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ABSTRACT

A quartz crystal microbalance empioying a Watnr cooled,
AT-eut, 5 Miz quartz crystal in a tunnel diode oscillator circuit
is used to monitor the thickness of ultra-thin (< 50 R), highly
conducting films of gold, deposited by a new technique. The
osc111ator frequency is stab]e within 5 Hz over extended periods
of severa1 hou#S, equivalent to an error. of less than + 0.25 A

from this sourte. Relaxation effects during post deposition

_crystal cooling are observed.

1t is shown that the resistivity of ultra-thin (< 50—3)
films can be determined convepienf]y and aecurately by microwave
measurements. Study of the effects ot annealing are ailso
facilitated. |

The phenomenon of island formation during the initial stages -
of film growth has so far prec1uded the poss1b111ty of obtaining
continuaus films below a th1ckness of about 300 A. By depositing
on 3 to 10 A thick p1at1num nucleating layers on air cleaved mica
substrates, gold films between 5 and 40 A thick are found highly
conducting. Comparison with ear1ier theoretical studies indicates
totally diffuse scattering at film boundaries and a surface roughness
parameter of less thank3 Z. The effect of aging on resistivity
indicates low temperature interdiffusion in platinum and gold;
while the effect of‘ennea1ing further conffrms a high degree of
continuity of Au-Pt composite films. The results are 1ntq;;reted
to indicate substantial inhibition of island formation. Y

An application of gold films in mercury detection is

iv



investigated. ‘Optimum gold films on/glass tor this purpoée are
shown to be of pure gold evaporated by an e]ect(gzﬁbeqm heated
source, having a thickness in the region of 100 A aéﬂ annealed at,
~ 175°C. Such films on glass wool have a possible application in
personnel protection, mercury pollution ‘etimination, and recsvery
of mercury from fossil fuels. Thin films of gold on glass are

shown cabab]e of providing a method for accelerating recovery of

. . CY . .
victims of some forms of mercliry poisoning.

/
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CHAPTER I
INTRODUCTION

.The earliest recorded work on thin films of solids dates
back to Faraday's time. 'Cheﬁfca] reaction and glow-discharge
sputtering were first reported by Bunsen [1] and Gvae (21,
respectively, in 1852. In"his 1857 paper, Faraday [3] describes
explosive evaporation of wire in an ihenf‘hydrogen atmosphere for
obtaining thin films of gold, platinum and other metals. Faraday,
in particular, was studying the polarization of light by transmission
through crystals and attempted to obtain thin, continuous and light
transparent films. 'Nahrwo?dJin 1887 [4] and Pohl and Pringsheim in
1912 [5] are credited, respectively, with devising and further
improvinc vacuum evaporation techniques, which were used in the
work reprrted by Langmuir in 1913 [6] and 1917 [7]. The above seems
to be about the only significant reports till about the early thirties;
the work accelerated since then and has been reviewed by Holland [8]
covering the period upto 1950. An important publication in this
period was that éfVVand [9] who studied the effect of structure
modification on the conductivity of gold films. |
) The signif%éént work until the early fifties had been
theoretica] eva1uation~6fisizé effects on electrical conductivity.
Thomson in 1901 [10] predicted a decreéséyin conductivity in fi]ms‘
of thicknesses comparable to the mean free path of conduction

electrons. Fuchs [11] derived a more exact theoretical expression,



based on Bloch's quantum mechanical theory of conduction in metals.
Further work by Sondheimer [12] led to the currently accepted
Fuchs-Sondhéimer theory of the size effects on e]ectfica] conductivity
of thin films. In all the above theoretical work, the films are
assumed to be a slice off the bulk metal with perfectly plane,

paraliel surfaces. In'practj;e this j; far from true. Some
modificatioqs in the theory ;ave recently been proposed by Halpern [13]
and Namba has derived a fonnu]é taking into.account surface roughness
[14].

Edison, at-the turn of this century, was the first to predict
the imbortance of vacuum depos$tion; Thé current and future uses of
this technique have recently been discussed by Ho]]and [15]. In
particular, because of the stability and good electrical conductivity
of gold, these films, are suitable for many applications. Examples
are the de-icing of aifcraft windows [16], heat reflecting observation
windows [17], eye-protection from microwave rad}ation [18], bolometers
for low-level microwave power measurements [19], heat reflecting
glass panels for energy conservation in_bui]dings [20,217, thermo-
electric power [22], solar energy conversion [23] and ultra-sensitive
mercury detectors [24,25], the latter being an application jhvestigated
in this thesis. |

* From the economic point of Viéw, it is important to use as
\thin a film of gold as is practical in all the above app]icatioﬂs.
The main problem, however, has been the agglomerate structure of
fi]msAbe1ow 300 R. Any improvement in film texture results in a

simultaneous increase in electrical conductivity, transmission in



_ the visible and reflection in the infrared parts of the spectrum,
and, for example, microwave shielding. ihinner gold films also
display higher sensitivity; that is, a laiger proportional increase
in resistivity upon surface adsorption of mercury [24]. This
results from a larger surface-to-volume ratio of the thinner films.
. in this work, improved structure and internal stress relief with
‘annealing has been found to increase the mercury detection sensitivity
by as much as 300% [25].

Nucleation and growth mechanisms, and the structure of the.
thin films have long been studied by é]ectron microscopy and x-ray

diffraction techniques; the main disadvantages of electron

5 torr) and the need

microscopy being poor vacuum conditions (~ 107
to strip the film off the substrate [26]. X-ray diffraction methods
are difficu]t to apply because of intefference from the substrates.

Recent advance; in surface science have, to a great extent, obviated
some of these difficulties. In situ studies under clean, ultra-high

9 torr) of the many new and old phenomena

vacuum conditions (< 10°
are now possible. The techniques comprise electron reflection
diffraction [27—30], Auger electron spectroscopy [31-34] and x-ray
and’nuciear backscattering [35,36]. These features, as well as ;
scanning electron microscope methods, have been incorporated in an
integrated system recently reported [37]. Parallel theoretical work '
has been in progress, particularly to define the initial stages of
film growth and the effect of subsequent film structure [38-50].

The understanding of the mechanisms involved in thin film

growth is far from complete. Nevertheless, the dominant feature



is believed to be that of %s]and formation during the initial
stages of metal films groWn on insﬁ]ating substrates. This detefmines
the subsequent film structure. The ff]m usually grows by the iﬁter—
connections of the islands as the‘deposit builds up. The process
is called agglomeration, also known as the Vo]mer—weber mechanism.[44].
Thus, a film in the form of a continuous distribution’ of atoms is a

, if %t occurs at all [26]. Indeed it was, at the outset of

-+

... . work, considered difficult to produce continuous films below
a thickness of 300 K, and with a mean deviation -from surface smoothness
of less than 50 R. Such films, as in Faraday's work [3], Ere
pafticuTar]y needed %or optical studies [51].

The initiation of agglomeration is best indicated by the'onsef
of electrical conductivity. This occurs at'a ?hickness of about
50 A for gold deposited on mica [52]. The resistivity of the film
vat this thickness, however, is several orders of magnitude highe%
than Fhe bulk value. Attempts at minimizing the effects of island
formation have included deposition of gold on an intermediate Tayer
of bismuth oxide [16,53] or niobium oxide [54], and sandwiching of
gold film between layers of bismuth oxide [11]. A1l these resulted
in improved e]ectrica1\§onducfivity and 1ight\;ransparency of.go1d
films on glass. The films, however, were sti]i-nonconductiﬁg
be]ow 50 K. With r.f. triode_sputterihg, conducting films of gold at
30 Z have been recently reported [55]. This r;ﬁresénted the state
of the art at the commencement of this project.

In an earlier work by the author [56], gold films deposited

on 5 to 7 A thick nucleating Tayers of silver on mica-were found

4



highly conducting at a total (gold and silver) thickness of 32 Z.
Evidence of epitaxy was obtained for films prepired in a similar
manper on air-cleaved rock-salt crystals by electron microscopy.
It was concluded that nucleating layers of suitable materials, of
a thickness below which island formation commences, may inhibit, if
not altogether prevent, the agglomerate structure of the composite
film. The mefhod, it was believed, might enable the production of
highly conducting films well below the critical 50 Z level. This,
“essentially, was the one“objectfve of the work‘to be reported in
this thesis. The only worK reported on thin films of gold of less
than 50 R thickness has been for studying non-ohmic conduction in
discontinuous films [57-61].

Platinum was chosen as a possible nucleating material [62]
because of its stability and good adhesion to insulating substrates,
Thick platinum and gold couples have been employed for interconnecting
circuit components in microelectronics [63-65]. 4

An all metal coating unit was designed and built for these
studies. This and the depos%tion methods are described in the next
chapter.

