grain boundaries ex-
posed on the etched sample. One possible explanation for the larger
actual grain size at the surface of the unetched samplé is that thé
previous use of the disc as an electron-target for X-ray generation
caused grain growth by annealing, and that the etching removed those

enlarged grains that had not already been ground away.

The vapour-deposited tungsten film was evaporated onto flame-
polished 'pyrex' borosilicate glass at room temperature and in U.H.V.,
after Dobson and Hopkins.(Bk) |
X-ray fluorescence, at the Fulmer Research Institute. Further details

are given in Chapter IV, Reflection electron diffraction patterns of

The purity of the film was checked by

the film consisted of semi-circles, brocadened by the non-constant
distance from specimen to plate, showing polycrystallinity of the film.
Electronmicroscopy showed small grain sizes,:svo.zjxm. The c.p.d.
‘between the two tungsten surfaces in U.H.V. was measured at -0.003V
(¥0.0015V) which was less than the error in the c.p.d. measurements

in the remainder of the work. It has therefore been assumed that the
tungsten reference surface had an area-weighted average work function -
of 4.5k2eV (10.0015eV) and that this value was invariant from run to run
because its treatment was invariant and inéluded a bake at 250°C during

the vacuum pump-down cycle.

30 The Design and Operation of the Vibrator.

The initial experiments to determine the dimensions of the
electrodes and oscillation amplitude required to generate a signal of
sufficient magnitude for sensitive measurement were conducted in O.H.V,
_using evaporated films of gold and copper. With a common electrode area
of around 130m2, separation of less than 1mm. and oscillation amplitude
of around O0.5mm., it was possible to observe a signal null with a |
sensitivity in the bucking voltage, VE, of around mV. It was decidgd
to build a vibrator which fitted outside the metal U.H.V. chamber used

60



for rare earth measurements, and transmitted its oscillation ihto the
chamber via a vacuum-tight feedthrough, for the following reasons:
(i) Contamination of the U.H.V. would be minimised by the exclusion
of all but the most appropriate materials, i.e. stainless
steel and tungsten, while allowing free use of the materials
' suitable for the vibrator.
(ii) Repeated outgassing would be minimised by keeping the extra
included surface area to a minimume |
(iii) Since the use of an electro-mechanical drive-mechanism was
desirable, for easy and rapid variation of oscillation
frequency and amplitude, the metal vacuum chamber would screeﬁ;i
the Kelvin capacitor from the electromagnetic radiation, which
would be at the same frequency as the signal from the
capacitor, ;
(iv) The adjustments for parallelism and spacing of the capacitor
plates, and, if necessary, for smooth running of the vibrator,
would be facilitated.. This was particularly important in

view of the lengthy pump-down requirements for U.H.V.

The substrate carrying the electrode of unknown work function was
mounted on a stage carried by a Vacuum Generators goniometer feedthrough,
type R.D.1, which could be moved in all three linear directions and - |
rotated about its own near-vertical axis and about two orthogonal
horizontal axes, using a Vacuum Generators Universal Motion Drive U.M.D.1.
The centres of rotation of all three were approximately at the centre of
the electrode surface. An external view of the feedthrough is given in
Figure 3.4. An outéof—contact mask, made of stainless steel, served two
purposes. Firstly, it allowed the specimen to be electrically isolated
from its metallic holder by defining an evaporafion area smaller than
the substrate. Secondly, it provided an extra screen, against the
small amount of electromagnetic radiation which may have entered the
chamber through the small glass windows. Figures 3.5(a) and (b) show
the specimen holder assembled and exploded, including the film heater -
(see Chapter V), the electrical connections for potential probe measure-
ments (see Chapter VI) and the small tubular feedthrough used for
cooling. ' _

The reference electrode was mounted on the end of a horizontal
rod, inside a flange connected to the main chamber by a welded stainless
steel bellows, as shown in Figure 3.6. The remainder of the vibrator

was external to the U.H.V. and attached as in Figure 3.7. A schematic .
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Figm-e 3*4 External View of the Goniometer Feedthrough

Figure 3*6 Reference Electrode, Support Rod and Bellows
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d',va

Figure 3*5 Substrate Holder (a) assembled,
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(a)

(b)

rear view (b) exploded



Figdirs 3*7 Externe.! View of the Vibrator Assembly

to O.H.V, U.H.V

Figure 3.8 Schematic View of the Vibrating Capacitor Apparatus
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view of the whole is given in Figure 3.8. ; The natural tendency for
the atmospheric pressure to force the bellpws to full compression'was
overcome by the use of a second,demountable, bellows on the opposite
side of the flange, which was evacuated using a rotary pump. ?he
electromagnetic unit,'a Ling Dynamic Type 202 driven by a Ling Dynamic
T.P.O. 20 oscillator/amplifier, was suspended from an adjustable solid
stationary demountable platform. It drove the plate most distant from
the chamber, which in turn drove the flange separating the two bellows
via three rods and a demountable collar. The weight of the flange and
its collar were supported on three long p.t;f.e. bushés. Coarse
adjustments to the capacitor spacing and the position of the reference
electrode relative to the larger surface area of the specimen electrode
were made by moving the main platform, while fine adjustments,

especially for parallelism, were effected by moving the specimen.

The electrode separation might also have been adjusted by accurate-
regulation of the vacuum pressure in the outer bellows, but this was not

necessary with the available specimen mount.

The main sﬁpport platform was assembled after the system bake
(see Chapter IV) but before the evaporation of the specimen. During
the vacuum pump-down and the evaporation the reference electrode was
parked facing slightly downwards and away from the evaporaticn source.
The specimen electrode was then rotated to be in a plane parallel to
that in which it would be measured, but slightly further from the
vibrator feedthrough, and the vibrator unit and moving parts assembled
so that the reference electrode was in the measurement position. The
final adjustment to the capacitor spacing and parallelism were then made,
using the goniometer feedthrough. This assembly procedure caused a
delay between evaporation and first measurement of over an hour,.but thié
was not thought to be excessively long in terms of contamination time
(see Paragraph 4.8)and the value of the c.p.d. was monitored for up to
30—hours in U.H.V. to observe changes including those due to gas
collision with the speﬁimen. It was assumed that the reference surface
had stabiiised during the long vacuum pump-down and rapid return to base
pressure following the slightly higher evaporation pressure. Nor is

the delay an inherent feature of the technique.
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The delay between deposition and first measurement could have
been greatly reduced, to only a few minutes, by redesigning the
vibrator and specimen mount so that the vibrator could be fully
assembled prior to deposition of the specimen. This would have
necessitated a few mechanical changes to the vibrator, and sig-
nificant changés to the ways in which the many electrical connec-
tions from outside the chamber to the specimen and its holder were
made, in order that it might be moved and rotated from deposition
position to measurement position without fouling any‘of the
electrical connections. Further details are given in Chapter VIII.

The changes were too extensive to be made in the time available.

The oscillation frequency of the U.H.V. vibrator was'limited,
by the natural frequency of the mechanical assembly and the power
capability of the drive unit, to less than about 20Hz. At higher
frequencies only very small amplitudes were possible without
generating harmonics. In general 11Hz was used, since it gives
good rejection of 50Hz interference when detected by phase-
sensitive techniques. The phase-sensitive detectors available
were Brookdeal Models 629, 401, 9402 and 9501. The detector in
use was set for best sensitivity by adjusting the phase of the
reference signal, derived from the waveform driving the vibrator,
so that the output from the p.s.d. was maximised. For convenience,
this was done with a large bias voltage, VE, to provide an artif-
icially large signal. The phase-lag between the Kelvin signal and
rthe drive waveform was confirmed by displaying them on a double-
beam oscilloscope. This also allowed comparison of the wave-
forms, to inspect for harmonics and for purity of oscillation of
the vibrator. As predicted by equation (3.19), the signal lagged
the drive by T({/2 radians. Iow- and high-pass filters were used
to reduce interference before the signal entered the p.s.d. proper.
The time-constant of the integrator circuits, which converted the
phase-detected signal to a d.c. level for easy reading, was chosen
to be not less than 100 cycles of the Kelvin signal, and the
output displayed on the meter was only judged acceptably accurate
if it had remained constant for 10 times that. In practice the
reading usually stabilized within a fraction of the time-constant
generally used, 100 seconds, as long as the adjustments were small,
As the signal null, or minimum, was approached, indicating
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equality of c.p;d. and ?E’ the adjustments of VE were small, of
the order of 1mV, and the condition was easily satisfied. The
balance point was approached from both increasing and decreasing
values of Vf, and for each the value of Vﬁ was noted at which the
P.s.d. meter reading moved away from its null, or minimum.  The
c.p.d. was taken as the mean of the tﬁo values so obtained. The
sensitivity range of the p.s.d. at balance was typically 10V,
with the signal typically less than O.5/1V. A change in Vﬁ of
less than 1mV was possible, and a change of a few millivolts or
less was necessary to determine motion of the Kelvin signal away
from its balance point. The difference between the two values of
Vg for each c.p.d. determination was typically less than 10mV,'
sometimes zero. The sensitivity of the measurements was there-

fore of the same ordere.

The separation between the two electrodes of the capacitor
was around ‘mm, ét rest, with the oscillation amplitude being
between 0.5 and 0.7mm for good signal strength (i.e. large pro-
portional change in the Kelvin capacitance). During the initial
setting-up checks were usually carried out for the effects of
stray capacitance, microphony, pick-up and charge collection at
the ungrounded electrode, as described in paragraph 3.2. On
some films, the c.p.d. was measured at several frequencies,
between 9 and 15Hz. The results were eQual within the experi-

mental errorse.
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Chapter IV  Specimen Preparation

4.1 Introduction.

All the work function measurements were made on vapour-deposi=
~ted films, the rare earths having been grown and measured in a U.H.V.

chamber while the others were grown and measured in O.H.V.

The vacuum systems are described briefly, and the preparation -
of the evaporation sources, the substrates, the vapour-deposited
electrical contacts and the films themselves are detailed. The

results of residual gas analysis in the U.H.V. system are discussed.

The film thicknesses were measured by multiple-beam interfero-

metry. A résumé of the technique is given, together with the results.

L,2 The Evaporation Systems.

.

4.201 The 0.H.V. Systems

The O.H.V. systems were used for the deposition of the electri-
cal contacts onto the experimental substrates; the initial tests for
the feasibility of the Kelvin technique; the initial outgassing of
the evaporation sources for the U.H.V.; the manufacture of the film
heaters; the c.p.d. measurements after aging the rare earth films in
air; and the deposition of the silver films for the multiple-beam
interferometry. Most of this work was conducted in an Edwards type
12EA, although two Bir-Vac 12" systems were also used. All three sys-
tems were evacuated by rotary pumps and oil=-diffusion pumps, all con-
taining silicone-based oils, and had water-cooled baffles and baffle-
valves. The pressure in the Edwards system was generally in the ‘\0-5
torr range, while the Bir-Vacs achieved 10"6 torr. The evaporations
were effected from directly heated sources. The silver for the mul-
tiple-beam interferometry was deposited in a vacuum system reserved
for this purpose in order to achieve high-purity films for best reso-

lution.
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L, 2.2 The U.H.V. System

The U.H.V. system was built by the Edwards High Vacuum Compahy
to & design by R.F.Miller and A.Jd. Taylor(Bg), primarily for optical
studies. It was constructed of stainless steel EN58B, with an inter-
nal diameter of 12" and helght of 22.5". The chamber was roughed out
by an Edwards ED250 Double Stage rotary pump, acting thfough a fore~
line trap filled with activated alumina balls, Edwards type
20-H260-A7, in order to prevent oil-vapour ingress into the chamber.
The alumina was reactivated every run or two and replaced at the
first sign of discolouration. The second pump was a Varian type
912-7008 Diode Ion pump, of pumping speed 140 litres per second,
which was connected to the chamber via a bakeable valve whose seallng
action was a circular knife-edge biting into a copper gasket. The
chamber and ion pump were supported by a massive concrete plinth, to
‘reduce vibration transmission from the ground. Within the chamber was
a Titanium Sublimation Pump (T.S.P.), any one of whose four elements"
could be activated manually or automatically te pump at up to 4000 |
litres per second. The final pumping action was provided by a cryo-
pump consisting of a hollow body which could be cooled by filling
with liquid nitrogen to condense vapours and gases in the chamber.
A1l the pumps were situated in or connected to, the lower half of the
chamber.

A series of I.S.0., ports in a horizontal ring in the upper half
of the chamber were used for the ionisation géuge; the evaporation
source; the shutter, to mask the substrate from the source during
outgassing; the residual gas analyser head; three optical windows
and the vibrator feedthrough.

The ionisation gauge was an Edwards IG4M, a nude Bayard-Alpert
type, with an Edwards model 5 power supply. It was possible accur-
ately to measure to 10-11 torr using the "modulator'facility. Measu-
rement of the total ion current with the modulator collector firstly

at earth then at the same potential as the standard collector allowed

40)
the elimination of the‘"x-ray" current
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The evaporatibn sources were multiwire tungsten'helical fila-
ments directly heated, as described in paragraph 4.3, and mounted on
an electrical feedthrough as shown in Figure 4.1. A cylinder projec=
ted into the chamber, protecting all but the substrate region from
the vapour source.

The shutter was a circular sheet holding a glass slide, to
enable the filament to be viewed from the opposite‘side of the
chamber while still masking the chamber and the viewing window from
the source. It was mounted on a rotary feedthrough for mobility.

The residual-gas analyser was an A.E.I. Minimass. It allowed
detection of partial pressure of hydrogen and helium and all ions
with masses between 12 and 240 a.m.u. Its main use was for the
detection of hydrogen and the elements and molecules between 12 and
60 &emeltey including the principal'components of rotary-pump con-
tamination, if any. Its use and results will be described in para-

graph 4.3,

The 6ptical windows were used merely as viewing ports for this

work, but care was taken to avoid contamination by vapour-depvosition. -

The vibrator feedthrough, as described in Chapter III, included
a bellows, which was supported by removable rods during the vacuum
pump-down cycle, until the vibrator unit was assembled around it. The
stainless-steel rod holding the reference surface is shown projecting
through the I.5.0. flange in Figure 3.6. All the flanges were I1.S5.0.
types, using gold-wire séals; except for the ion-pump-to-chamber, the
residual gas analyser and the rotating feedthrough in the chamber 1id,

"which were sealed by copper compressioh gaskets.

The flat 1id of the chamber was removable for access to the
chamber, generally when engineering changes were required. The sub-
strate carrier was attached to a rotary feedthrough in the lid,

described in Chapter III and in paragraph 4.6,
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Figure 4*1 Filament Source as Used in U.H.V.

Figure 4*5 Evaporation Source for Aluminium
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The materials used forvparts assembled into the U.H.V. chamber
were selected to minimise outgassing.'Stainless steel, oxygen-free, ’
high conductivity (0.F.H.C.) copper and gold wire were used, éxcept
as otherwise described. The steel and copper parts were electropoli-
shed before assembly, to reduce their surface areas and to remove
the outer layers of the metals which had been contaminated by the
cooling fluids of the machine tools, °

The electrolyte was phosphoric acid saturated with chromium
trioxide, heated to approximately 50°C, contained in a stainless-
steel beaker which acted as the cathode. The current between the
polished part and the beaker was adjusted so that effervescence at
the anode just occurred, which was found to give the best results.

(%1)

This point is confirmed by Tegart o In the present work the opti-

mum current density was found to be approximately 1 Amp / cmz.

Final cleaning of all components before entry into the U.H.V.
consisted of an ultrasonically agitated wash in diluted Decon 75 or
Decon 90, which are proprietary mildly-alkaline "'surfactant" deter-
gents, followed by thorough flushing by distilled wvater and either
evaporation drying or blowing dry with "White Spot" nitrogen gas or

hot air,

The U.H.V. chamber was always let up to "White Spot" nitrogen
wnen access was required for renewal of substrate and vapour source
etc. This was to reduce the adsorption of condensable vapours and

gases of low-pumping speed in the walls and other surfaces in the

chamber.

The vacuum pump-down procedure included a bake of the whole
vsystem, by assembling an oven of shutters around all but the rotary
punp (and electronics). The bake temperature of 250°C was limited by
the permanent magnet of the ion pump. The bake was continued till a
pressure of]§;10-7 torr registered on the ion-pump power supply,

" which was known by experience to lead to low ultimate pressures. The
total bake time was usually around 30 to 35 hours. The ion bombard-
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ment of the whole chamber when the ion-pump was initially switched
on and lasting for a few minutes, followed by the high temperature
of the bake, effectively comprised final cleaning stages within the
chamber. The total pump~-down, from atmoséhere to evaporation pres-
sures, usually took approiimatelj 90 hours. Although the working base
Pressures were generally in the range 1 to 3. 10-10 torr, pressurés

as low as 5. 10~ torr were sometimes measured.

4,3  Filament Preparation.

The filaments used as evaporation sources were of two types.
Both were constructed from three strands of tungsten wire, each
0.025" diameter, twisted together then formed into helical coils, by
the R.D.Mathis Company (U.S.A.) and supplied via Nordiko Ltd., (Hants
U.K.). The fluting of the filament surface, due to the triple~wire
twist, promoted wetting due to surface tension effects, and an incre-~

ased capacity to hold a molten charge.

Type number F12 3x .025W‘was used for nichrome and other metals
in O.H.V., the helix measured 1" x 2" I.D. and had 5 coils. The depo-
sition charge was wound tightly round the helix for good thermal con=
tact. ’

Type number F1 3x .025W was used for the U.H.V. work, with the
leads modified to be perpendicular to the helix axis, as showr in
Figure 4.1. The helix was 1" long, 1/16“ I.D. and bad 10 turns. Prior
to loading with rare earth charges, the filaments were washed in
Decon, dried, then outgassed in O.H.V. at a current higher than that
required for use in the U.H.V. evaporation (viz. 60 Amps). For gado-
linium or terbium films, & length of rare earth wire, imm. diameter,
was then placed along the helix axis. Initially, the filament was '
then loaded into the U.H.V. for outgassing and deposition. In order
to increase the evaporant charge the melting was later done in O.H.V.

and was repeated 2 or 3 times till the filament was heavily charged

and generally totally blocked in 2 or 3 places.

[F]



The filaments were further outgassed in U.H.V. prior to film
deposition, although at a slightly lower current than that used to
deposit the films, in order to conserve the charge.

The outgassing caused an initial rise in pressure, tyéically
from ~3.10" 0 torr to A'2.1O-8 torr, followed by a reduction as the
filament heating was continued. It was not‘certain whether this fall
vas due to gettering of the gases by rare-earth vapour or by adsorp-
tion into the melt, but it was thought to be the former because some
evaporation was often apparent by viewing the charge throﬁgh the |

shutter-windows in situ.

For the dysprosium deposition, the pilot tests in O.H.V. showed
sublimation before melting, so that the charge could not Be’increasedr
by successive load and melt cycles. The charge in the U.H.V. was
therefore only a single length of 1mm. diameter wire, and was not
outgassed prior to U.H.V. insertion. Outgassing in the U.E.V. con-
sisted of repeated heating for a few minutes at a time, maintaining
system pressure below ~10~7 torr, until a long period (~ 1} hours)
of heating could be maintained at low pressure. Some short higher-
current pulses were also applied, but these caused momentary pres-

sure bursts up to 1072 torr.

For the tungsten film deposition in U.H.V., an unused uncharged
filament of the same type was used, and outgassed in U.H.V. for 3%

hours over 6 days before evaporation.

4,4 Substrate Prevaration.

The substrates were Chance float-glass microscope slides, 3" x |

" 1" x 0.04", whose constituency was given by the manufacturers as:
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si0,  71.5%

Na20 , 12.5% |

Ca0 - 8.1% o
MgO 3.5% o
;\1203 1.3%

Ti0, 1.8%

srzao3 1.0%

Immediately before loa&ing into the U.H.V. chamber, the substrates
were given an ultrasonically agitated wash in a hot soluticn of
Decon 75 or Decon 90, diluted in distilled water, followed, as the
-manufacturers recommended, by a thorough flushing with distilled
water. They were left to dry by evaporation, under lens tissues

(out of contact), and before and after loading into the holder were
blown free of atmospheric dust with "White Spot" nitrogen. As men- |
tioned earlier, the ion-bombardment and bake-out which occured during
the vacuum pump-cycle were expected further to ensure cleanliness. Invp
addition, for those runs where a substrate heater was included, the
substrate temperature was raised to over.100°C, and allowed to cool

again to ambient, shortly before the film deposition.

4.5 Contact Preparation.

Electrical contact to the U.H.V. deposited films was made via
vapour-deposited nichrome electrodes, for in situ measurements. They
were deposited prior to loading into the U.H.V. system, to avoid the
need for a movable shutter to define their shape and an additional
evaporation source, and to avoid the contamination of the U.H.V. sys-
tem with vapourised nichrome. The choice of nichrome had originally
been made because of its low temperature coefficient of reéistance,
but since the resistance measurements were eventually made by the
potentiai probe method, this property was not critical. Nichrome was
‘retained, howevér, because it is physically tough and in particular
because it easily survived the rigorous cleaning given to the sub-
strate before its use in U.H.V. The vapour source for the deposition
has been described in paragraph 4,3, The shape of the 4 electrodes
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was defined by a mask made from stainléss-steel shim which was held
out~of-contact by /32", to soften the profile of the deposited film
and allow good electrical contact between the electrode and the
rare earth film deposited on top. Atvthe end of each electrode
remote from the rare earth film, pads were painted using Acheson
Colloids "Dag 1950", vwhich is a suspension of colloidal silver in
distilled water. Small G-clamps, made of O.F.H.C. copper and stain-
less=-steel, were fixed to the substrate; the soft, relatively thick
silver pads ensured a large area intimate connection and protected
the nichrome aéainst scratching. The gold wires were then wound
tightly around the screws of the G-clamps and connected at the other
ends to the electrical feedthroughs integrated into the substrate
hol der feedthrough flange. The substrate and G-clamps are shown in
Figure 3.5(b). . S

4,6 The Substrate Holder.

