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ABSTRACT )
—4 o/
~An:-attempt -has been made—to study the oxidation of thin

film resistors and its impact on the electrical film properties as
an isoleted process, Polycrysialline and single crystsl chromium

films were deposited under extremely clean conditions thus leaving
mainly the various gas-metal interactions as possible degradation

processes.

Simul taneous measurcments of resistance and surface poten=-
tial as functionsof oxygen uptake from atomically clean polycrys-
talline filas up to 20 R’oxide thickness distinguished between the
individual oxidation stages,and it was found that the kinetics of
incorporation is consistent with the surface potential and the sur-
face structure to be rate controlling. At oxides thicker than 6 '
the oxidatlon is governad by the Mott-Cabrera mechanism over the
temperature range from below -78°é to higher than +50040 The oxi-
dation appears to affect the resistance rerely by the reduction of
the cross section of the conductive path, the effective thickness
being much less than the measured mass thickness.,

Single crystal chromium films without detectable grain

boundaries over the r,ubstrate area have been prepared on vacuum cleeved

rocksalt, A rsliable contacting technique has been developed and
the rocksalt surfane fine structure found to be compatible with
meaningful electrical measurements., Preliminary measurements showed
the TCR to be equal to the bulk value above room temperature. ,
Equipment for simultaneous surface potential and resis-
tance measurements during oxidation of single crystal {ilms has been

designed and constructed.
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1. INTRODUCTION

Among the numerous ageing mechanisms being in genreral
simul taneously present in commercial thin film resistors, oxidation
is considered to contribute most to the long term drift of electri-
cal properties. It is also often the indirect cause of catastrophic
failures like "thermal runaway" where a hot spot in the constriction
of the film may cause accelerated oxidation and therefore further
constriction. Impurity nuclerted crystallization in the region of
acontact lands can result in preferential oxidation due to a reduc=-
tion in the effectiveness of the protective self limiting oxide
(valker, et all). Other major failure mechanisms include diffusion
processes involving material from the contact lands or gaseous im-
purities, metallurgical changes like annealing prccesses and precipi-
tation, and also various interactions with the substrate. Many of
these processes can be strongly linked with oxidation, as e.g,
preferential oxidation of one phase in alloy films can result in
precipitation processes (Levinson and Stewartz). The strong inter~
dependence of oxidation with other failure mechanisms and the common
manufecturing practice of "stabilising" the deposited thin film
resistors by either anodisation or exposure to air at elevated
temperatures led to the conclusion that oxidation is one of the
most important ageing mechar.isms.

The published literature illustrates the difficuities of
sepirating oxidation from simultaneous metallurgical and diffusicn
processes. Almost no measurements of the oxidation kinetics have

been made simultaneously with measurements of the electrical proper-
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tiss, and they can therefore not provide information about the
machaniam of oxidation andi the rate determining process.

A further difficulty is the emphasis of the present corrosion
litersture on the heavy oxidation of metals a% higher teuperature.

The present work is aimed at iaolating the oxidation process
of a resistive film in order to study its mechanism and the kinetios
of the oxide growth undexr a variety of conditions. Chromium was
chosen as resistor material since it represents a major component in
commerc..al resistors and forms their protective oxide. Three con-
ditions have to be met in order to stud& the oxidation process in
detail and to assess its importance to the film stabilitys

i) The oxidation has to be separated from the other ageing
mechanisms which are usually present in thin film resistors,

i) The various stages of oxygen-metal interactions have to be
gtudised in detail fiom the coverage of much less than one
monoleyer of oxygen on & clean surface up to the formation
of a distinot oxide phase,

iii) The impact of each interaction stage on the electrical

properties of the film has to be known,

In order to meet oondition (i) a single orystal film was
chosen as resistor thus eliminating precipitation, annealing pro-
cesses and grain boundary effects. Further, it is possible to exolude
the diffusicn of contact material into the resistor films by using &
thicker layer of the same material aes contaoct lands. This leaves
only surface interactions and the interaction with the substrate, the

latter being assessed as of minor importance.,
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Condition (ii) is met by depositing the chromium films
from pure sources under ultra-high vacuur conditions, so that their
surfaces are ipitially atomically clean and by using gas handling
systeme which allow gas quantities equivalent to a fraction of a
monolayer to be admitted.

Since the oxidation is a complex process involving physi-
cal adsorption of oxygen at the film surface, chemisorption and the
eventual incorporation of oxygen into an oxide layer overall kinetic
measurements cannot distinguish between the various steps. In thise
study we use simultaneous measurements of gas pressure, film resis-
tance and film work function change to enable the various processes
to be separated, and to observe which is rate determining.

Conditicn (iii) is met by measuring various physical
properties simultaneously with the resistance and by trying to
assess theorstically the impact of the various mechanisms on the
elesctrical properties. The experiments on single orystal surfaces
should also yield information about “he orientation dependence of the
oxidation process, its dependence on the defeot concentration and
should help to determine more precisely the impact of oxidation on
the electrical properties of thin films., Additional measurements
on polycrystalline chromium films on glass substrates are expected to
determine the influence of the grain structurs on the oxidation pro-
cess and represent a link to commercially used resistor material.
Furthermore, it is difficult to measure ascurately the amount of gas
adsorbed on a single crystal surface, since its area is necessarily
small compared to other adsorbing areas in the reaction cell. It

has to be inferred from the exposure to the gas,work function or
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other physical data, whereas it can be determined volumetrically

with great accuracy cn polyorystalline films. Measurements on

these two

types of film therefore complement each other.

A kinetis study of the oxidation mechanism over a wide

range of temperatures and oxide thicknesses and the study of its

impact on the e'ectrical film properties could give the following

information under the assumption that the oxidation follows the

same rate

(a)

(v)

(c)

(d)

laws in the presence of other processess

An estimate of the extent to which resistor degradation
is due to oxidation over the normsl range of working
temperatures.

One or several rate equations which can be advantageously
used in life test sxperiments provided the oxidation rate
is analytically correlated with the drift of the electri-
cal properties. The knowledge of the validity of & rate
equation over a range of thicknesses and stress conditions
would also enable us tc predict individual component life
with respect to oxidation,

The knowledge of a particular oxidation process would be
applicable to similar materials.

The knowledge of the detail processes could suggest means
of controlling the oxidation during manufacture either by
certain additives in the source material or gas ambient
or by altering the temperature-time sequence of the oxi-
dation process.

This report describves the progress that has been made in

the first contract year towards the comprehensive programme outlined

and the aims listed above.
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2. EXPERIMENTAL METHODS
Some of the experimental methods used are unusual in re-
liability studies, and therefore a brief description will be given

before describing the experimental arrangement and data obtained.

2.1 Yolumetric kinetic data

The amount of gas taken up by a {ilm, the rate of uptake,
and the pregsure dependence of the uptake can be measured by adding
known volumes of gas to the cell conteining the film, and monitoring
the fall in pressure.

In the experimental arrangement used for polyorystalline
film measurements the apparatus is arranged so that there are vir-
tually no adsorbing surfaces present apart from the resistor film.
This enables the uptake of gas by the film to be accurately measured.
The gas pressure and film temperature are also monitored so that
overall kinetic measurements of the oxidation process can be made.
Since volumetric measurements on single crystal films are difficult
because of stray adsorption on other surfaces, the exposure (i.e.
pressure times time) is used as indication for the coverage which

makes pressure measurements over a wide pressure range necessary.

2.2 Surface ypotential measurements

The work function of metal surfaces is extremely sensitive
to very slight changes in the condition of the surface. In respect
of oxidation processes measurements of work function change are

particularly valuable in two respectss
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(a)

(b)

Adsorption onto the metal film surface may be either weak
physical adsorption involving van der Waals forces, or
chemisorption involving definite bond formation between
the gas and the surface. In the initial stages of oxi-
dation, oxygen molecules strike the metal surfece and
become digsociatively adaorbed to give a layer of chemi-
sorbed oxygen atoms, Because of the relative electro-
negativities of oxygen emd metals in general (except gold),
this results in a double layer of charge at the mstal sure
face with the negative charge directed outwards which
results in an increase of work function. This increase

is referred to as the surface potential (S.P.) (an increase
in work function is conventionally a negative S.P.). Under
some circumstances a weak molecular oxygen adsorption ocours
where the polarization of oxygon molecules in the surface
field results in a positive S,P, Physical adsorption gives
always a positive S.P. The transport of a chemisorbed
oxygen from the surface into the metal lattice is equi-
valent to the oxidation process and should result in a
decrease of the (negative) surface potential. Hence, work
function measurements should allow distinctions to be made
between molecularly adsorbed oxygen, atomic ~hemisorption,
and the penetration of oxygen atoms into the metal lattice,
At a later stage in the oxidation when a distinct film of
oxide exists on the metal surface, the subsequent growth

will be influenced by any field across the oxide layer,
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due to the S.P., of the chemisurbed oxygen atoms nt the
vacuum oxide interface. We have, for example, measured
the S.P. of a saturated chemisorbed oxygen layer on
chromium as =2.2 V, which could represent a field of

2.2 x 107 volts/om scross a 10 & thiock oxide film,

Fislds of this order of magnitude are therefore sufficient
to control the diffusion of species through the oxide film,

The techniques are described in detail in section 3.12(&)

2.3 Film area measurements

Cne difficulty with polycrystalline metallic thin films is

the uncertainty of their structure, which can only be thoroughly
studied by depositing them in situ inside an electron microscope
under u.h.v. conditions., Since the structure of clean filme and

the structural changes during oxidation influence the eledtrical

properties, the measurements of the true film area as opposed to the

geometric area are useful, as they provide some structural
information during the oxidation process. Roughness fastors upto
5 are known for 200 & thick chromium films which had been annealsd
at 80°C. They would introduce a conaiderable error into any rate
equation containing the oxide thickness. The roughneas factor
also changes during the oxidation. Therefore, surface area
measurements have been carried out in situ on the resistor films
by inert gas adsorption measurements, to allow meaningful oxide
thickness measurements to be made, and to provide some structural

data before and during oxidation., These measuremente do not
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interfere with the oxidation process. They can be roughly reiated
to the number of metal atoms in the surface and to the crystallite

size.

2.4 Electrical properties

Simul taneously to the measuremenis described above the
resistance and its temperature coefficisat were determined which
gives a close relationship between the physical and chemical
phenomens during oxidation and the electrical properties which

are in this context of primary importance.

3« POLYCRYSTALLINE FILMS

3.1 Experimental Arrangement

3.11 Vacuum System

A bakeable mercury borosilicate-glass vacuum system has
been uged, & schematic diagram of which is shown in figure 1.
Gas can be admitted from the storage bulbs to & mercury cut-off

set incorporating a MclLeod gauge. The cut-offs completely isolate

the storage section, so that the high vacuum is not exposed to grease

taps or mmbaked glassware, except the McLeod gauge which can be
torched out. From this cut-off set small and accurately measured

quantities of gas can be admitted through the cold trap (4) and

either valve (2) or the capillary to the reaction cell and the gauge

assembly. The reaction call and gauge assembly plus valve (2) and
cold trap (4) were designed to have the mirimum possible volume to
increase the accuracy of the volumetric measurements, (the total

verame being ~ 450 cc), and to have & minimum of stray adsorption
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surfaces (the valve V2 is of all-glass construction except for a
glass-encased iron slug which moves a highly polished glass plate,
and all tungsten electrodes and supports in the gauges and the re-
action cell are glass encased as far as possible). The cold trap

V2 is designed so that the inlet and exit from the cooled region

are identical, so that no thermomolecular flow corrections have

to be made when measuring the equilibrium pressure in the cell
assembly with the McLeod gauge. With this arrangement it is

possible tc sdmit measured quantities of g~ .es to a resistor film
equivalent to a few per cent of one monoclayer of gas on the sur-

face of the film, The pumping arrangement (diffusion pump (1),

cold traps (2) and.(3) terminating in valve (1)) was used as s

fast pumping line to increase the pumping speed during outgassing

and film deposition. However, only a polished glass sliding valve
could be used for valve 1, Conventional metal ultra high vacuum
valves and a specially constructed glass valve using liquid gallium
as seal adsorbed large quantities of oxygen, and therefore intro-
duced intolerable errors to the volumeiric measurements. Since the
conduction of the polished glass valve caused errors above 0.1 micron
this system was only used for experiments at low pressures. The
system was sealed off at the point marked (A) for experiments at
higher pressures. The base line vacuum obtained with either
arrangement after thorough outgassing and bakeout was 1 to 2 x 10'10
torr, However, in view of the smzll pumping speed great care had to
be taken with cleanliness, and all parts were capable of thorough

outgassing.
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3,12 The reaction cell

3,12 (a) - Surface Potential Measurements

A diagram of the regction cell bagsed on a design by Pritohard?
is shown in Fig.2. The resistor film is deposited onto a spherical
borosilicate glass bulb, which then forms the envelope of a ther-
mionic diode with the resistor film as the anode. The central
directly heated cathode is maintained at constant temperature by
placing it in one arm of a very sensitive Wheatstone bridge and
by ciroculating water at constant temperature around the filament

lead ins. This avoids suy changes in cathode temperature when the

cell temperature is changed. The current/voltage relationship in

the retarding field region is (Crowell and ArnatrongA)s

Ia CT°2 exp [ -e(fAT“ vA)] (1) i
c

where §,

anode work function

VA = anodes-cathode voltage

T = ocathode temperature
I =« diode current

C = constant (depending on the effective oathode area)

The equation

L2k (2)

rust also be satisfied where VB is the e.m.f. and Rs the resistance b
of the diode current source.
Thus at a constant cathode temperature we have from

equations (1) and (2)
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80 an elesctrometer monitoring the anode vcltage will wmeasure changes
in the anode work function directly if the resistance R. of the cur-
rent source is much greater than the dynanic resistance of the diode.
This methed is suitable for the measuresent of work function changes
produced by gas adsorption, since it is insensitive to changes in the
cethode work function. The sensitivity is largely determined by the
stability of the cathode teamperature ard by zero point drift in the
electrometer. In practice a sensitivity of abcut 1 a¥ can be ob-
tained and in the measurements reported here it was usually of the
order of a few millivolts. Two types of circuite were used as shown
in figure 3. In methcd (a) I/V plots ave obtained before and after
changing the work furction of the anode, their displecesment giving
the change in work function under the condition of the characteris-
tics being parallel. Any errors in the design of the dicie or any
change in the stability of the cathcde will be reflected in nomn-
parallel diode characterisiics. “
In order to operate the diode in irntermittent pressures

5 torr of oxygen, the cathode must be

up to approximately 1 x 10~
inert against oxygen pressure up to this range. According tc

Sin,;}.eton5 tungsten cathodes are not suitable, since smail guan-
tities of IO} vapour ars reported to be produced at teaperatures

10~

above 950°C and pressures below torr. Th2 rate of prcduction

of oxides is reported to decresse ieyond -1600°C. Therefore,
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tungsten and rhenium cat! 'es were coated with lanthanum hexaboride
(La B6) to decrease the operating temperature and the rate of oxi-
dation at low pressures. Normally the La B6-coating reacts with
the metal to give the metal boride, and lanthanum is evaporated
from the cathode. This reputedly does not occur fer coated
rhenium cathodes.

