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Abstract ,
Clean silver and gold surfaces were prepared under ultra
high vacuum by the deposition of films of the metals onto
pyrex or B37 glass substrates. The adsorption of hydrogen,
xenon and carbon monoxide was studied on these films.
Measurements of surface potential, equilibrium pressure and

rates of adsorption were made as a function of coverage of

the surface by the adsorbate. Certain of the properties of

the films towards these gases were found to be dependent on
the choice of glass substrate.

Xenon surface potentials of 480mV for silver and 470mV for
gold were recorded, and the form of the surface potential

vs coverage curves discussed in terms of some simple models.
The occurrence of a phase change near the half monolayer is

postulated for this system. Surface potential data for
carbon monoxide included maximum values of 460mV on silver
and 660mV on gold, and for hydrogen included maximum values

of =320mV on Ag/pyrex and -265mV on Ag/B37: on gold the

surface potential reached a maximun value of -100mV near

half coverage and subsequently fell to near -70mV at full
coverage.

Surface potential and adsorption rate data indicated the
occurrence of interactions between hydrogen atoms and xenon
or carbon monoxide pre-adsorbed on these surfaces. Some
features of these are discussed in <Terms of a simple hydrogen
atom recombination model. The reported desorption of hydrogen
on adding xenon to a hydrogen covercd surface is also

implicit in this model.
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Chapter 1

Lxverimental

1.1

In order to vrepare a clean surface and to investigate ‘its
properties, an zpparatus capable of maintaining pressures in
the ultra-high-vacuun (UHV) range (less than i0_9torr) is
essential, Surfaces prepared or maintained at appréciébly

-

higher pressures may be covered to an unknown aﬁd significan?
extent with a layer of adsorbed gas. Surfaces méy‘éi£her

be freshly prepared under UHV conditions for examﬁle by
evaporation or cleavage; or an initially contaminated

surface may be cleaned for exarcple by heating or ion
bombardment. In this study clean silver and-gold surféoes
were prepared by evaporation onto glass supstrates. In

this chapter the construcéioﬁ, operation and;caiibration

of the vacuum system, which was capable of attaining

pressures below 4 X 10_10torr, is described. The
prevaration of the silver and gold surfaces and the
specialised apparatus and techniques used in the invest-

igation of their properties are described.

1.2 Vacuum Svaten

In any vacuun srystem the ultimate pressure attainable is
determined by th2 equilibrium between the rate of influx
of gas from all sources and its rate of removal by
punping. Small and simple pumps of low pumping speed can
achieve UHV conditions if the rate of influx of gas is

maintained at a wvery low level. The choice of type of

punp is determined by the nature of the experiment; in



this case the pumps are required to remove hyd;ogen and

inert gases and this requirement is most economically met

by diffusion pumps backed by a rotary backing punmp.

Contamination by hydrocarbons has particularly to be

avoided thus making nercury diffusion pumps the most

suitable choice.

1.3

Sources of residual gas other than those gases intro-

duced experimentally include the following (1).

(2) Real leaks

(b) Diffusion of gas through the vacuum envelope

(c) Vapour and dissociation pressures

(d) Desorption of previously adsorbed gas

(e) Diffusion of gas from inside solids

(f) Re-emission of gas previously pumped by ion pumping in
gauges.

1.4

The detection and elimination of leaks is discussed in

the sections describing the operation of the system (1-11)-

.(b) is the largest single source of gas in a borosilicate

glass system due to the permeation of atmospheric helium

(1). The use of aluminosilicate glass reduces the

permeation rate by several orders of magnitude but since

it is much more difficult to work it is rarely used.

(c) prohibits the use of any material in the construction

of the system which shows significant vapourisation or

decomposition at temperatures encountered in the systen,

for example bracs in the bake out zones. Sources (d),.(e)



and (f) can be efficiently reduced by baking critical
portions of the system at approximately 40000. (1imit for
borosilicate glass) since the rate of these processesk
increases exponentially with temperature. On subsequent
cooling to room temperature the gas influx rate from
these sources can be reduced by many orders of
magnitude. The techniques used are described in sections
discussing systen operation (1.11).

The vacuum apparatus constructed therefore consists of a
small borosilicate glass system whose UHV section could -
be heat treated at approximately 40000. and subseduently
protected by cold traps: pumped by mercury diffusion
pumps and backed by a rotary pump it is shown diagram-
atically in fig. 1.1.

1.5

FPor ease of description the system may be divided into
three sections:

(a) Backing line and diffusion pumps

(b) Gas dosing systen

(c) UHV section.

(a)iBacking line and diffusion pumps.

The system is Touga punmped by an AEL GDR1 2 stage gas
ballasted rotary pump arranged to pump through an

Edwards automatic air admittance valve whicﬂ isolates the
vacuum system (maintaining backing pressure) and admits
air fo the backing pump should the pump fail. Resexrvoir
R1 buffers the system from the effects of thas periodic

pumping action of a rotary pump and serves as an
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emergencj catchpot for oil in the event of catastrophic

failure of the mechanical pump. Tap T2 allows the

system to be isolated from the backing pump and air can

be admitﬁed throﬁgh tap T1.%

Cold trap 1 prevents the diffusion of o0il vapour into the

system and mercury into the rotary pump. The pressure in

4
1
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the backing line was monitored using PG1, an Edwards G6A
pirani éauge,'with its control unit a.Vacuum*Generatﬁrs
- IGP3.
~-Two two stage diffusion pumps, Jencons type 1, were
arranged for series or paréllei operation. They were
usually operated in series i.e., tap T14 closed, tap T15

open as this conferred a greater resistance to back

diffusion of gaseg from the backing line and hgnce a

lower ultimate pressure. The gas inlet line was evacuated
when necessary by opening tap T6; taps T14 and T15 were
both temporarily closed during this procedure to prevent

the critical backing pressure of diffusion pump 2 being

exceeded.

(b) Gas dosing system.
This consists of a gas inlet line defined by taps T6, T13,

¥ These two taps could with advantagé be sited on the
backing pump side of R1, allowing the s&stem to be
isolated from the backing pump for long periods, the

diffusion pumps exhausting into R1. They were always

placed in this position in subsequent systems.