The stainless steel substrafe holder assembly was designed and
constructed specifically for this work, see Figure 3.5(a). The main.
block was welded to the feedthrough assembly, by Vacuum Generators
Ltd., s0 that the small-bore plumbing and small resérvoir were in
intimate contact for maximum thermal conductivity. The plumbing was
to be used for cooling the substrate by passing cold liquid through
it. The substrate, and behind it the substrate heater, were held in
rlace against the block by a mask holder. The shim mask was again
out-of-contact, this time to prevent electrical connection Between
the rare-earth film and the earthed holder. An exploded view of the
substrate assembly, including the film-heater (see Chapter V) is
given in Figure 3.5(b). Figures 3.5(a), %4.2(a) and 4.2(b) show the
assembled holder, with the cooling pipes and the wires for electrical
" connections to the film, the film-heater and the Chromel-alumel

-thermocouple. The latter was clamped to the substrate holder block
| by a small screw; at the top right-hand side in Figure 3.5(a).

The movement of the holder, for vapour-deposition and for align-
. ment parallel to the oscillating tungsten block, has been described
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in paragraph 3.4,

4,7 TFilm Deposition in O.H.V.

The equipment, filaments and suberates used for the nichrome-
film growth in O0.H.V. have already been described. The sources Qere
always carefully melted and outgassed before the substrates were ‘
exposed for deposition by moving a shutter. The ﬁapour sources for
the gold films were also F12 3x .025W, but the gold wire; O.5mm
diameter, was simply folded and fitted into the inside of the helix
instead of being wound around it. The aluminium sourbe vas a strip
of tungsten ribbon, 3" wide, bent to make a V" to hold the alumine
ium both before and after melting, The aluminium was a 1" length of
wire, 0.1" diameter, folded into a broad "U" resting in the "V" with
one arm hanging down either side, as in Figure 4.3. The distance
from source to substrate was approiimately 5%, with the substrate
always being directly above tke source. The nichrome wire was 80%
nickel, 20% chromium, supplied by Vactite Co., the gold was 99.999%
pure, and the aluminium 99.995%, both from Johason-Matthey Metals.

4,8 Film Deposition and Purity in U.H.V.

The rare earth wires used for the depositions were supplied by
either Kochlight or Goodfellow Metals. The Gd and Dy were 99.9% pure
and the Tb 99.95%. Typical analyses are given in Table 4.1. Using the
filaments prepared and outgassed as described in paragraph 4.3, the:
depositions of the films were commenced after the practicable bese
pressures of ~2.90" 10 torr had been reached. The source-to-substrate
distance was approximately 6". For gadolinium and terbium, the filament
current was increased slowly to the required level, to'avoid pPrema-
ture loss of charge, taking typically 1} minutes to reach 90% of the
final figure. The maximum current was around 50 Amps, being slightly
more, in general, for terbium deposition than for gadolinium; which
is consistent with the slightly higher melting point. The maximum
current was determineé by experience as a compromise between deposi-

tion rate (and therefore time) and the pressure increase accompanying
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the heating. For most of each deposition, the pressure was of the
order of ‘l.'lO.8 torr or less, and the deposition was ceased when the
pressure began to rise above that. The beginning and end of each
deposition was defined by moving the shutter. The pressure was
pbserved to fall rapidly as soon as the filament current was turned
off, falling to "V'IO"9 torr in seconds and to the base pressure
after between 2 and 20 minutes. The growth time was typically between
1 and 6 minutes. The dysprosium deposition was achieved by subli-
mation. After outgassing for 1% hours at up to 20 Amps, with brief
pulses up to 40 Amps, rapid film growth was effected by sequential
pulsing of the current up to 60 Amps, each pulse lasting less than a

second.

Table 4.1  Typical Metallic Impurity Analyses of Rare Earth Wires
(in p.p.m.) (Goodfellow Metals)

Gd 99.9%: Fu 171, Tb 170, Nd 166, Fe 80, Al 40, Si 20,
Ca 10, Cu 1, Mg <1 -

Tb 99.95%: Y 146, Ho 84, Sm 84, Dy 82, Ca 3, Mg 3

Dy 99.9%: Y 365, Er 85, Ho 85, Si 20, Fe 5, Mg 1, Mn <1

Figure 4.4 shows the time required for a monolayer of nitrogen:
to be formed on a freshly-deposited surface, assuming unit sticking
probability, vs. the pressure of nitrogen, (from a chart devised by
L. de Chernatony, GEC-AEI Vacuum Consultants Laboratory). Given that8
the pressure at the end of each deposition was of the order of 3.10°
torr, and reduced to 1.10-9 torr within seconds and to 3.10510 torr
within 15 minutes, then in the first hour after deposition, the total
contamination of the surface due to gas bombardment would be 55 50%
of a monolayer, and thereafter at a rate of a monolayer esquivalent

every 2} hours. This is a worst case approx;matlon, since it assumes
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that the total contamination rate is independent of the residual gas
constituents, that the sticking probability is unity for all mole-
cules; and is based on an estimation of the actual curve of pressure
vs. time. In order to distinguish between the effects of gas contamie
nation and elapsed time, two films (numbers 33 and 34) of gadolinium
were deposited from base pressures as high as 3 . 10 = torr. The work
functions of these two films were observed to increase for téns of
hours after deposition (see Chapter VI); whereas of the gadolinium
films deposited from U.H.V. base pressures, only one showed a com=
parable change in the first few hours after deposition, and that was

a decrease,

Time N
(seconds)
108 |
107 | |
106

10°

"K)l+
107
10°
10
1 \ , . \ 1 1 =
w02 M 070 1079 1078 1077 Pressure

(torr)

Figure 4.4 Monolayer Formation Time for Nitrogen

(assuming sticking probability = 1)

80



After analysis according ﬁo the published "cracking patterns"
s the Residual Gas Analyser (R.G.A.) attached to the chamber
showed the general presence of water vapour and methane (CHh)’ as is

(%2)

usual, and ammonia. The R.G.A. spectra fell into three groups. -
Firstly, for films up to and including number 27, water vapour prb—
vided the major peak, followed by ammonia, hydrogen, methane and
ethylene (02H4), with traces which could be attributable to such
gases as argon, carbon dioxide, acetylene (CZHZ)’ propene (03H6)"

propane (CBHB), and N-butane (C,H, ). Significant peaks were also

10
seen at masses 23 to 26, which were not explainable by the standard

"éracking patterns" of the more common simple gases. ,

On enquiring from the manufacturers of the Dag 1950 silver
Ypaint", (Acheson Colloids) it was discovered that a small amount
of proprietary binder was present therein, which was described as a
"chain-link molecule, including hydrocarbons and a sodium sulphate
component', Sodium having a mass of 23 a;m.u., it was assumed that
this was the explanation for the peaks in the low 20's, and may also
have given rise to the peaks initially attributed to the hydrocarbon
gases. Unfortunately'the "eracking pattern" for the binder was not

known,

The second group of R.G.A. spectra was for films 28 to 30,
and showed ethane (Csz) and ammonia as the main constituents,
followed by water vapour, methane, hydrogen and ethylene, and, as in

the first group, traces for other gases and in the low 20's.

The third group of R.G.A. spectra was for films after number
30, and showed methane as most abundant, followed by water vapour, .-

nitrogen, ammonia and hydrogen, and with other peaks as before.

The hydrocarbon gases were not thought to be contamination from
rotary pump oil, as the characteristic peaks in the range 50 to 60
a.m.u.(kz) were not observed under U.H.V. conditions. Typical mass

AY

 spectra for the three groups are shown in Figure 4.5.
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Figure 4.5 Typical Mass Spectra of Residual Gases
(2) Films up to no. 27  (b) Films 28 to 30 (c) Films 31 to 35

Surprisingly, there were very few observable changes in the mass
spectra from any of the experimental variations, such as cryo-

pumping, filament outgassing and evaporation, or substrate heating.
For the third group of films where nitrogen was a significant

residual component, it was seen to be reduced by outgassing and evap- .
oration and increased by heating the coated substrate, suggesting in-
clusion in the rare earth film, Similar behaviour of the ammonia
constituent was sometimes seen. The water vapour constituent sometimes
varied, but not repeatably, sometimes increasing and sometimes
decreasing. The sensitivity of the R.G.A. to water vapour is known not

( ,
to be well behaved 43)

Since the relative sensitivity of the R.G.A. to all the various
constituents was unknown, exact comparisons of partial pressures and

relative bombardment rates of different gases at the sample were not

calculable,
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The electrical properties of the films were not‘separable

into groups corresponding to the different mass spectra.

The tungsten film (number 35) used to check the work function
of the reference plate was evaporated in 21 separate runs, the
power being turned off to keep the pressure and‘filament feedthrough
temperature within reasonable limits. The total evaporation time was

24 minutes, at pressures in the ‘IO-8 torr range.

After the electrical measurements, the tungsteh film was taken
to the Fulmer Research Institute for analysis by X=ray fluorescence. -
It was to be expected that some atmospheric contamination would
occur, so the analysis could only realistically indicate the none
gaseous impurities. A minimum of 97% weight tungsten was found, with
the impurity being mainly A1203. Silicon and selenium were szt
detectable at 10keV beam voltage but not at bkeV, indicating that .
they were not present at the surface of the film and possibly only
in the substrate, the film having been penetrated by the higher . --
energy beam. It was thought possible that fhe selenium was remnant‘
from the prior use of the analyser on a different sample, which did
contain selenium. The alumina and silicon may have been due to the
glass substrate, since the tungsten film was only around 10008
thick. Therefore the purity of the film appears to have been ét least
97%, possibly much closer to 100%.

4,9 Film Thicknesses

-

At the end of each substrate, outside the area used for resistm
ance or work function measurements, a thin cover-slide was claﬁped, to
provide a straight, well-defined edge for thickness measurement. The

' step was vacuumecoated with a layer of highly reflective silver and
assembled with a plain flat glass similarly coated, to form an air-gap
wedge. The principle of multiple-beam interferometry for thickness
measurements is well known(hs). The multiplicity of beams generafes a
very small line-space ratio fringe pattern, so that a step in the
wédgenthickness can readily be measured with an accuracy of better

than 1% of the wavelength of the light used. The thickness of the
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step is calculated as the ratio of fringe displacement to fringe
separation multiplied by half the wavelength of the monochromatic
light. In this work, the thickness was not required with critical
accuracy, so a modestly flat reference plate vas used, consisting
of a piece of float-glass microscope slide. The surface finish of
such slides is not specified, although the parallelism of the two
working surfaces is specified to be within 5' of arc. Assuming that
the worst-case surface flatness corresponded to 5' of arc over the
observed area of approximate diameter 0.01mm, then the surface
would be flat to within approximately 150, or about A/40. Table
k.2 shows the measured thicknesses of the films, at the ends of
the substrates, each being the mean of several adjacent fringe-
step measurements. The spread of these measurements for each film
was significantly smaller than the worst-case surface flatness
estimated above, indicating that the reference slide was in fact
smocther than that. |

Using the formulae for thickness distribution from an extended

(45) .nd including the physical dimen-

wire source given by Holland
sions of the source and substrate, the thickness at the very centre
of the film was calculated to be 5.7% greater than at the measured

step.

The errors in the measured values, estimated from the spread
of fringe displacements. over several adjacent fringes, were between
1 and 6%, except for the tungsten film which was 8%.

Using the same formulae, the maximum variation of thickness
over the film area used for work function measurements (1.5" x
0.75"), was calculated to be 3%.

Exact measurement of the deposition rate was not possible, and
it probably varied during each film. The_avegage deposition rate for
each rare-earth film was between 85 and 2500A/minute, although
almost all fell between 200 and 8002/hinute. Thg average deposition
rate for the tungsten film was approximately 40A/minute.
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Table 4.2

Film Thicknesses

Estimated thickness at

Film no. | Material| Mean thickness at end
of substrate (X) centre of film (X)

16 Ga 817 (18) 86k
17 Gd 997 (+18) 1054
18 Gd 1124 (175) 1188
19 Tb 2405 (+80) 25h2
21 Tb 1337 (+60) 1413 -
22 Tb 1124 (+70) 1188
23 Tb 1107 (+20) 1170

24 Tb 1221 (+36) 1290 -
25 Dy 688 (+42) 727
27 Gd 755 (+14) - 798
28 Gd 1014 (+24) 1072
29 Gd 936 (+80) 989
20 Gd 1314 (+30) 138_9
33 Gd 790 (+45) 835
34 Ga 657 (430) 69k
35 W 950 (+80) 1004
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Chapter V. The Development of a Film Heater for U.H.V. Use

5e1 Introduction.

Several techniques are available for heating a sample in vacuo, -
including conduction from hot fluids or heated solids, radiation from
luminous or non-luminous bodies, and direct Joule heating of the
sample, if conductive. The latter method was immediately rejected for
this work since it would necessitate a potential gradient along the
sample. Luminous radiant heating, from an incandescent wire, either’
naked or in the form of a light bulb, was rejected because of pos-
sible outgassing problems at the high temperatures involved and
because the light would interfere with optical experiments. A non-
luminous radiant heater might also be expected to cause more outgas-
sing than an in-contact heater because it would need higher tempera-
ture or surface area than the latter. Also, with an in-contact heater
it would generally be easier to avoid mechanical and electrical
design difficulties inside the vacuum chamber. The plumbing to the
substrate holder which was available for most of the work could have
been used to carry hot fluid, e.g. kerosene, but the thermal capacity
of the external temperature bath holding the kerosene would have cau-
sed a long delay. The alternative of switching to a second fluid was .
expected to cause problems due to the smallness of the pipe bore:
the possibility of any residue from the heating fluid being frozen
by the kerosene temperature, and blocking the system. Joule heating
in O.H.V. systems is usually achieved with a refractory metal helix
of some form, either resting in pyrofilite or wound round mica. In
order to avoid contamination from these materials and to provide rel=
atively intimate contact between the heater and substrate, it was
decided to develop a heater in the form of a film on a similar sub-
strate. Such a heater would readily be usable in any vacuum system
without special fittings, such as plumbing, would be very compact,
would not interfere with optical measurements, would be U.H.V. com-
patible, and should be capable of more uniform heat distribution than

a bent wire.
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It was decided to use a metal of high resistivity, in order
that a relatively thick film be used. This allowed a high power dis-
sipation, while the sheet resistance would still be sufficiently high
that a simple rectangular geometry could be used rather than a meén-
dering pattern, which would cause non-uniformity and possibly failure
due to localised heating, Nichrome was chosen because of its ease of

preparation and durability.

5.2  Preparation in O.H.V.

The nichrome was prepared by evaporation from wire of 80%
nickel: 20% chromium as described for the contacts on the work fun-
ction specimen substrate in Chapter IV. The evaporation distance was
increased to 8" for better uniformity of film thickness, and hence
of power dissipation and temperature when used as a heater. To pré- '
mote adhesion, the glass microscore slides onto which the films were
deposited were heated to AJZSOOC. In the first instance, the heater
took the form of a flattened helix of fine nichrome wire wound round
a rectangular mica former slightly smaller than the slide. This film
was used as the heater for a second film, and so on, till five films
had been deposited, so that the nop-uniformity of temperature &is—
tribution caused by the original wire heater was reduced. For good
electrical contact each film heater was provided with end-contacts
of Dag 915 silver "paint", leaving an area 23" long by 1" wides The
thickness of the deposited films was arbitrarily determined by the
opacity, viewing the evaporation filament through the film. The
resulting sheet resistivities were between 12 and 20 ohms/square,

corresponding to thicknesses between 1300 and 300 A,

5.3 Initial Tests of Heater Performance.

Measurements of heater temperature vs. power dissipation were
initially made using a chromel-alumel thermocouple, to see if the
film was cabable of producing and withstanding reasonable témpera-
tures. Figure 5.1 shows the results, with temperatures over 280°%c -

‘being achievable without damage.
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To assess temperature uniformity, separate microscope slides
vere givenAtemperature-sensitive coatings. Manufactured by Faber-
Castell under the name of ”Thermocolor"(AG), the coatings change
colour at a fairly well defined temperature. The manufacurers spe-
cify a tolerance of 1500, with an additional tolerance depending on
the time taken for the colour change to occur. Table 5.1 shbws the
nominal temperature values for the four types used, based on the
standard change time of 30 minutes. The resolution quoted is the
total error range if the change occurs between 10 and 30 minutes
after commencement of heating, more rapid change signifying higher

temperature.

Table 5.1 "Thermocolor! Paint Temperature Indication

Type no. Colour change Nominal Temp. Resolution
(30 mins) (10-20 mins)

2b Pink to Lilac 95°C 3°¢C

5 White to Brown 175°C - 2%

6 Green to Brown 220°¢C 5°¢C

7 Red to Brown 290°C 2°c
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Figure 5.1 Temperature vs. Power Dissipation (initial tests)

The paints were supplied in powder form, and appliéd by suspen=-
ding in iso-propyl alcohol and brushing onto the glass slide. After
the alcohol had evaporated, the slide was placed next to a heater
substrate, with the two thicknesses of glass between the heater and
raint, and assembled into a holder similar to that used in the U.H.V.
chanber. The tests were conducted in O.H.V. The power dissipation in
the heater was gradually raised till a colour change just started,
then the power was kept constant while the spread of the colour cha-_
nge was observed. After approximately a quarter hour the change had
spread from a small spot to cover over half the film, and to almost
all the film within an hour. Two tests showed similar assymmetry of
heating, being eccentric on the substrate. A third attempt with the
"Thermocolor" applied directly to the obverse side of the heater sub-
strate was also asymmetricai, indicating that the assymmetry was not
due to imperfect thermal contact between the two glass slides. A

second batch of heater films was therefore prepared, as before except
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that particular care was taken to ensure symmetrical source-to-sub-
strate geometry.

A film was also deposited onto an alumina substrate, having a
higher softening temperature than glass, to see how high a,tempera#
ture could be reached with a film heater. Using a thermocouplé a tem-
perature of over 500°C was observed, after which the substrate broke,
probably encouraged by mechanical stress from the clamping arrange- |

ment,

The second batch of films on glass slides was used for a 3rd

(47)

Year undergraduate project s to continue the evaluation as descri-

bed below.

S.4  Further Tests and Calibration.

Using the nichrome wire-on-mica and nichrome film heaters, mea-
surements were repeated for temperature vs. power dissipation. Again,
the film heaters were more efficient than the wire-on-mica heater,
and in spite of differences in sheet resistivity were very repecatable

and reproducible, see Figure 5.2.

Temperature uniformity tests were carried out slightly differ-
ently than before. Using the results in Figure‘B.Z, the powers requ-
ired to obtain the temperatures at which the '"Thermocolor" paints
would change colour were dedubed, and applied for 20 minutes., Three
tests were conducted for each grade of "Thermocolor' on each heater,
to establish reproducibility. The area and colour density indicated
the uniformity of temperature distribution. Figure 5.3 shows the
results from a typical film and from the original wire-on-mica heatey
and that the heater should be larger than the specimen for optimum
uniformity of specimen temperature. From the resolutions quoted in
Table 5.1, it can be seen that the central portions of the substrates

. o
heated by the film heaters were uniform to around 5°C or better.

The heaters used in’the U.H.V. chamber were slightly shorter
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Figure 5.2 Temperature vs. Power Dissipation in Heaters

'(after reference 47)

than those described above, at 2" long, see Figure 3.5(b). For
_the work function measurements the relevant area of the specimens
was 13".by 2", so that temperature uniformity over that area may

reasonably be assumed to be within 5°C.

91



«

Fifiure 5»?» Temperature Distribution of Wire Heaters and Film

Heaters using "Thermocolor" paints (after reference 47 )«
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Chapter VI The Experimental Results for RaredEarth Metals

6.1 Introduction.

The method of work function measurement and the practical
details of its execution have been described in Chapfers II and
III, including the ways in which the various sources of error were
evaluated. The resistivities of the films were also measured, using
the potential probe technique for the resistance and multiple-beam
interferometry for the thickness (see paragraph 4.9). Cryogenic
facilities to attain the low temperatures required for the determin-
ation of the residual resistivity of the films were not available,
s0 the resistivities simply serve to compare the film when fresh and

aged, and approximately with the values published elsevhere.

The results from various conditions and histories are prescnted
and analysed, including the effects of aging, annealing and atmos- |
pheric contamination. Some theoretical values are derived which
partly explain the spread in results. Firnally, the results are sum-

marised and compared with results published elsewhere.