The methods of film thickness measurement and
monitoring [66-69] have been reviewed recently [70]. Some of the
methods for direct measurement or indirect monitoring of thickness
are multiple-beam interferometry due to Tolansky [71-74], x-ray
adsorpfion and iﬁterference [75], radio-active tracer technique [76],
electrical resistance change [8], direct weighing [77], radio

frequency method [78], and quartz crystal microbalance. The last

.
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method is by‘far the most sensitijve and hence applicable té thickness

monitoring down to less than one angstrom. Saurbrey [79] wés the

first to investigate the use of a quartz érysta] for microweighing

and the method is discussed in detail by subsequent workers [80-82].

The linearity of a quartr crystal microbalance has been shown to be

.within = 0.3%, even under heavy loading [83]. Corrections can also

_ be made for the different densities of quartz and deposit materials,

‘particularly for large frequency deviations of the quartz crystal [84].

‘The details of this method are discussed in Chapter III of this thesis.
At submicroscopic levels, all substrate surfaces exhibit

irregularities compared to, or even greater‘than_the thickness of the

film (< 50 R). The d.c. measurements, therefore, become progressively

less accurate with decrc-sing film thickness. Microwave measurements

of sheet resistance and hence tHe resistivity by Slater's method [85]

éfford the only reasonably accurate a]ternqtive [86]. The effects

of reflections due to the prescnce of the substrafe were minimized4

by using less than 0.001 inch thick mica sheets. In Chapters IV and V

various aspects of these measurements . the suitability of mica

“~, for them are discussed.

McNerney , BuseCk and Hansen [24) < -h naximum sensitivity
of 0.05 nanogram in thin gold film mercur, -e Thié is
comparable to the sensitivity Timit of ¢ v ot -~ [877 . The,
also found thaf the sensitjvity increases wWi~" <:v im
thickness. With a view of achieving a possib™y .~ = zetezt: . lim

the ultra-thin, highly conducting goid-platinum “ilms on "2ss were

"~

jnvestigated 'in a system similar to that of McNerney et c Howe ,



it was found that alloying of gold with chromium [24], platimum and
silver [25], and perhaps other metals, owing to interfusion with
aging or annealing, results in a drastic loss of sensitivity. The
opéimum thickness of e-beam evaporated, pure gold films on glass

has been found to be in the region of 100 R with an optimum annealing
temperature around 175°C [25]. The method of degree of resistance
increase on mercury surface adsorption has.been discussed.as a
possible tool for studying annealing kinetics of diffusion in thin-
film coup]eg of gold with other metals. It hashalso been observed

to indicate surface sensitization and stress patterns with ;nnealing.
These topics form the subject matter of Chapter VI.

In the conclusion, Chapter VII,the results of this research
aré summarized. The mafn imggrtance is then given to discussing
areas for further,research to enqble better understanding of the
various aspects of the phenomena observed and application of the
findings. It was noted, for example, that g]gss wool toated with
gold [88] was far more effecti?e than the lead-chloride on glass wool
~used by McNerney et al. [24]. It.can also be fecyc1ed by a simple
Lrocess of heating in air at about 175°C. This suégésts its possible
dse in safequarding personnel working in a mercury laden. atmosphere
and removal and recovery of mercury generated by fossil fuel burning
power stations. Thin films of gold on glass have been found to .
adsorb .mercury from weak aquéous.so]utions of inorganic compoundsLof
mercury. It may be possible to use this effect for speeding up the“_
recovery of the victims of mercury poisoning by removal OT mercury
from the b1dodstream in a manner somewhat similar to. that of kidney

machines. s

[«



CHAPTER 11

FILM DEPOSITION METHODS

\-

2.1 i@acuum Deposition System

An all metal (304 series stainless steel) unit was designed
and built. The system, shown in Fig. 2.1, emp]oys a 2" (150 1/s)
d1ffus1on pJﬁp with a liquid nitrogen cold trap and a 140 1/s ion
pump . The phamber is rough pumped through the diffusion pump,
the 1atter being éwitched on when adequate backing pressure
(v 50 x 10'3 torr) has- been reached. This method eliminates the
need for a bakeabie valve anq pirani gauge as jn a more conventional
roughing line. Va?Qe HV-2 between the cold trap and the main
chamber can also bevomitted to effect further economy since bakeab]e'/
valves are the most expensive items in a vacium system. The
disadvantage is that the diffusion pump must be allowed to cool )
down and emptied of liquid nitrogen before admitting air into the
cﬁamber. Another difficd]ty is in the calibration of the ionization
gauge; however, an exact measurement of the‘ﬁhamber pressure is not-
required; The ion pump also give% a réasonab]e estimate of the
chamber pressure. |

With this system, pressures below 1072 torr were achieved

after a 72 hour bakeout at 250°C. The excessive oufyassing during

-6

evaporat1on, however caused a rise in pressure up to 5 x 10 = torr.

Th1s indicates the need for higher pumping speeds for work in the

u]tra—h1gh vacuum range. A pumping speed of 500 1/s at the chamber
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FIG. 2.1.
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Description of Notations:

B3

Main Chamber

Top plate (for substrate holders, Quartz
crystal mount, e]gctrica] feedthroughs)
Ionization gauge

Ion pump (140 1./s)

Electron-beam evaporator port

View-port for crucible positioning

Port for shutter and variab]e Teak

Port for ioanump

Port for fotary shutter. and electrical fegdthrough§
Bakeable UHV valve |

LN, cold trap

2
Water cooled separator tube

Water éoo]ed.baff1e |

Diffusion pump (150 1./s) @
Water pressure switch for diffusion pump ' -

Air inlet valve and leak detection pbrt

“Pirani -gauge .

Roughing line valves

Molecular sieve oi]_trap

Rotary pump (150 1./min.)

Baking oven; controls and heaters not shown

Rotary Vacuum Pump: : N
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input port has been reported for work with an electron beam
evaporator [89]. Without baking, the minimum pressure achieved

-8 torr.

“was v 2 x 10

It has been found that a gold film coated on stainless
steel eliminated adsorption and desorption of CO, CO2 and sulphur
gases from the surface [90]. There%bre a chimney over the
evaporation source was not used. It was also noticéd that platinum
showed gettering action and improved the vacuum.
- AnOther feature of the'system is the leak-detector port.
This is also connected thrgugh fhe diffusion pump, thus passing the
entire amount 6f tracer gas (he]iym) to the leak detectof. The
leak-detection sen§itivity is increased substantially by this
téchnique.

: \

2.2 Planetary Target System

%

‘The evaporation source employed was a 3 kW, three crucible
electron beam evaporator. The beam was bent at an angle of 270° |
to avoid filament contam1nat1on of the substrates. The distribution
character1st1c of the depos1t from such a source approaches cosine

law at low evaporat1on\rates [89], and is given by [91]

. cosggose | 2 1
re : '
where % is the deposit thickness, ¢ is the angle from the vertical .

to the source-to-substrate direction, 8 is the angle of incidence of

-



'

fhe beam from normal to the substrate,.and } is the source to
substrate distance. Th{s 1aw was used to.design an 8 target
planetary system around the axia]]y.posifioned thickness monitoring
quartz crystal. The design procedure is illustrated in Fig. 2.2
where r = 16" gﬁd ¢ = 8°. 0 is made equal to zero by tilti. the

substrate holder by 8°. Equation 2.1 then becomes

0.99026
o 222282

oy

L

The 0.974% decrease in 2 was e1imﬁnatéd by making the source to.
substrate distance 15.85" as compared to the 16" source monitoring
crystal distance The inner and outér edges of the required
deposition area are 1" apaft, ;ubtending a 3.7° angle at the soUrceT
The theoretical decrease in £ from the fnner to the outer edges is
less than 0.9% (Eq. 2.1). The inclination of the substrate to the
horizontal was increased to 9°, making 8 = 1°, or cos6 ¥ 1. This
brings the outer edge nearer to the source and reduces variation
of % over the substrate. The substrate holder angle fkoh the -
horizontal can:be adjusted between 7.5°ména 30°.

The top plate assembly, wPbth the targets and thickness
monitoring crystal in position, is shown in Fig. 2.3. Provision
was also made for installing a rotary‘shutter arrangement to permit

se]ecfion of any one of the eight targets at a time.
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Monitoring Crystal. Various Masks are also shown.



15

2.3 Film Configurations

2.3.1 Films for resistivity measurements

The shape and size of these films (Fig. 2.4) was chosen to
permit simultaneous d.c. and microwave measurements of sheet
resistahce. Standard X—Bénd rectangular waveguide has inside
dimensions of 0.4" x 0.9"; the film size was chosen to be
0.5" x 1.0" to cover this area fully between the d.c. contacts B.
This geometry gives two squares in parallel such tha£ the film
sheet resistance at d.c., RO in o/ , is twice the resistance ¢
measured between B. The film, A, is deposited with masks shown
in Fig. 2.5(a). The contact masks, Fig. 2.5(b), were piaced
subsequently for depositing heav1er (~.5000 A) silver contacts
plated with about 500 A th1ck gold 1ayer for protection agawnst
tarnishing. Resistance hrated sources (tungsten poats) in a

sepa}ate coating unit we.o used for contact deposition.