Two types of cathode filaments were testeds:

4 0.075 mm tungsten wire (0.003") coated with a thin layer
of zirconium carbide, sintered in vacuum at 1800°C, and
then coated with lanthanum hexaboride to a final &iameter
of 0,0065" (0.17 mm)

4 0.25 mm rhenium wire (0.010")coated directly by cata-
phoresis from a suspension of lanthanum hexaboride in
acetone.

The carbon layer on the first filament reputedly minimizes the re-
aotion between tungsten and the boride coating.

Figure 4 shows I/V curves over.a range of cathoda tempera-
tures from which it can be shown by the comparison with plain W that
the work function of the rhenium basedoathode is approximately the
same a8 bulk lanthanum hexaboride (approx. 2.7 eV, Laffertys).
Figure 5 shows the variations in work function of the gold anode
around the tungsten “ased cathode as a function of time and cathode
temperature. It is concluded that lanthanum evaporates from these
cathodes at temperatures at and above 1150°C. No similar changes
couid be observed for the rhenium based cathodes below 1800°C,

Thus it is con. uded that La B6-coated rhenium cathodes are suf-

ficiently stable for the present purpose.
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LaBG-coated rhenium cathodes were used for some of the

measurements described, but plain tungsten cathodes yielded iden-

tical results and the following evidence exists that no evaporation

of WO3 ocourred:

i)

ii)

iii)

iv)

Identicael work function changes were obtained with plain
tungsten and LaB6~coated rhenium cathocdes when admitting
oxygen to the resistor films.

No instabilities could be detected in the .athode bridge
circuit as would be expected if the cathode were chemi-
cally attacked.

Using the circuit of figure 3(a) the diode characteristics
were found tc be parallel during addition of oxygen to the
resistor films.

The saturation S.P. of oxygen on chromium at =196°C has

7

been measured by Roberis’' using a vibrating capacitor
technique involving no heated filaments. We obtain the
same value,

For both cathode materials there exists a minimum tempera-

tur- - aloaw which very small quaniities of oxygen cause an almcst

total drop in diode current, which is due to very severe poisoning

by ohemisorbed oxygen and does not occur on tungsten at temperatures

above 1500°C. The optimum temperature for LaB6-coated rhenium

oathodes was ~ 1200°C. A further complication arises through the

diesociation of oxygen molecules at the hot cathode surface and the

combined interaction of oxygen atoms and molecules with the anode.

The far higher adsorption rate of oxygen atoms renders any inter-

R
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pratation of adsorption measurements problematic even if cnly a
small fraction is disscociated. Tnerefore we adrwitted only small
doses of oxygen via the capillary system (figure 1) to ensure

rapid pressure decrease during adsorption and to prevent an in-
crease of préasure above 10"5 torr. At higher pressures the cathode
was switched off during oxidation and the pressure decreased for the

measurements.,

3.12 (b) Resistance Measuremsnts

For resistance measurements two 125 thick platingm foil
contacts were sealed onto the ejuator of the bulb (figure 2) and
spot-welded to the glass-encased tungeéen ieads. Good electrical
contact to the films over the temperature range -196%C to +90°¢
could only be achieved by lapping the glass over the edges of tbe
platinum feils,

The film resistance was measured by means of an AC bridge’
(Wayne-Kerr B221) with a sensitivity of ~1 mQ, although the acou-
racy of measurements rarely attained this vslue due to electrical
interference and difficulties of precise temperature control.
Resistance changes equivalent to approximately 2 x 10"4 of the film
resistance could be measured.

Values of film resistance could only approximately be
converted to resistivity because of the geometry of the bulb and its
appendages and the uncertainty about the precise position and the
shape of the contacts.

The film resistance, surface potential, and the gas pres-

sure in the reaction vessel could be displayed versus time on a

-
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three pen chart recorder. Kesistance and surface potential could
not be simultaneously displayed, since the circuits interfered.
Switohing between these two measurements took approximately one

minute,

3.13 Pressure measurements

The accurate and continuous measurement of oxygen and
xenon pressures over the region 10°7 torr to 10 torr and residual &8s

10 torr was achieved by using four types of gaugea.

pressures down to 10~

(a) A normal Bayard-Alpert ionization gauge was used for
monitoring the general background pressure.

(v) A specially constructed McLeod gauge, which could be
torched for outgassing, and which exposed no surfaces ex-
cept glass and mercury to the ambient vacuum, was used for
measuring gas pressures in the closed system, and as a
standard for ocalibrating the other gauges. It covered
the range 5 x 10-5 torr to 6 x 10”2 torr.

(¢) A miniature ion gauge, based on the Schultz-Phelpe8 pattern
but with gold electrodes (to minimize stray adsorption) and
a LaB6-coated rhenium cathode was constructed for the
messurement of xenon pressures. This gauge had an almost
linear response for xenon over the range 5 x 10'"7 torr to
10"l torr snd probably higher. It could not be used to
measure oxy:sen pressures since the cathode was attacked
at oxygen pressures of the order of 10"3 torr. The

miniature ion gauge was normally operated at a low

emission current of abcut 7pA, so that no errors resulted
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from gauge pumping.

An ultre sensitive Pirani gauge was used to monitor oxygen
pressures. The filament consisted of 25 cm of 25u dia=
meter nickel wire that was rolled into tape to increase
its sensitivity (Ellet and Zabelg).

The gauge was extremely sensitive to very small changes
in temperature, and also to the ambient illumination, 8o
it was constructed within & blackened water jacket. Nor-
mally the jacket was thermostated at 28°C, and the fila-
ment maintained at 120°C. Using & high impedance instru-
ment with a full scale deflection of 1 mV to detect the
errcr signal from the Pirani bridge, pressures down tc

1 x 10~ torr could be measured. The gauge was cali-
brated up to 6 x 1072 torr, and when the nickel filament
was oxidised by heating to 300°C in oxygen before the
gauge was put into service, the calibration did not

change over long periods of time.

3,14 Evaporation procedure and purity of materials

The gases used were all of the spectroscopically pure
were supplied by the British Oxygen Company Ltd. The
the xenon was checked by measuring the vapour pressure
oxygen temperature by means of the McLeod gauge.

Very high purity electrolytic chromium was suppliad by

Johnson Matthey Co. Ltd. Bef..e mounting it in the vacuum system

it was prepared as follows:
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"Silver boat" purification, This is & hydrogen furnacing
technique in & high frequency induction field which re-
duces non-metallic impurities. At this stage analysis
showed the following impurities:

Metallic impurities < 22 ppm, oxygen 6 ppm, nitrogen 2 ppm,
hydrogen 1 ppm.

The chromium was then outgassed and partially evaporated
under a vacuum of approximately 10"'8 torr in an ancillary
vacuum system. It was then transferred to the reaction
cell,

Outgassing of the chromium sample and the vacuum system
wag then alternately carried out until the chromium could
be maintained at a temperature close to the sublimation
point in a vacuum of better than 5 x ].O"10 torr.

The resistor film was then evaporated onto the bulb, no

attempt was made to control the deposition rate, which was in the

range 5 to 15 R per minute. The best evaporation conditions attained

weres

On occasions the base line vacuum was higher ( 5 x 10~

the maximum initial pressure on heating the chromium was 5 x 10~

Base line vascuum 1-2 x 10-10 torr
Initial pressure on heating 4 x 10710 torr
chromium ready for evapora-
tion
Pressure throughout deposi- 1-2 x 10-10 torr
tion

10

torr), and
9

torr., No influence of these parameters on the surfacs properties
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. was observed. This is nut surprising, since the true film area was

of the order of several hundred square centimetres, and therefore the
amount of gas required to contaminate it is high (several litre

microns).

3.2 Results and Discussion

3.2l Surface area measurements

Two methods were employed for the measurement of film sur-
face areas,

3,21 (a) Xenon S.P. data

The xenon S.P. versus ccverage relationship allows the
apount of xenon adsorbed equivalent to one monolayer on the clean metal
surface to be determined fairly accurately and represents one method
of film area measurement (Pritchardi®), A typical xenon S,P. plot
is shown in figure 6. The detailed shape of the curves up to satu-
ration will be dictated by the complexities of the film structure and
the energetics of the adsorption process, which will not be discussed
further,

As an oxide layer builds up on the surface‘the behaviour of
xeaon beoomes complex. The saturation is no longer sharp, a shallow
maximpum appears in the S.P. plot, and the magnitude of the positive
S.P, maximum decreases. This is illustrated in figure 7, which shows
the variation of S.P. and pressure as a function of the aumber of atoms
adsorbed for the adsorption of xenon at -196°C onto a chromium surface
covered with a 128 thick oxide layer, In these circumstances it is
difficult to read off the monclayer volume, and so the B.E.T. method

was applied to the pressure versus amount adsorbed data.
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3,21 (b) The Brunauer-Emmett-Teller (B.E.T.) equation

The B.E.T. equation (Brunauer, Emmett and Tellerll) re~
presents an attempt to extend the concept of an ideal localized

(or fixed) monolayer of physically adsorbed gas to a multimolecular

adsorbed film. It yields a two-constant equation from wh’ch surface

areas and heats of adsorption cen be caloulated. It hae been very.
widely applied to the measurement of surface areas of a wide range
of materials with many gasea, and the results of the surface area
measurements have been very coﬁsistent despite doubts about ity
theoretical validity. It is used as an analytical method for
locating the "point B" on a PV isotherm where the affinity of the
surface ie changing most rapidly. This is the point at which a
12)’

monolayer of adsorbed gas ia formed (see Young and Crowell

The B.E.T. equation is

P ! (e=1 p \
VAP, - P vnc + vmc po (4)

where p = pressure of gas above the film

v = amount of gas adsorbed

v_ = amount of gas adsorbed to form one monolayer

¢ = a constant, which is related to the heat of adsorption
in the original theory

p. = the saturated vapour pressure of the gas (xenon in
our case) at the adsorption temperature.

For xenon adsorption on metal films "c" is high (seeral thousand),

and sc & plot of

‘(—2———) versus £
v(p, - P P,

o]
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should yield a straight line of slope %-, enabling the amount of
one monolayer to be obtained. The equat?on must be applied in the
region of the "poin: B", and there is justification for treating
P, 88 an arbitrary constant (Hnynesl}).

The agreem. nt tretween the two methods is reasonable in
the region where hoth ca' ve apuiied. 1t can be seen from figure 7
that the B.k.7. mon-layer .:lumz i:c :ocated where the S.P. commences
to level off after tne waxiwmum un che 3.P., plot.

If the monolayer cmount of xenon (vm) is known, the mean
surfac~ aiea per xenon atom on the svrface has to be used to con-
vert this to the film area. To calculate the number of surface
metsl atoms it is 2130 mecessary tc make gome assumptions concern-
ing the distribution of crys:al planes in the surface of the films.
The usually accepted value for the mean area per xeanon atom is 24 22
(Cannon14) and is based ou *the assumption that the mode of packing of
xenon monolayers is largely independent of the adsorbent. There is
now evidence thai une packing of xenon monolayers is stiructure sen-

16)

sitive (Brennan, Graham and Hayesls, Ehrlich and Hudda "), If the

coverage of oxygen on the metal surface is defined as

6 = no, of oxygen atoms on surface
no. of metal atoms in the surface of the film

then 8 = Qx amount of oxygen adsorbed on the surface
amount of xenon adsorbed to give one monolayer

where Q = a constant, depending on the assumptions made concerning
the nature of the xenon monolayer, as shown in table 1,

For a distomic gas Q also depends on whether the gas is disassocia-
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tively adsorbed. The table given below gives the variation of Q
values for a mean area per xenon atom of 24 22 {total surface ares
nethod), and assuming xenon packs into crystallographic sites on

the surface. Values are given for each of the principle orystal

planes.
TABLE I
100 110 111 Mean
Plane Plane Plane
Assuming 2422 for mean .69 .49 1.18 .69

area psr Xe atom
Assuming Xe atoms .5 5 1.5 695

'pack! intu the metal
surface lattice

VALUES OF THE FACTOR Q FOR DETERMINING THE COVERAGES OF DIATOMIC

GASES ADSORBED ON CHROMIUM SURFACES BY XENON ADSORPTION.

The absence of evidence of preferred orientation in the
electron diffraction pattern suggests it is reasona“™le to assume
the three principle orystal planes are equally prominent, sc the
mean Q is used.

It can be seen that the average is approximately the same
in both cases of table I and this wvalue is used in subsequent cal=-
culations. Hence it is assumed that the number of chromium atoms
in the surface can be calculated on the basis of equal areas of the
three principle orystal planes, and that xenon atoams pack in an
orderly array, or occupy 24 xzeach.

When calculating oxide thicknesses from the total amount

of oxygen taksn up and the amount of xenon adsorbed to give a mmolayer
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Xe

X = 1l4x

is uged where X = oxide ‘hickness

No = no. of oxygen molecules adsorbed
2

Nxe = no, of adeorbed xenon atoms required to form
a monoisyer at the same stage of the interaction.
This relationship assumes that the oxide is the most stable oxide of

chromium, Cr203 with the bulk density cf 5 grm/cc.

3,22 The properties ol clean films

The resistor filws described here were evaporated onto the
borosilicate glass "bulb" substrate at 25°C, and annealed at 80°C for
30 to 60 minutes. An electron diffraction pattern and electron micro-
graph of a typical film are shown in pletes (1) and (2). The films
are polycrystalline with little or no preferred orientation. The
mean thickness of the films studied ranged from 200 & to 500 .

Mean thicknesses were measured by chemical mass determination.