6.2 Measurements on Gadolinium Films in U.H.V.

The gadolinium films were measured under various conditions
and with various histories. The later films were subjected to temp-
eratures slightly above and slightly below the Curie point, énd were
also annealed and the measurements repeated. The spread of values ,
observed was larger than expected, and the c.p.d.'s were seen to
vary with time, albeit slowly. To observe whether these variations
were caused by gas contamination or were a function only of time, two
films (no.'s 33 and 34) were prepared and measured in a slightly
higher residual pressure. The results are presented in several forms

"~ in the following paragraphs.
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6.2.1 __Specimen Reproducibility of Gd Films

The results of measurements on the deposited films are presented
in the form in which they were obtained i.e. contact potential dif-
ference between the film and the reference surface. Table 6.1 shows
the c.p.d. values both at initial measurement and after aging in ‘
U.H.V. In the case of films which were heated in vacuo, the latter
figure is that immediately prior to the heating. The figures given
in brackets are the errors, and are the range of bucking potential
over which the signal from the capacitor was at a null or minimum;
plus the range of bucking potential in the measurement of thé W film
(no. 35) used to check the reference surface, which was +0.0015 eV.
The error in the change of c.p.d. is the square root of the sum of the

squares of the errors in (a) and (b).

It is evident that there was a large spread, not only in the
results on fresh films but also on the aged films. There appeared to
be no simple correlation between the c.p.d. and film thickness, (see
paragraph 4.9) nor residual gas analysis (see paragraph 4.8) nor
deposition time. There was, however, a tendency for the c.p.d. to be
smaller for the higher values of the product of deposition time and
pressure (see paragraph 6.6). Prior to the growth of films 27 and 30,
the substrates were heated, in U.H.V., to over 370°K by means of the
nichrome~film heater, although deposition always occurred with the
substrate initially at room-temperature and unheated except by the
deposition process itself. The pré—deposition heating acted as a
final substrate~cleaning operation, and may account for the generally
higher c.p.d.'s (and correspondingly lower work function values) of
- these later films by comparison with no.'s 14, 16 and 18. However,
films no.'s 33 and 34 were intentionally deposited and measured at
slightly higher pressures but did not reproduce the lower c.p.de.
values and therefore do not corroborate the hypothesis that the lower
C.pede's of the earliest films were due to contamination within the

films.
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6.2.2 Measurements of Gd Films ahove and below the Curie Temperature

The Curie Temperature of bulk Gd is generally taken to be around
293°K(48). The Curie Temperature of a U.H.V.-deposited film of Gd,
inferred from the change in slope of a graph of resistance vs. temp-
erature, has been measured as 29O°K(49) and as 298°K(50)

earlier, the substrate holder was capable of being heated, by means of

o As described

the nichrome-film heater, or cooled, by passing a cooling liquid
through the small~bore pipework. Early attempts at using liquid nit-
rogen were abortive, since it was difficult to avoid condensation of
water onto the liquid nitrogen and thence into the small-bore pipe-
work where it caused a blockage. For reliable cooling, although to
a lesser degree, it was decided to use a less cold liquid, and odour-
less kerosene was chosen because it flows readily at temperatures well
below the Curie point of Gd. (It was considered that the magnetic
ordering temperatures of Tb and Dy were outside the capability of the
equipnent in view of the difficulty with liquid nitrogen). Initial
attempts to cool the kerosene were made by passing it through a
helical copper tube immersed in iced water. The lowest temperature
observed via the thermocouple was 289°K. By replacing the iced water
with a solution of CaCl2 cooled either by solid carbon dioxide or by
liquid nitrogen, a temperature of 284°K was seen. A refrigerated
cooling tank was then used to cool the whole body of kerosene
directly, and the lowest temperature recorded by the substrate holder
thermocouple was 2?6.5°K. Since this was located at the edge of the
holder and the cold reservoir extracting heat from the holder was
relatively.small, it was surmised that the temperature of the film
was at least as distant from the ambient as the thermocouple. The
temperature observed when the film was heated was also lower than
expected from the calibration in Chapter V, probably for a similar
_reason, although the heater was larger than the film area used for
work function measurements. The calibration of the thermocouple
and the difference between the expected and observed (thermocouple)
temperatures when the film was heated are described in Appendix III.
The results of c.p.d. measurements at various temperatures are
shown in Figure 6.1. For each film two separate curves are given,for
before and after annealing. In no case was there any significant change

in c.p.d. in the region of the Curie point, Tc' The effects of anneal-
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ing are discussed in paragraph 6.2.4. The numbers adjacent to the
experimental points indicate the sequeﬁce of measurement for each

film, The errors in thé'c.p.d. measurements were smaller than the
crosses marked on the figure. The exact vélues of the errors in the
temperature measurements were unknown, but were likely to be quite
large (see Appendix III), However, since the interést lay mainly in

the relative temperatures for an individual specimen rather than the
absolute values, no absolute error bars have been marked since they
would be so large as to make the curves appear meaningless. For cor-
rectness the temperature values for each specimen should be replaced by .
values which are progressively more distant from ambient (v295°K) than
those indicated, the relationship being different for each specimen but

constant for each.

6.2.3 Effects of Aging on G4 Films

The changes in the c.p.d. between the G4 films and the tungsten
reference are shown in Table 6.1, together with the ages of the films,
in hours. It is perhaps remarkable that the changes observed in several
were virtually identical (viz films no.'s 16, 18, 27 and 29) but no
common factor was observed. What was obvious, however, was that the
c.pede.'s for the films evaporated under U.H.V. all increased on aging
while the c.p.d.'s for the two films deposited under 0.H.V., (no.'s 33
and 34) changed in the opposite sense and by far greater extents. The
variations of the c.pede's with time are shown in Figure 6.2, Again ‘
there was a siéﬁificant difference between the U.H.V. and O.H.V. films,
in that the former suffered far less rapid variations (with the excep-
tion of no. 16). This was, of course, to be expected since the bombard-
ment rate of the residual atmosphere onto the surfaces of the films is
proportional to the partial pressures of the gas species(ho). It seems
likely, therefore, that the changes observed for the O.H.V. films res-
ulted from contamination, although the mechanism(s) by which the
changes occurred are less obvious. Also, since the c.p.d; variations
in the U.H.V. films were in the opposite direction, it is likely that
they were due to some effect other than gaslcontamination, such as

crystal restructuring.
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6.2.4 Effects of Annealing on Gd Films

After the aging period described above, some of the Gd films were
heated, using the nichrome-film heater, and the c.p.d.'s remeaéured.
The results of measurements at or near room temperature are shown in
Table 6.2, with the annealing temperature, the time to warm up and the
time at the highest temperature, and the age of each film. The heater
power was increased gradually, to avoid thermal shock to both the
heater and the specimen., The two figures in the "Annealing Time" columnv
show the time to reach the maximum temperature and the time for which
it was sustained before the heater power was removed. The time taken-

to fall back to room temperature was around 3 hours.

The "Annealing Temperature' column shows both the temperatures
recorded by the thermocouple situated at the corner of the substrate
holder and the expected temperatures derived from the calibration
curve of substrate temperature vs. heater power dissipation, Figure
5.5 (see Appendix III for discussion of this point). The variationé
of the c.p.d.'s as the temperature was varied are shown graphically

in Figure 6.1

6.2.5 Resistivity and Flectron Diffraction Measurements on Gd Films -

Resistivity and electron diffraction measurements are potentially
good indicators of the structure of thin films. In the rare earth
metals there is considerable anisotropy in resistivity, as shown in

5
Table 6.3 for bulk Gd, Tb and Dykqg)

Table 6.3 Bulk Resistivity of some Rare Earth Metals nggcm)

Metal a-axis c-axis
Gd 144 121
Tb 122 102
Dy 111 78

101
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Apart from the effects of surface roughness and of the film -
thickness being small compared to the electron mean-free;path, the
resistivity of a film may differ from the bulk value due to impurities
and defects. A further complication in the rare earths is the possi-
bility of some or all of the film being in the f.c.c. form rather than
the h.c.p. of the bulk. Investigations by other workers have shown
that the f.c.c. phase can exist in films whose thickness is below
5ooX (51)

tally derived resistivity ratios for the two phases are given in Table

6.4 for Gd, Tb, Dy and La. Reale's films were deposited at 10-9 tor§52)
(51)

and that the resistivity is significantly lower. Experimen=

and Bist and Srivastava's at 10-6 torr « The former consisted of a
large number of randomly oriented grains and were measured in vacuoc.

The latter were measured in air, no orientation information was given.

Table 6.4 Resistivity of f.c.c./Resistivity of h.c.p.

Reale(sz? Bist and Srivastava(51)'
Gd 0.811 0.56
Tb 0.795 -
Dy 0.780 -

In the present work, the resistances of the films were measured by

the well-known potential probe method(SB)

. Four contacts were used,
the two outermost for supply of current and the two innefmost for
measurement of the consequent potential across the specimen. Since the
input impedance of the voltmeter was very much higher than the resis-
tance of the sample, the resistances of the two potential contacts
were not critical. Their only effect was to reduce the sensitivity of
the measurement, and that very slightly since'they also were small
compared to the input impedance of the meter. The current contacts
were also non-critical, since the potential measurement did not encom-

pass them. The temperature coefficients of the contact resistances
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were, therefore, also unimportant. The contact geometry used in this
work is shown in Figure 3.5(b). The length and width of the samples
were measured by travelling microscope, the length being taken as the
distance between the centres of the two potential contacts. The poten-
tial value used to calculate the resistance was the average of measure=
ments taken for both current directions. This was to eliminate as far
as possible errors due to thermoelectric effects or rectification that
may arise either from within the bulk of the sample due to inhomoge=
neities, from rectifying béundaries or from other defects. To eliminate
inaccuracies caused by electrical pick-up in the voltmeter, the poten-
tials were also recorded with the current source disconnected and the
resulting values were subtracted from the cﬁrrent—driven measurements.
The current source was a Keithley 610C Electromefer. The instrument
may be used as an ohmmeter, for which purpose it has an accurate cur-
rent source, the value being selected by the "Range' switch. The cur-
rent used for this work was 1QFAmps, chosen as a compromise between
measurement sensitivity (limited by the voltmeter sensitivity) and

the risk of electromigration in the specimen, and was the highest cur-
rent available from the Keithley. The resulting current density was in
the region of 1 Amp/cmz. The accuracy and consistency of the current
value was verified by voltage measurement at an intermal calibration
point, and was set to within +0.1%. The accuracy of the voltmeter, a
L} @igit Solartron ILM1440.2, was +(0.0033% of full scale + 0.01% of
reading), and its input impedance was 2.10199. Since the specimen
resistance values were between 6()and 5200 and the current 10-5 Amps,
the measured potentials were between 60 and 5EQPV' The sensitivity of
the voltmeter was 1OPV’ which resulted in an accuracy of resistance
measurement of between 2% and 16%, typically 3%. The accuracy of the
resistiéity calculations was worse, being subject to an additional
‘error of between 1% and 9% in the film thicknesses (at the end of the
specimen) and a theoretical variation of around 6% from the centre to
the end (see paragraph 4.9). It was not attempted to measure the
residval resistivity, caused by impurities and defects in the speci-
mens, since the facilities were not available for the low temperatures
required to do so. Hence it was not possible to measure changes in

residual resistivity, due to crystal restructuring, gas absorption
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etcey nor subsequently to calculate changes in the "true" resistivity
due to a change of crystal orientation or structural phase. Accurate
measurement of the total resistance was therefore inappropriate, since
it would have been impossible either to interpret the reasons for
small variations or accurately to compére the resistivities 6f the
films with bulk values. The calculated resistivities are shown inTable 6,5,

. Table 6.5 Resistivity of Gd Films

Film I.D. No. Resistivity gﬁzcm)

Fresh Annealed

16 138 (+10) -

18 160 (+20) -

27 185 (+13) 178 (+13)

28 168 (+15) 155 (+14)

29 136 (+20) -

33 7% (+10) 58 (+8)

34 140 (+14) -

Measurements of resistance of some of the films were prevented by
acnidental shorting out of two or more of the naked gold wires by
specimen manipulation in fhe course of optical measurements by other
vorkers. Comparison with Table 6.3 shows thét some figures lay within .
the range of bulk values, some were higher and one lowere. The higher
resistivities were possibly due to impurities and defects. Indeed, in
those which were annealed the resistivity was decreased. In all cases
the resistivity was lower than the ZOQPS?cm quoted by Bist and Sriva-
stava(51) for thick Gd films grown at 10-6 torr. (This high pressure
may have been the reason why earlier authors(so’ 51) found difficulty
in evaporating Gd.) The one Sample with lower resistivity than the
buik was one of the two evaporated under 0.H.V., in fact similar con-

ditions to those of Bist and Srivastava. The resistivity ratio attri-
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buted to them in Table 6.3 is a conservative one, being the ratio of
their thinner films to the bulk material and ignoring both the sizew
effect and the higher-than-bulk resistivity of their thicker films,.
With both these effects included, the fétio would be below 0.36. The
ratio of the measured resistivity of f£ilm no. 33 to the a- and
c-axes of the bulk material were 0.525 and O.61lfespective1y before -
annealing, and O.41 and 0.48 respectively after annealing. These -
figures are consistent with the film being partly or wholly in the
fecoc. phase. This may have been due either to wide variation in
film thickness so that some areas were less than SOOX thick, or to
the f.c.c. phase existing in the relatively thick (8353) film,

Except for the changes due to annealing, the resistivities were .
not seen to change with aging, being consistent, at the same temper-
atures, over several days while the c.p.d.'s were changing. The temp-
erature coefficients of resistance were calculated over various
‘ranges of temperature between 293° and 384°K. The values were not
‘ particularly accurate due to uncertainty in temperature and to the
resolution of the resistance measurements. The results ranged fromb
0.05%/°K to 0.12%/°K, which bracket the published value of 0.067%/°K
over the temperature range 300 to 375°k\7") for bulk Gd.

Electron diffraction observations were conducted in reflection
due to the thicknesses of the films. In many cases only a small number
of guite broad diffuse rings were seen, indicating a very small grain
size, but of insufficient quantity and clarity to determine the crystal
structure. In a few cases, however, interpretable patterns were obtai-
ned. These were probably produced by transmission through localized
promontories and generally indicated an h.c.pe. structure with the
c-axis roughly perpendicular to the substrate surface. In one case
(film no. 16) a single crystallite was observed, of considerable size
judging by the smallness of the spots. At another site of the same
film the pattern showed several crystallites at slightly different
orientations. From another film (no. 30) a pattern was obtained which
éonsisted of spots in rings, showing polycrystallinity. The grouping

of the rings clearly indicated fe.c.c. structure, although the thickness
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of the film (13893) suggested that h.c.p. should be expected. Due to
the difficulty in obtaining reflection diffraction patterns and inter-
preting them as certainly as transmission patterns, the results are
less conclusive. It was shown, however, that the films were polycrys-.
talline, generally of h.c.p. structure but with the possibility of
some crystals in the f.c.c. phase. |

6.3 Measurements on Terbium Films in U.H.V.

The measurements on the Tb films were all made at ambient tem-
perature, the thermocouple recording temperatures between 19 and 26°c,
The work functions were measured over a period of time after deposi-
tion. As with Gd, the spread of results was larger than expected and

the c.p.de's varied slowly with time.

6.3.1 Specimen Reproducibility of Tb Films

Table 6.6 shows the c.p.d. values obtained for the various Tb
films at initial measurement and after a period of time in the U.H.V.
environment. Again there was no simple correlation between the c.p.d.
and either film thickness, residual gas analysis or deposition time,
but there was a tendency for ﬁhe c.p.de to be larger for the higher
values of the product of deposition time and pressure. This is the
opposite trend to that in the Gd films, and can therefore be attribu-
ted to the rare earth metals rather than the tungsten reference sur-

face.

6.3.2 Effects of Aging on Tb films

The overall effects of aging on the c.p.d. results are shown in
Table 6.6 and the variations as a function of time are shown graphi-
cally in Figufe 6.3. The changes in c.p.d. were predominantly in the
same sense as those on Gd, and therefore gas‘contamination was not
thought to be a primary cause for these films (see paragraph 6.2.3).
Two films underwent c.p.de changes in the opposite direction. Film
no. 19 was the first Tb film to be deposited and the Qvaporation source

was outgassed at a lower current than all the others. Since the unchar-
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acteristically rapid early change in c.p.d. was in the same sense as
those observed in the O.H.V.-deposited Gd films, and since the resis-
tivity was abnormally low, as for one of the O0.H.V. Gd films (see
Tables 6.5 and 6.7), it is possible that the outgassing was inadequate
and the film consequently contaminated. The other Tb film for which a -
reduction in c.p.d. was observed was no. 2%. It is pefhaps a coinci=-
dence that this was the first film deposited after the system had
accidentally been let up to atmospheric pressure by air ingress at a
leak, rather than by nitrogen. This may have had a destabilising effect
on the tungsten reference surface, though the system was baked and
otherwise run as normal. The residual gas analyser was, unfortunately,
not as sensitive as usuwal, and the results were somewhat inconclusive,

but a slightly higher proportion than usual of oxygen was detected.

6.3.3 Resistivity and Electron Diffraction Measurements on Tb Films

The results of the resistivity measurements and calculations on -
the Tb films are shown in Table 6.7.

Table 6.7 Resistivity of Tb Films

Film I.D. No. Resistivity ()chm)
19 71 (+16)
20 ‘ -
21 -
22 116 (£17)
23 | 136 (£12)
2 111 (+13)

The values for films 22 to 24 compared well with the bulk values for Tb
in Table 6.3, allowing for a little residual resistivity. The value for
film no., 19 was very low, similar to that for the Gd film no. 33. As

explained above, there was a possiblé common factor of contamination of
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the film due to inadequate outgassing (low current in the case of

no. 19 and low vacuum in the case of no. 33). The ratios of the
measured resistivity to the bulk resistivities were 0.58 and 0.7 for
the a- énd c~-axes respectively. Although these are lower than Reale's
figure, they are compatible with Bist and Srivastava's figures for Ga
and la.

The electron diffraction observations of the Tb films were also
conducted in reflection. As with the G4 films some patterns were
obtained which consisted of broad diffuse semi-circles, indicating
small=grained polycrystallinity. No clear spot patterns were found.
The poor quality of the patterns and the high background intensity
hampered interpretation, but from the regularity of the ring-spacings
the structures were more likely to have been hec.pe than any other.

6.4 Measurements on Dysprosiym Film in U.H.V.

The measurements on Dy were also made at ambient temperature.
Only one film was deposited, so specimen reproducibility was untested.
The effect of aging in U.H.V. has been included with the Tb results in
Figure 6.3 (film no. 25). The c.p.d. value at first measurement was
~1.465 (10.016)eV and after aging -1.545 (+0.016)eV, a change of
~0.080 (+0.022)eV, and therefore in the same direction as the changes
in both the Gd and Tb films. The resistivity of the film was 105 (+13)
Ff}cm vwhich falls between the a-axis and c-axis values given in Table
6.3. Attempts at obtaining reflection electron diffraction information

on this film were unsuccessful.

6.5 Measurements in 0.H.V.

After all the measurements in U.H.V. had been completed, the
reference surface was set up in an O.H.V. plant and the ce.p.de's re-
measured. All the substrates had therefore been exposed to atmospheric
contamination, albeit mostly in dessicators, for varying amounts of
time. The earliest film, no. 41k, had been so exposed for 204 days and
the latest, no. 35, for 15 days. Measurements were nevertheless
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Table 6.8 Comparison of c.p.d Results in U.H.V. and O.H.V.

and
I.D.no.

Film type

last value
in U.H.v'
(eV)

c.p.d. value .
in O.H.V.
(eV)

change
(eV)

Gd

14
16
18
27
28
30

33
3k

-1.48  (2.011)
-0.998 (¥.021)
~0.670 (=.004)
~0.650 (.011)
“0.432 (£.011)
+0.537 (2.011)
20,230 (£.011)

-1.205 (£.011)

-1.33  (2.010)
-1.42  (2.006)
~0.847 (2.009)
~0.977 (+.009)
-1.205 (£.006)
-1.015 (£.006)
-0.930 (£.006)

‘1 -302 (:0009)

+0.15 (2.015)
-0.422 (2.022)
~0.177 (£.011)
~0.327 (2.014)
-0.773 (2.013)
1,552 (£.013)
-0.700 (£.013)

+0.003 (¥.014)

19
20
21
22
23
2k

-1.115 (£.011) -

-1.078 (£.021)
-1.382 (£.016)
-1.600 (£.021)
-1.430 (£.011)
-1.845 (£.011)

-1.627 (1.909)
~1.572 (3.009)
~1.3%0 (£.011)
-1.282 (£.014)
-1.347 (£.009)

-1.280 (£.011)

~0.512 (£.014)
~0.4ol (2.023)
+0.052 (2.019)
+0.318 (£.025)
+0.083 (2.014)

+0.565 (2.015)

25

-1.545 (£.016)

"1 0#82 (:0009)

+0.063 (£.018)

=

35

-0.003 (f.oo15)

+0.010 (£.005)

+0.013 (2.006)
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conducted under O.H.V. conditions to eliminate the effects of gas in

the capacitor space (see paragraph 3.2.7). The results are shown in
Table 6.8 with the last U.H.V. values for comparison. The changes in

c.p.d. were seen to vary considerably, indicating that they were not

solely due to a change in the work function of the reference surface.