2.3.2 Films for mercury detection

The geometry of thgse films is shown in Figi‘2.6. The films
(gold, gold-on platinum and gold-on silver) were depoéited on
1" x 2 3/4” microscopé slides. The variation of & across the
length of the film, calculated from Eq. 2.1, is about 1.8%. Four,
such films can be coated in one cycle; the other four substrates
were coated for films on g]ass'in tHe configuration shown in
Fig. 2.4. These were used to obtain the sheet resistance of the

films. A1l four masks were individually machined resulting in a
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5% -variation in the resistance among the films. The contacts,
B, B, were deposited by masking the remainder of the film. As

in section 2.3.1, a separate coating unit was ‘used.
e ]

2.4 Substrates

.

2.4.1 Mica substrates for ultra-thin films

Muscovite (ruby) mica was chosen as a substrate for microwave
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and d.c. measurements of sheet resistance. At microwave frequencies «

mica is one of the best dielectrics; at 10 GHz it has a dielectric
constant of 5.4 and a loss tangent of 0.0003. It can also be
cleaved into extremely thin shéets (a few microns thick) and thus
creates negligible reflections in a waveguid- reasuring system.
Chemically, mica is hydrated potassium-aluminum silicate,

H, KA1 , and by weight contains 45.5% silica, 37.5% alumina,

2KA15(5104)
12% potash, and 5% water of crystallization. The cleavage faces

(Si0

have a {111} crystallographic orientation [92].

Mica was obtained in the form of random sized plates (as
supplied by ACIM Industries, Hull, Que., Canada) from which visually
flat, defect free pieces were selected. One inch wide and three to
four inches long strips were cut from these pieces. Sheets as thin
as 0.5 mm were obtained by inserting a fine blade into the edge
and then pulling fhe sheets apart. Further cleaving was done by
cutting a Tine of appropriate depth across the width. On bending
along the line, the sheets separated and were then carefﬁ11y pulled

apart. The final required thickness of the substrate was ~ 0.01 mm.
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It is important to follow crystal c]eavinq rules suggesfed by
Gilman [93] in order to obtain a defect free substrate. The rules
require the crystal to be cleaved in exact halves with a critical
velocity of travel of the cleavage crack. This velocity is a
“function of the binding energies of the-crystal. A deviation from
these parameters enhances’generation of c1eavagé steps, dislocations
and other surface defects.

Since d.c. measurements of sheet resistance were also planned
and the films were too thin to'permit this measurement. by the four
probe method [94], clear and defect free substrates were required.
On the other hand, microwave measurements demand the thinnest
possible sheets to minimize reflection errors due to the presence
of the substrates. These two requirements, for obtaining sﬁita61e
sheets, were sources of the most difficult and time consuming part -
of the whole prpject. fhe procedufé adopted to obtain such a
"substrate is as follows: the pair of sheets resulting from the
final cleavage operation were exgmined visually by holding them side
by side against 1ight. By moving these laterally, gross cleavage
steps in the form of hair-line scratches.become visible és a result
of a diffraction grating effect. If identical defects showed up in
the fwo sheets, partfcu]ar1y over the desired 1" x 1/2" area, the
sheets were discarded. Otherwise the two freshly cleaved surfaces
were selected for film deposition. On an average it took over 25
attempts to obtain one such pair of substrates. o

Although the cleanest substrates are obtained by'c]eaving 4
inside ultra-high vacuum, ‘the ébove properties make air cleaving

the only alternative. Poppa«and E1liot [95] have shown that minute
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traces of carbon form the only detectable contaminant of air-
cleaved mica surfaces; thig\is probably due to catalytic reduction
of carbonaceou; gases and compounds in the presence of humidity.
The carbon traces éan be removed by heating the mica to 550°C in

5 torr partial pressure for about an

an oxygen atmosphere of 10~
hour. This prd&edure, however, also causes the depletion of
'pqtassium atoms on the surface [55] by decomposition. The ionic
and structural properties of the surface, therefore, change
materially. Cleavage of mica (and NaCl as well) in vacuum is
known to leave microscopic dust particles on the surface which
cannot be removed. The dust particles may act as preferred

nucleating centers [96].or leave pin-holes in the film. Some

degree of surface contamination is therefore unavoidable.

2.4.2 Glass_substrate for deposition of films for

mercury detection

One inch wide microsggg; glass slides, supb]ied pre-cleaned
(Fisher Scientic Co.), were cut to the required .lengths, that is,
1 3/4 inches and 2 3/4 1nche5‘respeétive1y'for resistivity
measurements and mercury detection. These were then further cleaned
by the following procedufe: Gross contaminants wére first remoVed
bykwashing with domestic liquid soap. The-slides were then cﬂeéned
in\;n ultrasonically agitated laboratory detergent solution
("Sparkleen" ;oFisher Scientic Co.) in Tukewarm water for aboﬁt
15 minutes. These were then thoroughly rinsed in de-ionized distilled

water and dried by blowing away the water by air under pressure.
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It is important that water droplets should not be permitted to
dry on the glass surface [21]. The dried slides were subjected to
vapor degreasing in repeatedly distilled acetone and nere stored
jmmersed in acetone until required for use. Prior to moonting
these slides on the substrate holders, they were dried by
evaparating the acetone with nitrogen.

Tne above cleaning procedure is considered adequate for thin

£ilm and micro-electronics app]ications [96,97].

2 5 Electron Beam (e-beam) Evaporator

Electron beam evaporation is the best known method for
obtain1ng films of the highest purity since source contamination is
eliminated. The various aspects of e-beam evaporat1on have been
discussed [89,98-101]. The stray electrons from the cathode charge
up the substrates. Evaporated metal atoms, on the other hand, are
positively charged and therefore are accelerated towards the
subétrate This causes sputtering in some cases [997.. The evaporant
~atoms may also penetrate the substrate, replacing some surface atoms.
These atoms have an anchoring effect on the subsequently depos1ted
film, Th1s phenomenon may account for good adhesion of e-beam
deposited go]d films [102]. The ion effects are especially pronounced R
in the evaporation of refractory metals melting above a temperature
of 1500°C [100]. The influence of this phenomenon and that of heat

radiation from the source on film thickness monitoring are investigated

in the next chapter.
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The focusing of the electron beam on the crucible needed

N\,

to be adjusted accurately. As the charjé in the crucible me]f%k\

it tends to form into a ball. If the beam is focused off;cénter:\\\\

the evaporant flux beam is skewed, resulting in deterioration of \

R \
deposit uniformity. This is illustrated in Fig. 2.7. The e-beam \\
control unit permits 1/8 inch manual scan of the beam. Larger :\

focusing adjustment is made by adjusting the air gap between a
permanent magnet and po]e—pieées. The procedure adoptea in this
work 'was to scan the beam to obtain a maximum deposition rate for
some predetermined beam current. During deposition, the beam is
continuously moved a small amountlabove and bg]ow this critical
pofnt. Compensation for any error in initial beam adjustmentiis
thus obtained. The crucible charge was also kept c]ose:to the full
capacity of the crucib]e.‘ It can be seen from Fig. 2.8(a) that a
large melt has a relatively flat surface. Thé smaller charge shown
in Fig. 2.8(b) tends to be progressively more spherical in shape.
This results in a larger dev%atfon of the evaporant flux beam from
the vertical if the ;-beam is not focused exactly on the top. 1In
the case of the mechanical ;rhcib]e adjustment, the beam is
centered by visual inspection. This should be doqe as quickly as

possible to avoid x-ray emission hazard, particuTarly from higher

meltfng point evaporants like platinum [97].

2.6 Film Deposition Procedure

The films, both on mica and glass, were evaporated at a beam
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current of between 130 and 150 mA, corresponding to 0.52 to 0.6
kilowatt. The evaporating spot size aﬁbea}ed to be nearly 1 to 2 mm
in diameter.. The shutter was kept over the source until

evaporation commenced and had continued a few seconds. This-
eliminated any surface iﬁpuritié; on the melt from reaching the

~ substrates, particu]arly'from metals whicﬁ have oxide fowmed on the
-surface. The evaporationnrate rose very rapidly immediately after
the evaporation commenced. Exact adjustment of the rate -of
deposition was, therefore, difficult. The deposition rate on the
monitoring crystal at a distance of 40.6 cm from the source was
between 0.5 to 1.5 R/sec within the e-beam current 1imifs stated
above for all the metals used (gold, silver, and platinum).
Approximate deposit time was estimated from theie values and the
difference between steady-state pre- and post-dé%osition frequencies
of the monitoring crystal was used to compute film thickness. It

is apparent that very precise control of either the film thfckness
or the rate of deposition is almost impossible As the required
deposition {s completed within seconds. In the particular case of
platinum, the source temperature is-in the region of 4000°C. The
thermal shock effect, Qiscussed in detail in the next chaﬁter, makes

the crysfa] frequency scintillate érratica11y during the ihitia]

stages of deposition.