10



T8, T10, T12 and a palladium thimble, and a dosing
system comprising a éet of mercury cut offs (2) and a
McLeod gauge. It is shown in fig. 1.1 and in greater
detail in figs. 1.13%3 and 1.14.* Hydrogen or deuterium
could be admitted to the gas inlet line through the

palladium thimble which was heated electrically. This

procedure also purifies the gas. Impure hydrogen or
deuterium was stored in reservoir R2 which could be
evacuated through tap T3 and filled from a cylinder
through tap T4. Pufified hydrogen or deuterium was

stored in reservoir R6 which was placed below tap T13 in
order fhat more than oﬁe*gas could be handled by fhé
inlet line simﬁltaneously.iother gases, BOC Grade X,

were stored in reservoirs R3, R4 and R5. These were
fitted with glass break seals and magnetic hammérs in the
tubes between the bulbs and taps TB, T10 and T12. The
operation of the gas dosing system is detailed in section
1;12. The system is terminated in cut off CT4 ﬁﬁ two

tubes leading to the UHV section, one having a reduced

bore (capillary approximately O.5mm. diameter) the other

¥ Smooth operation of the mercury cut offs is only possible

if the small tubes entering the cut off sides are
arranged to have steeply sloping shoulders as shown in
fig. 1.13, ensuring that the mercury always returns to the

main tube on lowering the mercury reservoir.

11



of normal diameterx (aﬁproximately 1cm. ) arranged so that
by adjusting the mercury level in CT4 either the capillary
route alone, or both tubes could be opened to the UHV
section. By this means gases could be admitted quickly

or at a much reduced rate to the UHV section as required.

(c) UHV Section.

Shown in figs. 1.2, 1.3 and 1.6, it consists of a U-tube
éold trap which prevents the diffusion of condensible
material (chiefly mercury) into the section, two cone

and socket cut offs, a Mullard IOG12 ion gauge, a fast
response pirani gauge head (fig 1.3) and the diode cell
used for the experimental neasurements. (The diode cells
were mounted so that the bulb could be immersed in liquid
nitrogen during adsorption experiments.,) The UHV section
could be baked in three zones to 40000. using electric
ovens. Details of its operation are included in sections
1.11 and 1.14. Pressures in the UHV section were routinely
measured usiﬁé the I0G12 gauge operated by a Vacuum )
Generators control unit IGP3. Pressures could be

measured between 5 x ‘IO"'3 and 1 x 10"10torr. Imission
currents of less than 1ﬁA. were always used. The gauge

was calibrated for carbon monoxide and xenon using the-
McLeod gaugej; hydrogen pressures could only be measured

if the high pumping spzed of the gauge for hydrogen was

reduced by first saturating it with the gas. The gauge

was rarely used in this manner, Indicated pressures of
less than 1 x 10_9torr are highly inaccurate as the gauge

ic then operating nsar its X-ray limit of 1 x 107 “torr
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and they are best regarded as an indication of.the:
consistency of performance of the system (3).

1.6 Pirani Gauge.

The pirani gaugé ﬁés particularly used for measuring the
rapid chanées of pressure observed during-hydrogenj
adsorption. It was specially constructed and operated so
as to have a high sensitivity and fast response. The gauge
is shown in fig,1.3, and its operating circuit in fig. 1.4.
The gauge consisted of a length of about 30cm. of

0.01mm. diameter tungsten wire, openly coiled anéd spot

wvelded via short 0.1mm. wires in order.to reduce thermal

12
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inertia, to three 1mm. tungsten rods. llickel wires were
wvelded tq the two rods supporting the ends of‘the
sensing wire outside the vacuum envelope, and were used
to take the connections outside the bake out area in
order to redﬁce thermal noise due to corroded contacts.
The gauge head was electrically'shielded to reduce
electrical "pick-up" and to permit higher amplification
in the control unit. The device was placed in the
vacuum line rather than tubulated off the line in order
to reduce conductance effects.

The control unit maintains the wire at constant temperature,

the output from the device being derived from the
adjustment to the current needed.to maintain this
constant temperature as the heat losses from‘the sensor
wire changé with varying gas pressure. Operati;g in Ehis
manner increases the rate of response of the gauge and
resplts in an output which over a wide range of pressures

is proportional to the pressure (4). The control unit

operates as follows:

R1, R2, R5 and the gauge head form a VWheatstone bridge
supplied with current through TR1, If the bridge is out

of balance due to a change in pressure then a voltage
develops between tha junctions of R2/R3 and R1/gzauze.
This out of balance voltage is amplified and inverted by
the operational amplifier O0P1 which controls TR1 so asa

L

to rebalance the bridge by altering the current flowing
through " it. This restores the gaugs wire temperature

and consequently its resistance to the balanced bridge

15



condition. The voltage across the bridge is amplified

by 022, R4 acting as a back off to permit the sensitivity
of the recorder to be increased. The output of OPé is fed
to the recorder. The rate of resvonse of the control unit/
gauge head is determined by the thermal inertia of the
sensor wire and by the gain of the servo loop formed by
O0P1, TR1 and the bridge circuif R1, R2, R3*aﬁd the gauge
head. Very high gain (approximately 1000 times) plus
minimal thermal inertia result in rapid response to

pressure change.

1.7

Since the gauge wire is held at constant temperature,
after equilibrium heat flow conditions have been reached;
the power dissipated 1in fhe wire will be the sum of two
factors (a) the constant heat loss due to radiation and‘
conduction through the wire supports and (b) that due to~
the thermal conductivity of the gas at pressure P. At low

pressures this conductivity is pr0pdrtional to P,

Hence
Wp = KP + WO
I{P = wp — “IO —-———-——-—-—-(1)

where
W = power dissipated at P = O

(i.e. due to (a))

-2
i

power dissipated at pressure P

(i.e. (2) + (b))

K is a constant for a given gas.

16




LINDYID ONILVYYIJO INvdIld ISv4 1Bl

AgL-

AO

JBPJ0IaY T
O indinor— ==

ONLS

NAClt



Fig1.5 PIRANI GAUGE CALIBRATION CURVE (Nov1973)
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Now let the value of the bridge voltage at P = O be V

and at pressure P be Vp. Oince W’=.z2
R
W=V
c 0
It
W= V°
p _D
R
where R = (R1 + R auﬂe) (R2 + Rﬁ)
gRgauge Ry Ry R3)

Therefore substituting in (1)

KP:(VZ-Vz)
PO
R

Now let VP -V = AV and, since AV is small at low

pressures, by neglecting terms in AV2 we have:

R

Therefore

V=|K.R}Z?
2Vb

Hence AV is proportional to P at low pressures.