The resistances of some of the films were also remeasured under

O.H.V. and at atmospheric pressure. The results are shown in Table

6.9. Note that errors are expressed as a percentage, not in ohms.

Table

6.9

Resistances of Rare Barth Films

Film Resistance (§?) Change in Resistance (%)

Type

and Last U.H.V. 0.H.V. - 760 torr | U.H.V. to U.H.V. to

No. ' 0.H.V. 760 torr
18(29 (+3%) 38 (+3%) - +31 (k) -
27|48 (+2%) |52 (+2%) 52 (+2%) +8.5 (#3) [|+8.5 (+3)
28[31.25 (+3%){32 (+3%) 32 (+3%) 2.4 () |+2.4 (+4)

Gd 29(29.5 (+3%) |27.5 (43%)  |27.25 (+3%)| =6.8 (34) |=7.& ()
30 - 27.5 (+3%) 27.25 (+3%) - -
33119 (+5%) 18.25 (+5%) |19 (+5% =4 (+7) 0 (+7)
3|4l (+2.5%) |41.75 (+2.5%) |42 (+2.5%) | =51 (43.5)[=le5 (+3.5)
19| 6 (+16%) | 9 (+10%) - +50 (+19) -

o 22[21 (+5%) 20 (+5%) - =b.75 (+7) -

- 23(25 (+4%) 20.5 (+5%) - =18 (+6.5) -

24|18.5 (+5%) [17.5 (+5%) |18 (+5%) =S (+7) |=2.7 (+7)

Dy 25|31 (+3%) |32.5 (43%) - +4,8 (+4) -

In viewlof the extreme reactivity of the rare earths, the small

extent of these changes was surprising. Some of‘the films exhibited a

decrease in resistance after atmospﬁeric exposure, which indicated the
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presence of effects other than conversion of the surface(s) from

metallic to dielectric properties.

6.6 Discussion.

In order to study the effects of various parameters or condi~-
tions on the work functions or resistivities of the specimens, it was
convenient to arrange the identification numbers of the films in
sequences for each material, each sequence starting with the film
which had the lowest value of any given parameter and ending with
that having the highest (or, where both positive and negative val-
ues existed, starting with most negative and ending with most posi=-
tive, or vice-versa). In this way it was possible to see whether any
correlation existed between a property of the material and an experi-
mental variable., In an attempt to account for the large spreads in
values of the c.p.de's and resistivities, the following parameters

have been compared:

C.pe.de at first measurement,

pressure x time during deposition,

age at first measurement,

film thickness,

CeDedey aged,

age at the above, ‘

change in c.p.d. due‘té aging,

change in c.p.d. due to annealing,
annealing tempgrature, ‘

annealing time,

annealing temperature x time,

Cepe.de after atmospheric exposure,
change in c.p.d. due to atmospheric exposure,
resistivity in U.H.V.,

resistivity after atmospheric exposure,

change in resistivity due to atmospheric exposure.

As has been stated earlier, it was expected that the tungsten
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reference surface would be repeatable from run to’run, since it under-
went nominally identical procedures each time. Also, within each run
the tungsten was exposed to the residual atmosphére for a long time
prior to the deposition of the rare earth film, so it might be expec-
ted to be as much contaminated as possible within the U.H.V. condi
tions. To check that the variations in c.p.d. were not due to changes
in the work function of the tungsten, it is appropriate to examine the
dependence of the c.p.d. on the amount of contamination‘genérated
during the deposition process, i.e. pressure x time (P x t). For the
Gd films the ce.p.d. had a predominantly inverse dependence on (P x t)
whereas for the Tb films a direct relationship was observed. Hence the
spread of results was not due to contamination of the tungsten surface
either before or during the deposition of the films. It has also
already been pointed out that the c.p.d.'s for the two Gd films depo=~
sited and observed at the higher pressures were seen to decrease rela-
tively rapidly, whereas for the Gd, Th and Dy films deposited and
measured under the best U.H.V. conditions the c.p.d.'s increased
slowly. Post-deposition contamination was not the dominant factor in
the aging behaviour. Since the c.p.d.'s vwere negative, the work func-
tions of the films were lower than that of the tungsten, therefore the
work functions of the films were decreasing with age, and the older the
film the greater the effect.

The effects of annealing on c.p.d. were inversely in sequence

with the ennealing temperatures (as recorded by the thermocouple).

The range of temperatures was. small, however, so this may have been

a spurious correlation. The work functions of the films increased on
annealing, the magnitude of the increase being smaller for the lower
initial work function values. The perturbations in the sequences (work'
function, annealing temperafure and annealing effect) were films no.'s‘
27 and 33, The latter was deposited at high pressure and the former was
heated three times and was significantly older than the other films at
the time of these measurements. On the first and third heating cycles
the work.function was increased, but over the second it decreased

slightly, similar to unheated aging. This may have been because the
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highest temperature in the second cycle was lower than that in the
first, and it is reasonable to assume that no further crystal reorgani-
sation occurred. This corroborates the interpretation that the changes
observed during heating were largely due to annealing and not to exter—
nal causes such as gas contamination or change in the work function of
the reference surface. There was no correlation between annealing time
and its effect. It is interesting to note that the annealing changes
were in the opposite direction to those attributed to aging (except

for film no. 33 and the 2nd cycle of no. 27). The effect of annealing
on resistivities was in direct sequence with the annealing temperature,
though the same limitation as to range of temperatures applies. Increa-
ses of work function on annealing have been observed by other workers

(55, 56) (57)

in a wide range of metals s including Gd « The resistivities
before and after atmospheric contamination were in identical sequence
order except for one Gd film (no. 18) and one Tb (no. 19). However,

some were seen to increase and some to decrease. The change in resis-
tance of metal films on exposure to gas contamination has been cohsid—

(58),

ered to have three possible causes :

(a) decrease in effective thickness of the film, due to the

surface losing its metallic properties,

(b) decrease in mobility of conduction electrons, due to an
increase of diffuse scattering at the top surface or at

grain boundaries,

(c) decrease in concentration of conduction electrons through-

out the film, due to sharing with the adsorbed gas atoms.

Al11 three mechanisms would produce an increase in resistance and

therefore cannot by themselves explain the present results.

The effects of gas contamination on the work function of simple

55

metals have been considered for both physical adsqrption
chemical adsorption(59). Experimental results from group VIII metals

and for gold(60) showed that the change in work function due to -
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physical adsorption had a linear relationship with the work function of
the clean surface, being greater for lower initial value. The present
results on Gd and Tb also showed linear trends on exposure to the
atmosphere, see Figure 6.4, The difference in the polarity of c.pe.d.'s
can be explained by assuming that the tungsten referénce surface also
suffered a change in work function on exposure to the atmosphere, which
was constant, i.e. the origin may be moved by that amount, A further
similarity existed between the two sets of results, that is the change
in slope of ce.p.d. with temperature, In the simple metals(55) this
change occurred at between 370 and 410°K and in the case of Gd at

360°K, see Figure 6.1(a). There are three possible causes. Firstly,
a reaction with the glass substrate, for example an exchange of ioné
between the films and the glass, which was rich in the oxides of alkali
metals such as Na, Ca and Mg. Secondly, desorption of one or more com=-
mon gaseous contaminants. Thirdly, the onset of effecté of strain
imposed by differential thermal expansion either between the film and
the substrate or between the substrate and its holder. Such a strain
might be expected to alter the Fermi Level via the lattice volume,
hence the wor%6fungt§on. Effects of this type have been observed by

1, 62

other workers » The third effect does seem least likely, however,
since it would not be expected to occur within such a narrow range of
temperatures for a range of dissimilar metals. The basic postulate for

(55). A model to explain the

the physisorption variation was anisotropy
effects of chemisorption has also been based on site heterogeneity, or
anisotropy(Eg). The model is too'limited to apply to this work since it
treats only two types of surface site, or patch, and, by implication,
only one type of adsorbed species. It also requires a knowledge of the
extent of coverage of both types of site by the contaminant. However,
research on single crystal specimens, at different orientations, and

with individual contaminants would benefit from this approach.

6.7 Theoretical Values.

The work function of Gd has been calculated as 3.07eV by Ramey

3 . 64
and Katzberg(bB). The value was given by( ):
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. Change in c.p.d. on atmospheric exposure

(Acep.d.) (V)

- +1

-2

)

Figure 6.4 The Effect of Atmospheric Exposurme on ce.p.d.
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=
1}

(x + 0.15) _ equation (6.1)
0.4k -

where x

031/ n + 1\ + 0,50

r

n is the no. of electrons in the valence shell, taken

to be 3
, o
and r is the radius of the atom, taken to be 1.623A(65).
Using more recent values for the atomic radii of Gd, Tb and Dy(66),

i.ee1.801, 1.783 and 1.77SX respectively, the work functions are
3.042, 3.058 and 3.065eV respectively. These results must be treated
with caution, however, since they assume simple atomic and lattice
structures, which are not strictly valid for the rare earths, and the
coefficients in the equations have been derived empirically from
measurements of the work functions of other rare earths (L?é7§e, Pr,
and

Nd, Pm and Sm) by other workers, using thermionic emission

(68)

photoelectric techniques.

An alternative procedure is to calculate the work function from
the surface dipole barrier, the Fermi Level and fhe chemical potential,
This type of calculation has been reported by Sahni, Krieger and ’
Gruenebaum(69) (SKG) and by Lang and Kohn(70) (LK) for a "jellium"
model, in which only the valence electrons were considered to con-
tribute to the electron density and the ion cores (the positive nuclei
and the core electrons) were replaced by a positive background charge
of density equal to that of the electron gas. The surface regipn of
the metal is shown schematically in Figure 6.5. The hatched area rep-
resents the uniform positive-charge background, which has charge
density n4 = kF3 |

S

119



Fermi Level

Figure 6.5  Schematic representation of the metal surface

The effective potential, Veff’ at the metal surface is given by

Vogr = ExH(x) | equation (6.3)
vhere E = Field Strength,
x = Linear dimension perpendicular to the surface,
H(x) = step function = 0, x <O
1, x>0

]

is the electrostatic potential,

AV is the difference in the electrostatic potential
between the surface and the bulk of the metal,
§@ is the surface dipole barrier,
/ng is the exchange-correlation contribution to the

chemical potential,

2kp~ is the Fermi Fnergy
and a' is the position of the metal surface, fixed by

the requirement of overall charge neutrality.

Because of the shape of the potential, this scheme is called the
"Linear Potential model.
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The work function was calculated from

2 | .
g =84 - %kF - /A§c : ~ equation (6.4)
o0
5g = #Efxnt(x)dx ‘ ' equation (6.5)
-
where n, = total charge density
and ﬂtc = d(ne E:xc) equation (6.6)
dn
e
where n, = electron density
and Exc = exchange-correlation energy per particle for

the uniform electron gas.

The latter is related to the Wigner-Seitz radius, ro which is

the radius of a sphere of volume equal to the primitive lattice

cell, and is given by(70)
€xc ~ =0.458 _ __0.hh équation (6.7)
r, (rs + 7.8)

The results of these calculations for a range of values of
ry (in atomic units. The atomic unit of distance is equal to
o ‘
0.529A.) are given in Table 6.10. ' Alternative forr;ulae for the
69)

correlation function give slightly lower results s but with

similar range.

The Wigner-Seitz radius is determined from the mean electron

density ;e by

equation (6.8)
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Table 6,10 Work Functions Calculated from
Jellium Linear Potential Model

r (atomic units) g (eV)
SKG 1K
2.0 L,12 3.89
2.5 3.68 3.72
3.0 3631 3.50
3.5 3,01 3426
Lk,0 2.74 3,06
k.5 2.59 2.87
5.0 2.63 2.73

For bulk Gd the Wigner-Seitz radius is 3.78 atomic units(71)

(a.u.) which,by interpolation from Table 6.10, indicates a work
function of 2.85eV by SKG and of 3.15eV by LK. The density of fe.CeCe
Gd s lower than that of h.c.p. Gd by 6.8%(52)
radius is therefore 2.3% higher at 3.87 a.u., indicating a work func-
tion for the f.c.c. phase of approximately 2.80eV by SKG and 3.11eV
by 1K, ’ '

o The Wigner-Seitz

The corresponding radii for bulk h.c.p. Tb and Dy may be estima-
ted from their atomic numbers and atomic volumes, compared to those

of Gd, using equation (6.8) and the formula for electron density:

n,o 2 equation (6.9)
Q
vhere 7 = Atomic no. (no. of electrons/atom),
(Q = Atomic volume (cm’/mole).
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'The results are shown in Table 6.14. The indicated work functions for
Tb and Dy are 2.83eV and 2.96eV respectively by SKG and 3.17eV and
3+19eV respectively by 1K,

Table 6.11 _ Some Atomic Parameters of Gd, Tb and Dy

Element Z §2(66) r,
Gd 64 19.91 3478
Tb 65  19.30 3.72
Dy 66 - 19.03 3.68

The above calculations have been based on a 6ne—diménsionai
model. A first-order approximation to the anisotropy of the work
function may be made by calculating the anisotropy of the electron
density. For each crystallographic orientation, the anisotropy paral-
lel to the surface will be ignored so that one-dimensional calcule=-
tions may be performed, normal to the surface. The anisotropy of
electron densities in different crystal directions may be estimated

(72)

from thé band structure « In each region of the Briliouin Zone
(B.2.), there are an integral number of bands below the Fermi. Level.
Each point in this region (i.e. each set of momenta values allowed

by the periodic boundary conditions) can accomodate 2 electrons per
band, one of each spin., Since the number of points per wnit area is
fixed, equal to‘1/N where N is the number of unit cells in the repeat-
ing segment of the region, then the number of electrons accomodated in
each of the regions of the B.Z. is given by 2/N x (area of the region)
x (number of bands below the Fermi Level in the region). The number of
bands can be determined directly from the baﬁd structure diagrams(71),
which were determined(73) by relativistic augmented plane wave calcu-
lations based on the atomic configurations Gd (4g” Sd1 6s°) and Dy
(4f10 652). The area of each region in k-space for which each band lay

below the Fermi energy was determined from diagrams of intersections of
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the Fermi surface with the symmetry plénes of the B.Z.(73). The lower
half of the primitive B.Z. is reproduced in Figure 6.6, with lattice
vectors 31’ Bg and EZ. The points of.high symmetry are labelled and
show the part of the B.Z. on which the band calculations were based and
which was repeated 24 times to produce the whole B.Z. ‘
The intersections with the Fermi Surface are shown in Figure
6.7 (a) and (b) for Gd and Dy respectively. The number of bands below ‘
the Fermi Level in each position are shown, and the results of manual
integration of (area x number of bands) for each symmetry plane are
fabulated.

The calculations strictly represent the density of states, but
since ambient temperatures were being considered, it has been assumed
that they approximate to the actual electron densities in the various

planes of k-space.

r

b
-2 [
1\M K
J Al
"
AN
' , iL H x
b1 vz

-2

Figure 6.6 The Lower Half of the Primitive Brillouin Zone for

h.c.p. Crystal
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Transforming to real space, the planes in the B.Z correspond
to directions in the crystal lattice;

The calculations have been performed for a limited number of
planes of intersection, so the‘anisotropies may be greater than
shown in the tables in Figure 6.7. The variations from the median
values are :50% for both Gd and Dy, and by interpolation(73) we

may assume a similar arisotropy for Tb.

The anisofropy of the work function may be calculated Irom the
anisotropy of the electron density by the relation betwesn rg and 3;
in equation(6.8).4Although the Wigner-Seitz radius does not, by defin~-
ition,take account of anisotropy, the values of Ty in Table 6.10 may
be replaced by values of E;, and the unidimensionality of the model
allows the replacement of';; (the average bulk value) by the unidirec-
tional electron density. Assuming that the average value of electron
density corresponds to the average bulk value E;, and consequently to
an r_ value for Gd of 3.78 a.u., then the extreme values of electron
density correspond to r values of 3.30 @a.u. and 4.76 a.u. These give
work function values of 3.15eV and 2.60eV respectively by SKG and _
3.35eV and 2.80eV respectively by LK. This is an anisotrop& range of
almost 20% in both cases, Similar ranges are obtained for Tb and Dy.
However, as mentioned above, larger ranges may exist, since these cal-
culations included only a limited selection of crystal directions.
Closer agreement to the experimental values is obtained with the 1K
calculations, However; since the films were polydrystalline, it can-
not be assumed that the full range of anisotropy would be apéarent,
since the method measured the area-weighted average.In the case of the
c-axis being predominantly perpendicular to the surface, the measured
work function would be expected to be towards the higher value, since
the plane HATK which transforms to the c-axis has the highest value of
(Band density x area)(see Figure 6.7) hence of electron demsity, n_.
Lang and Kohn(70) have shown that the crystal face with highest work
function is that with lowest surface energy, and which therefore would
be exﬁected to be preferentially present at the surface of a vacuum-
deposited film. After the work de§cribed above had been completed on

each specimen, optiéal measurenents were made on most of the films from
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which the optical conductivities were calculated(74). Since this para-
meter is also dependent on the electron density, the results of the

work function and optical conductivity experiments were compared, but
no correlation was found. The range of results was not inconsiderable,

as shown in Table 6.12.

The dependence of the work functionsof nickel and of gadolinium
on magnetic phase has been observed experimentally and considered
theoretically by several authors(75 to 83). Some experiments observed
(76, 83)

a small change in the work function or in its temperature
dependence7Zt the Curie point, whereas others observed no change(75’
8, 79). Similarly some theoretical papers have predicted such a
(8o, 81), while others have pointed out inconsistencies in the

change
theory(82) or a modification to the theory(?s)

to allow agreement with
either case. Since the available experimental and theoretical values
for the behaviour of the relatively simple nickel are so contradictory,
it would be premature to draw a firm conclusion as to whether the
present experimental results confirm one view or another. As shown in
Figure 6.1, neither the work function nor its temperature dependence
were seen to change at the Curie point. It can also be inferred that
the value of the temperature coefficient was lower than the resolution
of the measurements, i.e. less than O.SmeVVOK. (The temperature coef-~
ficient of the work function of the reference surface was probably
less than épeV/oK(32) and would not affect the c.p.d. significantly.)
It should be recognized that the above models for the work
function, its anisotropy and temperature dependence are extremely
simple. Even those parts which specifically relate to the rare earths,
i.e. the band structures and intersection diagrams, are far from being
completely accurate, since they are based on free-atom models of the
elements. They therefore do not completely describe either the bulk

lattice or the surface.

6.8 Summary of Results on Rare Earth Films.

The principal qualitative and quantitative results are re-stated
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here in the interests of clarity, and the values of other workers

(where available) are added for comparison.

No change was observed in either the work function of Gd or its
temperature-derivative in the region of the Curie point. The temper-

ature coefficient was less than 0.5meV7°K in that region.

The work functions of Gd, Tb and Dy films decreased during
aging in U.H.V. Residual atmospheric contamination was not fhought to
be the dominant cause, since films aged in higher pressures exhibited .
dissimilar behaviour. No changes in resistivity were observed during

this period.

The effects of annealing on Gd were to increase the work function
and decrease the resistivity. The change in the work function was less,
the lower the initial value. Changes of a similar magnitude (33%) bave
been observed on annealing Gd deposited onto tungsten(57), although at
a higher annealing temperature (1100°C) and complicated by the differ-
ence in patch-averaging due to the field-emission method employed. This
result is consistent with a reduction in surface energy caused by the

annealing.

On exposure to atmosphere (760 torr of nitrogen then air), the
changes in c.p.d. between the films and the tungsten reference showed
a linear trend in dependence on the initial value. Since the films
deposited and aged at relatively high pressure (numbers 33 and 34)
were seen to increase in work function, it seems reasonable to suppose
that the U.H.V.-deposited films also underwent an increase on exposure
to the atmosphere, and therefore to make sense of Figure 6.4 the
tungsten must also have increased in value. Hence the lower initial
value of the rare earth work function the larger the increase on atmos-
pheric exposure. This is a similar result to those obtained for Xe
adsorption on Au, Pt, Pd, Ir, Fh, Ni and Fe(55)

tance due to atmospheric exposure were less well behaved, being posi-

« The changes in resise

tive in some cases and negative in others. Contemination was obviously

not the sole cause; this may explain the deviation from linearity in
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the work function effect (Figure 6.4).

Table 6.12 summarises the numerical results from the present and
other published work, both experimental and theoreticale. The c.p.de v
results have been converted to work function values by adding 4.542eV,
the average value of the tungsten reference (see paragraph 3.3). The
two films (no.'s 33 and 34) depositedvand aged under lower vacua have
been omitted from this table. '

(63)

The ce.p.d. measurements of Ramey and Katzberg employed an

oscillating dielectric rather than oscillating the electrodes, and may

(28). The mea-

have been subject to errors due to charge accumulation
surements were described'as being made "at room pressure'., If this is
to be interpreted strictly then further error would accrue due to
further charge collection on collision with the gas and to surface
contamination. The sample was described as being polycrystalline with
a [0001] texture perpendicular to the\surface, which was mechanically
polished from the bulk using powders, ethanol and water. The same
Micleaning method" was used for the reference surfaces, Ag and Nb.

The photoemission studies of‘Blodgett, ipicer and Yu(79)

estima-‘
ted # from the Fowler plot of (quantum yield)? vs. photon energy. This
is not the most accurate mefhod of estimating work function from photo-
emission data, and in any case has a complex dependence on the surface
patch distribution (see paragraph 2.3). Measurements above and below
the Curie temperature indicated that shifts in Gd band structures from
one state to the other were less than O.1eV.