2.7 Annealing

The films were studied for the effects of annealing on
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resistivity and also the mercury deteétion. Adjustable stainless steel
holders were made with a capacity of 50 samples for both 2 3/4"
and 1 3/4" long subsérates. Aftér placing the fi]m‘bearing substrates in .-
the holders, the latter were wrapped ir aluminum foil to avoid dust .
contamination. However, problem was encountered in annealing films for
mercury detection as the mercury evolved was unéb]q to escape through
the aluminum foil and recondensed on the films, thus affecting their
sensitivity. Films for mercu}y detection were, therefore, annealed
without wrapping the holder in aluminum foil. o

An air circulating oven (Delta Desigh Model MK6300), with a
rated temperature sta511ity of within ‘j_2°C of the ffna] femperature,
was used. The average heating rate was nearly 3°C/min. In order td
»affect complete diffusion, as discussed in Chapters V and VI, the films
were maintained at the desired temperature for aboﬁt fwo hours. The
ern was then allowed to cool down to room temperature before
removing the films for ﬁbsting. Each annealing cycle was repeated at
a temperature difference of 25°C. This process is generally referred

to as "pulse annealing"[103].
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CHAPTER 111

THICKNESS MONITORING WITH A QUARTZ CRYSTAL MICROBALANCE

3.1 Design Considerations

/

The quartz crysta] plates cut for operating in the thickness ‘
shear modes are sujtable for thickness monitoring. Of the two such
cuts, AT and BT, the AT cut has superior frequency stability with
temperature change and mass sensitirity The nomenclature refers
to the or1en§at1on of the plates with respect to the crysta]]ograph1e
axes. Aﬂzordwng to IRE standards [104] an AT cut is YXg + 35°.

This means the plate has one X-axis and an orthogona] Y' axis in its
plane; the Y' axis is rotated about the crystallographic Y axis

by an angle ¢ = 35°. The exact choice of the value of ¢ depehds

on the operating temperature at wh1ch a zero-temperature coefficient
of frequency is deswred Thus, at a(reom temperature of 22.5°C and
¢ ~ 35°8' [83], the frequency stability of AT cut crystals is :

6 between -20 and 61°C.

within 1‘part in 10
'The frequency thickness constant of an AT cut plate is
given by fxt = 1670 = K [105], where f is the crysta] frequency in
KHz and t'is the thickness of the plate. The frequency shift, af,
as a result of mass Am deposited over an area A'is'given by [81j
CAf/f o= -Am/pqt, where P is the density_of_quartz. In terms of

the thickness, &, the uniformly debosited mass Am of density

is Am ='pf£A. The frequency shift af is then given by

_otm FT - ooam
Af CRXGT T G Ceoet 3.1
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where C. = fZ/qu is in Hz-cm/unit mass. The value of Cc is
f
thus a function of the crystal constants alone. Also, af/e is a

constant dependent ¢h the deposit material and is given by

?

M- s 3.2
The equation indicates that the thickness might be determined
without knowing the area A. However, if has been shown [81,106]
that if the exposed area is much less than the active area of fhe
plate, a second order correction would be required. In the present
~.work, the contact on the top plate shadowed less than 2% area of thé
crystal and hence Eq. 3.2 was used.
The theoretical value of Cf for a 5 MHz AT-cut plate is
57.6 Hz-cmz/ugm [81]. Eschbach and Kruidhof [107] found an
experimental value of Ce = 57.8 Hz-cmz/ugm. Their calibration was
‘ cafried out by making the quartz-crystal and osci]{ator circuit pért
of a vacuum microbalance. Both the 5&55 deposited and the freqbency
shift were measured simultaneously. In a less rigorous experiment[56]
the crystals were weighed in air after noting the frequency shift
“in vacuum. The va]ué of C. obtained was 56.2 Hz—cmz/ugm. The
results demonstrate the validity of the theoretical value of Cf
and this was used in this work.
From Eq. 3.2, af/2 values for gold, silver, and-platinum

, respectively, 11.128, 6.048 and 12.355 Hz/;. These correspond

to bulk density va]ues-of 19.32, 10.5 and 21.45 for gold, silver and

platinum respectively.



The above values of (af/2) are valid for a maximum
fréquency shift, Af,‘?f 2%. In this work, the crystals were
changed after a 50 KHz frequency decrease for 5 MHz crystal. The -
\cry§tals can be -used again by dissolving the deposited material in
aq&a regia and then depositing contacts by vacuum evaporation of
gold. |

Another factor éffecting the accufacy of thickness measure-
‘ments is the temperature stability of thg crystal. A crysfal |

mount cooled by running water was found to give a Tong term

freduency stability within + 2.5 Hz.

3.2 System Description

Figure 3.2 shows the schematic of the system for thickness
monitoring. The crystals used were 5 MHz, 3/4" square and 0.5 mm

thick AT-cut plates with ¢ = 35°13' +°2' (Sloan Technology

P4
R

Corporation). The oscillator used a-tunnel diode circuit [108,109].

el

Téis circuit, Fig. 3.1, has thg advantageubf operating only in the
series resonant mode of the crystal. Because of‘the high Q of gﬁét
crysta],‘of the Brder of 106, the crystal presents a near ghort
Eircuit at this frequency. The impedance is very high at other
fréquencies and oscillations cannot occur; The oscillator is
direct coupled to the buffer amplifier. The output of this stage
was -approximately 1. 5v peak-to-peak and sufficient to drive a |
digital frequency counter (Beckman Model 6148 EPUT-TIMER). The

three digit, four bit binary-coded decimal output was converted

28
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to ana]ég output by a digital to analog converter shown in Fig.
3.3. This enabled a continuous record of the crystal frequency
on a strip-chart recorder to be obtained. The counter gate period .
used was either 1 or 10 seconds and the markings on the recorder
were used for determining accurate time versus frequency
characteristics of the oscillator.

The 6sc111atqr stability was tested in comparison to the
Meacham Bridge circuit [110] shown in Fig. 3.4. The frequency
deviation of the two oscillators in response to the air-conditioner
cycle in the laboratory are shown in Fig. 3.5. It can be seen-
that whi]enihe tunnel diode ascillator frequency drifted by abouL'
10 Hz, corresponding drift in the Meacham Bridge oscillator case
was over 120 Hz. The steady state frequency of the tunnel diode
oscillator was within = 1 Hz whereas that of the other circuit was
within about + 10 Hz. Water cooling of the crystal mount was used
during these tests. MWith improved air conditioning, the frequency
of the tunnel diode oscillator was within 5 Hz over a 12 hour test
period.: This amounts to less than + 0.25 R error for gold or
p1atinum.‘

The method of mounting thelcrystai is shown in-Fig. 3.6.
This incorporated an improved design of a bakeable, ultra-high
vacuum, water-cooied crystal mount. As against the conventioﬁa1
system emp]oyinb a mount located on water carrying copper tubes,
the cooling wéter flows directly on the copper block on the

atmosphere side. In the vacuum, a 0.01 mm thick mica sheet

insulated the crystal e1ectrica11y from ground and at the same time
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, Booster fan condition.
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pfﬁvided a gdUH thermal contact with the cooling block. A vacuum
evaporated ~ 5000 Z thick silver film with ~ ZOO'R thick protective'
gold layer on the above mica sheet providea electrical contact with
the cooled side of the crysta]. The contact on the exposed side
was made by a 0.024 inch diameter spring. The spring shadowed an
area of nearly 0.011 sq. inch, or less than 2% of the total area
of the crystal. Tef}on screr supported the spring and the
connection to the gold-plated silver film on mica, fo the copper
block. Teflon insulated wire was used for bringing the crystal
connections out of the vacuum thkough.a dual-coaxial feedthrough.
A photograph of the mounting is shown in Fig. 3.7(a) for the

¥

vacuum side and Fig. 3.7(b) with the ckysta] oscillator for the‘
3

atmosphere side.

3.3 Performance of the Thickness Monitoring System

3.3.1 Charge effects.

.Apcording to the specifications of the e-beam evaporator

(Thermionics'Lab., Model No. 100-0031), 98% of the electrons emitted

by.the cathode are focused on the crucible. Some fraction of the
remaining 2% stray electrons accumulate over the crystal and
substrates. The fréquency of -the oscillator was obServed to
decrease s]ight1y'when.the e-beam was switched on, with the shutter
in place between the source amd the, crystal.

The evapofant 53rtic1e flux from the e-beam heated source

is known to corisist of positive ions [98]. The ions build up a
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FﬁGURE 3.7(a): Crystal Mounting.

FIGURE 3.7(b): Top Plate Assembly showing Crystal Cooling,

Oscillator Connection and other Feedthroughs.
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net positive charge on the crystal and tend to change the bias of
the tunhe] diode. Pronounced oscillator instabilities were noted
during deposition, especially in the case of platinum evaporﬁtéon.
The ;harge effects thus made it mandatory to allow the frequengy
to stabilize before taking the final frequency value.