The gauge was calibrated for various gases several times

during the course of experiments and a typical examplé in

fig. 1.5 shows the expected linear beshaviour at low

pressures.

19
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1.8 Diode Cell ,
The diode cell used for surface potential and rate of

adsorption experiments is shown in fig. 1.6 and the

electrical circuits associated with it in figs. 1.7, 1.8

and 1.9.

Two types of diode were used during the series of experiments
differing only in that type 1 was constructed from B37
glass while type 2 was constructed from pyrex except for
the glass metal seals which were B37. One of these latter
diodes was modified by the addition of a large flat

ground glass flange (shown dotted in fig. 1.6) which mated
with a specially constructed dewar vessel. When filled
with liquid nitrogen coolant this combination could be
partially evacuated in order to reduce the boiling point
of the liquid nitrogen. This technique was used during
experiments with krypton. The filament and hook were 0.1mm
diameter tungsten wire spot welded via nickel tabs to 1mm

diameter tungsten supporting rods. These rods which also
hrought heaﬁing'current to the filament were cooled by a
thermostatted water jacket in order to maintain their
resistance constant (see section 1.9). Electrical connections
were made to them by welded nickel wires which were taken
outside the bake out area, in order to reduce thermal

noise due to corroded contacts. Operating techniques and
details of the procedure used to evaporate gold and silver
filus onto the inside surface of the bulb are given in
sections 1.14 and 1.15. Electrical contact with the film

was achieved via a strip of platinum foil secaled to the

20
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Fig. 1.7 DIODE CELL - ELECTRICAL
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diode wall and welded to a 1mm, tungsten rod seazled through

the wall of the bulb.* Since the bulb of the diode was immersed

in liquid nitrogen during measurements, the anode (film)
contact was arranged so that connection could be made to it

above the liquid nitrogen level as this reduced electrical

noise from the connection.,

1.9

The electrical circuits associated with the diode perform

the following functions.

Since the diode Ia VS Va characteristics are highly dependent
on the filament temperature, this is automatically stabilised.
The circuit used is shown in fig. 1.8. It operates in
essentially identical manner to the constant temperature

“pirani gauge sensing unit, sensing the resistance of the

filament (function of temperature) and maintaining it
constant. Transiétor 2N3055 1is added to enable higher
currents to be controlled. Potentiometer R1 (10 turn
helipot) enables the position of balance of the bridge to
be altered and so varies the filament temperature.

The potentiometer supplies a variable anode voltage of
between ;‘2=§olts in 1mv. steps., 1ts circuit is shown in
fig. 1.9. Ité output vﬁltage is set to correspond to that

indicated by the decade resistors by adjusting the power

¥It is important that this anode connection is not placed
in the plane of the filament supporting rods as shadinz from
these rods @uring evaporation can result in poor electrical

contact to the film.,
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supply voltage and measuring the potentiometer‘output

using a digital voltmeter. The calibration was rechecked at
intervals.

The potentiometer was connected to the diode filament via
the isolating circuit R1, R2, R3 (fig. 1.7). R3 was adjusted
until the anode current was unaltered by reversing the
polarity of the filament power supply. R4 and R5 are the
anode load resistors for the diode (R4 normally used).

The anode current was measured by monitoring the voltage’

across the anode load resistor using -the Vibron electrometer:

Fig.1.8 DIODE FILAMENT TEMPERATURE STABILIZER

+7V | + 12V
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Fig. 1.9 POTENTIOMETER
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where Ia = anode current
VR = voltage across anode load

R = anode load resistor (R4 or RS)

V = anode voltage

<
I

output voltage of potentiometer.

Using these two relationships the I%/Va characteristics of
the diode could be plotted.

gurface potentials may be measured as follows (section 2}10):
After evaporating a film the filament temperature was set so
that Ia = 100nA. when Va was -1.101V. Surface potentials
were then obtained by adjustingva*using the potentiometer

so that Ia remained constant during the adsorption process.
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Ia could be monitored very éccurately usiﬁg the back-off
facility+of the Vibron electrometer to obtain maxinum
sénsitivity. Ia could be maintained constant to ¥ O.5nA.

and hence surface potentials measured to L 0.5mV.

1.10

Two simple ancillary pieces of apparatus remain to be
described.

(a) Automatic cold trap filler: this apparatus maintains the
level of liquid nitrogen in a cold trap within prescribed
limits. It is shown in fig. 1.10 and functions as follows:
When the tube is partially immersed in liquid nitrogen the
oxygen of the air in it condenses., This lowers the pressure
in the device. The mercury manometer is drawn towards the
sensing tube and contact between pin A and B is broken.

The transfer pump is switched off. As the liquid nitrogen
level falls below the end of the tube, the.air in the tube
evaporates, contact is made between pins A and C as the
mercury moves 1in response to the increased pressure and

the transfer pump is switched on., Pin B acts as a maintaining
contact. Sufficient current flows through resistor R to
hold the relay on but not to energise it from the fully off
position. Thus the relay only switches on when c¢ontact is
made between A and C and only switches off when contact is
lost between A and B. This prevents the relay chattering
and prematurely switching off due to liquid nitrogen
splashing during pumping. Adjustment to the position of

contact C alters the liquid nitrogen level at which the

pump is switched on relative to the end of the scnsing tube.

26
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nitrogen ' *i'
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from 70L. Fom, !

storage . Jloss of vacuum, or coolant from |
dewar

i the diffusion pumps by the cir-
cuit shown in fig. 1.11. Power
to the apparatus is supplied

through a latching relay RL1 %
which is controlled by the |

. following sensors:

(i) overtemperature

switch in diffusion pump

water supply
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(ii) pressure switch in diffusion pump water supply
(iii) sensitive manometric switch (+ .5torr)
monitoring rough vacuum, shown in fig 1.11(a).

Power is not restored to the apparatus after power cuts or

27
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in the event of one of the sensors resetting e.g. as the
diffusion pumps cool down, due to the action of the main
latching relay. The time constant of C1/R1 is chosen to
avoid a shutdown due to momentary fluctuations in mains

voltage.

System Operation

1.11 Pump Down

After initial pump down the system was always let down to
dry nitrogen rather than air as this greatly reduced
subsequent pump down times, chiefly by reducing the quantity
of water vapour which was adsorbed onto the walls of the
system. Before evacuation the diode was prepared as
detailed in section 1.14. The mercury reservoirs for the

gas dosing system were lowered to their fullest extent.