Similar comments apply to the results of Eastman(gu), with the
additional complication that the films were deposited onto quartz which
had previously been coated with chromium. The crystallites of the Gd
were between 100 and ZOOX in size and randomly orientated. Busch et
al(85) observed photoemission from a Gd film deposited in U.H.V. at =

liquid helium temperatures at photon energies as low as ~2.8eV,

The Gd samples used in the field-emission experiments of Eckstein

et al(57) were measured before and after annealing. A considerable
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Table 6.12

Summary of Rare Farth Data

(a)  VWork Function (eV)
Gd Tb Dy

Experimental Median® Range Median Range
Fresh* 3.545 0.74 3.151 0.67 3.077
Aged (U.H.V.)* 3.467  0.81 34,081 0.77 2.997
hged + Annealed* k,501 1.22 - - -
After atmospheric

exposure* 3.409% 0457 3.089" 0.35 | 3.060"

(unannealed) A
After atmospheric ‘

exposure* 3.451+ 0.23 - - -

(annealed)
Kelvin method 2.9 (10.006)(63)

Photoemission 301 (19.1)(79)

Photoemission %e1 (+O.15)(8u)

Photoemission ~ 2.8?-85 )
Field ) Fresh 2.4 (20.3) (57
Enission | Annealed | 3.2 (+0.3)
Theoretical Mean Range | Mean . Range {Mean Range
Gordy-Thomas 3,042 - 3.058 = - 3,065 -
Linear hecepe | 3.15 < 0.55| 3.17 <£ 0.55 |3.19 <+ 0.55
Potential
Model (LK)* f.CQCQ 3.11 - - it -

Denotes Present Work

These values are in error by the extent to which the W reference

changed due to atmospheric exposure.
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Table 6.12 (Continued)

(b) Resistivity (ug?cm)
V4

Gd Tb Dy
Experimental Median Range| Median Rahge
Fresh* 160 k9 104 65 105
Aged (U.H.V.)* 160 g 10k 65 105
Aged + Annealed”® 167 23 - - -
After atmospheric

exposure®

(unannealed) 210 - 109 6 110
After atmospheric

exposure*

(annealed) 160 66 - - -
Bulk, a=axis 141(48) 122(48) 111(A8)
Bulk, ceaxis 121 102 78
Film (h.c.p.) ~ 20051
Film (f.c.c.) ~ 73(51)

. o 10652 ~ 89(52) s o1,(52)
(c) Optical Conductivity (sec"1 X 10-14)(74)‘*
cd T Dy

Experimental

Median Range

‘Median Range

Aged (U.H.V.)*

Aged + Annealed *

210

]

ol

d

#)

. Deﬁotes Present Work

"%

energies 1.8eV and 3.0eV respectively
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increase was obéerved, even though the Gd was less than randomly'

- orientated initially due to epitaxy on the fine W tip. The quoted
accuracy of the absolute values was poor, probably because the tech-
nique required the comparison of the emission curves from the naked
and Gd-coated W tip, which may have been slightly dissimilar in
shape. Since epitaxy occurred, and since the technique does not mea=-
sure the area-weighted average work function, some discrepancy in
values was to be expected between these and CePede resuits. The
median values for the present Gd films were higher than those of
other workers, by approximately O.4eV for fresh U.H.V.-deposited
surfaces. It is to be expected that photoemission results, for‘example,
would be lower than the c.p.d.-derived values, due to the former's
bias towards patches of low work function as well as to the Schottky
effect, The lowest unannealed film work function values from the pre-
sent work are in very good agreement with most of the previously

published results on clean Gd.
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Chapter VII _ The Work Functions of Silicon, Gold, Aluminiun

and Tungsten, and their Use in Far Infra-red Diode Detectors

7.1  Introduction.

Measurements have betn made of the work functions of materials
other than rare earths, whose use in the construction of point-contact
diodes for the detection of far infra-red radiation (at 337/Lm wave=
length) has been studied both experimentally and theoretically(86).
These studies are described in this Chapter, and the relevance of work
functions to the operation of the devices is shown. A model is presen-
ted to explain the performance of the diodes, which is based on the
calculations of both tunnel and thermionic current flow between a hemi-

spherical whisker tip and a plane electrode,.

Exéept for the preparation of the metal plane electrodes and the
work function measurements, the experimental work described in this
Chapter was performed by another postgraduate student, MartinW, Booton.
The development of the theoretical model resulted from continual joint
discussion, starting with the tunneling theory mentioned briefly in

paragraph 2.6.8.

7.2 The Use of Whisker-antenna Diodes as - Far Infra-red Detectors.

Point-contact diodes have been used to detect far infra-red

/
(87, 88). The diodes are formed by

radiation for a number of years
bringing into contact a finely-pointed whisker and the surface of a
metal or semiconductor. The whisker acts as an antenna at the submil-
limetre wavelength(gg), and the diode, consisting of the junction, rec-
‘tifies the received signal. Due to the compactness of the junction,

the time-constant of such devices is very small, giving them a rapid
response.time. By comparison, the photoconductive detectors, such as
bulk InSb(go) are almost as fast but require cryogenic temperatures,
while thermél detectors such as the Golay cell are very slow, having a .
response'time of the order of milliseconds and a recovery time of over

a second. The disadvantages of point-contact diodes are 1ower’responsi-
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vity than the more conventional detectors(87' 8, 89, 91, 92), and

frailty and susceptibility to mechanical vibration.

During the earlier investigations(91’ 92, 93) of point-contact
diode performance, several interesting phenomena had been noticed.
Firstly, two polarity revefsal features were observed(93), one with -
mechanical adjustment and one with incident power. These were inter-
preted respectively as being due to variations of the difference in |
work function Between the whisker and the plane surface, and to a
voltage~dependent reversal in the rectification of-the diode, based on
calculations only of tunnel currents. The very rapid reversal of signal
with increasing incident power is significant. Secondly, the highest
. responsivity was obtained as the whiskef was withdrawn just prior to
its losing contact with the surface of the substrate(93’ 9L'). Thirdly,
the performance was predicted and observed_to be improved with reduc-

(91)

tion in contact area « The experimentally observed superior respon-

(92)

sivities of Ge over Galds diodes were attributed to smaller contact

areas on the harder Ge, whereas it had been expected that the Gals
devices would prove better, especially at high frequencies, due to the

latter's higher mobility. Finally, the responsivitie? o§ the GalAs dio-
, 92

des were optimized by applying a slight forward bias o Similar

characteristics have also been observed in the behaviour of point-con-

(95, 96) (97)

tact diodes at near infra-red and microwave frequencies.

7.3 Diode Construction.

The diodes were constructed by the common practice of bringing a
finely-pointéd wire into contact with a plane substrate of metal or
semiconductor. The whiskers were formed by etching tungsten wires, of
20}1m diameter, in an electrolyte of potassium hydroxide, using a few
volts a.ce, resulting in a fine conical tip, see Figure 7.1 (a).
Neither the electrolyte strength nor the voltage were found to be
critical. Base electrodes of gold and aluminium were prepared by vacuum
evaporation onto glass and the tungsten sample was simply a piece of

ribbon of the type used to make evaporation boats. The silicon substra-
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Figure 7*1 '«liisker Antenna Tip at 1°QQX Magnification
(a) before use (b) after one contact (c) after four contacts
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tes were in the usual disc form, and were n~type, doped with antimony
with a resistivity between 0.005 and 0.020Q)cm. The germanium and
gallium arsenide were in the form of small chips. In each case, the
base electrode was held rigidly in an adjustable holder, see Figure
7.2 and electrically earthed. The antenna, held by a folded copper
wire, was brought to close proximity and the final adjustments and
subsequent pressure variations were effected by moving the base
electrode, via a micrometer with hydraulically reduced movement. It

(91, 93)

is commonly assumed that the base electrodes have an insula-
ting surface layer, caused by atmospheric contamination. The devi-
ces were therefore Metal-Insulator—Metal (M.I.M.) or Metal-Insulator-

Semiconductor (M.I.S.) structures.

7.k Experimental Investigations. , \

Tl Diode Measurements

The experiments fell into two categories: firstly, vdltage—
responsivities of the diodes, including measurements of output impe-
dance by shunting the diodes to reduce the signal by 6dB; secondly,
measurements of the current-voltage characteristics, using short
pulses to limit the power dissipation. Thé first step was mechanically
to adjust each diode and obtain a response to the few milliwatts of
337 pum radiation from a HCN laser, which was chopped at 11Hz for ease
of observation on the oscilloscope to which the diode antenna was
directly connected. For a M.I.M. diode, in particular on gold, only
very light whisker pressure was required for detection to occur, beca-
use of the thinness of the insulating layer on the surface. The output
signal was highest at lowest pressures, but instability sometimes
occurred, due to vibration of the diode fixture. Similarly for the
M.I.S. devices, the highest responsivities were observed with the
lowest pressure, or greatest insulator thickness, but since the respon-
sivities were superior to those of the M.I.M. diodes, the decrease of
signal due to stabilizing pressure was less unacceptable. Further
pressure changed the signal through zero to opposite polarity, gener-
ally of less amplitude than the initial signal. The reduction of
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pressure at any time during this procedure produced a reproducible
change in signal, indeed the whole cycle could be repeated several
times with repeatable variation and polarity reversal, with only
slight reductions in maximum signal due to blunting of the whisker
tip. Figure 7.1 shows a whisker (a) before use, (b) after one contact

and (c) after four contacts.

The original responsivity was regained on re-sharpening the
whisker. The blunting effect was particularly noticeable in M.I.M.
diodes, as it was usually necessary to resharpen the whisker after
each application. The following measurements were made with the
vhisker pressure adjusted for near-optimum performance, the respon-
sivities being calculated by dividing the d.c. voltage obtained frém
the diode by the c.w. power incident on the antenna, measured using
a calibrated Golay cell. The responsivities were measured as a
function of applied d.c. bias. No dependence was observed for the
M.I.M. diodes, but the results for the Si, Ge and GaAs were as shown
in Figure 7.3. The most notable was the tungsten-GaAs, which produced
no output when unbiased but was by far the most reponsive with a small

forward bias.

This was also the only diode of which the noise on the signal was
sufficiently large to be observed on our equipment. The noise equiva-
lent power (n.e.p.) of a detector is defined as the input signal power

(92). The amplitudes of

required to produce unity signal~to-noise ratio
the signal and noise voltages were measured simultaneously on an oscil-
loscope. The noise power was obtained by dividing the r.m.s. noise
voltage by the responsivity, determined from the signal voltage. For
comparison purposes, the n.e.p. is usually quoted for a 1Hz bgndwidth.
The measurement bandwidth, Bw’ in this work was 10 Hz. Due to the |
measurement being of a c.w. laser (chopped at 11Hz) the lower frequency
limit wés d.c. and the upper was calculated, from the time constant

of the combination of diode, coaxial cable and oscilloscope input impe-
dance, to be A1106Hz. The noise would be predominantly Johnson noise

. [“‘1(98)
and shot noise, so the noise voltage was proportional to Bw .
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The Johnson noise arose from the resistive components, Ry and Ry in
the equivalent circuit, and the shot noise from the same sources and
possibly from trapping states in the dielectric layer. It was not
possible to eliminate frequency-dependent noise by, for example, inser-
ting a high-pass filter, since the laser was opérating in the c.we
mode. The n.e.p. values for a range of bias voltages shown in Figure
7.3 (c) were referred to a 1Hz bandwidth by dividing by\[§;1. It is

not easy to compare them with other published results, since various
bandwidths are given, with no indication of the noise spectral distri-
bution. However, these n.e.p. results appear better than previous figu=-

(92)

res for GaAs point-contact diodes

(90)

genically operated bolometers .

although not as good as the cryo=-

By observing the dependence of responsivities on the value of a
shunt load, as shown in Figure 7.4, the output impedance of each diode
was taken to be equal to the shunt value at which the signal fell by
6dB from the open-circuit level (i.e. peak-voltage/2). In applications
where the detector response time is important, a load in shunt with the
detecting circuit is nsed to reduce the time constant. The output impe-
dance of the diode is important since it determines the extent to which

the shunt may be reduced without significant loss of signal voltage.

The current-voltage characteristics of each diode were measured
using positive and negative-going spikes, derived by transforming an
audio-frequency (900Hz) square wave, see Figure 7.5, after Green et

al(93). The voltages across the series resistor and the diode were

~ Figure 7.5 Circuit used forI vs.V measurements

C.R.O.

C.R.O'

I
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displayed on an oscilloscope, and their values observed and plotted
for successive ﬁalues of the driving amplitude. The resulting I vs.
V curves are shown in Figure 7.6. The asymmetries in the M.I.M.
diodes were very small, whereas for the M.I.S. diodes the reverse
currents were smaller than the forward currents, but noticeably
different from the higheimpedance values.expected of conventional
diodes. (See also Becklake et al(92).) The zero=bias resistances,
estimated from the slopes_ofbthe LV curves at the origin, were in

good agreement with the output resistances, as shown in Table 7e1e

Table 7.1 Measured Zero-Bias Resistances and Output Resistances

Diode Type | Zero=Bias Resistance(()) |Output Resistance(())
Tungsten-Silicon | 2.3 (+0.3). 10 7.8 (+0.1). 10°
Tungsten=Germanium | 4.5 (+0.3). 10# 4 3.2 (+0.1). 105
Tungsten=Gold 220 (125) - 200 QtﬂS)
Tungsten=Aluminium | 930 (+65) 1100 (+100)
Tungsten=Tungsten 770 (+30) 900 (i}Q)

7.4.2 VWork Function Measurements

The work functions of the evaporated metal electrodes and of the
silicon discs were measured in 0.H.V., using the vibrating capacitor
technique. The other samples were too small for this method, and were
not measured. The reference electrode was platinum foil, washed in
Decon 75, rinsed with distilled water and cleaned in situ in the
vacuum chamber by gas-discharge bombardment. The value of the platinum
vork function was taken to be 5.32eV(99), giving values for the plane
electrodes which were in good agreement with published values, see '
Table 7.2. A variation of work function with crystal orientationcould
be expected to occur both in the polycrystalline plane electrodes and
in the tungsten whisker.For example, Table 7.3 shows the variation of"

work function in tungsten(12 The difference in work function could
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Table;Z,Z Average Work Functions of the Plane Electrodes

Material Present WOrk Published Results | Reference
Aluminium 4,26 20,02V h.24 ¥0.03eV 1
Gold 5.39 0.03eV 5.32 20.1eV 1
Silicon 4,85 20.02eV 4,85 ¥0.05eV 1, 100

therefore vary significantly, perhaps even as much as to reverse in
polarity, due to movement of the tip from place to place on the
electrode and by either mechanical deformation of the tip or on
exposure of a new crystal face when re-etched. This was not
thought solely responsible for the observed behaviour of.the diodes,
however, because of the reproducibility and repeatability. An .

alternative explanation is offered below.

Table 7.3 Work Functions of Tungsten at Different

Crystal Orientations

Crystal Orientation  Work Function (eV)

110 5.3 20,12
11 b4 20,03
116 4.3 $0.03
100 4.6 20.08

2.5 Theoretical Considerations

The conduction in a M.I.M. structure can be explained by a
combination of thermionic and tunnel contributions. Expressions
for the currents flowing between plane parallel electrodes separat-

ed by a thin insulating layer have been derived by Simmons for both

Al



el(zs, 101) (25)

and thermionic mechanisms. The currents flowing

between a plane electrode and a small hemispherical one representing

tunn

the whisker tip were calculated by numerical integration of a series
of concentric rings, to describe the performance of the diode. The
theoretical responsivity and its dependence on various parameters were
calculated by substituting these computed values in the expressidns

(92)

given by Green et al « The response times of both M.I.M. and M.I.S.

diodes were estimated from a simple equivalent:circuitcgz) with values

derived from both calculation and experiment.

251 Tunnel and Thermionic Conduction Characteristics

The potential barrier between two dissimilar plane parallel elec-
trodes separated by a thin insulating layer is shown in Figure 7.7,
with the effect of image forces ignored (a) or (b) (after Simmons(26)).
The notation is the same as in Chapter II, EF1,2 are the Fepmi Energies
of the two metals and QJ(X) is the x-dependent barrier height, equal

to qj1 and qJZ at the two metal=-insulator interfacese.

1(26, 101) (25)

Simmons' derivations of the tunne and thermionic
current flowing in such a structure at moderate or low temperatures
(<:300°K) are given in Appendix I. Using the same notation, that J1
is the net tunnel current density flowing with the electrode of lowest -
work function biased negative to the other, by a low potential,

vV, <A\¥ ’

e | ) _ _
Igo= Gy | Yy e | -BYPE) - (Y o+ W) e | By - oD

equation (7.1)

in which the mean barrier height

Yy = Ypg [ B2\ (AF -V - 1.45)s 1 [o2(=%
25 As s1(s-s2)

equation (7.2)
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The limits of the barrier at the Fermi level are (see Appendix 1)

5

1 9.2\ s : - 1.2)\s
3Yp + BN = (V-AB) - eV

0]
1

5 = 1.2)\s.
Yo =ev

With opposite polarity of bias, V<W1 /e the net tunnel current den-
sity is |

equations (7.3)

I, = J, —Lﬂz exp -BLTJ2% - (qu + eV)exp |-B (il—_l2 + keV):2L

equation (7.4)

in which the mean barrier height,

Y, = Y, - S1*82\ (eV+ A®) - [1.157s) 1n s,(s-5,)

2s As s,‘ (s-sZ)
equation (7.5)

and the limits of the barrier at the Fermi level are

5, = 1.2\ 8
Y, ~
equations (7.6)
5, = &= 9.2\s + 5y |

3, + L\ -2(eV+A %)

In the above equations, the saturated zero-field current density

Jo = e/2TEh(As)2,

the constant B = 4TCA s (Zm)%

h
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A¢ ¢2‘¢1 = Lpz -w1

A = e21n2 Cy
8T Ergos

e and m are the electronic. chérge and mass, respectively, and h is

the Planck constant.

For thermionic conduction, the Richardson-Dushman equation was
L] |
used to derive the net current densities J 1 and J2 s where the sub-
scripts denote the bias polarity as before:

: 1
J, a2 exp [eV-1),\ exp (14.4(7+ Crs(Aﬂ-eV))é_

kT ‘ : EjrskT
equation (7.7)
1 3 | '
and  J, = AT? exp [=1lJ,\ exp 144 (eV+ AZ) equation (7.8)
kT E:rs(kT)2

2
where the Richardson constant, A = 4TUmek /h3 .

Low voltages have been assumed, O<sV<AZ but eV > 2.

e kT

Simmons' numerical calculations for plane parallel electrodes showed
that the tunnel currents would dominate the behaviour of a M.I.M. sand=-
wich at smaller thickness of the insulating layer, and thermionic at
largér. The thickness at which the dominance changed depended on
temperature, dielectric constant, and the difference between the work

functions of the electrodes. Another particularly interesting feature
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was that at low voltages the forward direction for tunnel current was
when the electrode of lower work function was positivelybiased, but
that for thermionic current was with the same electrode negatively
biased. Furthermore, as the bias voltage was increased, the dominance
of one mechanism over the other could change. Hence, the rectification

ratio of the structure, defined as

n = |I(V) = |J(V) - equation (7.9)
1(=V) 3(=V) |

could vary, even so much as to change from >1 to <1, i.e. change
diode polarity, depending on the voltage, temperature, barrier thick-

ness and the work functions of the electrodes.

For this work, numerical calculations were based on a physically
more appropriate geometfy, which is shown in Figure 7.8. Instead of
two plane electrodes, one was part of a small sphere, representing the
tip of the antenna. The insulating layer was considered to be homogen=-
eous, to have a clearly defined interface with the plane electrode, and
to be of uniform thickness, d. The whisker tip, radius A was insérted
into the insulator layer such that the minimum distance to the base

electrode was S.

In order to calculate the currents flowing in such a device, the
spherical surface was considered to consist of'rings, of radius r and
constant width

8r= R .

1000

(93, 94, 95)

Assuﬁing'typical values for Aw of 0.1 to 1.0}1m and for d
of the order 1003(102), the curvature of the tip was small compared to
insertion depth, so that each annulus was considered to be plahe paral-
lel with the base electrode. The distance, t, of a ring from the plane

metal electrode was given by

mw9
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Figure 7.8 Schematic Representation of a Hemispherical Whisker Tip
Partially Embedded in the Insulating Layer of a Plane Electrode
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t=s5+ Aw - (sz - rz)%v equation (7.10)

The contribution from each annulus was then calculated from
equations (7.1), (7.4), (7.7) and (7.8) for current density, multi-
plied by the area of the anmulus, 2T[r §r, and using equation (7.10)
for the effective insulator thickness to each ring. The upper limit
of rwas »r = R = (éA (a-s) - (d-s)a)'% + and the tip was divided into
1000 arnuli of rad11< to R, so that equation (7.9) became

1000,
R
Z 2T (3,() + 3, ()] rér
Q = =0 equation (7.11)
R V .
Z 2TC J,‘(r) +J,'](r) rér
r=0

The computer program, which included the calculations of respon-'
sivity from the formulae in Paragraph 7.5.2, is described in

Appendix IT.

As an example, the results of the I vs. s computations are shown
in Figure 7.9 for the parameter values given in the key. The scale of
the flgure is too small to show dlfferences between J1 and J2 and
between J and J The heights of the potential barrlers,LlJ1 and\pa,
were chosen to be between zero and the values of the work functions,
¢1 and ¢2. For physically reasonable cases, v?ﬁgji of \p1 betwveen
0.5 and 4.0 were taken, withA@ =AY and €, =8 « The result for
n (from equation (7.11)) with the same parameter values as in

Figure 7.9 is shown in Figure 7.10.