A capacitance arrangement, shown in Fig. 3.8,'was used to
monitor the charge effects. The assembly is placed near the
substrates at the same angle of inclination to .the horizontal,
that is 9°. It consists of a 0.75 inch square copper block forming
one plate of the capacitor. A mica sheet coafed with gold on one
side formed the other plate as well as the insulation. The
capacitor output was taken through the top plate by means of dual
coa%ia] feedthrouggs. The voltage was measured with a d.c. zero-
ceqfer vacuum tube voltmeter, and recorded against time on a
st[ip-chart recorder. An empty crucib]é was used to monitor charge
bujld up due to stray e]ectrongx The charge flux carried by the
evaporants (gold, platinum and silver) was also monitored. The

beam current in both cases was kept near 130 mA. The results are

shown in Figs. 3.9 to 3.12.

3.3.2 Temperature rise due to heat radiation from the source

The crystal temperature rises owing béth to the radiation
from the source and the heat of condensation of the evaporant. The
source temperature reaches a value as high as 4000°C during
evaporation ofip1atinum. The sensor face of the crystal thus rises

in temperatureiwhi]e the other side is held at the temperature of
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- cooling water. Thf%?yl“hlts in a temperature gradient across the
crystal. The conseqﬁehtvtherma1 shock behaviohr is discussed by
Warner [81] and Stockbridge and Warner [111].

Temperature rise versus time of exposure of the crystal
to various evaporants was determined by a thermocouple arrangement
shown in Fig. 3.13. The sources were switched off and the shutter
closed after exposure of the crystal for knbwn periods pf time.
Temperature~rise and decay, versus time were recorded on a chart

recorder. These are shown far the three metals in Figs. 3.14 to

3.16.

3.3:3 Post deposition relaxation effects

The frequency of the crystal 1ncreasedsas the entire crystal
‘reached anAqu111brium temperature after debositioﬁ. In a typical
frequency versus time curvesghown in Fig. 3.17, it can be seen that.
the frequency rise is exponent{al with superimpoéed sinusoidal
va;iations, A stable frequency was reached in about 30 minUtes‘to
one hour.

An extreme case was the pro]onged.deposition of platinum,
as shown in Fig. 3.18, During deposition, the fr€QUency.decrease
is seen to become .procressiv 'y less with timé. rAs soon as the
depbsition was stopf-. “©  juency decreased rapidly by abdut
400 Hz. "Subsequently “f uency o q agaih to a steady

value following the pattern shown
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Spring

Gold-coated mica she

| Monitoring quartz
crystal
i i Thermocouple junction

Constantan
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FIGURE 3.13: Thermocoupie Placement for Crystal Temperature
: . : Measurements. :
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3.4 Discussion

In the QCM method of thickness monitoring, the difference
between pre- and post—aeposition frequencies is required. Sihce the
osci]]étor frequency stabilizes in about hailf an hour after the £i1m
deposit%on is completed, the Tong term stabf]ity and accuracy of

absolute frequency measurement by the digital frequency counter are

not important

It has also been shown that the mass per unit area of a
deposit may be determined without knowing the crystal area [8t].
Second order cdrrections may be required only when the area exposed
for deposition and the active area of the crystal plate are materially
different. This diffékence in .the present method is less than 2%. Any
errors from this sourqglare, therefor%, neg]igibTe.

The possibility of nonlinearity was eliminated by;changing .
the crystal after a frequency decrease of Tess than 50 KHz, that is,. .
below 1% of crystal frequency. This also minimized any error due to
the different densities of quartz and the depdsited materia1s [84].

A more serious disérepancy between the monitored and actual
thickness of the film on a substrate arises from two causes. First,
the'dehsity’of a hateria] in the form of an evaporated film is usually
lTess than the bﬁ]k value, particularly below a thickness of 200 R
[112-115]. The metric thickness, as would have been teasured, for
examp]enby Tolansky’s method [71-74], would therefore be Targer than
the monitored thiékness;vthe latter is the mass-thickness defined by
assuming that the film has ib;’sawe deﬁsjty as thé butk value and that
the deposit is perfectly uniform over the given crysta]barea. A sééond,

and to some extent a compensating factor, is the decrease in sticking
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coefficient, a, with decreasing film thickness [116]. On mica
substrates maintained at a temperature of 400°C, Poppa et al. [92]
found the value of a to be as low as 0.1 for a zero to 2 A

deposit build up; o approached unity for an average deposit build up
reachjng 20 R. They determined the values of a by electron microscope
observations Snd these were not compared with respect to the mass-
thickness of the deposit as would be honitored by a QCM. Ih this work
the substrates, mica and glass,were not heated and hence,except for the
rise in temperature during deposttion,were maintained at room
themperature. Detailed experiments are still required for determining
the values of a for gold, silver, and platinum on mica and glass under
this condition, particularly for fi]ﬁ thicknesses below 50 R. Assumingl
a having the same values at room température as those determined by
Poppa et al. at 400°C [92], aﬁd that « has a linear dependence on

the QCM monitored mass;thickness, a value of 0.5 may be considered
appropriate for the thinnest film reported here, which is 10.8 K. It
then implies that the actual deposit on the mica substrate is only
about 5 K in this case;‘fhe error between the actual thickness and the

mass-thickness as indicated By the QCM is then as large as 100%.
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CHAPTER IV

MEASUREMENT OF THE RESISTIVITY OF ULTRA THIN FILMS

4.1 Introduction

the micfotupography of the substrd%é%}: Gixf" llfaéeg, ﬁfe
smoothest available, show topograpdié irreQu?aFf%igg,of.the order
of lattice parameters [74]. "The d.c. measurements thus BeCOMe
progressively less reliable for decreasing film thicknesses. The
substrate surface defects, on the other hand, are at least seven
orders of magnitude smaller than a wavelength at 10 GHz, and as such
will not affect the wave. |

A waveguide impedance method due to Slater [85] for
measuring the conductivity of metal films has been used by C]ark.
[117]. This method is simpler than the field approach which has
béen used for metal and semiconductor films dn thick substrates
[118-121], and provides a more accurate technique than the d.c.
measurements for determining the conductivity of ultra-thin
(< 50 A) films [86].

A film of thickness 2 << &, the skin depth, and bulk
conductivity o, placed gcrdss a rectangular waveguide operating
in the TE10 mode, creates an admittance o * Yt’ where Yt is the

admittance of the waveguide termination at the film. Yt is zero

i
~
v
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when a perfect short is placed at z = 0, that is, Ag/4 behind the
film in Fig. 4.1, where xg is the guide wavelength at the operating

frequency. The conductance of-then corresponds/to the conventional

definition of the d.c. sheet resistance, i.e., ¢
¢ P = L s h '
N i 2 in ohms/square . 4.1
g

The microwave value, Rs(u), can be measured as

Rs(u)’= rl,s Rs(u) > L 4.2(a)
Z, ‘ -
R (u) = += R(u) = Z, 4.2(b)

where r is the VSWR and Z0 is the wave impedance at the operating

fredyency. Rep1acfng‘the film by a short circuit at 7 = - ig/4,

any reactive part resulting from a significant discontinuity due

‘to the substrate ahd its mounting in the Waveguide will be indicated

by a minima shift other than zero (Rs(u) = Zo/r) or Ag/4 (Rs(y)= rZO).
It can be shown that a thin, lossless dielectric sheet of

thickness d and relative permittivity e will cause a VSWR given by

(122

4.3

-

where X and Ao are the free-space and cut -off wavelengths,
respectively.

-
J
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The accuracy with which the resistivity, P, = QRS(u) can
be determined thus depends on:
1. making ¢ << &3
2. Yt = 0, demanding an ideal short circuit and
]oss]gss_waveguide;
3. the accuracy of mgasuriné r, particularly
when RS(u) is much diffe;ent from ZO; and

4. the effects of discontinuity caused by the

substrate and film holder.

4.2 Experimental Results

Measurements were made at 9700°%% MHz in X-band wavegquide
for which Z0 = 511.82. Gold films on mica were deposited by high

vacuum evaporation, with d £ 0.03 mm. The method of mounting the
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film in the waveguide is shown in F{g. 4.1. The film configuration

and d.c. sheet fésistan;e mea5qreméqt54w§}e;as discussed in section
2.3.1. In practice, even with a micé shéef on both sides of the
film, there is sufficienf capacitive coupling between the contact
strips and the broadside waveguide walls fo} the film to act
essentially as a condﬁctance across the wéveguide [19].

The discontinuity was assessed using the sliding load .

technique [123]. The VSWR of the holder without a mica seet v .