Table II shows resistance and thickness data for three

filmss

TABLE II. DATA ON CLEAN FILMS

Resis- Weight Thick- Vm Xe Rougnress R(25°C) TCR(25° TCR(down

tor (ng) negs (atoms factor Q and above) to - 96°C)
: y

1016) /[°c
1 1.65 215  15.5 4.2 27,868 +1.4.1070 +5.65.10°%
2 1.26 157 12,5 3.3 53,2 +2.1.1070 42,1074
4 3,32 525 33 8.8 8.827 42.0,1070 +4.5.107%

250 b n i Bk
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For ressons alrcady given in section 3.,12(b) resistance values can-
not acourately be oconverted to resistivity values, but the resis-
tivity is considerably larger than bulk chromjuva if it is ecalcu-
lated on the besis of a ‘slab' film, shose thickness is the mean
thickness. The TCR value at rocm temperature is comparable to the
bulk value (+3.0 x 10'3/(’0), but decreases sharply with decreasing
temperature., The quoted TCR values sare average values since the
resistance teamperature relationghip is not linear. 4 typizcal
resistance~tezperature plot ies shown in figure 9. The data for
the ideal resistivity of chromivz (as doducte«;l froa Matt:iessen's
rule) given by White and Yoods'’ indicates a TCR fairly cloee to
the bulk value in the teaperature range 25°C to ~196°C. Three
factors can explain our low TCR at low teamperaturcas
i) defect scattering in the films

ii) impurity scattering

1i1) size effects
(11) 1s rejected in view of the materials purity srd the cleanliness
of filapeparation, lesvirg (i) and (1ii) as possibilities.

The measured surface areas indicats the films to be
highly defective. They have a large internal surface snd zust
consist of en cpen agglomeration of crystallites, since tke ‘rue
area per unit gecmeiric area is almost linearly related to the
film aass per unit area. This also impiies a uniformity of
structure with film thickness. Figure 8 shows the relationships

between resistance (afier anneaiing), film ares and “ilm mass
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(the geometric area of the bulb substrates was approximately constant).
The square resistance is not linearly related to the film mass per
unit area, the dependence decreases at higher film thicknesses.

We havs as yet insufficient data to draw firm conclusions,
but in view of the open structure of the filme the possibility of
size effectis, even at average film thicknesses larger than the
electron meen free paths at temperatures in the range 20°¢ to
-196°C,ia strong, since the dimensions of crystallites might be
such that electrcn scattering at their boundaries exercises con-
siderable control over the film resistance which is estimated to be
ko2tween €2 ® to 220 R at 20° depending on the number of conduction

electrons assumed per atom of pure chromium (Gouldle)

3.23 Effect of physical adsorption ovn film resistance

Physical adsorption of xenon caused little, if any,
change in film resistance. This is expected: physical adsorption
involvee no electron exchange and the binding energy is low,

19

Suhrmann™ observed increases in the resistance of nickel films
during xenon adsccrption and attributed this to the penetraticn of
the films by xenon, but, possibly due to our films being thicker
end the effect smaller, we have found no evidence tc confirm. ¥e
infer from this that physical adsorption in general is liable to

have 1ittle or no effect on the resistance of fiims in this thicke

ness ranga,
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3,24 The chemisorpticn process 1

The addition of oxygen to the surface of clean metals re- é
sults in an initially large negative S.P. change (en incre.se in
work function), followed by ~ slower decay. The negative S.P.
change ariges from the adsorbed oxygen atom having a vacant energy
level below the Fermi surface of the metal, so electrons are trans-
ferred from the metal to chemisorbed oxygen atoms at the metal sur-
fece. This results in a surface dipole layer with the negative
charge directed from the metal, hence an increase in work function.
The chemisorption is dissociative, i.e., the oxygen is adsorbed
atomically (see for example Robertszo).

Figurel0(1) shows a plot of S.P. versus amount of oxygen
adsorbed on a chromium film at -196°C. The adsorption was dis-
continued when the S.P. and therefore ithe surface was saturated,
and the pressure began to rise (i.e. to approximately 1076 torr),

The final value attained (~2.15V)is in good agreement with the only

‘other recorded value (Quinn and RobertBZIL which was obtained

using a vibrating capacitor technique, The ratio of the number

of oxygen atoms adsorbed to the number of metal atome in ths fila

surface at this stage was 1.2, indicating that at this tempera-

ture (=196°C) the interaction is largely confined to the surface, :
The hizh negative S.P. indicates considerable ionicity of the metal-

chemisorbed oxygen bond (the comparable value for nickel is approxi-

mately ~1,5V). If the surface oxygen atoms were totally ionized to

0~, then the surface would not be capable of adsorbing one mono-
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layer, since the ionic radius of 0 is 1.76 R, and the atomic radius
of chromium is .29 R. It is not possible to calculate the charge on
the oxygen atom from the magnitude of the S,P., since the Helmholtz

formula gives

S.P. = 4xN9 dm (6)

where N = no. of surface sites for adsorption

© = coverage

dm « dipole moment
This allows only the dipole moment to be calculated, and the dis~
tance in the dipole is not known without additicnal evidence.
However, most chemisorbed species are held by largely co-valent

bonds with considerably smallex dipoles.

%.25 The incorporation proceas

3,25 (a) Experimental observation

When the layer at ~196°C is warmed to a higher temperaturs
a large positive change in S.P. occurs and is accompanied by a re-
generation of the adsorptive capacity of the surfacs, Figurs 11
shows the repeated adsorption at -196°C and subsequent warming up
to -78°C and then +25°C which causes the regeneration of the surface
and the decrease in dipole mument. The plots labelled (2),(5),(6)
and (8) on figurel0 correspond to the subsequent additions on

figure 11. Similar behaviour has been obgerved for other metals

(Quinn and Robert821

, Delchar and Tompkinazz) and for other strongly
elsctronegative gases (Burshtein and Shurmovakayazs). They are
usually attributed to incorporation of oxygen into the metal lat-

tice, since a movement of cxygen atoms bearing a negative charge
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from the surface into the lattice might result in a positive change ‘

in S.P.

It is also possible to interpret the positive cl.ar.ge in S.P.

by a surface migration of oxygen atoms from the outer surface of the :

film, which exercises the dominant control over the measured work f

function change compared to its inner surfaces. ;

Both mechanisms could result in a positive S.P. change and

a regeneration of the adsorptive capacity of the surface. The latter

is, however, rejected on the following grounds:

(1)

(i1)

(141)

(iv)

(v)

Since a coverage of greater than unity is initially attained
at -196°c, it would require a large internal surface of the
film not accessible to xenon adsorption.

Although the adsorptive power of the surface is regenerated,
the regenerated surface does not respond like the original
clean surface in respect of either xenon or oxygen ad-
sorption,

The large heat of oxygen adsorption on chromium of initially

174 Keal/mole (Bremnan, Hayward and Trapnell’*) implies a

-

strong binding energy making surface migration unlikely,
The measurements in figure 11 suggest that the regenerated ;
surface exceeds the total initial surface which can only be
explained by incorporation,

As will be seen later, the positive S.P. change is associated
with a large resistance change, which might be difficult to
account for on the basis of surface migration.

Thus the positive S.P. driftes are associated with the
movement of chemisorbed oxygen atoms into the metal lat-

tice, i.e., the incorporation process. This is the initial
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stage of oxidation,

The points recorded in figurelQare in fact the final
values attained for each dose of oxygen aaded. 1f the S.P. versus
time truaces are examined for each dose it rs observed that incorpora-
tion of oxygen atoms occurs even at -196°C and sub-monolayer cover-
ages of oxygen. Figure 12 shows the S.P. versus time traces for the
points marked A, B and C on figurelO., In each case the pressure
falls to zerc at approximately the (negative) maximum, so that the
positive drift is not accompanied by any change in the number of
oxygen molecules adsorbed, but is solely due to the transfer of
chemisorbed oxygen atoms to the lattice.

Before the positive S.P. drifts can be used to study the
kinetics of the incorporation process it must be established that
the number of oxygen atoms incorporated is proportional to the S.P.
drift. It is clear from figuresl0 and 11 that the negative S.P. is
not linearly reluted to the amount adsorbed, but this would not be
expected, since the shape of the S.P. versus coverage plot will be
influenced by the pronounced structural heterogeneity of the films,
and the fact that they have an 'internal' surface. Also the amounts
of gas taken up during the successive adsorptions of figure 1l1- are
arbitrary, since atomic oxygen is present and incorporation of
oxygen is occurring near saturation. It seems reasonable to iden-
tify the amount of oxygen adsorbed at -196°C during the steeply
rising negative parts of the adsorption curves of figure 11 with
the filling of vacant surface sites, whereas the later shallow part

is largely due to incorporation. Thus a plot of adsorbed amount
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versus the positive decay during the previous warming from -196°C
tol+25°c should give the relationship between S.P. decay and the
number of chemisorbed oxygen atoms. This is shown in figure 14 to
be linear and the slope to be approximately +1.5 volts per 1 x 1016
O2 molecules, Delchar and Tompkins22 found exactly the same be-
haviour for nickel films, where the situation was simpler since the
.extent of incorporstion of oxygen at -196°C is very much smaller,
and they used a static capaciter method of measurement where the
oomplicatiqn due to atomic oxygen did not arise. For nickel the
slope was +.66 volis per 1016 oxygen molecules. Thus the S.P.
drift can be used to follow the kinetiecs of inenrporation.
All cu?ves like those in figure 12 do not fit‘einple
first order kinetics, but for each increment equivalent to a small
fraction of a monolayer, they were found to fit{ an equation of the

forms

ni.Alog(t+B)+C (7)

where n, = the number of atoms of the increment incorporated
t = time
A, B and C are constant.:
Thie can be seen from figure 13.
Two other observations are relevant:-
i) At very low coverage there is little positive decay and
the initial negative going S.P. change is smaller, giving
rise to a "foot" on the S.P./boyerage relationship in

figure 9(1). This cannot be explained with stray ad-
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adsorption, It was also observed for the nickel-oxygen
system and was tentatively explained by Delcharzs.
These non-uniformities largaly arose from the use of

a cylindrical adsorption cell and the evaporation of the
film from a small source situated on the axis of the
oylinder. They should not be present in our experimen~
tal arrangement, where the film is thrown from a "point"

source at the centre of a spherical buldb substrate. The

overall shape of S.P./coverage relationship at -196°C is,

apart from the :*foot", almost certainly dictated by the

ratio of inner to outer surfaces of the film, The ini-

\

t: .+ adsorption is occurring on the outer surfaces, which

exercises most control over the work function, and the
subsequent adsorption on the inner surfaces. The reason
for the "foot" however is not understood, since an ex-
planation based on surface migration from the outer to
the inner surfaces would seem unreasonable,

There is a small tendency for the positive decay to in-
crease with coverage up to a coverage of close to unity.
If the adsorpticn is continued further the behaviour
changes, since second layer adsorption of oxygen ocours
at high coverages and low temperstures, and the transfer
of second layer oxygen to the chemisorbed layer begins

to dominate the S.P. plot. This is discussed in 3.27(d).

The slope of the surface p&tential versus log (time)-plots
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such as figure 13, does not vary considerably with in-

creasing coverage or increasing total S.P.

The major

change with increasing ooversge is a fall in maximum

negative S.P. attained per dose.

motal S.P.

-0.880

~1.461
-1.551
-1.756
-1.893

Coverage

«25

TABLE III

Slope of S.P.
versus log
(time) plot

3.7 x 10”2 volts/
time decade

3,62 x 1072

3.9 x 1072

3,5 x 1072

2.7 x 1072

“"Normalised"

slope

9.2 x 10™2

5.4 x 10°°

5.5 x 10™2

4.4 x 1072

3.1 x 10°2

SLOFE OF S.P, VERSUS LOG (TIME) FLOTS AS A FUNCTION OF

COVERAGE AND TOTAL S.P. FOR THE ADSORPTION OF OXYGEN ON

CHROMIUM AT -196°C.

The apparent activation energy of the incorporation pro-

cess was measured at about unit coverage of chemisorbed oxygen.

The initial rates were

156 V/uin

685 Y/min

These figures yield an apparent activation energy of approximately

0.75 Keal/mole.
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3,25 (b) Kinetics and mechanism of the incorporation

Equation {7) can be derived on the assumption that the
activation snergy E for the incorporation increases linearly with
amount incorporated, i.e. for each increment n, let the activa-

tion energy

E = E +ang (8)

where a and Eo are constants

since if the rate is

dan
dti = const exp (- %%ﬂ (9)

we obtain again

n, = Alog(t+B)+C

Equation (7) is a form of the Elovich equation, which has been found

anplicable to many surface processes requiring activation, and can

be derived in a variety of ways (Roberts‘o)
We have recently offersd the following mechanistic ex-
planation in this case (Crossland and Roettger326)x Oxygen strikes

the surface at random from the gas phase and is chemisorbed with a

high sticking probability. The surface of the film is heterogeneous,

and there exist adsorption sites with a range of activation energies

for the incorporation process, go that &t a given low temperature
incorporation is only possible on & particular percentage of the
total number of sites occupiad. For a particules increment of

gas the activation energy will rise with the number of atoms in-

corpcrated. Further increments may change the distribution of sites
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since oxygen chemisorbed onto sites with insufficient activation
energy for incorporation will block them, whereas sites with suf-
ficient energy may be capahle of further incorporation processes.
This would give rise to increase of incorporation with coverage,
would depend on the protability of incorporation at sites on which
incorporation had already occurred, and would probably ceuse a de-
orease in the maximum negative S.P., since in the later stages some
of it is due to chemisorption onto sites above incorporated oxygen
atoms., We rejected a model based on the field existing between the
adsorbed layer and the metal surface as an explanaticn of the be-
haviour especially at low coverages, sinsce a uniform field does
not exist within a partial monolayer and we had observed extensive
incorporation at low coverages of chemisorbed oxygen (e.g. see
Table III).