These results were used to calculate the responsivities of

M.I.M. diodes as described in 7.5.2 below,
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‘Figure 7.9 Computed I vs s Characteristics of Tunnel and

Thermionic Conduction in a Point-contact M.I.M. Diode
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Figure 7.10 Computed Rectification Ratio vs. s in a

Point-contact M.I.M. Diode
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7.5.2 Responsivity: Theory and‘Calculations

The current-voltage characteristic of a nearly-linear diode may

be described by(gq):

- o 3
I = aV+ bV + eV ... - equation (7.12)
where ay by Cy ene are constants,.

If a small power level P is coupled into the diode, at angular
frequencyw, then the resistance of the diode, RB, may be approximated

to 1/a. The voltage appearing across the diode is approximately:

1
V = (2PR)2 sinwt = /2P % sinwt. equation (7.13)

—

a

Substituting (7.13) into (7.12) and ignoring terms higher than quadra-

tic since V is small,

1
I = af2P\? sinwt + [DbP\ (1 = cos 2wt) equation (7.14)

—— —

a a

which has a d.c. component, ID = bP

Therefore the detected voltage Vb = IDRB = bP
2

Hence, the voltage responsivity,\( = VD = b volts/watt
P

equation (7.15)

The rectification ratio calculated from equation (7.12) is
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(V)

13

fl(V)

I(-V)

= aV + bV° + oV . equation (7.16)

aV - bV2 + cV3

Ir

1+ 2bV

3
+
mn
<
<3

TZ (V-) 2YV

Hence \(

Ip

(Q(V) - 1) Ry equation (7.17)

2V

The theoretical responsivity of a point-contact diode could
therefore be calculated directly from a knowledge of the I~V character-
istics. For this purpose, the diode barrier resistance RB was taken as
the average of the forward and reverse resistances, calculated from the
computed I. vs. V values., This was reasonable since it had already
been ‘assumed, for low V, that RB == 1/é s i.e. the diode was nearly
linear in the area of origin. Some of the computed results of Y vs. s
are given in Figure 7.11(a) and (b), for various values of A, Vand
LP1. The solid curves indicate a positive signal from the diode; the
dotted curves a negative signal. The value of Er for these curves was
8. For 81'2 3, the curves were substantially the same. For example, in
the lower family of curves, a change of €y from 8 to 3 was equivalent
to a change in the tip radius, Aw’ from 1OZX to 10&2, within half an
order of magnitude or better, over the whole range of s. A change in
the barrier heights produced a much larger effect. The two families of
curves in Figure 7.11(a) are for \P1 = LeV and LP1 = 1eV. For clarity,
the curves for LP1 = 0.5eV are shown separately in Figure 7.11(b). The
higher values of Vb have been omitted to comply with the theoretical

“assumption that eV =< \P1. For comparison with the curves of Figure
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7.11(a), the curve for \P1 = 1eV has been reproduced, with all other

parameters the same as the uppermost of'the group for \P1 = 0.5eV. The
value AL}J = A% = 1eV in all three cases. The exact relationship bet~
ween \p and @ is not clear, although it is always assumed that qj<: g

and AY = AZ.

To examine the effect of the work functions on the diode per-
formance, Y was calculated as a function of s, as before, for a wide
range of values of A&, from O.1eV to 2eV. The results are shown in
Figure 7.11(c), with the values of the other parameters in the key. It
is apparent that, apart from the value of s, the barrier heights and

work functions are by far the most critical parameters in the model.

Z+5.3 Response Times

The response times of isolated M.I.M. and metal-semiconductor

16 (91)

junctions are extremely small, being in the region of 10" '~ seconds'

and ‘IO"12 seconds(gz)

respectively. The barrier capacitance and the
series or spreading resistance, especially in the M.I.S. diodes, might
be expected to affect the performances at some high frequencies. To

(92)
’

estimate their effect, a simple equivalent circuit was used as
shown in Figure 7.12, where CB is the barrier capacitance and RB, RS

are the barrier and spreading resistances.

Figure 7.12 Equivalent Circuit of a Point-contact Diode

The power absorbed in the barrier resistance, PB =i RB

I
(o]

in the barrier capacitance, P, =
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2

and in the spreading resistasnce, E; = is RS
Now i, = i, + i3 i, = 1rRB
Jwey
Total coupled power, P= P, + P 4+ P, = %R+ |(i +i )R
; ' B s C rRB cr’ s
.2
Therefore PB _ erB
o L2 : 2.2.2| -
P 1rRB + |1+23wCBRB- w CBRB 1rRs
RB
= L Lk 2,22 22025
RB + (1+(A)CBRB -2W CBRB + hw CBRB) Rs
RB

2n2n2
RB + Rs(1+bu CBRB)

= equation €7.18)

The high frequency performance will therefore be limited, W, being

the ~3dB frequency, or corner frequency, since the ratio PB

at W= o)c will be exactly half that at w= 0. P
For an order of magnitude calculation, let us assume a junction
diameter of the order of O.1/xm (91,99%)

thickness 508 and relative permit tivity of 8192), then Cp==10"

s insulating layer of

16

Farads. Assuming that the barrier resistances of the M.I.M. diodes
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could be approximated to the measured resistance, since the
spreading resistance would be low, ~/1Q, then equation (7.18)
indicates values for w, between 45 and 100THz. For the M.I.S.
diodes, let us assume a barrier resistance similar to the M.I.M.

(103)

devices, permittivity of 4.5 and spreading resistances equal
to the measured resistances, since now the barrier resistances are
small compared to the overall values, then Loc is in the region of
15THz. Hence all the diodes would be expected to be fully

sensitive at 33771m (891GHzZ).

7.6  Comparison of Experimental and Theoretical Results

Comparison of experimental and theoretical responsivities of
point-contact diodes reveals the following similarities:
1. The polarity of the signal reversed with increasing pres~
sure/decreasing insulator thickness, s, proceeding through a

gradual change on either side of the rapid reversal.

2. The responsivity was greater at initial contact/greatest
barrier thickness than after the polarity reversal had occurred.
Similar experimental results to both items 1 and 2 had been
 observed earlier with both M.I.M.‘%%ana M.1.5. (9 gi0des The
behaviour was repeatable from diode to diode and reproducible as
the whisker pressure was increased or decreased, corresponding
to decreasing and increasing barrier thickness. This indicates
that the variation was mechanistic, rather than a random varia-
tion of, say, work function difference. There was, however, some
evidence of change in A f@since the actual polarity on initial
contact was not always the same. This would be the result if the
relative magnitudes of the two work functions were reversed,see
7.t.2.5ince the forward and reverse difections of current would
be exchanged,(from the definitions of Iqr I J;,and J;)result-
ing in the reciprocation oflz and a polarity reversal of(rl-1)
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and Y . Nevertheless, the qualitative behaviour, items 1 and 2,

- was always observed.

3. The polarity of the signal could be reversed by varying the
incident power(93), Figure 7.11(a) shows that at a fixed value of
é, the responsivity will vary with the value of V, and at some
values of s the responsivity polarity may change. For example,

in the lower family of curves, at s = 502, an increase of V from
0.09V to 0.9V will cause a change in Y from +1026 t 22

o =10
volts/watt.

Lk,  The responsivity was improved by minimising the area of the
contact. Figure 7.11(a) shows an increase of Y directly propor-

tional to a decrease in whisker tip radius.

5. The best response was obtained with a high-mobility semi-
conductor. This result had been expected, but not always obtained
(92)

in earlier work s since higher mobility provides a lower spre-

ading resistance, R_. Equation(7.18)shows the dependence of Py

p
(i.e. the ratio of power absorbed in the barrier to total absor-
" bed power) on the circuit values. In the simple case where
U)<g:Luc, it is apparent that the lower the value of Rs, the

more power will be absorbed in the detecting junction.

From these comparisons, the theoretical model can be seen to be -
compatible with all the experimental observations, as mentioned in
. paragraph 7.2. Indeed, the model could be used to predict all but the
improved responsivity with bias, observed with the M.I.S. devices.
Although the theory has been derived for a M.I.M. barrier, it is inter-
esting to note that the behavioural characteristics of the M.I.§ diodes
with variation of whisker pressure were qualitatively similar to those
of the McI.M. A possible explanation is that the mechanism described

by the model contributes to a d.c. voltage appearing across the deple-
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tion layer near the semiconductor surface. The polarity of this compo-
nent will vary accordingly, and the rectification ratio of the semi-
conductor device will be modified, becoming greater with forward bias
and smaller with reverse. The M.I.S. devices may thefefore be expected
to behave in a qualitatively similar manner to the M.I.M. diodes, but |
to exhibit higher rectification ratios, and therefore higher responsi-
vities, as experimentally observed. The application of appropriate
external bias certainly improved the responsivities of the M.I.S.
diodes, as illustrated in Figure 7.3, yet had little or no effect on
the M.I.M. diodes, possibly because the latter were so nearly linear
that the rectification ratios were not significantly affected. There
was, however, a discrepancy of scale between the experimental and
theoretical results, in that the theoretical responsivities were enor-
mously greater than those achieved in the laboratory. It has been
assumed that the insulator barrier was of uniform thickness, homogen-
eous, and had clearly defined interfaces with the electrodes. It has \
been shown theoretically(qu) that local variations in the insulator
thickness can cause disagreement between theoretical and experimental
values of current density by several orders of magnitude. There is
therefore ample scope to affect the rectification ratio,fz s and the
barrier resistance, RB’ and hence the responsivity. Earlier experimen-
tal results(qos)

values due to impurities in the insulator layer, caused by producing

have also shown appreciable variations in current

the insulator in less than perfectly clean conditions, whereas it has
been implicitly assumed that the layer was a perfect dielectric. Since
it is possible to produce rectification with nominally symmetrical

devices(102) (i.e.

both electrodes of the same work function), it may
be that such observations resulf from an asymmetry, caused by, for A
example, a poorly defined transition from metal to dielectric at one orv
both interfaces. Figure 7.11 shows how important are the values of the

barrier heights;

A further assumption implicit in the model was that the work
functions and barrier heights at each metal-insulator interface were
single-valued, i.e. that at each electrode the grain size was larger

“than the junction area, This is unlikely to be met in practice, so that
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the effective values of the work functions and barrier heights would
be complex functions of the actual grain distributions in the neigh-
bourhood of the whisker tip. The possible variation in A @ as the .
vhisker tip was moved from site to site on the planar electrode would
be reduced, since neither extremely low nor high values would occur
individually. Also, it seems likely that this would generally result
in a smaller difference between the effective work functions at the
interfaces, hence a lower responsivity. For example, at the parameter
values shown in Figure 7.11(c), an order of magnitude reductionm in
A# (from 1.0 to 0.1eV) would cause a reduction in responsivity of
around 14 orders. Reflection electron micrographs of the aluminium
films showed a range of grain size- from < 4OR to = 4003. The grain

(34)

size in tungsten ribbon has been reported as ~ 0.,01mm s and it
seems reasonable to assume that the similarly manufactured wire is
similar. Hence the films had grain sizes smaller than the junction area,
so that the effect just described would obtain, whether the whisker tip

was single~ or multi-grained.

No attempt has been made to adjust the various parameters. in
order to achieve quantitative agreement between the experimental and
theoretical values. So many were not actually measured due to the in=-
herent practical difficulties that there were too many unknown to faci-
litate such a fit. If the assumed values of Er’ sy d, Aw’ and V wefe
substantially accurate, then such agreement would necessitate great
reduction in the values either of the barrier heights at the inter-
faces, \p1 and \PE’ or of the work function difference
(AD = ¢1-¢é = ly1' [yz) or both. It is obvious also that for the high
values of responsivity given in Figure 7.11, even a very low power
- level coupled into a detector would cause a very high voltage to be
developed across the barrier, which would not only render the theoreti-

cal assumptions V<< Af and V < Lp,l/e invalid, but would exceed the

e

| dielectric strength of the insulator.

Direct comparison was further frustrated by the inequality of the
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measured power incident on the diode assembly and the power absorbed

by the device.

For the derivation of the tunnel current density equations, see
Appendix I, it was assumed that the contribution from electrons above
the Fermi level was negligible. Figure 7.13(106) illustrates the pos-

sible mechanisms contributing to the overall current flow:

(i) Thermionic emission
(ii) Thermally assisted tunneling
(iii) TField assisted tunneling

(iv) Tunneling from the Fermi level or below

ENERGY a\g)

NS
(i1 N
. \\\\::§§:
) (iii)
FERMI \&,____ — —
o - N

~
\\\\
(iv) ~_ _ eV
\
\\\\ FERMI
A _ LEVEL
METAL INSULATOR METAL

Figure 7.1%3 Current Mechanisms in a Biased M.I.M.
Structure (after Pitt(106))»

In the present model, mechanisms (ii) and (iii) have been neglec-
ted. Whether this was physically reasonable in the particular devices
described here has not been quantitatively assessed. However, it seems

reasonable to assume that the qualitative features of the model will be
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retained whether or not these mechanisms were significant compared to
mechanism (iv). If the forward directions were the same for all three
tunneling contributions, then the Y vs. s curves would change by a
scaling factor; both in the Y axis since the barrier resistance RB
and the rectification ratio rz would be affected, and in the s axis
since the thickness at which the dominant mechanism changed from tunnel
to thermionic would be affected. If the forward directions were not the
same, then a polarity reversal of “{ would still occur, but where one.
tunneling mechanism was succeeded by another rather than by thermiohic
conduction. In any case the barrier resistance RB would increase with
increasing thickness s and woulg be likely to dominate the rYl VSe S
characteristic, by being more strongly dependent on s than is (rL - 1)
Therefore the shape of the curves in Figure 7.11 would not be changed.

One further check was made on the calculations. Since the com=-
putations were limited by the outermost surface of the insulator, the
current flow from metal to metal via the air above the insulator has
been neglected, for simplicity. For low values of s, the distance, t,
to the uppermost rings was so much larger and the incremental currents
s0 much smaller that they did have negligible effect. For larger s,
however, this effect was not so easily ignored. Calculations showed
that for s values greater than 603 there was a small difference between
the calculated responsivities for insulator thickness, d, of 1012 and
10101A -see Flgure 7.14. This was attributed to the inclusion in the
10101A case of a greater active arca (see Figure 7.8), and hence lower
barrier resistance, R B The factor (r2 -»1) was virtually unchanged at
the highest values of s since rl was by then very much less than unity.
Although the theoretical consideration of the dielectric - air intere.
face would make the model more complete, changes of the magnitude indi—’
cated in Figure 7.14 do not significantiy alter the good qualitative
comparison betweeh the model and the experimental observations descri- .

bed above.
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Chapter VIII Conclusions and Some Suggestions
. for Further Work

8.1 Introduction

The role of this final chapter is to collate the developments,
achievements and failures of the work described earlier and to
suggest some avenues for further work which will make good the
shortcomings or build on the successes. The main body of the work
has been concerned with accurate measurement of the work functions
of some rare earth specimens, while the development of a model for
fast, sensitive, far infra-red detectors has been a specific applic=
ation to which the work functions of the materials involved have
been of great importance. These two sectors will be discussed sep=-

arately except where there is some common factor.

8.2 Conclusions

8.2.1 Vork Function Measurements

The experimental method used in this work was chosen to
provide the first measurements of the true work functions of high—
pvrity samples of the rare earths Gd, Tb and Dy. Earlier measure=-

(63)

ments had been made either on heavily contaminated specimens

(79,84,85) (57)

or by photoemission or field-emission techniques
subject to the errors described in Chapter II.  The vibrating cap=
acitor technique also avoided magnetic fields and, being a c.p.d.
measurement, gave the area=-weighted average work function of the
polycrystalline films. This has been analytically verified.
Because the method is not biased to patches of particular work
function values (e.g. high or low) and therefore observes the whole
area of the surface, it is likely to be most sensitive to contamine
ation-induced changes. For exactly the same reason it is likely
to result in a larger spread of measured values from polycrystalline
samples than any of the non-c.p.d. methods which are biased. For

example, photoemission measurements will favour patches of lowest
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work function whatever fraction of the sample is so formed.

To facilitate measurements on high~purity specimens, the
vibrator mechanism was designed specifically for this work to
enable the measurements to be made in situ on U.H.V. évaporated
films, and to allow other measurements, resistive and optical, to
be made in situ on the same specimens. Some of the possible
sources of error were shown empirically or analytically to be neg=
ligible. The remaining errors in c.p.d. measurement amounted
typically to 11meV, although this figure is not indicative of the
sensitivity of the method. It arose from the polycrystallinitj of
the samples which caused the minimum signal from the capacitor to
be non=zero and to spread over a range of bucking potential, VE.
The sensitivity of the method was limited by the p.s.d. used to
observe the signal. In this work it was of the order of meV,
determined by the smallest change in VE which it was possible to
detect outside the region of the signal minimum. With more sophis~
ticated electronics and smooth, single=crystal capacitor plates the
sensitivity of the method should be reducible to a very much lower

figure.

The U.H.V, deposition and storage of the rare earth films
(57,79,84,
85).

No general correlation was found between the variation of measured

renders them among the purest and cleanest observed to date

work function and the residual atmosphere observed within the U.H.V.
chamber. The films were sufficiently thick to avoid quantum size

(51)_

effects and to be of the usual bulk h.c.p. structure There
was some evidence from electron diffraction measurements showing the
c=axis to be roughly perpendicular to the substrate surface. This
is consistent with the resistivity‘values measured in the plane of
the surface being nearer the higher a=-axes values than those of the
c-axes (see table 6.3) (although the high values could also have
been caused by a significant residual resistivity). However,there
was electron diffraction and resistivity evidence to indicate the

presence of f.c.c. phase in a few cases.

To facilitate changes in the temperatures of the specimens,
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either for experimental variation or for annealing, a compact
heater has been developed which is U.H.V.~compatible, easily fitted
and does not interfere with optical measurements. It provides
more uniform distribution of temperature than a wire heater and is
more efficient. Temperatures of over 550°K have been achieved on

glass substrates and over 770°K on alumina.

The results obtained from the work function measurements on
the rare earths Gd, Tb and Dy have been described and discussed in
detail in Chapter VI. These are the first measurements on clean
(U.H.V.) Gd by the c.p.d. technique and on Tb and Dy by any tech~
nique. The median values obtained for the fresh films of Gd, Tb
and Dy were 3.545eV, 3.151eV and 3.077eV respectively. The range
of values for Gd and Tb were 0.74eV and 0.67eV respectively. The
lowest value for Gd was in very good agreement with most of the
previous measurements on clean Gd by other workers. As stated
earlier, the relatively large spread of results may be due to the
c.p.d. technique's measurement of the area~weighted average, whereas
other methods are less evenly weighted or specifically biased to=
wards one type of patch, i.e. low work function in the cases of
photoemission and of thermionic emission with a high collecting
field, higher work function for thermionic emission at weak field(1).
The work functions were found to decrease with age in U.H.V. but to
increase with annealing (in U.H.V.) and with exposure to nitrogen
then air. The latter changes were to be expected due to energeticm=
ally favoured crystal reorganisation and to gross non-metallic sur-
face contamination respectively. The reason for the decrease during
U.H.V. storage is not known and is therefore a candidate for further
study. It is possible that the reduction was caused by a (partial)
monolayer of positive ions reducing the dipole layer at the surface
of the specimen, but the variations of the work functions of the two
films prepared and stored at slightly lower vacua were monotonically
increasing, which suggests otherwise, since gross contamination

caused an increase.

Perhaps the most significant result was the absence of a

change in either the work function or its temperature dependence at
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the Curie temperature. The theoretical postuiates for such a change

(80)

at '1‘c were either (a) a change in the chemical potential
(82)) or (b) a
s which determined both the

gradient with which the electron density decayed from n, (the unif-

(the calculation has since been shown to be invalid

(81)

change in the average magnetisation

orm positive charge background) to zero (at a distance from the
surface) and the gradient with which the magnetisation decreased
near the surface. If it is assumed that the magnetisation varies
linearly from its bulk value at a point within the material to zero
at a point outside, then for specimen temperaturesclose to the
Curie point, the surface magnetisation is linearly dependent on
that temperature differince, whereas the bulk magnetisation varies
107

as the square root The linear temperature dependence
provides no discontinuity at the transition from ferromagnetic to
paramagnetic phase, in either the work function or its temperature
coefficient. An exponential spatial decrease in surface magnetise
ation has been used to predict a small (O.2§5§V) change in the

1

, which has been

(75.77) o

work function of nickel at its Curie point

(66,76) but not by others

observed by some workers
present experimental result for Gd therefore supports the view
that the magnetisation at the surface is linearly dependent both
spatially and on temperature. It is also consistent with the

(79)

photoemission results of Blodgett, Spicer and Yu who found no

change in the band structure at the Curie temperature.

New calculations have been made of the mean work functions
of Gd,‘Tb and Dy and of their anisotropies based on the electronic
band structure, yielding 3.15eV, 3.17eV and 3.19eV respectively
for the work functions and 0.55eV for their anisotropies. The
extent of the anisotropy estimate is conservative since a necessar=-
ily limited number of crystal directions has been used. Both
values are lower than the experimental results on Gd, although oﬁe
would only expect to observe the full range of anisotropy by
measuring single crystals (either patches or bulk). Therefore,
either the real anisotropy is very much larger than the limited

calculations suggest or another factor was responsible for the
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spread of results. The difference between the mean work functions
of the h.c.p. and f.c.c. phases of Gd has been calculated as 0.0keV
and was clearly not the cause. The calculations were based on a
positive background éharge model with a linear potential gradient
near the surface, but with a variation with crystal direction. The
addition of pseudopotentials to represent more realistically the
crystal lattice has yet to be made for these complex metals., It
is interesting to note that for the simpler h.c.p. metals Zn and Mg,

the first-order pseudopotential corrections increased the theoret-

(70).
(70)

The pseudopoten~
s whether to

ical work functions in the c-axis by 0.38eV
tials would also contribute to the anisotropy

increase or decrease it remains to be seen.