1.035 (corresponding to a reflection coefficient ]F]I = 0.017).
With a 0.03 mm thick mica sheét, the VSWR increased to 1.056

(|F2| = 0.027). <onsidering ry and r, in phase, r_=10.01 and

-
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, -
and'rE = 1.02, which agrees closely with the value 1.0124 calculated

from Eq. 4.3. The maximum error, at Rs(u) = ZO is then found to be
+ 2% if r. is 1gnored.‘}As the VSWR can be measured to within 2%

for r 5'10, after making due corrections for the detecEer response
characteristics, the error is less'than + 5% for 50 < Rs(“) £ 50009/ .

|

The short circuit useq was a.mica sheet coated with silver-
gold fi}msbas'in contacts (section 2.3.1); tggs sheet was pressed
tightly between a mete1 plate and the waveqguide section, at a
distance A _/4 from the fi]m‘p1ane. This\arrangement is shown i; a
photograph, Fig. 4.2. The quality of tﬁég”éhort circuit arrar ~meni
was farssuperior to either the commercially ayai]ab]e, choke t pe
movaB]é'short_or a fixed one made by welding a plate at the waurduide‘
end. The mica sheet and fhe‘heavy metal depodit being flexible,

- a gpdd contact is obtz ed even when minute machining marks are

| present in the meta]]ic'parts.

| Thelmeasured values of Rs(p), Re» 0, anéﬁéhe d.c. reéisti#ity
Ps (= zR;), the last two»norma]ized to,the'bu1k resistivity of gold
(pAu = 2.44 X 10'6-Q-cm), are shown in-Figs. 4.3 and 4.4. Figure

4.5 shows the sheet.rééistance of a 45 A Au/Pt film versus the

| annea]wng ;empera;ure% Eight ofjiﬁese-fiTms were obtained in one

i

'depos1t1on cyd@g,és t1on 2 6) Six”bf these films were coated with

d.c. contacts and one was 1eft w1thout the contacts Thws exper1ment /

59 S

was,performed'to*éstab11sh that the d C. measurements, by the
\-Sf

. depos1t1on of heavier contacts, render the films useless for \

“esubsequent annea11ng stud1es

1 y o R



FIGURE 4.2:

57

, . sy i
: [ ‘



58

104_ T TTTI] T T T T T T T3
B e GOLD FILMS
B 0 GOLD-SILVER FILMS
103 | =
- 5
4 A
» | o ]
: jod
) 102: / -
— o) ' Z
r - /60 o .
i. : ”"Cﬁ) - :
- B ke \,, ]
7 S ,-
10 / H
B ® _
)1 1 ol Lol Ly poniul L1
] 10 02 00 |

Rg—> ohms/sq.

FIGURE 4.3: R vs. Rs(y) for Gpld Films on Mica.

o



59

103 T T l T
N .
- s -=0== 0, /Pg VS Z
D e y)
».,'VJ l.:'('\_k«\ - ’ —“O_' po/pG V5
— 10°- g
I\ 0
A 3
I
- ‘
-
(o]
"o 10 -
. Qo
\O N 0
Q “see. i
\O ...__‘.--.
\O
1 L AN N S S N L L
20 50 100 200 50
L —
FIGURE 4.4: ‘ QO/QG and pw~/pG vs. £.

. e
ALY

0A



60

"SI0RIUOY 1OTGHFINOYILM PuR YILM W[l4 B 3O 3dniesadwa] buteauuy -s ,J.m 26y W94
a4nlesadway Bul[eauuy
2,06¢ 00€ 052 002 051 001 05
T | ] _ r o
. - TTTO T T e
\\\ /’ \9" . .m—
- b \ \\ ~ e
/ N L /° .
\.\../ / ) o~ ,/, . kw«
SE— N Q ./\ ..\.ll..ll.l.lll'.". \.vﬂn.l-ll\.\l.\.l..l, O._,
— .\/ \ . /l’l.ll.\. /Io\\ .’
I : . ;
\ S T r
! A e
‘ \ { b f
— : \ Mwnrllll SIOBIUOD *D2°'p JNOUFLM w14 e
I /
\\0:/. \\
o .\,,-o\
j——————— S3023U02 "O°p YILM w|L4
— ! A
\. ‘ ILqLSLA
i .A|+ $30P3U0D UR3U UOLIRA0|0DSL(
' | |
| | L _ | -

’ n
(0,22 38) ¥

. n
-~ (wpL4 paLesuuy) -



~61

4,3 Discussion

No direct correlation between Rs and_RS(u) has been found.
'Figure 4.3 Suggests that for RS below about 40Q/D , Rs(u) is
generally gre?ter than RS; there are some points where Rs(u) N RS;
otherwise Rs(u) is generally smaller than RS. These factors are
further emphaé?zéd in Fig. 4.4 where a transition from po/bAu < pp/oAu
to po/pAu > pu/pAu i; seen to occur for 2 around 80 A. At 50 A,
po/pAu is aboutAthree times larger than OU/DAU’ a difference far.
beyond the limits of experimental error.

Waveguide losses and an imperfect short circuit are Tikely

R ()

to reduce the measured value of r. Thus when Rs(u) = rZo, <

will 'be smaller than RS; for the case when Rs(u)=Zo/r, Rs(u) will
be.1arger than Rs” For the former case,Azowever, % is less thané%\-
about 80 K and a’much more important factor is the surface ,Lé?
microtdpography'of the substrates. Asvdiscussed ih section 2.4, the”
nica sheets, although carefully cleaved, stillfexhibit hill-and-
-valley topography and cleavage step{hejghts are known to be ~ 20 K
or integer multiples thereof [74]. Figure 4.6 shows an idealized
cross-section of a .film with & slightly larger than h and no ‘
deposition on the step. The resu]ting constricted aréa through
A'D forms a higher resistivity path for d.c. and a multiplicity of
such defectg would considerably increase the measured R% va]ueil
EQ, hqweyer, is essentially the same at'faces AB and A'B; sinée

; :

h~ 10773 . Also, E (film) and the resulting filwcurrent density
g f

y
36.

oE&(fi]m)'are uniform over ¢, since 2 < 10" Surface undulations
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further Téﬁgthen the d.c. path. At microwave frequencies on the
other hand, Ament [124] has shown that an approximate value for the

reflection coefficient of a perfect conductor with randomly
distributed surface irregularities is exp(-2k2h2 sinzﬂ), where
2 _ 2 2
k WTH e h

and o is the angle of incidence of the wave. ihis is almost unity

js the mean¥lquare height of the irregularities,

for h2 << AZ. The result of microscopic surface irregularities on

Rs(“) measurements must therefore be minimal. The d.c. resistivity
calculated using macroscopic film geometry is meaningless as v
approaches h or (;55]/2, particularly beéause no two cleavage faces
will have the same microtopography. ﬂ

An extreme case is when h =~ ¢, so that the film will show
an open circuit at d.c. At microwaves, such a film may be considered
an iris in a waveguide, with infinitely small openings as compared
to the waveguide dimensions. Ramey, Landes and Manus [125] have
treated the microwave‘properties of Tossy thin films with apertures.
For rectangular apertures these authors have shown that the reactanée
approaches zero as the éperture openiné becomes vanishingly small.
A simpler approach would be Fb cqgsidér ;@endiscontjnuity as two‘
distinct cases of either an inductive ongg'capaéitive iris. These
-are shown in Fig. 2.6(a) and 2.6(b) respective]y.' Since h is still
~ 1077

3

the fields at AB and A'B' are unchanged. Assuming
symmetry, the normalized inductive susceptance, B, foerig. 4.6(a)

is given by [126]




A7)

FIGURE 4.7(a):  Inductive Iris in a Wavequide.

777 ]

FIGURE’4.7(b): Capacitive Iris in a Waveguide.

T |
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where d is the width of the discontinuity seen by the wave as a

fraction of the waveguide width, a; 8 = {mzuoeo - (n/a)z}]/2
“‘\V. p ",' 2
“Sand vg = [(3n/2)° - mzuoco]]/z. It can be seen from Eq. 4.4 that

as d/a ~ 0, cot (d/a} ~ =and the aperture has virtually no effect.

Similarly, for the capacitive case in Fig. 4.6(b), the normalized

susceptance is given by [126] ¢

- 1)c032 rd

21
( 2b

bv2

Fo- 28D
T

cosec 14
[&n cosec b +

4.5

where v, = [(2n/b)2 - 82]1/2 and b is the waveguide height in the
y-direction. Again, as'd/b - 0, cosec(d/b) > @, S0 that § - =3
or the aperture is a virtual short circuit for the wave.

The microscopic defects, therefore, have a minimal effect
on the resistivity measurement by the present method. This removes
the difficglty of examining}fi1ms deposi\ed on vacuum cleaved mica
sheets for resistivity measurement; it may not be pqsﬁib]e with

oo

d.c. measurements if h > 2. It is well known [37] £hat the
Y . .

. nucleation and growth characteristics of materials dep ed on a
c]éan, vacuum cleaved éurface is 1likely to be quite diffe(ent from
those on air;cleaved, c0ntaminateq surfaces.

From Fig. 2.5 it can be seen that annealing the fi;ms with
d.c. contacté réduces the conductivity of a 45 R Au/Pt fiim on
mica by a far larger propoftion than that of the films without

contacts. The deposition of heavier cizésffs also causes diffusion

/',
/

4
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of the contact material, silver in this case, into the film [127].
Annealing studies on the same films are, therefore, not possible
with d.c. measurements. There is no such restriction with the

microwave method.