However, Delchar and Tonpkin522 have interpreted their
data for nickel, which is very similar to our own for chromium by
means of the surface potential field model. They assume that each oxygen
aton has a potential energy of #qV resuliing from its positior in the
eleotrical double layer. The potential difference Y is encountered
by the atom on moving across the oxygen-metal dipole layer, and q
is the charge on each oxygen atom., The potential difference V is
thenn identified with the measured S.P., especially at high coverage
which gives the linear increase of activation energy with coverage
required to explain the S.P, versus log (time) plots, with the rate

equation being

- e g
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where AEF = the most probable barrier height
and n = the no. of oxygen atoms incorporated.
This rate equation can be written as

%{- = ~fexpaV (11)

which on integration under the condition that Yo is the S.P. at
t = ¢ gives

- exp(-aV ) -1
V--u'llogltir x5 o]-a loga B (12)

A plot of log (t + constant) versus V should give a straight line

of slope

i— where « --Z-ET- (13)

This relationship was used by Delchar and '1‘0;;&:1111522

tc determine q,
the charge on an oxygen atom chemisorbed at a nickel surface. A
value of O.3e was obtained where e is the electronic charge. This
value is very reasonable, since it implies & metal-oxygen bond dis-
tance of approximately .35 3, which would be the case if the chemi-
sorbed oxygen atoma were located in the potential wells between sur-
face metal atoms, rather than mounted directly above theam,

We can apply the same formalism tc our data if we assume

y 1) a uniform chemisorbed layer, and '

1i) the potential energy of the dipoles to be correctly des-

cribed by # qV over the range of our data,
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The slope of the S.P. versus log (time) plots for chromium
gives a value of .4 & which 18 in good sgreement aith the value for
niokel, ajnce its ratio to the Ni value corresponds to the ratio of
the measured saturation S.P. values of chemisorbed oxygen on the two
metals. This is required by the Helmholtz forezla {equation (6})
if the adsorption processes and the metal lattice coastants ere
similar. Since the apparent activation energy is .75 Kcal/moie &t
approxirately unit coverege, EF’ the barrier height, cen be calcu-
lated since at unit coversge according to eqn.(10)

15 = Bp- ¥
giving E_ = 10.8 Kcal/mole compured with 7.3 Kcal/mole for nickel.
On the basis of the above assuaptions the slope of the S.P. versus
log (time) plots will not depend on Vo, the initial S.F., and hence
on coverage.

Both assuaptions are however open to criticism:

1) The distribution of oxygen atozs over the total area of
the resistor film will depend on the reaction cell and
irlet geometry, and the zeasured S.P. will be an average
over the wicle surface., The i{wo extreme cases are a per-
fectly distributed unifors array ss above anil the case
where admission of oxygen to the bulb resuits in satu-
rated chemisorption cn a limited filx area while only
little adsorption occurs cn the rest of the surface,

For the latter case the memnsured S.P. gives only the

average surface charge density. The dsta can in this




46

osse be corrected by multiplying all the S.P, date for &
glven dose by a soaling factor to make Vo equal to the
saturation S,P. which for chromium is «2,2 V, Thig will
change the slope of the S.P. versus log (time) plots by
the same faotor, and the last column of Table 1II shows
the values obtai.ied by this "normalisation"., Delchar
and Tompkin322 obtained for nickel reasonable agrecment
between the interaction with large oxyzen doses at
temperatures higher than -19600, and values obtained by
forming a monolayer of chemisorbed oxygen at -19600
(vhere little or no incorporation ocours) and then
warming the monolayer to a higher temperature. It can
be seen that in our case no approximately constant value
ie obtained. It is difficult to fsetermine the distri’.a-
tion of incident oxygen molecules over the film surface,
An inlet consisting of a small hole at the bulb surface
would resgult in a cosine distribution at the pressures
uged in thesa experimenta which should give & very uv:i-
form distribution, Our inlet tube has the form of an
annular ring (sea figure 2), whose length is comparable
to the ring size. The resulting distribution however
should be more uniform than in the syiindrical cell used
on nickel (Dslohar, Eberhagen and Tompkin527) and it ap-
pears unlikely that, e.g. at 0.25 coverage and an S.P. of
-0.,880 V practically all the gas admitted should be ad-
sorbed over one small area of film giving an S.P. of

=2,2 V in this limited region,
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ii) For a uniform distribution of dipoles at the surface it is
not reasonable to expect the potential energy of the di-
poles to he correctly described by 4 qV over a wide range
of coverage, The formula for the interaction energy of a
closely spaced array of dipoles consisting of point charges

is

AQ = -% qV (14)

and this energy is clearly comparable to the measured ac-
tivation for "'ie jacorporation process. If the dipole
layer is not ideal, the deviations from this relation-

ship may be expressed by
AQ = -} ofV (15)

where £ is a structursl factor representing the fraction
of V effeotively acting on the dipoles. Hignolet28 has
oalculated the variation of AQ with the distance d be-
tween the centre of gravity of the charges and the area
32 ocoupied by a dipole on the surface. This gives

2 -
1 + tg(% arc tg'ﬁ} )

1 (15)

where ¢ a'%

The fastor f therefore varies oonsidera nith the dis-
tr‘bution of ohargee, and f = 1 is only obtained for
large values of g, i.e., for long and closely spaced
dipocles, with the cherges spread continuousiy on the

tvoc planes. For small valuee of p it reduces to
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ro- 22 (7)

An approximate caloulation of the value of f can be

mades on the following assumptionss

(a) The chemisorbed oxyger is not ionisally bonded,
but held by co«valent bonds with an ionicity
sufficient to give the measured S.P.

(B) The chemisorbed oxygen atoms are situated at lattice
sites between the metal atoms in the surface. This
position of minimum potential energy is more ilikely
than oxygen atoms situated direcily over surface
metal atoms., The perpendicular distance between the
two layers of charge would then be in the region of
d = 0.5 §. Assumptions (a) and(B)are in agreement
with the values deduced by Delchar and Tompkineza.

(y) a2 will be different for the different principle
crystal planes. For (110) as the most closely pecked
plane of chromium a® = 5.87 32, hence a = 2.42 %,

Substituting these values in equation (16) and assuning

the coverage to be unity gives £ = 0,115 which falls to

0.07 for a coverage of %, and if 2.5 X is assumed for 4,

an f-value of .56 is obtained for unit coverage. Gross

defects i1 the dipole structure due to the non-uniformity

of the metal surface will lead to a further lowering of f,

Whilst we sre aware that the application of simple dipole

caloulations represents a considerable over-simplification, es-
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pecially when applied to data on polyorystalline mateérials, these
figures do suggest that the potentisl difference V that an atom
encounters on moving aocross the oxygen-metal doulle layer may be
congiderably smaller than % qV, especially when the distance be-
tween the charges is low.

Since the slope of the S.P. versus log (time) plots is
approximately constanc with coverage, it might be argued that in
fact the local S.P. in regione where incorporation is taking placs
is higher than the measured average (due to a lack of a uniform
aistribution of surface oxygen atoms), but that the potential
difference that an oxygen atom encounters on moving across the
oxygen/metal double layer is only a fraction of this because f < 1,
If these two effects were to largely cancel each other, this would
justify the approximately constant slope, and the rei.sonable values
observed for‘q. This does not however account for the fact that
equation (16) predicts values very much less than # qV for the
potential energy, and does not explain why equation (10) is
epplicable to the data on nickel over quite wide ranges of cover-
age, when f is itself gensitive to coverage changes. Such an
interpretation would also require the build-up of high loeal con-
centrations of chemisorbed oxygen atoms over limited regions of our
filme at coverages as low as 3.

If an effect due to surface hetferogeneity were present
a rate equation of the same form as equation (10) would arise, but
AEf would be a function of coverage and 4 qV may be raplaced by

% afV where f {1 and is sensitive to coverage changes.
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.Eo-(a-iqf)V]

dn
- const exp ~ [ T

(18)

where Eo is constant

and a 1is a oonstant depandent on the distribution of su.race
sites.

Thus depending on the relative magnitudes of a and % qf, linear V
versus log (time) plots might be obtained over small or larger
coverage ranges, and the reasonable values obtained for q and the
metal-oxygen bond distance assuming equation 10 to hold may be
fortuitou.. Measurements on single orystal filam surfaces, whose
struoture is uniform and defined, and on which & completely uniform
distribution of oxygen atoms can be obtained will help in establish-
ing the dominant mechanism.

The preceding discuseion has been concerned with the
energy barrier of the incorporation process, and the way in whioh
it may be lowered by the dipole interaction energy, No mention has
bean made of the mechanism of the incorporation j:'ocess., Lanyon and
Trapnellz9 have suggested two types of mechanism for the incorpora-
tion process.

In the firet type oxygen molecules sasist interchange of
oxygei and metal atoms by means of a liberation of thic heat of
cheziscrption, This type of mechanism cannot be operative on
chronium sirice we have found that incorporation proceeds without
any oxygen in the gas phase.

The seoond +t;pe of mechanism proposed by Lanyon and

29

Trapnell © involves defect sites in the metal surfacs. Two cases

are distinguished here, one results in the removal of the defect
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sites and one does not. Since the inscorporation appears not to be
limited to defeut sites the second case is considered most likely.
A third possibility has been advanced by Delchar and Tompkinas22.
Despite the very low activation energies measured, the rate of in-
corporation is extremely slow. This is true for nickel and for our
data on chromium. Assuming first order kinetics and using the

measured activation energy Delchar and Tbmpkin322 estimated that

the rate on nickel is & faoter of approximately 1012 times too low,
They propose a model in which oxygen atoms at the metal surface move
between the surface metal atoms in a similar way to that ocourring
during interstitial diffusion of oxygen. This occurs only when
those metal atoms surrounding a given chemisorbed oxygen atom are
all moving away from the oxygen atom as a result of their thermal
vibrations. The probability of this occurring is small, and it
glves a low probability factor to the rate equation, thus explain-
ing the low rate. A calculation of the probability factor of a
simple cubic crystal of nickel using a value for the eize of the
oxygen &tom based on a charge of ,%e gives a probability factor of
the right order to explain the experimental rates. A mechanism of
this type could equally well apply to our data. It is interssting
to note that the mechanism leads to a variaticn of activation energy
with the orystallographic nature of the adsorptiocn eites.

Thue i¢ hss been demonstrated that the procosses of
chemisorption and incorporation of oxygen can b¢ separated on
chromium films by surface potentisl measurezenis at low tempera~

tures. The kinetics of incorporaticsm have heen studied down to low
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coverages of chemisorbed oxygen, and a rate equation of the form

of equation (S ) is operative with initially a low activation energy
and a low probebility factor as observed by Delchar and Tonpkin022
on nickel filma. The rate may be controlled by the surface field
and/or surface heterogeneity, and the important parameters are the
surface potential of chemisorbed oxygen and the crystallographic
nature of the surface (e.g. the crystal planes presented, defects,

etc.) Observations on single ocrystal surfaces are expected to

clarify this situation.

3,26 Structural changes during oxidation

TABLE IV. TRUE FILM AREA DURING OXIDATION

True area, on2 Amount of oxygen ta%cn up
(molecules x 10-16)

Fiim ]

780 0

340 134

320 165
Fila 2

410 0

310 43

192 110

Tatle IV shows . # variations in the true area of two filas as &

function of the amcunt of oxygen taken up. In both cases the

geometric area of the film is approximately 100 on2. As already
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noted the clean films consist of an open sgglomeration of crystal-
lites, This structure must undergo drastic changes during oxidation,
and the area changes shown above must be due to a doubling of the
orystallite size. Such changes nave been observed by other work-

30 and Brennan Hayward and Trapne1124) and attributed
? ’

ers (Roberts
to the heat liberated during oxidation. If oxygen is chemisorbed at
-196°C and the chemisorbed layer warmed tc a higher temperature so
that incorporation occurs, no large change in the true film area
occurs. This implies that the heat of chemisorption can be dissi-
pated at -19600, and that the above area changes are largely due to
the heat of chemisorption of oxygen and no% to the incorporation
process.

It has already been noted that such changes must be taken
into account when deriving an approximate value for the oxide thicke~
ness. They vill also affect the resistance changes accompanying the

oxidation.

3.27 The growth of thin oxide layers

3,27 (a) Distinotion between the oxidation stagss

If after adsorption at -196°C the film is warmed to a
higher temperature the activation energy for further incorporation f
becomes avai .le, sites becure unblocked, and further adsorption
can occur. This process can be carried out continuously as illus-
trated ir figure 11 until a definitz oxide layer existas, If the N

adsorption is carried out at a higher temperature without temvera-

tuce cycling (e.g. figure i6), then the entire interaction is sen- -
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veniently divided into 3 stages:

1) A build up of negetive S.P. The maximum negative S.P.
will occur at amounts adsorbed equivalent to coverages
higher than unity at temperatures above -196°C, since
extengive incorporation takes place simultaneously.

This is illustrated in figure 15 at -78°C.
ii) A fast process by which a thin oxide film grows on the
metal surface.
iii) A slow process once a certain oxide thnickness is reached,
At some time during stages (i)} and (ii} the growth mechanism
changes from a place exchange or incorporation mechanism to a
diffusion process controlled by the diffusion rate of apecies
through the cxide film. Nucleation of an oxide phase must ogcur
between stages (i) and (ii). During the growth of the thin oxide
film various facters may be rate determining, and varicus rate
equations have been derived in the lite-ature., Some properties
of the syntem oxygen plus polycrystalline chromium films may
however complicate the application of theoretical rate laws:
(a) It is observed that the structure of the film changes
during oxidation.
(B) Tre polycrystalline nature of the films will alwaye
give deviations froam theory, since in general it assumes
a homogeneous surface and oxide, and polycrystalline fiims

are heterogenecus in nature.
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We have attempted to avoid an error due to changes of
film structure by computing the oxide thickness on the
basis of the film area as measured at the point in
question. Whnile this reduces the effect of film struc-
ture changes it does not necessarily remove them, since
a reduction in fiim area due to oxidation induced sin-
tering is always related to changes in the nature of the
metal-oxide interface (e.g. shifts in the predominance
of surface planes, changes in the defe- ! structure of
the films and any re-arrangements of the oxide that may
be necessary as the underlying metal sinter:c).

To test a given kinetic law it is necessary %o obtain
data over a large range of oxide thicknesses which is
difficult since initial ratea are too fast to be meas-
urab’e, and the oxidation at the temperatures we are
ocons.dering slows down rapidly. Two further difficulties
should be mentioned, The first is an uncertainty with
regard to zero time in our experiments which does not
necessarily correspond to zero oxide thickness as our
kinetic measurements start when tne rate beccmes slow
enoughk to be meusurable. The integrated form of some
of ‘ue rate equations requires a fairly arbitrary choice

of to where the integrated rate ecuation has the form
Y= f(t + t)
where X = oxide thickness

and t = time

s

e W




PREVERS

46

The choice of to cen influence the slope and linearity

of graphical tests of the rate equation. Secondly, if

a fit is obtained with one kinetic law it is not it-

self of conclusive evidence that only this is appli-

cable. It is often the case that more than one rate
law can describe a given set of data over a limited
range of oxide thickness (Roberta,’o ).