All taps and cut offs were opened except for T1, T4 and

taps T8, T10 and T12 after the seals on reservoirs R3, R4
and R5 had been opened. The evacuation procedure was then

as follows (fig. 1.12). Pump down was most econonmically
commenced at about 2pm. The system was first evacuated
using the rotary pump, on gas ballast for the first few
minutes to speed removal of water vapour. When a prsssure of
less than 10"2torr was 1lndicated by PG1 trap 1 was cooled

in liquid nitrogen whereupon the pressure would iamediately
fall to less than 10_3torr. The system was always puunped

at this pressure for a few more minutes; trap 2 was then

cooled in liquid nitrogen, taps T13 and T14 were closed and

the diffusion pumps started. After some fifteen minutes the

29
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pressure as indicated by the Mcleod gauge would féll to
below 10_4torr. The mercury in cut offs CT1-4 -and the
McLeod gauge was then raised to levels L1141, L21, L31, L4f
and LMC1 respectively (fig. 1.13). The ion gauge could then

be switched on and the filament was lightly outgassed by
operating the gauge for a few minutes at 0.1mA., 1mA. and
then 10mA. emission current. The diode filament was also

lightly outgassed by operating it at a bright yellow heat.
Outgassing was continued for about ten minutes. The UHV
section was then baked out for about two hours as follows.
Ovens were placed round the diode and UHVsection, excepting
trap 2,i.e. bake out ovens 1 and 2 (fig. 1.2), and their
temperature raised to 200°C. o%er a period of approximately
twenty minutes. The liquid nitrogen coolant was removed
from trap 2, an oven placed around it (no. 3) and the
temperature of all the ovens raised to 350°C. After about
one and a half hours the capillary and wide bore tubes

leading from CT4 to the UHV section, and the upper part of

CT4 were heated using a gas-alr hand torch for about fifteen

minutes. After a further fifte;n minutes bake out, oven 3
was switched off and removed and trap 2 cooled in liquid
nitrogen. Ovens 1 and 2 were then switched off and allowed
to cool. When their temperatures had fallen to 200°C. they
were removed and vigorous outgassing of the ion gauge and
diode filament commenced immediately, while the glass walls
of the UHV section were still hot. Outgassing was continued
for about one hour whereupon, after cleaning trap 2 of

condensible material by closing cut off CTH, warming the
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diode side only of the trap to room temperature, recooling
the trap to -196°C. and re-opening CT5, the pressure indicated
by the ion gauge would typically fall to 5 x 10-8t0rr. It
was often found advantageous to clean trap 2 several times
during outgassing. The UHV section was then baked out
overnight using a procedure similar to that of the "short
bake out" above. The liquid nitrogen coolant of trap 1 was
replaced by solid carbon dioxide/acetone at this point, the
mercury mirror condensed by the liquid nitrogen remaining*
and increasing the effectiveness of the trap. Vigorous
outgassing of the ion gauge and diode filament was carried
out on cool ¢own in the morning terminating before the glass
walls of the UHV section had cooled to room temperature.

The diode filament was flashed to white heat several times.
After cleaning trap 2 the pressure normally fell to around

10

2 X 10-9torr and dropped further to about 3 x 10; torr over

the next hour. At these pressures the major components of

the residual gas in a system of this type are hydrogen,

helium and carbon monoxide. (1), (5).

Real leaks are suspected by a failure at any stage to maintain
this pump down schedule (fig. 1.12). They are detected by

the following procedure: sections of the system are first
isolated and any pressure changes observed are indicative

of the general location of a leak. Large leaks, especially
pin-holes may then be found using a Tesla high frequency
tester. Smaller leaks are best searched for using distilled

water. On drenching a leak with distilled water a dramatic

rise in pressure is first observed as water vapourises in the -
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system followed by an equally dramétic fall as. the water
freezes and blqcks the leak. (The pumps are usuzlly well
able to;iemove tﬁéismall quantity of water vapour released
by the ice in the leak). Acetone may also be used to

search for leaks of intermediate size. The smallest leaks
may be detected using a jet of hydrogen, a rise in pressure

being observed due to the higher flow rate of hydrogen through

o

the leak.

After an experiment th;“éystem was 1e; down to nitrogen as
noted above. The diffusiqn pumps were always cooled to
room temperature before let-down and all mercury reservoirs
returned to theilir lowest positions., Traps 1 and 2 were
warmed to rooﬁ temperature éfteéﬁlet-dowﬁf(permiésible in

a nitrogen atmosphere) as this was found to minimise

diffusion of their contents through the systemn.

Operation and Calibration of the Gas Dosing System
1.12

This is shown in fig. 1.1 and in greater detail in figs. 1.13
and 1.14. ‘This system was used to introduce small known
quantities of gas into the UHV section during surface
botential and rate of adsorption experiments. It functions
by utilising mercury cut offs to define a series of known
volumes between which a quantity of gas 1s shared to produce
a sanmple of appropriate volume and pressure, which could

then be admitted to the UHV section. The volumess defined

were as follows (* denotes calibrated volume).
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Hydrogen was

between L13, T16, T13 (mercury levels L13 etc.

shown in fig. 1.13).

between L13 and L23

of McLeod gauge, defined by LMC2
defined by LMC2, L25, L33 and McLeod gauge
(i.e. mercury at LMC2 just
isolating McLeod gauge)
between L33 and L45 (i.e. mercury at I.23 just

isolating the junction)

between L33 and L46
of UHV section, defined by L44.

admitted to the gas inlet line in controlied

amounts through a palladium thimtle. It was stored in

reservoir R6 which was filled as follows. Taps T7, T9 and T11
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were closed.‘Taps T6, T13 and T16 were opened fo allow the
inlet line to be evacuated (close T14, T15 se; section.1.5).
T6 was then closed and mercury raised in CT1 to level L13
where i1t formed a small manometer allowing pressure in the
inlet line to be monitored. Mercury in CT2 was set to L21 and
in CT4 to L45 to prevent surges of gas to the UHV section in
case of accidental release of gas past the manometer.

The temperature of the palladium thimble waé then raised to
approximately 25000. and hydrogen/deuterium ailowed to
diffuse into the inlet line and R6 until the pressure
reached approximately 10torr. Taps T13 and T16 were then
closed and the thimble cooled. The hydrogen above L13% was
normally used immediately. Other gases were used directly
from the inlet line which was filled as follows: after
{nitially evacuating the entire inlet 1ine'inciﬁding the
tubes between taps T8, T10 and T12 and the glass seals of
reservoirs R3, R4 and R5, T6 to T13 were oiosed and the
reservolr seals broken using magnefic hammers. A similar
procedure was then followed for R3, R4 or R5, for example
R3; T8 was opened and closed filling the volume T7->»T8

with gas. T7 was opened and closed filling the inlet line
with gas at a reduced pressure. Known doses of gas could
then be admitted to the UHV section either from the inlet
line or from reservoir R6 using the mercury cut offs to
define appropriate quantities.