N,
IS

A
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‘CHAPTER V

RESISTIVITY OF GOLD FILMS ON PLATINUM NUCLEATING LAYERS

5.1 Problems in the Analysis of Cdmppsite Films
o f,

The dependence of the electrical resistivity on £11m thickness
is generally compared with the size effect tneory by Fuchs [11] and
Sondheimer [12]. It relates the resistivity of the film, Oy
normalized with respect to the bulk resistivity, Pl s to the film

thickness, ¢, by [12]

°f oL YO0 ) 5.1.1

Ph R/)xo K

where Ao is the mean free path of the conduction electrons in thin -

T Filz. e(c) is given by :

kT

N 13 S 1Y 1=e”
T O 5 (1-p) /1 = - =] ——=dt _-
PlK K 2k2 1 t3 t5 1 _pe-_kT s

A

in which p i the fraction of e]éctfons.scattered sbecu]ar]y at the -
boundéry suﬁZaces, t is_the integration variable, k is Boltzmann's
constant and T is the f%}m témperature (°K).

This theory'ié baséd upon the use of relaxation time to
represent the effect Qf scattering of electrons inside the-film
The theoryt?:\?igofous for spherical Fermi sQrfaces [128] and hencé
can only be applied to(a1ka11 metal films [129,130].

The electron mean free path, A

o’ is given by [128]

Bl
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where Tys 5 ﬁ, and SF are, respectively, the bulk conductivity,
electron charge, modified Planck's constant (ﬁ = h/2n) and the

area of the Fermi surface. It is considered very difficult to

deduce the values of either Ao or SF theoretically. The Fermi
surface fs complicated enough for pure noble metals [1?9]: it is
impossible to determine SF'for.Crysta1-struc£ures comp]ieated
further by alloying and/or epitaxial growth. These difficulties
are generally circumvented by assuming the value of A identical
for metal in bulk or 1n f11m form Thus, for example, !amba [14]
assumes A, = 340 A for %’d at room temperature His experimental
resﬁ1ts are in reasonable agreement with the:theoret1ca1 model.
The resistivity of a metal in the form of a film varies
considerably from the buTk value for two main reasons. First, the
structure is altered, espeeially in the case of epitaxial, single
crystal films. econdf&, the high concentration of structural
defects (disioeagions, stacking faults, vacancies, interstitials,
grain boundaries) and the presence of foreign.atoms including
occluded gas particles [131] cause diffuée scattering of conduction
“ctrons. .Experimenta11y, the value of "belk resistivity”,'po,
termined from Pe verses thickness curves in the region whevre
ppearsuﬁndependent of ¢«. Chopra and Bobb [54] found that, for
epitaxial gold films .grown on mica, o%‘was eonétant for 2 -~ 300 Rf
As o is invariably higher than o, (1311, A, 15 also decreased.

As a convenient approximation, A May be assumed inversely

68



proportional to Py (;ll/oo) (Eq. 5.1.3). It may be emphasized that
this approach is not s%rict]y vah’d;a however, there is no otger
alternative. Also, size effects [12] in this region are ignored;

n the case of cohposite films, Po is further affected by
alloying. For the present work, 5 to 40 E thick gold films were
deposited on 3 to 10 E thick p]atinhm nucleating lavers.
Penetration of gold atoms and conseqguent a]?@yinglat the AU—PE ‘
interface occu;s {nstanfaneously owing to the kinetic energy of the
impinging atoms in the metal vapor. Further alloying continues by
the process of interdiffusion even at room temperature [132]. The
composite film presents, in practice, a combination of alloyed
| films. The Au-Pt proportions vary continuously across the film
thickness. There are three 1ayers; with indeterﬁinate boundaries:
(a) a’p1atinum‘iayer with increasiﬁg concentration of goid atoms
towards the interface, (b) highly alloyed regions an both sides of
the interface, and (c) a gold layer with progressively decréasing
conrentration of platinum atoms fowards the outer‘surface. The

d tion changes continudusly wi th both time and annealing.

A unique determination of % is, ﬁhereforc, not possible.

5.2 Results and Discussion

In view of the difficulties described above, an attempt Has
been made to approximate the actual physical conditions as closely
as possible. The analysis is made based on the following methods:

(i) In order to determine the thickness at which p, s not .

dependent on 1, gold, films between 70 to 10nN0 A thick were deposited
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on~ 10 - 15 A thick platinum nutleating 1ayer, w1th mica as a

-substrate. Before d.c. contact deposition, the films were annealed

at 175°C for about 2 hours. The d.c. resistivity p (=R Q) versu§.

¢ 1s shown 1n Fig. 5 1. E1ght films of.the same thickness were

depos1ted s1mu1taneous]y in one coating operat1on and the average,
© with standard»dev1at1ons, is shown. aThe results are similar to

those of\thopra and Bobb [54] and o has been found nearly constant

f0;~ ¥ 300 A. o is seen to increase slightly for film thicknesses
! | , ase :

-e 600 A. ¢ . R
b (11) Based on the resu]tsvabove, g~ 400 A was chosen to

-

dﬁﬁermine the "bulk resistivity", oa(Au—Pt), for Au-Pt, a]loy fFilms

with various atomic percentaqe concentrations of p]atdnuﬁ (at Pt)
o
P]at1num and, qo]d were depos1ted in a: tota] of seven altevnat1ng

&, \

o 1ayers. First, ~ 10 A th1ck p]at1num nuc]eat1nq 1ayer was |

v

deposited; th1s range ‘has been found to be su1tab1e for 1nduc1ng
: - AN L

-epitaxy [56]. Next, three Tayers each of go]d and

@

geposited a1tern&te1y such that (a ) the total thzskness was abobut

200 A and (b) the maximum diffusidon distance was never greater‘

»

than m‘SO A'in each directibn from the interfaces. The'reason
behind assum1ng that th1s procedure would help simulate the actua]‘

’phys1ca1 compos1t1on of the Au-Pt f11m is d1scussed below.
%

Figure 5.2 shows"concentration profj]es for a miscib]e
system, for example Au-Ag [132]. At time t = 0 the profile has a.
square-wave shape; ‘as t 1ncheases to tg this profile changes to

. . \
an approximately sinusoidal. form due to irkerdiffusion. Finally,
. ¢ . - o) -

3

at t = «, the concentration, C equals 50%, dendting a uniform alloy.

7Q

) 'yu,:‘

Al
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FIGURE 5.2:

500°C the pJatiﬁﬂm concentration drops discontinuously from 8.98
to 0.15. Tt is.no
atrove 200°C without démaging them.-~-0n the other hand, due.to the:

very small diffusion distances (< 50 A) and also because the"

~Concentgtion c -

c¥0.5

v

RN 1t=0

i

Y

i

N R
TeD¥ktance -

o

‘Concentration Pfofi]e w?%thime for a
MiscibTesBinmary A%loﬁ;syégem: .

. -

©at.#Pt. For bulk Au-Pt alloy, it has been shown [64,1347that
. - IR

t possible to heat Au-Pt films to a tempera

diffusion law is approximately (x%et), alloying in thin films

- occurs at re]ativé]y Tower temperatures [132].

A
\l
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s seen to increate ]1noar1, up to about 20 at. “Pt, then is seen to

~ drop toxa Tower value.. Th1s cou]d posswb1y be caused by the 7

reportee at 8 at. "Dt al;g [136] Ignor1ng the three po1nts between :

: Y

® yAécording to Sinha et al. [137 ., the diffusidd;coefficient,

cmz/sec. at 175°C d the concentration of p1atiﬁum

U™

D, is n 4 X, 10 8

3

into gold for a film thickness given by e R

.‘\

2N 2.2 o
%— - ] - :4- / é%+)]_ exp{ - _DM} s
"0 " n=0 : : 482 I :

where C is the concentrat1on of p1at1num at the interface. For"

C/CO “ 0.5, a Dt/ﬂ is neariy 0.4, Thus, for 2 v 50 A, a110y1ng

may be complete in about six hours.” The seven layer Au-Pt films

were maintained-at 175°C for about four hours; the total time in

tHe oven was negrly 10 hours. o : . e ‘k

1 ‘The resistivity of an alloyed film, ¢ (Au—Pt) for Various

a ot : 1 - . .
at.“Pt is s@i}n Fig. 5.3. As in (i) above, eight £ilms were

~ measured to dbtéin“average and standard deviations. oo (Au Pt)

w Y,

©

4.

miscibi]i%y gaps [1.4] where a temporary PtAu3 phase is indicated

at abput 25 at Pt [1““7,“ anlanoma10us alloying behavior is e

5 and 20 at ”Pt a #%east s;yare~f1t ‘was obta1ned for;the rema1n1ng

po1nts~correspond1ng to -the equat1on( T ™~
‘ . e
S bglhupt) = 14.86 ‘sip\i%éﬁlx +.5.0239 ~
o ‘o o 5.2.1

¢

.ith a correlation coefficient of 0.99732; where X is at.%Pt. A
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‘,m 175°C, above 200 C R (A) increased rap1d1y

75

/
R

value of pO(Au) for 0 at.%Pt is seen to be 5. 0239 (~ 5) ue-cm and ‘

this compares well with °0 for Au-Pt films in Fig. 5.1 Ag corresponding

to 5 ue-cm "Bulk resistiv1ty" is computed to be nearly 150 A from i
the value of 340 R taken by Namba [14]. .zﬁ
(iii) Microwave sheet resistance, R versus %, the total
(Au-Ptzpthickness is shown in Fig. 5.4 for ultra-thin (~ 10 to 15 A
thick) Au-Pt films. These values of R were measured 1mmed1ate1y
after the preparation of each set of e1ght f11ms AdJUStEd standard
error markings [86] are omitted here for the. sake of c1ar1ty ,vgw"
(iv) These films. (111) QFre agedgﬁor about one year at ‘room “f;
temoeratufe, R was found to 1ngrease for a]] the ?11ms and this, &
is a]so shown in Fig. 5 4 (R' versus 2). These resu]ts confirm .