The oxide thicknesses with which we are now concerned
are in the region of a few Angstiroms to several tens of Angstroms.
The thickness of the oxide is appreciably less than the charac~
teristic space charge depth existing in thicker oxide films, and
it is therefors generally assumed that space chsrge effects cen
be ignored. Different types of rate equation are chisined de-
pending on the rate determining reaction, e.g. sleztiron tunneling,
ionic transfsr or interface reactions. For the reasons given
above, ikinetic datadone is not sufficient to distinguish between

these possibilities.

3,27 (b) Measurements of the oxide growth

Pigures 15 and 15§ show the variation of S.P. and filas
resistanae during the interaction o. oxygen with a chromium film
st -78°C. After tne S.P. has saturated, the intersction is still
fast, and an appreciable oxide thickness is built up with little
change in S.P. The rate then sudderly slows down, and oxidatzion

proceeds at adower rote, again accompanied by iittle cnenge in
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S.P. The affect of warming to 22.6°C fs also shown. The negative
S.?. falls, and then more oxygen can be rapidly adsorbed, before
the rate slows down again. The meaning of the higher maximux
negative S.P. attained at 22.6°C is obscured by the fact that
small doses of oxygen were admitted initially with a hot cathode
filament, and hence atomic oxygen was present. The behaviour at
58°C is very similar. On cooling back to 25°C ihe rate is then
ipmersurably slow over 8 hours at 10°2 torr pressure, snd increas-
ing the pressure to one atmosphere canses no discernable change
iy, the film resistance.

Pigure 17 shows the dependsnce of oxygen uptake and
film resistanca or time at -78°C, the plots are basically similar
at 22.6°C end 58°C. At various poinis on these plots the pressure
was suddenly changed ao that the pressure dependence of the oxi-
dation could be ascertained. 5o dependence of uptake on preesure
could be observei. Attempts have been made to fit the curves
sinilar to figure 15 to logarithaic, inverse logarithwic and
paradolic equations. but the results are indecisive. At all
these tsmperatures it is difficult to say which givez the better
fit, since fits can be obtained with both log and inverse log
squations. Data on other films is similar, but we shall not at-

tempt to diascues it in detail until it is more extensive.

.. 3%
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The fact that the S.P. appears largely constant at
the oxide layer grows suggcsts that the Mott-Cabrere sechanism

for the growth of thin filza is operative.
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Cabrera and lott’l suggested the following model: a
chemisorbed film exists on the oxide, and ions and electrons nove
independently through the oxide Jilm. At low temperatures %nc¢ ions
cannot diffuse under the influence of the concentration gradient of
ions, but the electrons can pass from the metal to the oxygen at
the fiilm surface, This process results in cations at the metal-
cxide interface, and anions at the oxide-gas interface. setting
up a strong electric field across the oxide whioch is sufficient
to pull cations through the oxide, The type of growth law cbtained
depends on the thickness region considered and the characteristic

space charge depth in the oxide. If for an oxide of thickness X

ZeaV
2% = S

where Ze = charge on the c¢ation
& = cation jump distance

¥ = gpoteniisl scross the oxide,

then %% - ~99§§§ at constant temperature, which gives a

parabolic rate law on integration.

A cubic law can also be derived for a p-type semi-
conducting oxide, if the number of cation vacancies is depend~
ent on the field strength and therefore inversely proportional
to the oxide thickness.

However, for chromium Ze is likely to be 3e, V= 2 volts

- K e s A —— -
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and a = 2.5 X giving X, 2150 §, which is much larger than the
oxide thicknesses with which we are presently concerned. At
thicknesses very much less than Xl the electric field across the
oxide is so great that the migration rate of cations is no longer
proportional to the field strength, and the oxidation is controlled

by non-linear ionic diffusion. This gives the following rate

equation
- '
dt RT
where N' = the number of special sites per unit arec at the metal

surface from which a metal ion moves into the oxide
layer
W = the energy barrier which a cation has to surmount in
moving from the special site into an interstitial
position or cation vacancy, with
W = U + S where U = the activation energy for diffusion
within the oxide
S = the heat of solution of the cation in
the oxide
a' = the distance between the special surface site and the
top of the energy barrier
q = the charge carried by a mobile cation
Q « the volume of oxide containing one metsl ion
V = the frequency of vibration of the cation

R = the gas constant
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N = Avogadros number
F « the fieid exiasting across the oxide layer
__Vi where VY = the potential across the oxide layer
X = the oxide thickness

This equation has previously beer found applicable to the oxi-
dation of iron films (Robortssz),the anodic oxidation of niobium
(Adsms and KaoBi), the oxidation of barium (Bloomer and 00134),
and the nitridation of calcium films (Roberte and Tompkins ).

The fast that the S.P. of chemisorbed oxygen on chromium
is approximately -2.2V, and that the S.P. appears to e approxi-
mately constant as & thin oxide layer grows suggest that this
rate equafion might apply here. The observation that the uptake
versus time (figure 17) doss not give a uniquely good fit with an
inverse logarithmic plot as predicted by the above equation is not
coneidered a serious difficulty for the reasons outlinad in sec-
tion 3.27(a).

The high constant S.P. during the growth of the oxide
however ic not conclusive proof that the above mechanism holds,
since the measured potential might not appeer across the oxide to
cause oation diffusion., Apart from a potential appearing between
chemisorbed oxygen atoms and the metal, other double layers of
charge are possible which would contribute to the measured S.P.
but not the field across the layer. Grimley and Trapn01136 have
considered the case where chemisorbed oxygen bonds to oxide sur-

face metal ivns, which change their valency in order to give
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eleotrone to the chemisorbed layer. This process may give a field
t:.at is looaiiued » "1, an ion pair and does not act across the
oxide layer, Neutral pairs may be converted into adsorbed ions
by an electron transfer from the metal, thus creating a fiel?
but the proportion of such ions may weil be small because trans-
fer involves a great reduction in the Coulomxd energy of attrac-
tion between metal and oxygen ions. They trzat two cases, one
where the surface is saturated with field cresiing species,
(p-or n-type oxide) and the case where an equilibrium exists
between neutral pairs and field oreating ions. The former re~
sults in a iiiear law, and the latter can lead to a variety of
laws under different circumstances.

We have observed that if an oxide layer is saturated
with oxygen by allowing the slow adsorption at -78°c to proceed
until the rate is almost immeasurably slow at an oxygen pressure
of several microns with the cathode filament cold, the oxide aur-
fact is not saturated with field creating species, This was cs-
certained by pumping out the residual gas, switching on the diode
and admitting a emall quantity of oxygen. The S.P, at this point
was close to the saturation value. The small increment was rapidly
adsorbed with a negative S.P. change which deceyed back to the
initial S.P, at a rate implying that the rate of oxidation was
much faster than during the slow uptake at -78°C. The cathode
was then coocled and a further small increment was slowly adsorbed

at the same rate as the slow adsorption (confirwing the lack of

[
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pressure dependence). After 12 minutes the S.P. had not mea:ur-
ably changed. These observations imply that & full monolayer of
chemisorbed oxygen contributing to the measured S.P. does not
exist at the oxide surface, since by suppiying the energy
required to dissociate oxygen molscules further oxygen can be
chemisorbed, leading to an increased field and increased rate
of incorporation.

Contrary to our previous statement (Crossland and
Roettgers-") this phenomenon is in full agroement with the
assumptions of the Mott-Cabrera theory: In the theory the
constant potential arises in the following way: electrons pass
through the oxide layer from the metal to the oxygen adlayer
(probably by electron tunneling) at a rate that is fast compared
with ionic motion. The adsorbed oxygen is then assumed to be
partly ionised,oreating a field across the oxide layer until a
gquasi-equilibrium of electron fiow in both directions is es-
tablished over a period shorter than the diffusion time of &
matal ion, The elecirostatic potential V built across the oxide

layer is then independent of thickness, and the field

ie thickness dependent. Since the field is also given by the

Coulomb formula

F = 4xZen
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wheze Ze = the charge per oxygen atom

">

r = the number of field creating species per unit area

and Ze can bs assumed to be constant, the assumption of a

ERRAY

constant V means that

it

n = const. x %

j.e. the layer is not acturated with field cresting species.
The experimental observation is in fact in disagreement with
Grimley and 'I‘J'nqme].l'a36 assumption of a saturated adlaysr,

The most direct evidence for the Mott-Cabrera
mechanism would be to demonstrate a direct dependence of the
oxidation rate on t:e field across the oxide layer, as measured
by the S.P. divided by the oxide thickness. This would estab-
lish that the potential is in fact appearing across the oxide,
and any potentials contributing to it from either a “contast
potential” between metal and oxide, or from oxide surface effects
such as those postulated by Grimley and ‘I‘J:qull36 must be small,
We describe this proof below using data simiiarly attained as in
{igure 11.

From the final rate of incorporation at -78°C, and the
initial rate at 25°C (using the S.P. change as a measurs of the
incorporation process) activation energies can be salculated.
This method is particularly valuable since it allows the S.P.

and the oxide thickness to be varied. At each point where the
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activaticn energr is measured we also measured the area of the
2ilm by xenor adsorption, so that at these points we know
1) the film surface area
ii) the S.P. of chemisorbed oxygen
ii1) the smount of oxygen taken up by the film
iv) the activation energy for incorporation
This allows S:E* to be caleulated, and if the Mott Cabrers
mecharism holds, this quantity should be directly related to

the measured activation energy AE, since according to eq.(20)

AE = Wa-qga FN

ama F oo S (1)
TABLE V. ACTIVATION ENERGIES DURING OXIDATION
Observed activation Oxide thickness X S.P.
energy (X cal/mole) ®) X
(Vorts/R)
3.4 2.1 .60
) 4.6 45
2.7 8.1 32
£.5 10.7 . 27
8 12.5 23
6.6 12.7 24

Table V shows th- data obtained, and figure 18 shows a plot of

S.P'

AE versus X ° The plot should be a straight line, whose
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intercept with the activation energy uxis is W, the entry barrier

for cation diffusiorn. This is ciearly not so for the first two \
points of table V but the remaining points lie cn a straight
line whose intercept corresponds to W = 24 Kcsl/hole. This
value is very similar to the figure of 22 Kcal/mole derived
from volumetric kinetic data for the nitridation of calcium
filps (Roberts and TompkinaBs), and 20 Kcal/mole also derived
from vclumetric kinetic data for the oxidation of iron films
(Ro‘lse:rts3 2 ). In this case an S.P. of approximately 2 volts
was assumed whereas the correct value for iron is probably
lower (~ -1.6 volt,Quinn and RobertsZI) so that the estimated
20 Kcal/mole is probably tco low, Since W = U + S and the
measured value of W is comparable to the astivation energy for
diffusion within oxides, the heat of solution of the cation in
the oxide must be small.

The fact that the initial points at equivalent oxide
thicknesses of 2.1 and 4.6 % do not lie on the line is not surv
prising, sinoz a definite oxide phase over the metal surface
might not be expected at such low effective oxide thicknesses,.
It is also evident from table V that the activation energy is
dependent on S—]’(I-,’ and not on %, as a plot of AE versus )—"E- Joes
not give a straight line.

The slope of figure 18 represents a very samall value

for a' if the diffusing species is et (near 1 X), suggesting
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that -:- ~ ¢ where a = tne distance between planes of oxide ions,

es had to be assumed for the nitridation of cglcium films., How-

ever, a value derived in this way would be in error if the oxide
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layer was not entirely 07:205.
The data therefore indicates:
(i} The S.P. is initially constsnt as the thin oxide layer
grows,
(i1) There is & direct dependence of the rate of oxidation

on -si—P-', end therefore the S.P. must appear largely

across the oxide.

(4i1) The oxide surfece is not saturated with field creating
species. We therefore conclude that thin oxide files in
the region 0 to 20 % thick at teaperatures up to &round
rooa temperature grow by the Mott Cabrera mechsnisa, |
and that the rate equation (20) holds.

Robertszo has listed the important parameters in &n
oxidetion process based on the Mott-Cabrera mechanisas.
(a) The structural cnaracteristics of the metal rurface,
since N' i3 relet.: to surfaze cefects.
(B) The surface potential V of the chemisorbed gas:s the
levger the S.P., the more extensive will be the in-
corporation.

(Y) The value of W. This will be small when the heat

of solution and the energy for cation diffusion
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are s=all. Thus an open type oride structure in-

volving & cation of szall radius will give a

szall activation energy.

(Y) Eiectrons cust be alble te establish an equilibrius

between metel and adsorbed oxygen on the oxide in

a2 tize short with respect to that required for a

cation to diffuse through the oxide.
In this latter context it is interesting to note that Frozhold
and Cook§7 have recently shomn that "Zauffe-Ilscher™ transition
frca electron tunneiing to a Kott-Cabrera type mechanism in the
thin oxide film region is not feasible. This is iu agreement
with our find°ngs, since we have found tne latter zechanisa
operative fro= the earliest stages. They have also shosn that
a reverae transition froc non-lirnear ionic current contrclled
oxidation to electron lunneling controlled oxidation might bve
expected at 2 high:r oxide thicknress in the region of 3G 2.

Present work is aized at extending the rangs of tem-
perature and oxide thickness to verify the predictions of the
Mott-Cabrera theory regarding the temperature deperderce of the
limiting oxide thickness and the onset of "catastrophic™ oxida-

tion, and to find ite limitations.

3.27 () "Second iayer™ oxysen adsorp*ion

At low texrerature (-19600) and when the surfsce of
the filns hzd reacted with —ore than one monclayer of oxggen a
series of effecte were observed that indicate the existence of

a8 weakly bound state of oxygen with a positive dipole.

-
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i) Close to unit coverage of oxygen at —19600, the ad-

mission of an increment of oxygen gives an initial

positive transient S.P. which desays to give the
saturation value.,

If the adsorption is continued
well beyond unit coverage the saturation S.P. falls
(as found on nickel), the adsorbed 02, glving rise
to this +5.P., can e pumped off and lLence is weakly
held,

Similar behaviour occurred when oxygen was ad-

mitted at -196°C during the adsorptions marked 2,3,4,

ate. on figure 11, a positive transient preceded the
normal negative change.