Gas was first admitted to V1 either via T13 or T16 using

CT1 as a manometer to obtain a suitable pressure. CT2 and

CTA were set as above in case of an accident,
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CT?2 was then raised to L23, CT1 lowered to L12‘and returned
to L13 allowing gas to expand into Vé.
CT3 was set to L34, MC to LMC1, CT2 lowered to L22 and
returned to L23%, sharing gas into V4 . The pressure of thic
gao was measured using the Mcleod gauge (Ptorr).

CT4 was set either to L45 or L46. CT3 was lowered to L32
and returned to L34 sharing a known portion of the gas in
V4 into either V5tor V6' This dose of gas was then admitted
to the UHV section by lowering CT4 to L42. From the Mcleod
gauge reading and the calibrated volumes V3, V@, V5 and V6

the amount of gas G (litre.microns) in this dose could be

calculated from the expression

G =JPuV516.V1 volumes in cm?

Vﬁ +,V5/6 P in torr
G in litre.microns,
Iin some experiments gas was admitted slowly but continuously
from (V4 + VS) through the capillary tube by setting CT3 4o
L32 and CT4 to L45.

1.15

The gas dosing system was calibrated in two stages

(i) The volume Vs and the bore of the McLeod
gauge capillary were obtained by direct measurement and hence
a pressure calibration for the Mcleod gouge established.

(ii) Volunes V ~>V, were obtained by a scries
df gas sharing experimnentis relying on the calibration of the
McLeod gauge.

(i) V3, the volume of the gauge, was obtained from the weight

of distilled water at a known temperature needed to fill the
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volume. The mean of four determinations gave a value for V

3
of 141.7 cnm.

The McLeod gauge capillary was formed from a length of 1mm.

internal diameter precision bore tubing. The tube was selected

for uniform hore before gauge construction by measuring the
length of a column of mercury of a given weight at varying

poaitidns along the tube. The bore was éalibrated after
construction of the gauge by filling i£ with various weights

of mercury and measuring the length of the resulting mercury
colunn. These results were used to compute a tableidf

pressure (torr) against scale reading (mm.) at 0.2mm. intervals.
(ii) A series of gas sharing experiments was then carried out

to determine V4—>V7. These determinations were repeated at

intervals throughout the life of the vacuum system. The

gas used was always hydrogen.

Volume V
— 4

The McLeod gauge (V;) was filled with hydrogen at a pressure
CPg)which was carefully determined. CT2 was set to L23
and CT3 set to L34, thus defining volume V4. (L3% could not

be used to define VA for this determination as the nercury

level could not be maintained accurately at this position

during the procedure. The volume between L33 and L34 (V&')
was carefully measured and found to be 1.25cm§ ¢ i1tes wvalue
was added to the measured value of V4). MC4was lowered to
LMC1 and the system allowed to come to equilibrium. The
mefcury in the McLeod gauge was then very slowly raised to

LMC2 and then further raised to measure the equilibrium gas

pressure in the new volume (Pﬁ).
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Then:

This determination was repeated many times using varying

1

pressures for P, of between 10 ' and 10_2torr, resulting in

5

a mean value for V4 (including V,') of 175.8cm?

4

Volumes VE gnd V6

A nmultiple sharing technique was used to measure these

since their volumes were very small. An essentially identical

procedure was used to determine both. That for V. will be

D

described.

V., was filled with hydrogen at a known pressure of between

A

10~"1 and10”%torr (PO). The following sequence of operations

was then carried out n times where n varied between 5 and 20

for different determinations:-

Evacuate V5 by setting CT4 to L41

1 minute for
equilibration

CT3 slowly raised V5 defined by setting

to L34 \ CT4 to L45

afterxr nth' 1 minute

cycle for equilibration

N

Gas shared by setting CT3 to L32

Mercury in MclLeod

gauge slowly raised to determine

y (Pn).

pressure remaining in V
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V. may be calculated from the measured values of n, P, and

5 O

ZP as follows:

| ol

Initially = 0
After n cycles =‘3n
After one cycle ?P1 -._-_-?POVJ
V. +V
45
2
After two cycles iP2 =1P1 Vl _'PO V!
V,+V V,+V
475 475
n
After n cycles 'Pn ='P0 V!
V,+V
4M's

And hence v V{JEQ - 1
n|P
Il

For minimum errors'Po should be as large as possible and
n=1y, ,
-2

2

The multiple sharing experiment was répeated four times

yielding a mean value for VS of 2.30m? An exactly similar
5

series of experiments gave a value for V6 of 1.4cm?

\
As a check on these results an alternative method of

measuring V5 and V6 was also used which was carried out

as follows:

(i) V4 and Vs(or VG) were filled with hydrogen at a known

pressure of between 10_'1 and 10_2torr.

(11) VS (or V6) was then isolated and V4 evacuated via CT2.

(1iii) CT2 .was set to L23% and CT32 lowered to L32. One minute

was allowed for equilibration.
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(iv) CT2 and MC were then raised slowly in order to reach
L33 and LMC2 simultaneously.

MC was then further raised to measure the new
pressure tP(4+5/6) .
Fssentially the procedure congsists of expanding a known

pressure of gas 1n V5 or V. into volume V# + V(5of6)

Volunme V(5or6) is then given by

| v(503:'6) - V&
Ps /6 - 1
F(445/6)

The experiment was repeated on numerous occasions and
yvielded values for V5 and V6 substantially in agreement with

the multiple sharing technique above.

Volume V7

This volume varied during the course of a series of experiments

as alterations to the dimensions of the UHV section were
made by changing‘diode cells, pressure gauges etc.
Consequently it was remeasured as and when required. As
the volume of this section is large, a single sharing

experiment was used, hydrogen being shared from V, into

4
(V7+V5+Vx). v, 1is the volume of the tubes between L44 and 145.

This volume which is quite small (approximately 1cm§) also
varied from experiment to experiment and was measured

carefully each time.

1.14 The Evaporation of Silver and Gold Pilng

The diode cell used in these studies is shown in fig. 1.6.