8.2.2 Far Infra=red Detector Diode Model

The experimental characteristics of point=-contact metale
insulator-metal (M.I.M.) and metal-insulator-semiconductor (M.I.S.)
diodes used as detectors or mixers for very high frequency radia-
tion have been reliably and repeatedly observed by many workers,
including those diodes fabricated in this department for the detect=
ion of(ézg infra-red radiation (337/Jm wavelength) from an H.C.N.

The reasons for their behaviour have been imperfectly

(86)

understood. A new model has been developed in which both

laser

tunnel and thermionic currents are included and account is taken

of the physical and electrical parameters encountered in such

diodes in practice, including the work functions of the electrodes
used in their construction. All the experimentally observed A
)featuresAare qualitatively described by the model, including the
effects of variations in the thickness of the barrier between the

two electrodes, the radius of the tip of the point=contact whisker
and the voltage (corresponding to input power) appearing across the’
diode. Although the model is strictly applicable only to M.I.M. 26)

devices, the M.I.S. diodes exhibited similar qualitative behaviour .
Quantitative agreement was not so good. Several possibilities have
beén suggested to account for this, including microscofic geomet~
rical variations, impurities in the insulator layer, polycrystal-

linity of the electrodes, and inefficiency of the whisker as an

171



antenna and contributions to the tunneling current by electrons
from above the Fermi level. The model predicts improved response
ivity from diodes whose electrodes have high work functions,
leading to large barrier heights, and a large difference between
their respective work functions. It is not easy to verify this
experimentally, however, because the factors described above for
the poor quantitative agreement are not repeatable from material
to material. Also the two requirements of large work functions

and a large difference between them are counteractive.

Apart from the thickness of the insulator between the tip
of the whisker and the plane electrode, the most critical para=-
meters in the model are the work functions, and the difference
between them, which determine the heights of the barriers at the

metal=insulator interfaces.

8.3 Suggestions for Further Work

8.2.1 VWork Function Measurements

The least well understood features of this work were the
spread of the results and the decrease of the work function during
aging in U.H.V. To determine whether anisotropy was responsible
for the spread it would be appropriate to measure the work functions
at different crystal directions of a monocrystalline sample. One
way to achieve clean monocrystalline surfaces would be to deposit
fresh layers under U.H.V. onto the surfaces of one or more bulk
crystals, which are now more readily available. A more'sophis-‘
ticated, and hopefully more realistic, model of the work function
and its anisotropy should be attempted, possibly using pseudo=
potential perturbations from the uniform background model as has
already been performed for some of the simpler elements (?O).

It would be interesting to discover whether the work functions of
the various faces of rare earths are monotonically dependent on
the packing density of atoms within them, as the simpler theory
predicts, and whether the anisotropy is sufficienty extensive to

account for the present results. The use of monocrystalline
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surfaces would also remove probably the principal objection to

the field emission retarding potential method(18), which does not
require a surface of known work function for reference. However,
the technique is not strictly accurate for all surfaces, only those
for which the Sommerfeld free-electron model is satisfied(qg). It
would be useful to study the crystal structure of the specimens
directly, for example by Low Energy Electron Diffraction, and to
monitor the surface for contamination, using an energy discrimine
ator in conjunction with the L.E.E.D. or a specific technique such

as Auger Electron or Secondary Ion Mass Spectroscopy.

Although the present results suggest that the observed decrease
in work function on aging in U.H.V. was not due to a small amount of
surface contamination, it would perhaps be more conclusive if the
measurements were able to be taken more rapidly after the deposition.
The manner of electrical connection to the specimen, and to the
heater and thermocouple, could be redesigned in such a way as to
enable the substrate to be moved rapidly from the deposition posite
ion to the measurement position while the vibrator assembly was at
least approximately aligned and ready to be operated. On the
present equipment this would entail only minor changes to the
vibrator, if any, mainly to allow the reference surface to be
chielded during the deposition of the specimen, but major changes to
the electrical feedthroughs. The specimen holder would ideally be
able to be raised by at least 25mm and rotated through at least
180° without entangling the electrical connections. The most-
obvious solution would be a set of rotating and sliding copper con-
tacts (not carbon brushes), with one of each type in series in each '
interconnection to allow both movements simultaneously. A rather
complicated mechanical design would be required to provide these
together with electrical isolation between them. An alternative
solution has been suggested by Holzl and Schrammen(108) which
avoids sliding contacts. The oscillating electrode moves in a
plane parallel to the surfaces of the electrode pair, rather than
perpendicular as in the present work. The specimen holder is only

required to be moved very slightly, to align the two sﬁrfaces
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comprising the capacitor, while the evaporation proceeds from
"behind" the oscillating electrode. Indeed it is possible to
measure the c.p.d. during the deposition either of the specimen
itself or of a contaminating material, since the lateral oscillation
of the reference electrode repeatedly exposes the substrate to the
source. The parallelism and reproducibility of the capacitor gap
may be difficult to control accurately, but the authors claim an

accuracy of 1meV.

The behaviour of the work function at magnetic transition temm
peratures is still unclear both experimentally and theoretically,
although it is known to be dependent on the surface magnetisation,
how it differs from the bulk magnetisation and its spatial distribe
ution. A more reliable and complete knowledge of the character=
istics of the work function at both the Néel and Curie points
should help to advance the understanding of magnetic behaviour,
and should be pursued for the rare earths and for the other mage

netic materials.

Having produced such specimens and measured their work funce
tions, other, preferably related, parameters should be measured.
The optical conductivity values which were obtained from the
present films were calculated from reflectance measurements (74)
which penetrate quite deeply into the material. It is to be
expected that better correlation would be found if the optical, or
other, parameters which were considered were obtained from meas=
urements which are as surface-=sensitive as the work function,

such as ellipsometry.

8.3.2 Far Infra-red Detector Diodes

Althougﬁ’pointacontact whisker diodes are useful as rapid-
response detectors of extremely high freguency radiation operating
at convenient temperatures, their general application is hampered
by a relatively poor responsivity, particularly in the case of
M.I.M. devibes, and by their physical frailty. Checking the
predictions of the model, that the responsivity would be enhanced
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by large barrier heights at the conductor-insulator interfaces and
by a large work function difference, would be facilitated by experi-
mental redesign to obviate some of the practical difficulties men=
tioned earlier. The use of U.H.V. as the insulating barrier would
preclude impurity conduction, although the constancy of fhe elec=
trode separation would be difficult to ensure. The use of single
crystals for the electrodes would more clearly identify the respec-
tive work functions and possibly minimise the irregularity of the
spacing between them. Suffaces with work functions lower than

the rare earths are available, but are probably not suitable for
this purpose. The low work function elements are difficult to use
(e.g. caesium melts at 28°C) and the conventional coated cathodes
are not described by this model. It therefore seems sensible to
extend the use of the monocrystalline rare earth and other specimens
proposed above to construct diodes in U.H.V. using various whisker
materials to alter the work function difference. Further theoret= -
ical studies should be made, to quantify the effect of electrons
originating from above the Fermi level and to extend the model more
exactly to describe the M.I.S.diodes. The improved understanding of

their behaviour should enable better detectors to be made.

Some attempts have already been made to improve the robustness
of the devices, using electrochemical etching to produce submicrone
dimensioned electrode~-tips in metal films supported by insulating

(109). The more difficult task of producing such a tip

substrates
which just contacts another metal or semiconductor electrode does
not appear yet to have been accomplished. One of the major diffice
ulties, that of obtaining a low capacitance in such a rugged whisker
diode, might be achieved as follows (See Figure 8.1). The base
electrode is coated with an insulator sufficiently thick to minimise
the capacitance between the two electrodes. A window in the
insulator is péoduced by an appropriate'chemical etchant. The top
layer of metal from which the whisker electrode is to be fabricated
is then deposited overall, and defined by suitable photolithographic
techniques into a narrow strip which protrudes over the window and

contacts the underlying electrode , but with the necessary thin
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whisker electrode

insulator

base
electrode

Figure 8.1 Suggested Construction of a Robust
Whisker Diode

insulating barrier between them. The electrochemical etching
yroduces a tapered end to the whisker electrode as it is withe
drawn from the solution, the difficulty lies in completing the
withdrawal as the whisker tip is still just in contact with the
base electrode. Anéther possibility would be to produce a
narrow track of metal film on the surface of an intrinsic semi=~
conductor or an insulator which can be converted at a localised
area into a high mobility semiconductor, for example by ion
implantation, at the site where the submicron tapered end of the
whisker has been previously defined. The second method prob-
ably entails more difficult fundameﬂtal materials problems, but

once these were solved would be more amenable to production.
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Appendix T Derivation of Current Equations for M.I.M. Diodes

The equations (7.1) to (7.8) from which the current-densities
in the point-contact diodes were calculated were taken directly
from three papers by Simmons. His derivations are described here,
but with the notétion changed where necessary to be compatible with
this work. ‘

AT.1 Tunnel Currents (26, 101)

The potential barrier between two similar metal electrodes
separated by an insulating film of thickness s and with a potential

difference, V, is shown in Figure AIl.1

| IR T Yeoum
| |
]’ Wi ) ey
y
T '—_ 1 m oV Fermi
EF Vix) ! NLevel
L —_— A Ip
— | __
le— g—sf——— — X

Metal Insulator Metal

Figpure AI.1 Potential Barrier in an Insulating Film

between two Electrodes

The probability D(Ex) that an electron can penetrate a
barrier of height V(x) is given by the W.K.B. approximation:

5, 1
h equation(AI.1)
. 51
2
LA :
where Ex = which is the energy component of the

2 electron in the x direction
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The net tunnel current density is the difference between the
currents flowing from electrode 1 to electrode 2 and vice~versa,
which are calculated from the probability function and the Fermi-

Dirac distribution function,f(E), to give

E

" m .

J = _{) D(E ) C dE_ equation (AI.2)
where Em is the maximum energy of the electrons in the electrodes,
and [ is a function of £(E), E, and V.

— 1
. . e - - ] ?
Writing D(Ex) exp (B(EF + L]j z;x)>

]

where _Lp 1 fa L]J(x)dxf

S-S1

i

%9

vhich is the mean height of the barrier above ithe

Fermi level of the negatively biased electrode,
and B = 47T (52 - s,]) (Zm)%/h at low voltages,

evaluation of equation(AI.2) gives

JO{-\_}J exp <-BTP’}>— (\P+ eVdexp < =B+ ev)%>_‘

equation (AI.3)

J

n

2
v{here Jo e/2T]:h(s2 - 81) .

It had been assumed that the temperature is low enough that

Exﬂ'- EF’ ahd that the barrier width A‘s = 8, = s,] is coustant
3 g
for Ex>.f(x)> FF

Equation (AI.3) can be applied to any shape of potential
barrier. For a structure with dissimilar electrodes, the barrier
is asymmetric, and the net current densities are defined as J 4
when the electrode of lower work function is biased negative to

the other and J2 when the opposite bias is applied.

The mean barrier height may be obtained from the expression
— 1 f2
LP = L}J (x)az.

As }31
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wm\m\(c

Using a A approximation for the shape of the potential barrier when
account is taken of the image forces arising from the metals
dielectric interfaces, the mean barrier height with the electrode

of lower work function negatively biased is given by

. s .
Y = _AL f (\411 + (A + eV)(x/5) = 1.15>\52/x(s-x)> dx

s

54 equation (AI.L4)
where )\ = e21n2/8Tt €. €8
amd Ag = &, =0,
The limits s, and s, are the roots of the equation (x) =
and are given by
\

8y = _ 9.2\ s 1.2As

3, LA =(eV =A%) (\p_,_ - eV)
L o<v<Ag
52= 5 = 1.2Ls e

(\,l,(a - eV) J

Integration yields

q]=qj1+__s_1_:_f§ (Aﬁ-eV)-l.:‘iaslnS(ws Lp'.

2 As s (s—sa)

’ equation (AI.S)
Equation (7.1) is simply obtained by substituting equation (AI.S5)
for @1 into equation (AI.3) for J4»  Equations (7.2) and (7.3)
are the same as those above for L]J,‘, 5, and S,e

Similarly, when the electrode of higher work function is

negatively biased, the mean barrier height is given by

= _1 j ( « (AF + eV)(x/s) = '1.15)\52/x(s-x)> ax
Ao _
54
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In this case the integration limits are given by

\

bv] = 1.2K S/qu
V< e

Sa = S o= Q.2>\s + 51 LPZ/

3, + bA = 2(eV +AP)
and the integration yields:
'\I—J= Yo - i@ (eV+AP) = [ 1.15M 8 in 52(5“51) - @2
es As 81(5-52)

equation (AI.6)

The current equation is obtained by substitution of
equation (AI.6) for {J, into equation (AL.3) for J,, while.
equations (7.5) and (7.6) are again copied from the above

expressions for qu’ 54 and Soe

(25)

AI.2 Thermionic Currents

In considering the thermionic current flow through the
structure, the Richardson-Dushman equation gives the current for
one metal=dielectric interface as
. ' NG exp(-qj/kT)

[

J

41T mekz/h3

where A

For the two=electrode structure, the net current is the
difference between the currents flowing in opposite directions

and is given by
J = A’.l‘_2 (exp( -\p:l /%T) = exp( —L}J; /k'.['))

1 ]
where Ll,l,' and qja are the maximum barrier heights above the Fermi
level of the negatively and positively biased electrodes, respect=

ively. Vhen a potential V exists between the electrodes,

1 ]

qu = LP'1 + eV

so that g = ar? <exp(-\‘,l,; /XT) (1 = exp(eV/kT))
equation (AI.7)
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Thé barrier heights are obtained by the substitution of
approximations to the barrier shape into the integrand of
equation (AI.4)., The maximum height is then obtained by deterw
mining the first turning point, by differentiation. In the

absence of applied potential, the resulting barrier height is
(P) = W, - wh(r+esAB) es
max \PZ ' r r

measured with respect to the electrode of lower work function.
With the electrode of lower work function negatively biased by

a potential V< A @/e /

( LP )max = Y, - eV~ <14.4(?+ £,.5 A&eVa %/ £,8

equation (AI.8)

measured with respect to the electrode of lower work function.

With the electrode of higher work function negatively biased, for

any value V,
- e 2
(LP)max = \PZ- (14.#(7+ grs A t-eV)) /Ers
equation (AI.9)
measured with respéct to the electrode of higher work function. .

The net currents flowing with the electrode of lower work

] JI
4 8nd J;

respectively. By substituting equations (AI.8) and (AI.9)

function biased negatively and positively are J

into equation (AI.?7) in turn, and assuming eV/kT >2, the currents

are given by

’ - 4
' %
5= 12 e V7 Yo exp (1h.4(7+ €5\ & =e) )
‘ kT €, SKT
‘equation (AI.10)
and
J;_ = AT? exp( = Yo\ exp/ th.blev+ Ag) %
kT srs(kT)z

' , equation (AI.11)

182



Appendix II

Computer Program for M.I.M. Model

The current equations (7.1) to {7.8) were evaluated and

summed for the geometry of Figure 7.8, and the responsivities

were calculated from equation (7.17), using a computer program
written in FORTRAN IV and run on a Control Data Corporation 6600

machine.,

necessary to a

PHI
AT2
21
a2

P
D
A
S

RADIUS

CON1
CON2
CCC1
ccea
ZERO1
ZERO2

The symbols in the equations were changed where

form which the computer would accept, as follcws:

—-—
=

AT

Y
Y

€

54

]

y
Y

A8
2

2
As

2
As

1
2

r

¢ Figure 7.8
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-

1
2

b for tunnel currents in equation (7.7)

> for tunnel currents in equation (7.4)

intermediate functions of the S parameters,

to simplify some of the statemenis.

Argument of first exponential term in equation (7.1)

1 " n " n

n " second n u

n ] n . n n

in egnation (7.1)
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ARG
ARG2
ARG3
ARGL
CUR1
CUR2
SUM1
SUM2

THERMA

THERHM2

TOTALA

TOTAL2

CURTH1

CURTH2
ToT1
TOT2

RATIO1
RATIO2
RATIO3
R1

R2

R>
GAMA1
GAMA2
GAMA3

1}

4]

Argument of first exponential term in equation (7.8)

" " gsecond n " n " (7.8)
n " first 1" ] " ] (7.7,)
n " gsecond " ] n n (7_7)

current contribution to J 1 from one annulus -
" n n g " " n

Summation of CUR1
" " CUR2

intermediate terms to simplify the statements
for CURTH1 and CURTH2

L]

J1 for the summation of all the annuli
J; |} 4] " 114 n 1n 1"

1
J1 + J1 for the summation of all the annuli

L

: " " 1] n " 114 n
J2 + J2 .
1 I

Q for thermionic current contributions(= JZ/J 1)
n " tunnel . " n (= sUM2/sSUM1)
n " total currents (= TOT2/TOT1)
RB for thermionic currents
RB " tunnel n
RB n total n
Y for thermionic currents
Y u tunnel n
'\{ " total "
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]
The currents were expressed in amps.cm —; work functions and

barrier heights in electron-volts; voltages in S.I. volts and the

various barrier geometrical parameterc in Xngstroms.

for the barrier limits became

The expressions

N
4 . _
5, = _46 GW1+ 20 = (Va AB)\ = 6
Er €8 Er(wZ"V) ?
For
32 = 5 e 6 J1
and S’I = 67 h
Er Wa For
. >
5, = s= _gé\ <3LP2 + 20 = 2(V+ A9 +s, I,
€/ €5
. J
Meo I = 6.2.10°/(As)5,
B = =1.025As,
kT = 0.025, for T = 300°K
and A. “ 5
EIﬁ
) -8
Using m = 9.1 . 10 gn,
e = 1.6. 10”19coulomb
k = 1.38. 10-16erg/deg,
h = 6.62. 10-27erg-sec.
then AT = 1.08 . 10’amps/cm® at T = 300°K

The calculations were executed by nested DO lcops:

the

innermost summed the annular contributions by varying r (R in the

program), another varied the minimum thickness s (5 in the pro=

gram), and the next controlled the value of the applied voltage,

V (also V in the program).

Programs were variously run with either

fixed values of A , € /4 and A@ or with further loops to repeat

the central computations with additionzl walues of these parameters.
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The following program listing shows loops for all the

parameters except £ and w‘l' The values of the parameters used

in the loops were specified in the DATA statements at the top of

the listing, using dummy variables in the loop statements.

Starting with the innermost, the DO number and its parameter were

1
33
2

5
L

90

r, ring radius

d, thickness of insulator layer

s y minimum thickness of insulator layer
V , voltage

A&, work function difference

Aw, whisker tip radius.

In the example shown, the fixed values for €y and Llj1 are

given by P = 8.0 and %21 = 1.0 (eV) respectively.