The magnitude of this transi-
ent (a few mV to several tens of mV) increases as the

surface becomes more oxid:.ced, and the decay time in-
cresses from a few secondy to several tens of seconds.

ii) At nigh coverags of oxygen on an oxide surface at
-196°C the normal positive drift is replaced by &

slow negative drift followiug the negative maximum

which is due tc the %ransfexr of oxygen from the weakly

adecsbey state %0 the strongly chemisorbed state with
uegative S.P.

This has no effect on the incorporation,

gince the film resistance steadily increases at the

expected rate during this process,

1'4} Ov wa' ming such a layer from -196°C to -78°C a negative

.sansient S.P. occurs before the normal positive decay

o
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which is due to a transfer of oxygen from the weakly

bound state to the chemisorbed state on increasing

the tenmperature,

Oxygen molecules do not strike the surfuce and in-
stantly dissociate into atoms to give thc ucgatively charged
chemisorbed species. They must approach this state via a
weakly bound state of adsorbed species involving oxygen mole-
ocules which we appear to have observed. A positive dipole
might be expected by analogy with other oYservations of weakly
bound species, e.g. physical adsorption gives a positive S.P.,
as does weakly bonded hydrogen. This !second' layer oxygen has
not been observed to be stable at temperatures above ~78°C, but
at low temperatures it becomes more stable as the oxide layer

thickens.

3,28 The effect of oxidation on the film resistance.

It is difficult to separate the ways in which chemi=-
gorption of oxygen and oxidation might influence film resis-
tivity, some possible ways are listed below:

i) A simple decrease in film thickness caused by the
growth of the oxide.

ii) Electrons are transferred from the metal to chemi-
sorbed oxygen atoms at the surface. A number of

attempts have been made to treat qualitatively the
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oconduction changes during chemisorption by considering
the number of electrons removed from the conduction

band. A parameter « is defined as

(see for example Gundryand Tompkinsﬁ )

B in

a:i—
(o]

where AA = change in film conductance

A = initial conductance
z = total number of metal atoms in the %ilm
n = nunber of chemisorbed atoms

Although & has been identified with N /NB (N<3 = number

of bonds per chemisorbed entity, N, = number of tands

B
necessary to remove a surface metal atom from the
conduction process) we reject this as being not
applicable since it ignores the structural hetero~
geneity of the films and all other effectsexcept the
electronic one, (Gundzy and Tompkins38).

On polycrystalline films preferential adsorption and
oxidation might occur at grain boundaries etc. In
any case adsorption and oxidation at grain boundaries
might give a larger contribution to the resistance
change than adsorption and oxidation on the crys-
tallite surfaces,

Oxidation might result in & change of surface proper-

ties which could influence the way in which slectrons

are scattered at the surfscse,

24
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v) Oxidation may introduce impurity scattering centres
into the films to a depth sufficient to affect the
resistance.

vi) It has already been observed that changes in film
structure accompany the oxidation, this will be
reflected in a resistance change.

It should be possible to asseas the contribution of
some of these processes by measurements on single orystal
films. In the meantime we shall use the parameter a simply
as & normalised resistance to desoribe the behaviour of the
polycrystalline films, where N = the total number of oxygen
atoms that have reacted with film,

Resistance variation during the build-up of the
negative surface potential is shown in figures 10 and 15.

The average values of a are 2.3 at -78°C and 1.1 at -196°C.
a is lower at the lower temperature, because there is ocone
siderably less sintering and the partitioning of the adsorbed
oxygen is much more in favour of the shemisorbed state, since
the incorporaticn process is activated.

Figure 19 illustrates this point in more ~“«¢~{]l Ad-
sorption was carried out initially at 20°C and * « f{ilm then
cooled to -196°C, The surface potential changes much more
rapidly at -196°C with adsorbed amount and the resistance much

less than at 20°C. Whon the film is warmed to +20°C with no
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oxygen in the gas phase, there is & positive change in S.,P. and
an increase in resistance, showing that oxygen is being trans-

ferred from the chemisorbed state into the metal lattice. The

effect of briefly warming to 65°C is shown earlier in the plot,
and illustrates the same effect in reverse. Average & at 20°¢
is 5.9.

The resistance versus coverage curves of figures 1l
and 16 are convex to the coverage axis because initially chemi-
sorption and incorporation occur at the outer surface of the
film, with less effect on the resistance than subsequent ed-
ditional interactions at the inner surface. The curvature is
more marked at -78°c as a correspondingly larger smount of oxy-
gen can interact with the outer surface.

It can be seen from figure 16 that once the large
negative S.P. increase has finished, the increuse in resistance
with the extent of oxidation is approximately 1li ..ar, and at
-718°C gives @ = 3.5. All the oxygen taken up is now being in-
corporated, hence the larger a . This linear relation and the
fact that the T.C.Rs of the films were not appreciably changed
during the course of the interaction suggest that the decrease
in film thickaess with oxidation accounts for the increased
resistance.

If we define the film thicknesgs X o to be

fil

m

xfilm - ¢ xa
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withm = fi'm mass
p = film density
a = geometric film area

we £ind Xpiqp 4y = 525 %. With the oxide thickness X orige = 8°9 g,

de

we have

xoxide

Xeiim(4)

- 1.7 x 1072

which should be equal to the relative resistance change<§5 due

to oxidation. Since, however, we measured %E =128 x 10-2, we

have to agsume an effective film thickness xfilm(4) = 70 .

If the film thickness is calculated from the mass and
the area as measured by xenon adsorption, values in the range 60
t0 120 § are obtained., These results suggest that the film
resistance may be controlled by regions of low thickness. Quanti-

tative results will only be obtained from measuremer.ts oa smooth

single crystal films.

4. SINGLE CRYSTAL FILMS

4.1 Preparation and Structure of Single Crystal Chromium Films

Two types of single crystal films with different orien-
tutions would allow the dependence of oxidation on the orientation
to be studied., The growth of such oriented single crystal films
depends very much on the type of substrate used {Pashley}9).

Numerous substrateswre considered and the two most useful ones
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were selected that would give films of two different orientations.
They weres mica which would give either a (110) or (111) orien-
tation, and rocksalt (NaCl) that should give a (100) crientation.
inother requirement was that these films should be grown in U.H.V.
under clean conditions. This has been known to present problems

with other metals (Matthews4o).

4.11 Chromium on mica substrates

The substrate material used was high quality ruby mica,
the surface prevcored by splitting the mica sheet, this process
exposing a cleaved surface. Initially chromium was deposited onto
these air cleaved surfaces over a range of substrate temperatures
from 25°C to SOOOC. These films were examined by reflection
electron diffraction, transmission electron diffraction and
microscopy &fter stripping the films off their mica substrates.
Polycrystalline results were obtained with some preferred orien-
tation,

On the basis of experience with other metals it was
thought that cleaving the mica in vacuum would improve the chance
of obtaining single crystal films. An apparatus was constructed
that enabled this to be done thus exposing a fresh clean mica
surface to the chromium source., 'The vacuum system used for all
these experiments with single crystal films was a Varian V.1.15
ion pumped U.H.V. system fitted with a similar evaporation source
to that described in section 3.14, The rest of the apparatus is

descrited in section 4.2.

b Moy st e sl il

e

oy




N
\n

Filns were deposited under the following conditionss
Substrate temperature waes varied between 2509 and SOOOC and de-
position rates from 18/sec up to lOX/bec. The best film crys-
tallinity was obtained at substrate temperatures of 450°C. The
deposition rate was not found to be critical over the range used.

Examination of these films by transmission electron
diffraction and microscopy after stripping from the mica showed
them to be composed of small crystallites whose average diameters
ranged from a few hundred up to  thousand angstroms in the best
films (plate 4). The diffracticn patterns shcwed a pronounced
preferred orientation, and in the case of the better films a spot
pattern was obtained (plate 3). All the low order reflections
were present except the (310) and it was concluded that these
films consisted of three {116; orientationg (figure 20). The
<001> directions of the crystallites were parallel to the [010],
(331] and(331] directions of the mica.

This structure can arise as follows:-= Tne positions
of the atoms in a shromium (110) plane are showa, relative to the
positions of the potsssium ions of the (001) plane of the mica in
figure 21. Three [001] spacings of the chromium atoms fit to
within about 4% the spacing of the potassiu= ions in the mica
(010])direction. There is a misfit in the [100] mica direction
of about 23%. It is probable that epitaxial growth is determined
by a process of nucleafion, each chromium nucleus will become

oriented independently so th.t its [001] direction will be
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parallel to one of the three equivslent <010> mica directions.

This situation only applies to the isolated nuclei.
When the latter grow and impinge on their differently oriented
neighbours, low angle boundaries will be formed betwesen them
(plate 5). From the electron diffraction patterns it is seen
that there is a misorientation from perfect epitaxy of about 1.50.
This misorientation could arise during coalescence. Two adjacent
nuclei, with their 001> directions parsllel to the [010] and
[331] mica directions, will aach have a <112> direction that is
at an angle of about 10&o to the other. If they rotate towards
each other by this amount, a coherent (112) twin boundary will be
formed (figure 22). The boundaries marked T in plate 4 are pro-
bably twins. The twin will have a lower energy than a low angle
houndary and will be stable. The diffraction pattern shows that a
substantial number of crystallites must be oriented in this way.
All other misorientations between nrystallites will be taken up
by dislocations which will tend to be perpendicular to the film
surface and be immobile,

Thus it would seem that chromium films deposited onto
mica substrates will alweys show this type of structure with three
(110) orientations. However ai the surface only the (110) confi-
guration is present and therefore surface potential measurements

and oxidation studies are still of interest.
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4,12 Chromium on NaCl cleavage surfaces
i41

It has been shown by Shira that chromiun can be
deposited epitaxially cnto rocksalt surfaces to give a {i00)
orientation. Attempts to produce similar films deposited at
U:H.V. onto air cleaved substrates were not successful, only
polycrystalline films with some preferred (100) orientation
were observed. Following the experiences of other workers with
other metals (Pashley39) the rocksalt substrates were prepared
by cleaving in vacuum,and good single crystal films were obtained
by depositing onto these freshly cleaved surfaces. In order to de-
termine the optimum deposition conditions for the perfection of
crystallinity a detailed investigation was carried out over a
s»de range of deposition conditions and substrate preparations,
The apparatus used consisted of a Varian V.1l.15 ion

pamped U.H.V. system capable of providing vacua of 169

torr,
fitted with an electron bombardment heated chromium source as
described in 3.14, The substrate crystal was mounted in a clamp
and could be heated by a small furnace up to 500°C. A rotary
feedthrough was connected via a lever to the substrate protru-
ding above the clamp, so that the top half of the substrate
could be cleaved off under vacuum. The results are summarised
below:

(a) Initially, films were deposited on air cleaved substrates

betwsen room temperature and }OOOC, either in U,H.V. or
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(o)

(a)

at 1()‘6 torr and were essentielly polycrystalline with
a preferred (100) orientation (piate €). The best films
were those deposited &%t approximately ?50°C and 10-9
torr pressure, These films had crystallite
sizes of approximately 200 X and possibly 50% pre-
ferrad orientation.

Films deposited at 10"® torr on vacuum cleaved NaCl
were again polycrystalline over a large temperature
range but with a more highly preferred orientation
then previously (plate 7).

Air cleaved substrates were cleaned by heating under
vacuum to approximately 480°C for five minutes and
then cooling to the usual deposition temperatures be-
tween 250°C and 300°C. Films deposited at either 1072
torr or 107° torr were more perfect than the earlier
films but still with some polycrystalline material
present (plate 8).

Films deposited at 1(}"'9 torr on vacuua cleaved NaCl
were single crystal, very sharp spot diffracticn
patterns were obtained (plate 9). The best filzs
were those deposited at substrate temperatures we-
tween 250°C and 300°C.

In all cases the orientation wass-

(001)(;1..// (001)};,(:1 (110] Cr” hoo]NaCl
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Only in the depositions at 10°8 torr was there slight

eviderce of [100]01_// [100]!“01

The deposition rate was variad between 28/sec and 10%/
sec but did not seea to be critical, usuaily s rate of approxi-
nately 38/sec was used.

These single crystel {ilms have been found to be con-
tinuous at average thicknesses dom to 100 £. At such low thick-
neases the surface to bulk ratio is high and it might be expected
that surface effects might be detectabls in the filme resistivity
measurements (see section 4.2).

Electron microscopy and diffraction on the single
crystal films showed them to be single crystalline over the
whole ares of the substrate with no evidence of grain boundaries,
stacking faults or twins. The only defects observed were dis-
lccations and dislocation cluters (plate 10). This wes much
nore marked on films depcsited at substiate tempera‘ures of
100°C where in the diffraction pattern the {110) spots had
broadened into srcs subtending angles of up to _140. Zhe most
perfect filas, those deposited at temperatures detween 200%
and }OOOC had very sharp spot patterns, but micrographs taken
in the region of extinction contours did not show & smooth in-
tensity variation across the conitour but & rather psatchy con-
figuration indiceating that there wore still large nuabers of

dislocaticna present. These probatly origirnate during the
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growth process when coalescing islande canrot reorientate them~
selves completely and dislocations form at the coherent boundary.
The pattern formed by extinction contours in regions of high

symmetry is shown in plate 11l.

4,13 Nature of the Rocksalt Cleavage Surface

Wren examining fiims on rocksalt cleavage surfaces by
multiple beain interferometry in order to measure the film thiok-
neas it wae discovered that these surfaces were far from opti-
cally flat and were traversed by manry cleavage steps. The
features <n typical oleavage surfaces which may effect the film
resistance were examined by polarization interferometry, gold
decoration and shadow rgpliaation.

The polarization interferometer eitachment fitted to a
Reichert Zetopan optical microscope was used to examine what
were cungidered good cleavage surfaces cn air cleaved rocksalt
orystals after coating the cleaved surface with a reflecting film
of aluminium. 4 typical micrograph taken with this instrument
is shom in plate 16. The plate was taken using white light eo
as to locate the 'black! fringe, measurements were taken with
0.6p monochromatic 1ight, where a displacement of one fringe
width corresponds to a step height of 0.3u. All the surfaces
examined were similar in that they showed steps of height betiween
0.1y and 1p and spaced on average approximately 100u apart. Be-
tween theas large steps a background fuzz waa viaible, but not

measurable by tnis technique.
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A technique developed by Basset was used to reveal

these fins structure steps. It consists of evaporating a very

R

small quartity of gold {sufficient to give an average film thick-
ness ¢f spproximately 53) onto the esurfooce. The gold nucleates
preferentially on steps and features on the substrate and these
nuclei grow to form discrete small islands, A carbon film was
then deposited onto the surface which fixes the islands in
position and after floating off the substrate socts as a support
film for examination by transmission electron microscopy. The
outline of these steps and terraces are cleerly revealed {see
plate 12). This does not give any measurement of the step
height elthough according to Bassetg2 , these steps may be
monoatomic, Thua a terrace of steps as in plate 12 may to-
gether form a sloping step of anproximste height 100 £ and the
ssparation cof these terraces may be typically 10a.