Metal films were evaporated onto the inside surfece of the
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spherical diode by heating a sample of the metal on the
diode filament. The procedure was as follows. Before pump

down a weighed length of gold or silver wire (Johnson

Matthey 99.999%) was formed into the shape shown in

fig. 1.15 using forceps.

Fig. 1.15

The pip on the bottom of the diode buld was blown off and

the length of wire hung on the hook above the filament as

shown in fig. 1.16.

Filament support rods

_\ e—NiCkel tabs
o™

\Filam ent

Fig. 1.16

The pip was then resealed and UﬁV conditions established
as detailed in section 1.11. A smart tap on the bulb of
the diode would then result in the metél wire falling

onto the filament which must of course be cold. The
filament temperature was then raised slowly until the

gold or silver melted and formed a bead surrounding the
"V of the filament. The filament was very rapidly cooled
to prevent premature evaporation of the gold or silver

which occurs rapidly at these filament temperatures. The

filament temperature normally has to be raised to a wvalue
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well above the melting point of gold or silver in order
to melt the wire due to the poor thermal contact between
the filament and the wire. The bead was then remelted
several times, alternatively in approximately .1torr
hydrogen and in UHV, tofremove dissolved oxygen. The
system was baked between each cycle. Finally after
restoring UHV conditions the metal was evaporated by

heating the gold to a bright yellow heat, or the silver
to a dull yellow heat. Evaporation occurred over a period
of about forty five minutes. The pressure rose during

8torr but aiways fell

evaporation to approximately 4 x 10
to approximately 5 x 10-10torr immediately afterwards.
The bulb of the diode was always at room temperature

during evaporation.

1.15

The adsorption of simple gases was then studied on these
evaporated films as follows:

(i) The liquid nitrogen coolant for trap 2 was replaced by
solid carbon dioxide/acetone. Care was taken to ensure fhat
the mercury mirror condensed on the inside of the trap by
the liquid nitrogen was retained as this increases the
effectiveness of the trap.

(ii) The bulb of the diode was cooled in liquid nitrogen
under atmospheric pressure (i.e. -19600.) during the
measurements, except for those involving krypton in which
a lower temperature was needed. This was obtained by

reducing the pressure above the liquid nitrogen using a

rotary pump. The temperature resulting was measured
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using a thermocouple.

(iii) Studies were made of the variation of surface potential
(section 2.9) witnh adsorption of hydrogen, deuterium, xenon,
krypton and carbon monoxide on both gold and silver. Small
doses of the gas in question were admitted to the diode
using the gas dosing system as described in section 1.12.
After each dose the equilibrium pressure of the gas was
measured and the surface potential determined as outlined

in section 1.9.

The pip of the diode was always pre-cooled in liquid nitrogen
before cooling the whole bulb of the diode in order to

adsorb any residual gas remaining from previous experiments
onto a part of the film in poor electrical contact with the
anode i.e. that on the bottom surface of -the pip. A small
fall in pressure with no'change in surface potegtial was
normally observed.

(iv) In order to provide a check on the validity of the
surface potentials measured, the diode Ia/Vé characteristic
was frequently rmeasured for the clean film and for the film
and adsorbed gas. As described in section 2.10 these
characteristics should always remain parallel for a given
£film. The characteristics were measured over a range of Ia
from 1nA. to 500nA. and fig. 1.17 shows a typical xresult..
The plots were always found to be parallel to witﬁin

4+ o5 mV,

(v) The rate of adsorption of a gas (most frequently nydrogen)
was tollowed by monitoring the change in pressure during

the adsorption of a dose using the fast response pirani
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gauge PG2 and a Servoscribe chart recorder. A typical plot

of P vs Time for one dose is shown in fig. 1.18.

5 Vv dose admitted

Fig.1.18

Egbm. press. after adsorption
O t

These experiments were normally combined with those in
section (iii). Blank experiments i.e. in which adsorption
did not occur were also performed in order +to determine
the effects of recorder and pirani responses on the shape
of these exverimental plots. The analysis of these is

described in chapter four.
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Chapter 2

Theoretical

2.1

The apparatus and techniques described in chapter 1 were
used to study the interactions betwéen simple gases and
clean siiver and gold surfaces. In this chapter the nature
éf these surfaces will be considered. The theory underlying
the surface potential measurements used in this study will

~ be Qescribed, and their possible interpretation considered.

The Nature of the Surfacé

262

Two factors make the use of thin films for the preparation
and study of metal surfaces particularly attractive.

(i) UHV evaporations from a pure and well degassed source
yield films with a surface substantially free of adsorbed
gas atoms. The gettering action of the metal results in

the surface being the cleanest part of the film.

(ii) The surface to vélume ratio is large in a film,

resulting in an lncreased tolerance of subsequent contamination.
The structure of a film however, is frequently quite different
from that of the bulk material énd is heavily dependent on

the nature of the substirate and the conditions during
evaporation, in particular substrate temperature and
deposition rate. The nucleation and growth of thin films

has been discussed by many authors including Rhodia and
Walton (1) and Neugebauer (2). The topic has been discussed

at symposia (3). More recently Cinti and Chakraverty (4)

have investigated the silver/silica system under conditions
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of low supersaturation, although their conclusions appear
to have wider generality; Lewis and Campbell (5)ihave
considered the high supersaturation case. Kakati and
Wilman (6) have investigated the structure of silvef, gold

and copper films on stainless steel and glass subsﬁfates in
some detail and Walton (7) has considered the role of

nucleation in determining orientation.

e 1

In the early stages of film deposition, metél atoms arriving
at the substrate surface must take part in one of three

conpetitive processes:-

- ¥

L

(i);the atom may be céptured by é stable nucleus. Coaleécence
of these nuclei during later film growfh leads to the gf&ins
(crystalites) of the continuous film

(ii) nucleation may occur i.e. the afom may combine with
another single atom or critical nucleus to form a staﬁle
nucleus

(11i) the atom may complete its lifgfime on the surféce
before being captured and hénce evaporate. k