DIMENSION U(3),w(5),S(100),R(1000),RR(3),DD(2)
DATA U/0.9,0.5,0.09/

DATA ¥/0.1,0.25,0.5,0.75,1.0/

DATA RR/1000000.,10000.,100./

DATA DD/101.,10101./

AT2=10.8E+06
- 21=1.0

P=8.0
DO 90 II=1,3

=RR(II)
WRITE(3,85)A
WRITE(3,77)
DO 4 L=1,5 -
PHI= W(L)
WRITE(3,80)PHI
Z2=Z1+PHI
ARG1==22%40,
DO 5 M=1,3
V=U(M) -
" CONST==V*40.
ARG3=(V=22)*40.
WRITE(3,70)V
WRITE(3,77)
WRITE(3,20)
WRITE(3,77)
DO 2 MM=1,10
J=MM*10
S(J)=FLOAT(J)
DO 33 KK=1,2
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D=DD(KK) ,
RADIUSHSQRT(2.0*A* (D=8 (J) )= (D=S(J))**2))/1000.0
DR=2.0%3.1416*RADIUS

SUM1=0.0

SUM2=0.0

THERM1=0.0

THERM2=0,0

DO 1 I=1,1000

R(I)=RADIUS*(FLOAT(I))
55=A+S(J)-SQRT(A*A~R(I)*R(I))

521=6./(P*22)

$22=55=(46./P)/(3.*22+20./(P*SS )=2.0* (V+PHI) )+S21
DS2=522-521

G2=522*(8S=~521)/(821*(58=522))
PI2=22-((S21+522)/(2.*55) ) *(V+PHI)=(5.75/(P*DS2) ) * (ALOG(G2))
CCC2==1.025%(522-521) * (SQRT(PI2+V))
CON2==1.025*(522-521)* (SQRT(PI2))
ZERO2=(6.2E+10)/(DS2*Ds2)

CUR2=: (PI2* (EXP(CON2) )= (PI2+V)* (EXP(CCC2)))*DR*R(I)
CUR2=CUR2*ZERO2

S511=(46./P)/(3.*21+(20./(P*SS )= (V-FHI)) )= (6. /P)/(Z2-PHI)
512=55=(6./P)/(22=V)

DS1=512-511

G1=S12*(85=811)/(811*(58~512))

PI9=21+(811+312) *(PHI=V)/{2.*SS)=(5.75/(P*DS1) ) * (ALOG(G1) )
CON4==1.025*(512=511)* (SQRT(PI1))
CCC1==1.025*(512=511)* (SQRT(FI1+V))
ZERO1=(6.2E+10)/(DS1*DS1)

CUR1=(PI1* (EXP(CON1) )= (PI1+V) * (EXP(CCC1)) ) *DR*R(I)
CUR1=CUR1*ZER01

SUM1=SUM1+CUR1

SUM2=SUM24CUR2

ARG2=SQRT (14 .4* (V+PHI)*1600.0/(P*SS))

ARGL=(SQRT (14 4*(7.+P*SS*(PHI-V)) ) ) *40,/(P*SS)
TOTAL1=EXP(ARGA) *DR*R(I)

TOTAL2:-EXP(ARG2)*DR*R(I)

THERM4=THERM1+TOTAL1

THERM2=THERM2+TOTAL2

CONTINUE

RATIO1=(EXP(CONST) ) *THERM2/THERM1

RATIO2=SUM2/SUM1

CURTH1=AT2* (EXP(ARG3) ) *THERM1

CURTH2=AT2* (EXP(ARG1) ) *THERM2

SUM2=SUM2/1.E+16

SUM1=SUM1/1.E+16

CURTH2=CURTH2/1.E+16

CURTHA=CUKTH1/1.E+16

TOT2=CURTH2+SUM2

TOT1=CURTH1+SUM1

RATIO3=TOT2/TOT1

WRITE(3, 400)J, RATIO2, RATIO1, RATIO3, SUM2, SUM1,CURTE2, CURTH1, TOT2,
CTOI
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R1=V*(1.0/CURTH2+1.0/CURTH1) /2.
R2=V*(1.0,/SUM2+1.0/SUM1) /2.
R3=V*(1.0/T0T2+1.0/T0T1)/2.
GAMA1=((RATIO1=1.)/(2.*V))*R1
GAMA2=((RATIO2=1.)/(2.*V))*R2
GAMA3=( (RATIO3=1.)/(2.*V))*R3
WRITE(3,105)GAMA2,GAMA1,GAMA3
WRITE(3,77)
3% CONTINUE
2 CONTINUE
5 CONTINUE
L CONTINUE
WRITE(3,88)
90 CONTINUE
STOP :
100 FORMAT(4X,I2,1X,9(E11.4,1X))
70 FORMAT(1X,2HV=,E12.5)
80 FORMAT(4X,4EPHI=,E12.5) ‘
20 FORMAT(2X,1HS,6X,6HRATTUN, 6X,6HRATTHM, 6X, 6HRATCOM, 5X, PHTUNNEL2, 5X,
C7HTUNNELA , 4X , SHTHERMAL2 , 4X , BHTHERMA L1, 4X , BHCOMBINE2, 4X , 8HCOMBINE1 )
77 FORMAT(1X)
105 FORMAT(4X,3(E11.4,1X))
85 FORMAT(1X,2HA=,F9.1)
88 FORMAT(1H1)
END
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Appendix III  Calibration of Thermocouple and Comparison with

Film=Heater

The pair of chromel-alumel (T1.T2) thermocouples used through-
out the U.H.V. measurements was calibrated by means of standard temp-
erature values, comparison being made to the same mefcury-in—glass
thermometer as used above, at ambient temperature and enclosed with
the reference junction in a bag to exclude'draughts. The standard
temperatures were (110):

(a) Melting point of (clean) mercury : 234.3°K

(b) Ice point (distilled water) : 273°K

(¢c) Transition of sodiun sulphate decahydrate : 305.4°K
(d) Boiling point of (distilled) water : 373°K

(e) Triple-poini of benzoic acid : 395.4°K

Points (b) and (d) were simply the normal steady~state con=
ditions. Point (a) was achieved by immersing the "active" junction
in mercury, freezing with liquid nitrogen and allowing to thaw.

The couple was under tension and pulled out when the Hg melted. Re~
immersion produced an identical potential. Points (c) and (e)

were achieved by raising the materials above their melting points,
immersing the couple and observing the potentials as the materials
cooled. At the melting points the rate of cooling became very ‘
slow, due tc the latent heat, so that the point of interest could be
determined from the pronounced inflexions in the respective cooling

curves.

In order to compare the results with the standard curves for
this type of thermocouple (111) for which one junction is held at
OOC, the results have been plotted in figure AIII.1 with the ambient
temperatures (in oC) subtracted from the standard temperatures. To
determine the temperature during an experiment the ambient temperé '
ature, recorded on the same thérmometer, was added to the temperat=
ure taken from the calibration curve. The agreement between the '
standerd curve and the calibration curve was quite good, being only

& few degrees different.
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Figure AIII.1 "hermocouple Calibration Curve
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The placement of the thermocouple at a small distance from
the specimen vas expectéd to cause an error in the indication of
the temperature at the specimen surface. The holder used in the
evaluation of the heaters was slightly different from that used in
the U.H.V. and did not have provision for a thermocouple.

Figure AI1I.2 compares the calibration curve of the heater (from
figure 5.2) with the temperature measured by the thermocouple (in
the U.H.V. holder) as a function of heater power dissipation.
Although the discrepancy was large, it was not critical since the
experimentation which required temperature measurement was close-to
and encompassed the ambient temperature. Since the thermocouple
would also measure the low temperature as being closer to ambient
than the surface of the specimen (both above and below ambient) it
would have given reliable indication that the Gd was above and
below the Curie point in the respective cases. For the measure~
ments of the higher annealing temperatures, both the thermocouple
and heater~calibration temperatures have been quoted (table 6.2).
Since the reproducibility of the heaters has been demonstrated, it
was considered that the temperatures at the surfaces of the
specimens were more likely to be close to those indicated by the
heater calibration curve than by the curves of the out=of=contact

thermocouple.
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Figure AIII.2 Specimen Temperature vs. Heater Power Dissipation

(a) from heater calibration (fig. 5.2) (b) as measured

by thermocouple in U.H,V. position, for various films
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Point-contact diode submillimetre detectors
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Abstract. Point-contact whisker diodes have been used to detect 337 um radiation giving
responsivities up to 1000 V W-L The respective merits of metal-insulator-metal and
.metal-msulator—semmconductor diodes arc examined. To explain the characteristics

of responsivity w&th electrical and mechanical variations, a model is presented based on
thermionic and tunnel currents ﬂowmg between a hermsphenca] and a plane electrode.

1. ;[gtroductiog

The use of point-contact diodes as detectors in the submillimetre region has some advan-
 tages over othey infrared detectors. Unlike the bulk InSb detector (Putley 1960), liquid
helium is not required, and because of the low capacitance of its junction a point-contact
diode has an inherently fast response, in contrast to room-temperature thermal detectors
such as the Golay cell. The ability to rectify at far IR frequencies was demonstrated by
Frayne (1967) with commercially produced diodes. However, these and devices made by
contacting a pointed wire antenna on to a metal or semiconductor surface (Daneu et al
1969, Matarrese and Evenson 1970, Becklake et al 1970) possess lower responsivities than
#ore conventional detectors. For this reason a programme was undertaken to produce a
device with increased sensitivity, and to propose a model of the mechanism taking place
at a point-contact to aid future developmgpi.

2. Experimental details
Diode detectors were produced by electrolytically etching fo a peint one end of a straight

length of 20 pm diameter tungsten wire, and brisging this point into contact with the
atmospherically contaminated surface of a metal or semiconductor. By orienting the

tungsten wire antenna in the beam of an HCN laser operating at §891 GHz and by suitably

applying pressure to the contact, a DC potential was generated across the junction. For
both metal and semiconductor devices it was found that the greatest output from the
diode was obtained on initial contact between the tungsten and the insulating layer.
Increasing the pressure on the wire resulted in reduction of the responsivity, with ultimate

reversal of the polarity of the output voltage. The output obtained, once reversal had -

taken place, was less than that produced on initial contact. The high responsivity could

+ Prgsent address: Marconi Research Laboratories, GEC—Malcom Electromcs Ltd Great Baddow,.

t Present address: GEC Hirst Rescarch Centre, Wembley,

0022-3727/78/0014-2000 $02,00 © 197§ The Institutc of Physigs R L F &
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the current density for the opposite sense of applied voltage, then the rectification ratio
of the diode may be expressed as

'[ : 2uJa(r)r dr
1 ;‘ 22di(r)r dr
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Figure 6. Diagrammatic representation of a hemispherical whisker tip partially embedded
in the insulating surface layer of a piane clectrode.

fn this equation, r represents the perpendicular distance from the line of symmetry YY" in
figure 6 to the circumference of the sphere and r=R at the insulater-air interface. Using
Simmons’ equations for the current density for tunnel (1963b) and thermionic (1964)
conduction, the above expression for n has been evaluated numerically. Similarly, the
{esxstance of the barrier Rp has been calculated so that the voltage responsivity expresseg
by Green (1971) as

(7—1) Rs
Y=oy

may be plotted against the minimum electrode spacing S. Values of the current flow
b“twem the electrodes used to calculate y and Rg were the summation of the currents
arisipg from the tunnel and thermionic effects. The responsivity curves displayed in
figure 7 show a polarity reversal due to a change in dominance frem tunnel currents at
small electrode spacing to thermionic processes at higher S. The figure also shows the
dependence of y on the radius Ay of the whisker tip, on the detected voltage Vp and on
the minimum barrier height Z;. For clarity, the curves for the lowest chosen value of Zy
are shown separately in figure 8, with curve F of figure 7 included to facilitate comparison.
The higher values of ¥p have bezn omitted to comply with the theorstical assumption
that eV <Z;. The difference between the work-functions of the two electrodes and hence
between the heights Z; and Z» of the barriers at the metal-insulator 1nte1f'1ces has been
takcn as 1 ¢V for these examples.

4. Discussion

<

The theoretical model shows qualitative agreement with the expesimental observation

that the voltage responsivity of point-contact diodes is greatest at large clectrode separa-
tion and then decreascs and finally reverses polarity as the spacing is reduced.

The poor quantitative agreement may be attributed to the imperfect efficiency of the

antenna and to the simplifications in the model. It has been shown (Chow 1963) that local
perturbations in the insulator thickness can change the resistance by several orders of
magnitude. Imperfections in the dielectric would also-reduce the resistance significantly
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Figure 7. Theoretical voltage responsivity of a Mim point-contact diode detector, The
diclectric constant of the barrier is 8; positive Ya——— negative Y.

Curve A B C .D E F G H 1 J

Vo(V) 0-09 0-09 009 0-5 09 009 009 009 05 09
Ae(A) 102 10* 108 105 105 102 10t 108 108 108
Z1(eV) 4 4 4 4 4 1 1 1 1 1
Zy@eV) S 5 5 5 5 2 2 2 2 2

(Chen and Adler 1970). Since it is possible to produce rectification with nominally sym-
metrical devices (Pollack and Morris 1964) there may also be an effect due to an asym-
metry caused by, for example, a poorly defined transition from metal to dielectric at one
or both interfaces, resulting in reductions of barrier heights and of effective barrier -

thickness., '
The significant factor is that the experimental characteristics are both reversible and

repeatable, indicating a mechanistic rather than a random variation. Green (1971) has
- expressed the current-voltage characteristics of a MM diode as :

I=aV+bV2+...
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Figure 8, Theoretical voltage responsmty of a MM pomt-contact diodg detector, The
dlel.cmc constant of the barrieris 8; ¥p=0-09 V; positive y, ——— negative T
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ﬁwheré aand b are constants, and the instantaneous voltage across the diode is
. . a\1?
V=(2PRp)}2 sin wt= (2 Vo 5) sin w!

.where 'Vp can be seen to depend on the RF power P coupled into the device. Figure 7 also
_indicates that at a fixed dielectric thickness, variation of and, at some barrier spacings,
~yeversal of the polarity of the responsivity occurs with changing Vp and hence jncident
power. 'This property has been demonstrated experimentally by Green ef af (1970).
" . The high impedance of the mis diodes when compared to the MM structures indicates
| rclatwely slow response. Assuming a typical device to have a junction diameter of
01 ym (Green 1971), an insulating layer of dielectric constant 8 (Pollack and Morris
-1964) and a thickness 50 A, then the measured impedances of the MM diodes in table 3
Lindicates that the upper 3 dB output point for such devices can be between 45 and 100
"“THz. For a tungsten-silicon diode with a similar basrier resistance, a series resistance
Approximately equal to the output impedance indicated in table 3 and a dielectric con-
.stant of 4-5 (Kaye and Laby 1966), then the upper 3 dB point is in the region of 15 THz,
',Although the use of Mis detectors at higher frequencies is restricted by the limited band-
}vtdth figure 1 shows that they have a distinct advantage over MIM devices at 337 pm by
possessing greater responsivities.
. The theoretical model of the point-contact diode has been developed for an miM
_ barrier. However, it is interesting to note that the performance characteristics of the
dungsten-semiconductor diodes with variation of whisker pressure are similar to that of
Jthe tungsten-metal diodes. A possible explanation is that the mechanism described by
she MiM model contributes to a bC bias voltage agross the depletion layer near the semi-



294Q0 B G Frayne, N Chandler and M W Boofon

gonductor surface. The polarity of this component will vary accordingly and the reeti-
fication ratio of the semiconductor device will be modified, becoming greater with forward
bias and smaller with reverse. The Mis devices may therefore be expected to behave in a
similar qualitative manner to the MM diodes but to exhibit higher rectification ratios, and
herefore higher responsivities as observed experimentally.

8. Conclusions

The experimental behaviour of MM point-contact diode detectors can be explamed in
terms of thermionic and electron tunnelling processes taking into account the geometrical
shape and dimensions of the insulating barrier between the antenna tip and the base
glectrode,

Responsivities of 1000 V W-1 kave been obtained at 337 um from biased tungsten-
GaAs detectors, However, the inherent high resistivities of semiconductor devices
indicate that for the highest frequencies MM diodes must be used and these may operate
up to 100 THz.

Acknowledgments

The authors wish to thank the Science Research Council for a shpport grant. The
investigation was undertaken as partial fulfilment for higher degrees while two of the
authors (NC and MWB) were in receipt of research studentships,

References

Beckiake EJ, Payne CD and Prewer BE 1970 J, Phys. D: Appl. Phys. 3 473-81
Chen TT and Adler J G 1970 Solid St. Conmun, 8 1965
Chow CK 1963 J. Appl. Phys. 34 2599-602
Daneu V, Sokoloff D, Sanchez A and Javan A 1969 Appl. Phys. Lett. 15 398
Frayne PG 1967 Electron. Lett. 3 338-9
Green SJ 1971 J. Appl. Phys. 42 1166
Green SJ, Coleman PD and Baird JR 1970 Proc. Submillimetre VWave, Microwave Res, Inst Symp,
Vol 10 Polytechnic press of Polytechnic Institute of Brooklyn N.Y.
Haas-G A and Thomas R E 1966 Surfuce Sci. 4 64-88
Kaye GW C and Laby T H 1966 Tables of Physical and Chemical Constants (London Longmans)
Matarrese LM and Evenson KM 1970 Appl. Plys. Lett. 17 8-16
Pollack SR and Morris CE 1964 J. Appl. Phys. 35 1503
Putley EH 1960 Proc, Phys. Soc. 76 802-5
Riviere Y C 1969-Solid State Surface Science ed M Green (N ew York: Dekker)
Simmons J G 1963a J. Appl. Phys. 34 1793-803
—— 1963b J. Appl. Phys. 34 2581-90
—~—— 1964 J. Appl. Phys. 35 No. 8, pp 2472-81
Surplice NA and D’Arcy RJ 1970 J. Phys. E: Sci. Instrum. 3 477
Zisnian W A 1932 Rev, Sci. Instrumn. 3 367 '




2392 P G Frayne, N Chandler and M W Booton

be recovered, however, as the output voltage was reproducible with cyclic variation of the
contact pressure,

Although some exceptions did occur, making contact on to various samples of a
particular material usually resulted in the same polarity of output on initial contact. The
experimental observation of polarity reversal by Green er al (1970) was explained by
variation of the difference between the work-functions of the two electrodes as the tip of
the antenna contacted different areas of the substrate. To investigate this situation,
tungsten ribbon and evaporated films of gold and aluminium were used as plane metal
electrodes. By virtue of the large surface areas, the Kelvin vibrating capacitor technique
(Zisman 1932, Surplice and D’Arcy 1970) was used to measure the average value of the
work-function of each polycrystalline film. Measurements were also made on silicon, but
the samples of the other semiconductors investigated, germanium and gallium arsenide,
were not large enough for the method employed.

An indication of the possitl2 deviation of the work-function over the surface of a
material has been given by Haas and Thomas (1966). This variation was explained by the
metal surface being composed of regions of different crystal orientation. The work~
function of the point of the tungsten wire was unknown. However, the measured values
for the plane electrodes given in table 1 are sufficiently close to the documented values for
the different crystallographic orientations of tungsten in table 2 (Riviere 1969), that

Table 1. Measured average work-functions of substrate materials,

Substrate  Work-function (eV)

material
Silicon 4-8510-02
Gold - 5:391+0-03

Aluminium 4-26+0-02

Table 2, Work-functions of crystal orientations in tungsten (after Riviere 1969),

Tungsten Work-function (eV)
orientation

110 5:3+0-12

111 4:4+0-03

116 4:3£0:03

100 . 4:6+0-08

polarity reversal of the work-function difference was experimentally possible. The situa-
tion therefore exists in which successive contacts of a whisker could yield devices with a
range of work-function differences, due either to the patchy nature of the plane electrodes
or to different crystal faces of the tungsten wire being exposed, either by repeated etching
or by mechanical deformation. However, the repeatability and reversibility of the varia-
tion of the responsivity with applied pressure implied that, once contact had been made,
the patches were large enough and the antenna drive accurate enough to eliminate random
work-function changes through lateral movement of the whisker tip. The voltage res-
ponsivities of the various detectors were found after optimisation, by dividing the pc
output voltage from the diode by the cw power incident on the antenna, measured using
a calibrated Golay cell. '
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The responsivities of detectors formed by contacting tungsten antennae on to alum-

inium, gold,

tungsten and doped silicon and germanium electrodes zre shown in figure 1

as a function of the resistive load. The variation of detector performance against load was
investigatcd by placing a shunt resistor across the diode. This is a uscful method for
reducing the response time of the output circuit. The output impedances derived from the
curves given in table 3 arc in good agreement with the zero-bias resistances estimated from
the current-voltage characteristics of figure 2. These curves, which were measured by
applying short pulses of current to the diode from a diffzrentiated 900 Hz square wave, in
order to limit power dissipation, show rgasonable asymmetry tetween the forward and
re\erse bias conditions for the tungsten- semxconductor devices. Howewr, only a smal}
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Measured zero~bias resistance and output

Table 3.

impedance of point-contact diodes.

Diode

Zcro-bias resistance

©

Output inipcda'néé

(%)

Tungsten-silicon
Tungsten~germanium

(2-3+0-3)x 104
(4-5+0-3)x10%

(7-80-1)x 105
(3-2+£0-1)x 10°

Tungsten-gold 220425 200+ 15
Tungsten-aluminium 930465 1100+ 100
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- Figure 2. Current-voltage (I-¥) characteristics for tungsten to (e) gold, (b) aluminium, A :i -

(c) tungsten, (d) germanium, (e) silicon. Crossed bars indicate uncertainty. -
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(difference is observed for the tungsten—meial ledPS hence the poorer responsivity, The
nearly linear characteristic of the metal-insulator-metal (Mim) diodes also explains the
observation that enhancement of the detector output was not achxeved by applymg DC
bias to the diode.

In contrast, the metal-insulator-semiconductor (Mis) detectors showed a uscful
increase in responsivity with, as shown in figure 3, the application of the appropriate bias
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Figure 3. Responsivity gain versus applicd bias for (a) tungsten-germanium, () tung-
sten-silicon. Crossed bars indicate uncertainty.

otential. The most notable result was produced by contacting a tungsten antenna on to
a crystalline sample of undoped GaAs. This diode produced no rectified output in the
unbiased state, but with the application of a small Dc potential, a responsivity was
obtained which was far greater than observed in either silicon or germanium. Figure 4
shows the response of this detector as a function of applied bias, together with the noise
equivalent power. It was only with this tungsten~GaAs diode that the noise was suffi=
ciently large to be measured without additional preamplification.

3 Theory

The simple potential distribution existing between two plane paraliel electrodes separated
by an insulating material and connected by an external circuit is repyesented diagram-
matically by figure 5(a). Simmons (1963a,b, 1964) has explained current flow through such
a structure in terms of thermionic and electronic tunnelling mechanisms, while taking into
account distortion of the field by image forces which produce a potential barrier of the
type illustrated in figure 5(b). The operation of a point-contact diode cannot adequatcly
be explained using the analysis derived for two plane parallel electrodes, for Chow (1963)
has shown that a non-uniform spacing can significantly alter the current-voltage character-
istic. The diode will be represented by a planar electrode coated with a uniform diclectric
layer, into which is partially inserted the sharpened hemispherical tip of the antenna.
This geometry is shown in figure 6 where the interface between the plane metal and the
insulator is clearly defined. Using the convention of Simmons (1963b) that J; represents
the current density when the electrode of lower work-funcfion is negatively biased and /3

L a8 D TS A AT 4 TSP ATy s oy S Y b2