Surfaces decorated in this way were examined after
different substrate treatments: Plate 12 shows a typical sinuous
pattern on air cleaved NaCl, plate 13 shows a much more ordered
pattern found on substrates cleaved in vacuum, and plate 14 shovs
how the surface is changed by heating under vacvum., This latter
effect is probably due to the onset of thermal etching. The re-

43

sults are similar to those ohserved by Sella and Triliat ~ and

4

Bethge and thus indicete that our surfaces are similar to those

found by other workers.
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It may be concluiad that even the best rocksalt oleavage
surfaces are not atomically flat but are covered by many small
sters of height up to 100 R spaced up to 1Ou apart and larger
steps of between O.1lp and lp in height spaced up to iCC;: apart.

Ve must now consider whether this type of surface is
likely to present any problems with resistivity measurements whioch
depend on the film being continuous and uniform over the area of
film between current and potential contacts, bearing in mind that
the thinnest continuous film available is approximately 100 R
thick,

The 100 & type steps are seen from decoration to be
composed of terraceas of smaller steps and it is reasonable to
suppose that a 100 £ chromium film would be continuous over these
atepa. To determine the profile of the larger steps, gold-
palladium st.adow replication was used. With a shadowing angle
of 45° in a direction perpendicular to the step edge the film
was seen to be continuous over toth leading and trailing edge
of the steps (plate 15) which shows that these stegs are probably
also composed of muck smaller terraces giving the larger steps
an sverage sloping surface. This indicates that a 100 R
chromium film might again be expected to form continuously
over these large steps.

Thus we may conclude that these surfaces although

stepped are not likely to present any problem in getting
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film continuity for resistivity measurement. If problems do
arise later with the large steps then this may be avoided by
using more than one source and depositing’ at different angles

onto the substrate.

N Y ek RN e

4.2 Electrical Measurements on Clean Single Crystal Films »

To determine the effect of oxidation on the electri-
cal conduction process in the films it is first necessary to
measure the resistance, resistivity and T.C.R. as a function of
film thickness under clean conditions at U.H.V. This will help
to define the electrical conduction process in the olean films,
and serve as a starting point for assessing the manner in which
chemisorption and oxidation change the film resistance. We hopse
to separate the possibilities outlined in section 3.28 by a com-
parison of the behaviour of these films with the polyorystalline
films. It has been noted in the previous section that the thin-
nest single corystal films available are approximately 100 e thick,
whisnh is thin enough to show effects connected with surface
scattering (Choppra and Bobb45). To get electrical contacts
onto a film deposited on a vacuum cleaved substrate without
breaking the vacuum presents some experimental problems. These
have been only partially solved for the case of mica substirates,
but a satisfactory system has been devised for films on NaCl
substrates.

For measurement of film resistance it is undesirable to
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use a two terminel method since the contact resistance between
the contact leads and the film may be comparable with the film
resistance. A four terminal method was preferred, with two
current contacts and two potential contacts thus eliminating

any contact or lead resistance.

4.21 Chromium on mica substrates

High quality muskovite ruby mica plates of ~ 0,012%
thickness were maschined into a cross shape (figure 23;) with
shallow grooves cut across two arms of the cross. These arms,
centre secticn and grooves were covered with a gold film of
approximately 500 £ thickness. A blade was inserted into the
edge of one of the other arms, at about half the groove depth,
the flap raised slightly so that the cleave propagates as far

as the Jjunction with the side contact arms. The substrate was

then clamped onto its heater in the vacuum system, gold pressure

contacts placed on the gold contact arms and the raised flap
connected with a fine wire to the rotary feedthrough. The
rotary drive thus cleaved the mica by pulling the flap back
(figure 23%b ) and the freshly cleaved surface was exposed to
the chromium source mounted above. The current contacts were
made to the film at the junction between the gold film on the
machined grooves and the chromium film which overlap in this
region., After deposition a pair of independently sprung

probes (figure 23 0) were carefully lowered onto the film
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by the rotary feedthrough., These probes of known spacing were
positioned in line with the current contacts just inside the

grooves. Thus knowing the current through the film, film and

7 DA A, Bt oo 535 >

probe dimensions, measurements of the potential drop across
the probes would give the film sheet resistivity.

Congiderabvle difficulty with this apparatus was mainly
due to the film rupturing at the point of contact with the probes.
Although several different probe designs were used with either
radiuged or pointed ends, the 'welding' effect between ciean
probe and film surfaces cavsed tearing by any slight subsequent
movement of the probes. Four-probe measurements as proposed by

van der Pauw46 will be carried out with the present current con-

tacts.

4.22 On NaCl substrates

The substrate material used was obtained from Harshaw
Chemical Company in the form of rectangular blanks 38 x 20 x 6 mm
and was described as being of '"good cleavage quality".
45° cuts were taken out of opposite sides a0 that a
plane joining the apex of each cut bisected the crystal along a
(100) plane. These cut faces were cleaned and polished and gold
wag evaporated through a mask ontoc these sloping faces and through )
another mask to form 0.5 mm wide stripes up the large face of |
the crystal (figure 24). The crystal was clamped in a copper

block with liquid gallium in the recess to ensure good thermal
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contact tc the block. Glass terminal plates were mounted on
the sides of this block with 0,010" gold leads attached. The
gold leade were fixed to the gold contact areas by & room
temperature setting 50% alloy of gallium-gold (Harman?l).
Soldering and thermal compression bonding were found to be
unsatisfactory due to thermal damage to the subsirate or weak
bonding to the rocksalt over small areas of contact. This
assembly was then mounted on the substrate heater and cooling
tank in the vacuum system (figure 25).

The cleavage technique was then to operate the
rotary drive connected to the round nosed cleavage hammer

8> as to strike the centre of the upper half of the crystal

with a sharp tap. The top half then cleaves off along a (100)

plane at the narrowest section i.e. at the top of the sloping
faces.

The chromium film was then deposited onto this
cleaved surface to overlar the gold current contacts on the
sloping faces. Potential contacts were made by the gold
stripes on the sides of the crystal making contact over the
sharp cleavage edge to the chromium film. The substrate con-
figuration then consisted of the current contacts across the
full width of the substrate providing parallel current flow
along the film with the edge potential contacts providing
contact to parallel equipotential lines running across the

film. The resistance measured is therefore over a region
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defined by the width of the substrate and by the distance be-
tween the inside edges of the potential contaots,

The cirouit for the resistance measurement consisted
of a constant current source connected to the current contacts
of the film,in series with a standard decade resistance box.

The potentials across the standard resistor and the potential
contacts on the film were measured on a 100 mV digital voltmeter.
The procedure was to measure the potential across the film, then
the potential across standard resistance, reverse the ocurrent in
the circuit and repeat. Any thermal e.m.f's could be measured
at zero current and compensated for. From the average of these
measurements, the film dimensions and the potential contact
spacings, the film resistivity was calculated,

These measurements were first taken at deposition
temperature as the film annealed and subsequently as the film
was cooled to room temperature znd below. Several resistance
versus temperature runs were made from which the T.C.R. was cal-
culated. Also the resistance change was measured as the vacuum
system was let up to atmospheric pressure.

So far the major problem encountered has been the poor
nature of the cleavage surfaces obtained; these have been so
badly faulted that the film geometry and hence any resistivity
measurements have been meaningless. This is surprising because

preliminary experiments with cleaving on the bench produced
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results at least as good as the more usual blade type cleave and
surfaces obtained were similar to those discussed in section 4,13,
It was thought that these problems might arise due to plastic
deformation of the crystal at high temperatures (stirlana?? ).
However, even cleaves at room temperature have produced the same
badly faulted surface.

Attempts have also been made to anneal out the strain
in the crystals prior to cleavage by heating them to tempera-
tureaup‘h:45ooc. This made very little difference. Recent
work has been directed towards modifying the method of cleav-
ing the crystal to enable cleaved surfaces to be obtained com-
parable to those that are easily produced outside the vacuum
system, and the method has been modified, so that cleaving is
accomplished by a slow bending force with a slight tensile and
shearing component transmitted by a clamp on the top part of
the rock salt crystal. Cleavage surfaces produced by this
method have been consistently good, comparable to those des-
cribed in section 413. At the time of writing films are being
deposited on these surfaces for evaluation. It has been veri-
fied that meaningful resistivity measurements can be made on
filae deposited onto rocksalt cleavage surfaces of tue type
described in section 4.13, by depositing chromium onto such a
surface cleaved in air prior to mounting in the vacuum system.
A film of average thickness 40 ] (almost continuous) had a

registivity of only three times the bulk value, which may be
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attributed to size effects and shows that the films are contin-
uous over the substrate steps.

Because of the problems mentioned above the only

P

meaningful results so far available are the measurements of
T.C.R. on films of approximately 200 % thick. The T.C.R.
values are not dependent on the film geometry and are com=-
parable to the value for bulk chromium of +3.0 x 107 deg.c'1
e.g. T.C.R. (0% = 200%C) = +3.05 x 10”7 deg. C~t

T.C.R. (0°¢ => -50%C) = +42.36 x "7 deg, C

The difference between these results and those on
polycrystalline films reported earlier (section 3.22) may be
due to their more highly defective structure. These results
are much nearer the buik value than those of Young and Levid48
and the value found by Gould18 + The latter reported work on
glass substrates under comparable conditions to ours and found
a T.C.R. of approximately +1.6 x 1073 deg. ¢! for films of
200 & thickness.

The lower values found at low temperatures may indi-
cate the onset of size effect, as the mean free path of con-
duction eleotrons becomes larger at low temperatures or they
way indicste a high residual resistivity in the films due to
defects, but further experiments will reveal more inforuation,

On letting the vacuum system up to atwmospheric pres-

sure the resistance increased consistently by 13% for films
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approximately 200 % thick, which is to be compared with 20 to 25%
for polycrystalline films on glass reported in section 3,28,
After solving the cleavage problem oxidation studies will now
be undertaken. They will be carried out in the vacuum system
described in section 4,31, and simultaneous work function measure-
ments will be made using the methods described there.

It ia concluded that it will be shortly possible to
make meaningful measurements of resistance, resistivity, and
temperature coefficient of resistance as a function of file thick-

ness.

4,23 Pilm thickness measurements

In order to relate electrical measurements to film
structure or surface phenomena it is necessary to have accurate
knowledge of the film thickness. The techniques suitable for
this work can be divided into three categories:

(a) Optical methods that give an average geometric thick-
ness.

(b) Chemical methods that give a mass thickness.

(¢) X-ray and electron beam methods giving predominantly

mass thickness,

(a) Optical methods

Multiple Beam Interferometry is frequently used for film
thickness measurements and is capable of high accuracy at low film
thickness (Scott and HcLoughlan49), tut has a number of disad~

vantages!
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(1) Masking is necegsary to produce a step function in
the filo, which is experimentally difficult on vacuuna
cleaved substrates.
(2) Difficulty in positioning the step g0 as not to inter-
fere with the gecmetry for the resistivity measureaent.
{2) The cleaved surface has steps and features of comparable
height to the file step height, thus upsetting the
fringe pattern and making interpretation difficuit. .
(4) These single crystal substrates are not in general as
flat as the usual glass subatrates and consequently the
comparator plate &s used with the 7.2.C.0. (Fringes of
Equal Chromatic Order) systea cannot be plsced suf-
ficiently close to the file surface in the step region
to obtein lcw order nuxber fringes that are necessary
for high accuracy.
Points (1) and (2) could be avoided by use of & second
sontrol substrate but in view of the other limitations method (a)

was not considered to be & practical proposition.

(b) Chemical Methods

Mass thicknesees only can be determined by chezical
methods. Geometric thicknesses can then be calculated assuming
8 value for the fiim density. The cethods consicered differed
only ir. the technique used for the =ass determination. The

lower limit of sensitivity was fourd fro= knos. solutions and




the relative accuracy found by using known

Technique

Flame adasorption
spectrophotometry

Spectrophotometry
with diphenyl-
ocarbazide

Polarograph

82

TABLE VI

Accuracy at
lower limit

0.2 ug * 50%

0.06 ug + 25%

0.2 ug * 25%

standard sclutions.

Accuracy at
1 p.p.m, stand-
ard solution

+ 10%

+ 10%

+ 10%

Rectangular sections of the substrates were cut out,

and the film area measured by means of a travelling microscope.

The films were then dissolved for analysis.

(l) X-ray fluorescence has been used for film thickness

determinations, but is not applicable for films on NaCl sub~

stratee due to the characteristic X-ray emission from the sub-

strate being outside the measurable renge, and the need of

accurately known standard thickness films.,

(2) & technique using an Electron Probe Microanalyser

(Hutchinsso) for mass thickness determinations has been developed

but at this stage has not been capable of providing sufficient

acocuracy.

In conclusion, the chemical method of spectrophotomotry
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using diphenyl carbazide was selecied as the most relisble and
accurate teschnique. A further development incorporating isotope
dilution analysis is being investigated and may give a further

increase in accuracy.