The nuclei refeired to in (i)hand (ii) are small clusters

of atonms adsorbedqon the substrate surface which grow or
decay by the addition or loss of singie atoms. Condensation
of permanent metal films ont5 glass andpother inert
substrates which have a low heat Qf adéérption for metai
atoms will only occur via the formation of these aggregates.
However, their formation is energétically unfavourabié

up to a certain critical size, after which further growth

becomes favoured. The critical nucleus comprises one legs
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atom than fhe smallest stable nucleus. Experimentally (8)
and from theoretical estimates, albeit using bulk data (5),
the upper limit for the size of the smallest stable nucleus

for silver on glass at room temperature and for similar systens

is known to be suaall, of the order of a few atoms.
The stability of these very small nuclei and hence the

size of the smallest stable nucleus is strongly dependent
on their structure, in particular the number of bonds
limking each individual atom to the cluster. Thus we can

imagine a stability series, beginning:-

Fig.-2.1

e KK o—e < [\ < ete.

bonds to substrate 1 bond per -2 bonds per

only atom atom

¥

In addition the substrate surface may alter this series
by imposing its geometry on the embryo nucleus, for

example perhaps making

Fig. 2.2

more stable than

both structures however allowing two bonds per ad-aton.
A cluster will only grow if the lifetime of an atom
attached to it is sufficient for the rate at which atons
arrive at the cluster to exceed the rate at which others

leave. Hence thz size and structure of the smallest stable

nucleus will be a function of the film material and substrate

(i.e. bond strengths and geometry), substrate temperature
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(i.e. leaving rate) and deposition rate (i.e. arrival rate).
Since the clusters must contain an integral number of atoms,
a critical nucleus of a particular size will result fronm
quite a wide range of depcéitian.conaitians;walton (7)

sees here the origin of epitaxy, smallest stable nucleil

of two atoms leading to total misorientation, three atoms

to (111) planes parallel to the substrate and four atoms

to (100) (for fcc metals).

Fig. 2.3 (111) A (10}0)

Evaporated films having crystalites orientated with (111)
planes parallel to the substrate are common (9). Kakati

and Wilman (6) have observed (115) orientations in silver
and gold films of a few hundred angstroms thickness
evaporated onto glass or stainless steel at pressures of
less than 2 x 10"7torr. Films prepared in-tﬁis study are
probably either entirely disorientated or a£ least partially
orientated with (111) faces parallel to the substrate
(section 1.14 and 3.5 ff.).

2.4

It is likely however, that the properties of evaporated
metal films are influenced at least as much by the defects
in the film as by the predominating crystal faces. LEED (10)

and FEM (11) studies for example suggest that adsorbate
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atomgs interact much more strongly with!stepped,surfaces
than with surfaces exposing low index planes only. FEM
photographs show otherwise mobile adatoms to be trapped
by irregularities. The concentration of these defects in
a thin film surface is a function of the number and

location of the stable nuclei formed during initial

deposition. Under conditions where the substrate temperature

is low and the rate of impingement of atoms high enough,
statistical variations in the concentration of the adatoms
may be expected to lead to the formation of critical
nuclei. This is probably the case in1Kakati and Wilman's
experiments where a high deposition rate of 303/390. was
used. Films prepared in this way will consist of many
small crystalites whose number and distribution is
insensitive to substrate heterogeneity. At lower super-

saturations however, i.e. higher substrate temperatures or

substantially lower impingement rates; Cinti and Chakraverty’s

experiments and this study (section 1.14),;thé rate of
evaporation of metal atoms will be more significant.

Stable nuclei will be fo;med preferentially on areas of

the substrate where the lifetime of the adsorbed single

atom is increased. In such areas the crystalites formed

will be greater in number and smaller in size than elsewhere
on the substrate. Electron micrographs of very low

thickness films show enhanced nucleation occur=ing at

such features as cleavage steps (12). Decoration phenomena

are well known (13). Dixit (3[ page 29) suggests that micro

temperature wells may cause preferential nucleation.
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However it seems reasonable to associate aréagfof enhanced
nucleation on glass substrates with crystal defects,
recrystalisation points and impurities often observed on

glass surfaces. Films can be anticipated therefore to show

properties which reflect both the nature and the heterogeneity

of the substrate when the deposition rate is low.

Two factors may however reduce this éensitivity to substrate

heterogeneity.

(1) Contaminants: since these are most strongly bound to
the same sites that we have identified as causing enhanced
nucleation, and will tend to reduce their effectiveness,
only‘films prepared under UHV will show this sensitivity to
surface detail.

(ii) Annealing: during annealing larger crystaliteé grow

at the expense of small ones and hence tend to remove the

consequences of the initial distribution of crystalites.
2.5 Summary
(1) Vacuum deposited films are preparitively éttractive

but frequently show structure quite different froﬁ*bulk

material.

(i) In'this study the films are probably'unorieﬁtated or
orientated with (111) planes parallel to the substrate.
(iii) The defect density influences the properties of the
film and is a reflection of the substrate and deposition
conditions.

(iv) Incompletely annealed films prepared under UHV can

be expected to show differences in properties which;reflect

micro dissinmilarities in suBstrate, between different tvpes
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of glass for example.

Lo

(v) A very slow drift in the properties of a film is
anticipated due to contamina%ion, annealing and recrystalisation.
Recrystalisation is known to be promoted by the presence

of water vapour (14) always present in systems hzandling

7 -l

- hydrogen atoms (15).

SurfaceiPotentials and Work Function

2.6

Tt has been observed by numerous authors (16) that the work
function (Q‘)) of a metal (or semiconductor) is altered by
the adsorption of a-gas onto its surface. This work function
change is termed a surface potential (SP), and its measurement
provides a useful means of following an adsorption process.
2.7
The work function may be loosely defined as the energy,

| exPreséed in electron volts or volts, necessary to remove
an electron from just inside to just outside a metal surface.

Herring and Nichols (17) give a more rigorous definition:-

d (volts) = =@, - %—

where (i- = electrochemical potential of

electrons Jjust insides the

notal. | ={ 2G|
o [-[38]

electrostatic potential of

1,P

P,

electrons just outside the

surface.
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we nay further define

y=d
o
<

=,
-
),
H
(D
g o
!

chemical potential of
electrons inside metal

- independent of. surface

o

=

0,

>
HoH

Il

electrostatic potential
difference across

‘surface (section 2.81ii)

p=-30p- § ——————— (1)

hence

The term @ois known to be a function of the distance (f‘)

of the electron from the surface of the metal,given to a

very good approximation by the image potential:

V() = —==——= = ¢ (r) |

provided that I” is greater than a few angstroms, that

(2)

external fields are absent andA@ is assumed equal to zero.
The distance I from the surface of which the work function
is effectively measured must therefore beidefined and clearly

the nost convenient distance will be that at which @D is

reduced to 2zero.

f.e. At =T, , @ozo

and hence QS:_% (3)

In the simplest possible system of an infinite single

crystal surface with no external electric fields,

éoﬁo as r“% 2=
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and we therefore define I as infinity (fig. 2.4). =~ .