4,3 Measurements of Vork Function Changes on Single Crystal Films

The importence of work function measurements on single
crystal films has been outlined in section 2.2 and is emphasized
by the measurements on polycrystalline films in secc¢ion 32, Two
types of measurement system have been consiructed for this pur-
pose, a slow electron gun diode, and a vibrating capacitor, so
that the most suitable mathod could be selected., The vibrating
capacitor arrangement is ncw being assembled in conjunction with
the rest of the equipment (vacuum cleavage apparatus, evaporation
source, substrate heater and holder etc.) so that measurements
cen begin, Work towards this end has been divided into three

categories,

4,31 Tia vacuum system for the study of the oxidation

of gingle crystal films

The single crystal filme have a low area and a rough=-
ness factor close to unity, the actual area being approximately
1 cm2. They are therefore much more susceptible to surface con-
tamination than the polycrystslline films, whose actual area is

several hundred square centimetres. To be certain that these
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films can be kept clean for periods of meny hours requires a
bageline vacuum in the 10“11 torr decade., 4 special vacuum
system is required to achieve this, and also a special method
of measuring the pressure, since this is below or close to
the X-ray limit of conventional Baysrd-Alpert ionization
gauges.,

A achematic diagram of the vacuum system constructed
ies shown in figure 26. It is & borosiliceste glass-meroury sys-
tem based on the design of Venema and Bandringa?z + 4 conven-
tional two-stage mercury diffusion pump backs a large itwo-utage
mercury diffusion pump, the top part of which is bakeable at
400°C. The pumping speed a’ the top of the large pump is 50Lf
sec, The tubing diameter beycnd the last diffusion pump is two
inches, and the cold traps are of the concentric vall type for
maximum efficiency and conduction. The pumping speed at the top
of the laat cold trap is SL/sec. The whole apparatus from the
last diffusion pump cnwards is bzkeable to 400°C with two ovens
which can be cooled independently, one covering the diffusion
pump and the first cold trap, and one covering the second cold

trap, gauges, etc. After outgassing, apparent pressures of 1 x
«10

10 torr and less are indicated by a Beyard-Alpert gauge, which

is close to the X-ray limit,
To increase the measurable pressure range beyond the

X-ray limit a hot cathode magnetron gauge was constructed after
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the design of Lafrertyss. The electrode arr.ngement employed is
ghown in figure 27, The axial magnetic field was arranged by
placing a cylindrical magnet over the gauge. A field of about
250 oersted was used, but the value is not critical., The fila-
ment was connected to a bridge circuit similar to the diode
bridge circuit described in section 5.12(&). The gauge is set

7

up by setting the anode current at about 10 ' Amp, and then

applying the magnetic field. The anode current then falls to

8 ¢ 1077 Amp, since electrons gc into orbits in the anode

10
enclosure. This gives them a very high ionization efficiency,
but the anode current is very small, which prevents instebili-
ties in operation and gives a maximum ratio of ion current to
X-ray surrent. The calibration of the gauge should be linear

down to 5 x 10714

torr. Ions are collected at the top disc,
and the ion carrent measured with an electrometer amplifier.
The bottom plate prevents the escape of electrons, but is not
as regative as the ion collector with respect to the cathode,
8o that most ions are collected at the ion collector.

Since we are only interested in meking certain that

the baseline pressure of the system is of the order of magnitude
required, the hot cathode magnetron was simply calibrated directly

10 and 1077 torr

sgainst the Bayard-Alpert gauge over the 10~
decades, and the sensitivity deduced from this calibration was
ysed to convert ion current measurements to pressure. A calib-

ration ourve is shown in figure 28, The points plotted with
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different symbols were obtained on different occasions. It can
be seen that the X-ray limit of the Bayard-Alpert gauge is just
bacoming evident in the low 10-10 torr region, On the basis of

this calibration the baseline pressures of between 5 x 10"12 t

orT
and 1 x 10.11 torr have been achieved with this system. This

should be adequate for the purpose in hand.

4.32 Slow electron gun diode

The difficulty with the retarding potential diode me-
thod for measuring S.P. changes occurring on the single crystal
film is that the diode has to be arranged so thai all the diode
current is taken by the small single crystal film area. To en-
sure this a low energy electron gun has toc be used to provide a
relatively narrow beam of low energy electrons to be collected by
the crystal surface. The electron energy must be kept below 50
volts to avoid ionizing oxygen in the reaction cell. The con-
struction of a suitable gun and the design considerations have
been described by Mitchell and Mitchell54 and we hove adopted
their design., A sdwmatic diagram of the gun and the target
assemply used for testing are shown in figure 29, which also
glves the various electrode potentials. The megnetic field was
provided by a coil wound on the glass envelope of the gun,

The small target T, is of the same size as the single orystal

1

film surface and is gituated approximately 3.5 e¢m from the end

of the gun. In the final design of the reaction cell, which
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has not yet been built, the single crystal surface can ve moved
to within a few millimetres of the end of the gun to avoid the
tedious compensation procedure adcpted by Mitchell and Mitchells.4
This is similar to the arrangement used by Anderson55. With the
test arrangement shown it was found that over 9%% of the gun
current oould be focussed onto T1 over the range of target
voltage O to 60 volts. The magnetic field was essential.

This is oconsidered adequate in view of the distance between

T1 and the gun in the test arrangement.

4.33 The vibrating capacitor

Tests on a vibrating capacitor arrangement for moni-
toring changes in work function of single arystal films have been con-
ducted in conjunction with a company-sponsored programme
aimed at measuring grain boundary diffusion of gold through
thin polycrystalline chromium films, A schematic diagram of
the test assembly is shown in figure 29 and the circuitry used
in figure 31. The principle cf the method ie to observe the
contact potential difference between a gold reference surface
which will not change during oxidation and the metal film (or
the test surface) as follows:

The two surfaces ‘e the form »f capacitor plates:
the gold plate is earthed and electromagnetically made to vi-
brate normally to the plates at the resonant frequency (Ca.25 Hz)

of a tungsten rod tc which it is attached. The film (or test
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surface) is held at 109 ohms {rom earth. The a.c. signal genera-
ted by this capacitor is amplified and detected by means of a
phase sensitive detector. The rectified output vcltage from
the phase sensitive detector is smoothed and used to nullify
the potential difference between the plates by negative feed-
back. The nulling potential is measured by a digital voltmeter
and equals the contact potential difference to within 0.1%.

The reference signal for the phase sensitive detector origin-
ates from & signal generator, and the same signal is fec via a
frequency divider to the power amplifier that energises the
electromagnet which excites the vibration. A stainless steel
bellows arrangement allows the goid plate to be accurately
positioned, and moved away from the test surface. Tests have
been conducted with this arrangement at atmospheric pressure on
the bench, and sensitivities of a few millivolts achieved. It
hag also been operated under vacuum with the same result.

One difficulty with this arrangement for S.P. measure-
ments during oxidation is that the reference plate shadows the
gingle crystal film, and does not allow uniform acocess of the
gas to the surface. The importance of this can be seen from the
discussion in section 3.25. To avoid this, the final design for
measurements on single crystal films allowg the reference plate

to vibrate in a plane parallel to the two plates with a large

amplitude so that the test surface is only shadowed for a small
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percentage of the time, A schematio diagram of the layout of
the reaction cell under construction for films on vacuum
vleaved rocksalt is shown in figure 30,

Cleavage is accomplished by accelerating the s tainless
steel slug along its tube by means of external coils. The force
required is not great, and the springs prevent fracture of the
glass. This cleavage arrangement is now being modified in the
light of section 4.22,

Electrical connection is made to the film, via the six
leadthroughs (4 for resistance measurement, two for a thermo-
oouple), using the same techniques as those describeu in
section 4.22.

The substrate heater is mounted outside the u.h.v,
system, and the substrate is heated by conduction through the
stainless steel block. To minimize heat losses the tube con=-
taining the heater can be pumped out with a rough pump. The
substrate can be cooled to temperatures approaching liquid
nitrogen by circulating liquid nitrogen through the tube.

The vibrating srm and reference plete can be moved
out of the way during deposition by means of the stainless steel
hellows arrangement.,

During measurements all metal parts excej.t the film
are earthed, as is the glass envelope, which is rendered conduct-

ing by coating with tin oxide.
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The electron bombardment evaporation source has been
deascribed in section 3,14. At the time of writing this reaction

cell is still under construction and will soor be operational,

5« SUMMARY AND CONCLUSIONS

Surface potential measurements on polycrystalline
ohromium films have enabled us to distinguish three species of
surface oxygen reacting with chromium filmss

(a) & weakly bound state with a positive dipole which is
found at low temperatures and is probably molecular
oxygen, being the precursor to the chemisorbed state,

(b) the tightly bound chemisorted siate,

(o) oxygen atoms incorporated into the metal lattice.

The latter is associated with the largest resistence changes,
Chemisorption and oxide formation on polycrystalline chromium
films result in profound changes in film structure resulting in

a large change in the total area of the films. This must be tsken
into acoount when calculating oxide thicknesses and when consider-
ing the impact of the oxidation of the film resistance.

Incorporation of oxygen occurs on chromium even at -196°C
and submonolayer coverages, and follows a logarithmic law indicat-
ing that the activation energy inoreases linearly with increasing
oxide thickness, The behaviour up to unit coverage may be due to
a range of surface sites with different activation energies and/or

a surface field effect. Our data supports the former view,
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The oxide thickness formed by exposing the films to
oxygen at tempe.datures in the region of room temperature is
approximately 202, and the oxidation is not dependent on oxygen
pressure, These thin films grow by the Mott-Cabrera mechanism,
the S.P. of chemisorbed oxygen being approximately -2.15 volts
and the entry barrier for cation diffusion 24 Kcal/mole.

The implications of this mechanism for the stability
of resistance values are discussed: The oxidation rate and
therefore the resistance drift will decrease with the number of
defect sites on the metal surface and the field across the oxide
which is proportional to the S.P. The activation energy W for
cation diffusion should be large for a slow oxidation rate which
is equivalent to a compact oxide structure and large cations.

The optimisation of the above parameters would permit the growth
of a very thin limiting oxide film which protects the resistor
stability better than a thick oxide layer for which the parameters
listed above are not optimisged.

The oxidation results in little change in TCR of the
films, and apart from the initial stages the film resistance in-
creases almost linearly with oxide thickness. To account for the
magnitude of the changes an affective thickness much trinner than
that deduced from film mass measurements has to be assumed.

The crystallinity of chromium films deposited in uhv on
air cleaved and vacuum cleaved mica und rocksalt surfaces are des-

cribed. The conditions necessary to grow good single crystal
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chromium films with a (100) orientation and no evidence of grain
boundaries and also highly oriented (110) films have been derived.
Techniques are described to allow resistance and temperasture co-
efficient measurements to be made on these films under uhv con-
ditions. A study of the nature of rocksalt cleavage surfaces and
electrical measurements on thin polycrystalline filma deposited on
aic cleaved surfaces indicate that meaningful resistivity measure-
ments can be made on single crystal films down to low thickness
and that sufficiently good rocksalt cleavage surfaces can be ob-
tained while c¢leaving in uhv, thus establishing that these films
will make a useful vehicle for a study of the basic mechanisms of
resistor degradation due to oxidation. Measurements of the TCR
of clean single crystal films reflect the fact that they are
structurally more perfect than the polycrystalline filmas. Pre-
liminary measurements indicate that the TCR is not changed by
oxidation and the resistance increases legs than polycrystalline
films of comparable thickness.

Tests are described of two methods of measuring the
surface potential changes oncucring on single crystal films, and
of an ultra high vacuum system giving a baseline vacuum suffici-

ent to eliminate any danger of contamination.
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6. SUCGESTIONS FOR FUILURE WOKK

The immediate continuation includes the extension of
data towards higher oxide thicknesses and temperatures, in order
to determine when the Kott-Cabrera would bresk down, and what
type of mechanisnm takes over from it. The influence of presorbed
gaser and surfece treatments on subsequent oxidation will also
be investigated in order to assess the possibility of airimizing
long tern oxidation by ‘hese means. The equipment for vacuum
cleavage, resistance measurement, and work function measurement
on single cryatal filme are now being combined in a single re-
action cell which wiil give information concerning electrical
conduction processes in clean thin film structures, the way in
which they are modified by oxidation, and on the striuctural de-
pendences of oxidation processes.

Further work would be directed toward:r th= determination
and control of oxide end retal surface structures since they in-
fluence considerably the oxidation rate (see sections 3.29 and
3.27). Since only Low Hnergy Zlectrn PRiffraction (LEED) and
Reflection High Energy Electroa Diffractior {REEED) are suitable
methods for studying surfece structures, LEED is suggested %o be
&pplied to ou- particular problem because it allcxs extrezely
thin surface structures to be ceasured, particularly sinve it
can be combined with the experimental arrangerent described in

sections 4.12, 4.22 &nd 4.3.
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Fig.5. Evaporation of Lanthanum from LaBg /ZrC/w
Cathodes.
The Graph Shows Changes in the Work Function of
a Gold Anode in the Vicimty of the Cethode as a
Function of Time at a Number of Temperatures.
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Fig.16 The Resistance and SP Changes Occur-ing
During the Growth of an Oxide Film on
Chromium at -78°C. The Effect of Warming
to 22.6°C and 58°C when the Limiting
Oxide Thickness is Formed are alsdo Shown
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PLATE 1. Diffraction pattern of polycrystalliine chromium film

deposited on glass

PLATE 2.

Micrograph of polycrystalline chromiwm deposited on glass
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PLATE 3, Diffraction pattern of chromium film deposited on mica
(110) orientation.

PLATE 4. Microgruph of chromium cdeposited on mica showing twin
boundaries T,
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PLATE 6. Diffraction6pattern of chromium deposited on air cleaved
NaCl at 10™° torr.
FLATE 7,

Diffraction6pattern of chromium deposited on vacuun cleaved
NaCl at 10" torr.

PLATE 8. Diffraction pattern of chromium deposited on air cleaved
NaSl that had been heated to 480°C and then cooled to
deposition temperature at 10™° torr.

PLATE 9, Diffraction pattern of single crystal chromium film deposited

on vacuum cleaved NaCl at 10~9 torr (100) orientation
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Gold decoration replica of NaCl surface cleaved in air
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Simultaneous measurements of resistance and surface potential functiomof oxy-
gen uptake from atomically ci2an polycrystalline films upto 20§aoxide thickness
distinguished between the individual oxidation stages,and it was found that the ki-
netics of incorporation is consistent with the surface potential and the surface
etructure to be rate controlling. At oxides thicker than 6 the oxidaticn is gov-
err.ed by the logt-Cabrsrt mechanism over the teaperature range from telow -7§°c to
higher than +50°C. The oxidation appears to affect the resistance mereiy by thse
reduction of the cross section of the conductive path, the effective thickness being
much less than the measured mass thickness.

Single crystal chromium films without detectable grain bdoundaries over the substrate
area have been prepared on vacuum cleaved rocksalt. A reliable contacting tech-
nique has been developed and the rocksalt surface fine structure found to be com-
patible with meaningful electrical asasurements. Preliminary measuresents shoved
the TCR to be equal to the bulk value adcve room temperature.

Equipment for simultaneous surface potential and resistance measurements during
oxidation of single crystel fiims has been designed and constructed. Agi
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