- ._,F:'g' 2'4 V

$(r) = V(r)

i
e

This ideal case is not realised in any practiczl determination
of work function (or surface potential). In particular when

using the diode method to measure the SP of gases adsorbed

onto evaporated films the following deviations from ideality

occur:

(i) An electric field is applied (sections 1.9, 2.8 and 2.9)

(ii) The metal surface no longer consists of a single

| crystal face.

2.8
.. (1) In this study the diode was always operated in the
retarding field mode (section 2.9) i.e. the anode of the
- .diode was held negative with respect to the filazent. The
N effect of this on the field close to the metal surface of
the film (anode) is shown in fig. 2.5. The eleztrostatic
! ~* potential @o(r) experienced by an electron at a distance

from the surface will be the algebraic sum of the image

potential due to the applied field (A@ = O)

d(r) = -Er - —== (4)




T

VA= the potential due to the

applied fieldE

The effective work function will be reduced by the presence
of this external field by an amount 5¢ , (Schottky effect),
and the position of the barrier which the electrons must

cross,in order to enter or leave the surface, defined by the

maximum in this potential function §;(r0_

At this maximunm

hence

(6)

and on rearrangement

1
3 e |*
o [1671:80EJ

The decrease 1in work function is given by
1

6¢=?§O(r;)’= [Z%%z (8)

In a diode cell of radius approximately 2cm. with a

(7)

potential difference between filament and film of approximately

1volt the position of the potentiél barrier will be
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approximately'10_5m. from the surface and the lowering

of the. work function approximately 10mV.

(ii) There are two further contributions to the work

1L

function in addition to — which cause the electrostatic

. c
potential across the surface(Aﬁ)to be non-zero (18) (19).

(a) Electrons spread beyond the surface of the metal as
defined by the position of the ion cores, fig. 2.6.
Fig. 2.6
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- | tsurface
g This effect is isotropic and gives rise to a double layer

as shoﬁn. Double layers at the surface are always described
by the sign of the chargéfon the outer or vacuum side of
the charge layer, hence this effect produces a negative
aOuble layer. It results in an increase in the electro-
static potential drop across the surface, equal to the

| ﬁ potential difference between two points on opposite sides
:of the double layer, and hence causes an increase in the
work function.

(b) A positive double layer arises from the smoothing of

the electronic surface with respect to the ion cores and

- - this reduces. the work function. (fig. 2.7)
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The magnitude of this double layer isrseﬁéitive té the
roughness of the éurface on an atomic scale and will.
therefore be different for surfaces exposing different
crystal plaﬁes. This is experimentally confirmed by
numerous authors (19). Differences in worgffunction for
various crystal planes for the same metal are typically
0.1V - 1V, QS being highest for the smoothest i.e. most
ciose packed surfaces. A polycr&staligém;v;porated film
(section 2.5) can therefore be expeéted to consist of
small areas each having a different work function; Each
individual area of substantially uniform Q‘ ié called a
patch and each will have a work functioﬁ which is uniquely
a property of that patch if its dimensions are large
conpared to the distance r;;_ at which Q{ for the patch "
ic defined. [Ij; is a function of the field Ep experienced
by each patch in the absence of applied fields as a
consequence of their differences in work function and 1s
given by equation( 7).

Hence

N, = ‘p metres (9)
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5 -3
=17 x 10 X Ep metres

_,.,,mEpwill be of the order of A ¢ where A¢ = the difference
d

between the work function of a
patch and the mean of those of the
patches surrounding it (approximately

I1 — 1V01‘t)

4 . d = patch width
;nd consequently this condition r;;,(( d is always
fulfilled.

Herring and Nichols (17) have shown however that at
Aistances that are large compared to the size of the

patches @o will reach an average value @o given by
i' ﬂiqiﬁ
i

and since ééis independent of (equationC])), the work

where f; = fractional

area of patch

function will reach an average value QS at the sane distanca.
Providing that the value of I; is large compared to the

| size of the patches, electrons entering or leaving the
surface must pass over a barrier whose height is dependent
on Zand consequently the value of ¢;’ will hawve no

. significance except insofar as it influences the value

QS . An example is shown in fig. 2.8.
¢1 ¢ andQS are the work functions of vatches 1, Z and 3 .

The work funct:l.on is equal to [ @f‘) E] vlus the potential

difference across any double layer present at the patch

T
X Fh !“i
I b1

¥

"gurface.



There is good evidence that the retarding field diode 1is
sensitive only to the mean work function, provided by the
substantial agreement betﬁeen SP measurements made using a
retarding field diode and vibrating capacitor by Ford (20)
and Anderson (21). The vibrating capacitor almoét certainly
responds to the true average work function. Since [p is
approximately equal to 10008 (section 2.8(i)) this
observation implies an upper limit to the éize of the -
patches or alternatively that either

(2) the work function for these polycrystaline sﬁrfaces

is substantially uniform across the surface or

(b) the.SP due to an adsorbed gas is insensitive to the
work function of the patches.

2;9 Surface Potentials

A surface potential is defined as the change in the work

function of a metal produced by an adsorbate.

AV 24 - — (1)
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where AV = surface potential

o O~
I

work function of
clean surface

Q% = woric function of

surface + adsorbate

It is caused by the presence of dipoles in the adsorbed
atoms or molecules (section 2.11)‘which alter the work
function in'fhe samé ﬁay aﬁﬂtﬁe double layers described in
2.8(ii).1Theqmagnitude of the 5P will be a function of the
magnitude of the dipoles'(CT) and the number of dipoles per
unit area (rl) and will be equal to the potential difference
across the dipole layer if it is assumed that the array of
dipoles behaves as an infinite and continuous layer of
charge. This may then be considered as a capacitor of
C farads m':1 having plates l metres apart each carrying

charge b coulombs. Then:

(12)
and C | - -E‘L:—o | (13)
hence AV = % ~ gg‘ (14 )

AV is defined as having a sign equal to that of the side

No. =ql

of the dipole layer further from the metal surface i.e. a
positive SP implies a lowered work function.
Gomer (22) has considered the effect of the dipole layer

being composedof discrete dinoles rather than a continuous

’

layer, and his conclusions are illustrated schematically
in fig- 2-9-
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