'\ . B}

that a]]oy1ng is tak1ng place.

L)

"'10}, The effect of annealing was stud1ed.on:one of; theg&&ﬁh@ih;.
films in (iv)y the f11m showing R cJosest to the average va1ﬁgv
was chosen. The films were pulse annea]ed at 25°C intervai:
between 50 and 350°C. Ru(A) Versus the annealing thperature TA(°Q)
is ghown in Fig 5.5; the actual points are omitted for clarity.
The films show a gradua1 decrease in R (A) with annealing upto
¢
‘(v1) From the above data, P (— 2R ) was ca]cu]ated for
mqn1mum va]ues of R (A) ‘p (Au-Pt) is computed from Eq. 5. 2.1 for x
%Pt compog1t1on that corresponded to 1nd1v1dua1 fw]ms .
o, /p (Au-Pt) versus £ 1s shown 1n F1g 5 6. The rat1os pf/p

1nd1cated by the Fuéhs Sondhe1mer theory (Eq. 5.1.2) is rd%idduoed

for &, = 150 A from va]ues'tabu]q‘ed by Chopra [137]; p is taken
; o

I
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as zero. The ceffects offﬁﬁrf&ge roughness, h,‘[laj ére also shown
in Fig. 5.6 for i/a_ 448 and 0.06.

Au-Pt)
correspond to h/x0 v 0.6 or less. The at.%Pt composAtion was

It can be seen that all the values for pufpo(

'~>f¢ﬁ'genera1 higher for the thinner films and therefor oG(Au-Pt)

e o 2 3
"~ was also correspondingly more, with a maximum of ~ _}4 po-cm for a
° .. a . '
12.5 A film. The value f AO, assumed proportional to 1/pO(Au—Pt),
is + 50 A. On comparfson with Namba's theoretical résults (147,
the surface roughness amplitude, h, has a corresponding value of
v 3 A for,h/xo % 0.06." This indicates a high degree of continuity
of the films described.
. aﬁ(V11) One of the eight films in (iv) was retainQd as a N
1 .;,)'LA‘ R
control and the rgmaining six were tested for d.c. re&’i'ieift\'_vi%vity, &
. B >“-‘r‘r~"’?;*2;‘ Eoan
od.c.» DY depositing.contacts (Chapter ‘1, sectio ,2.31$§%>;§he‘,
values of sheed resistances at d.c., Rs(d.c.), and microwave
frequency,ARc(u), for the thinnest (10.8 A) Au-Pt films aﬁ%
tabulated below. ”
, , TABLE 1 \ e
“~ . ’ : /‘_/70 v f.O 2 (:7 x
~ 2 Comparison-'of R.(d.c.) and Ri(u) of 10.8 A Films -
\‘ - "
» FILM flo: . R (d.c.) Rg (u) \g R (d.c.)
S \ Qﬂ%: ' ‘\JS/CJ o R
. ~ | ( z ) ‘ -
125 . - 2.67 X 293 K e 1,10 ¢
126 f2.57 K 2.27 K %7 1013
127 2.15 K, 1.94 K ** 1.1 -
128 - 2.03 K 1.89 K 1.07 'j
129 2.93 K» 2.53 1.16 4 N
130 "4.09 K- 3.63 K 1.3
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It is seen that a]tho‘ugh'ﬁS d. tx) is always larger than R (),

as pred1ctod dn Ch. IV, R (d.c.)/R u) ratios do not change
mater1a11y S1nce the f11ms viere on]y about ha]f as thick as the
minimum height o%aa cleavage step (~ 20 A) on a cleaved mica
surface [74], the d.c. continuity indicates a cbmp]ete absence of
such a defect. It, thg% fore, confirms Tolansky's observations
that mica cleavage faces are atomically smooth over large areas
except for the hill-and- va]]ey type surface undu]at1ons The
1atter11ncr§ase the path of d.c. current and hence the yalue of
Rs(d.c.)‘ds'&ompared with Rs(u). The resu1ts shown in Table I

are also a further proof of the basic validity of Slater's theory

[85] showing that the d.c. and microwave sheet resistances are

13

e

identical. W .

TabTeJII shows d.c. and microwave sheet resist%vity of a
~ e i o . ‘ .
batch of fiThs, 21.7 A thick, on imperfectly cleaved mica sheets.

Do W . -
h x oy . !
dy .l . B . .
Ty .
i 4 . . N
r as -t

TABLE TI1

Comparison of Re(d.c.) and Rc(u) of 21.7 A Film;

A l

Results for Imperfect Mica Cleavages

=
‘ A &
P : R (d.c.)
FILM No: = R (d/é.‘ﬁ’y R_(n) s\ U
., s s T 70 -
SR ;" R h/O* s Rs MO
o -':‘:;;;’-‘——\\:vj, . — - ¥ c;
C 14 , 30924 259.49 , 1.19
142 ..339.36 ©243.43 01,39
. 143 o ‘ 0229.20 V7w
% 144 . 258.84 231.31 1.12
© 145 o 240.02 ©206.13.  1.16
146 822.64 293.79  2.80

Average values of R () = 243.89 /o
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It is seen, especially in the case of Film No. 143, that whereés
£he film is éh open circuit at d.c., Ré(u) is even smaller fhan the
average value. The conc]us;on of Chapter IV, that surface defects
do not affect mi: rowave measurements is, therefore, supported:
further.

/o (Au Pt) is also plotted on Fig. 5.6. Since 0d.
differs wwgaly in many cases, as for example in Table I, on1y the
minimum offthe six values is chosen for each value of 2. Comparison

with Namgh{s theoretical results [14] shows that these films also

have a é rface roughness amp11tude of the order of 3 A or less. )
'm

Assum1ng.tota11y diffuse scattering at the film surfaces, it can

be satd that the films are continuous. ' o
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" CHAPTER Vi
EXPERIMENTS ON MERCURY DETECTION

6.1  Introduction -

4

Lt

McNerney et _al. [24]. showed that the mercury detection
’ kb
sens1t1v1ty of gold fﬂms 1ncreased with decreasmg fﬂn’hickness.

S1nce it was poss1b]e to obta1n compos1te go]d p]at1num ims

v
“N'.

i
Wh1Lh were h1qh1y conﬂuctmng»down to a th1ckness of 10 A, it was

dec1ded to test these for thrs practical: app11cat1on y The resu]ts

“")J ' Y e

did not meet the expectg;1on, however, some new, hitherto
unreported affects were’ observed'[ZSJ-wh1ch Justified further )

investigations, - .

6.1.1 Env1ronmenta1 mercu;y and its. effects S
. {},"hﬁ, _‘ ] . ,
Mercury has been used in various’ crafts and medmc1ﬂe for over

a.thousand years; 1n modern 1ndustr1es 1t has more than 3000
) . .

"ompan1ed by the resu1t1ng benef1ts the

A

: f;;] mercury and ﬂts compounds had also been
"‘ :. %'\ i (l';" I
é%hcogn1sed for somé.tine: An example is the two hundred year old

hea]th regu1at1on in Spain restr1ct1ng worKers in mercury mwnes to

)

e1ght days per month [138] It 'may be po1nted out that Spa1n has,

B ha1f the world's known- rema1n1ng reserves of mercury, the 1atter

est1mated at 200,000 tons [139]. - . ;;_ﬂg.

taieft open to the atmosphere, gercury evaoorates and an
;"_A?S., o R o W .

82
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equilibrium concentration level of 70 mg Hg/m3 of air.is reached
5 at 72°F; this 1eve1 is doubled at 93°F [140]. The effects of«
mercury Vﬂpor inhalation were studied as ear]y as 1934 by Fraser,
_Me]v111e ahd Stehle [141] who exposed dogs to 6 mg Hg/m air for
8 hoursd; day D;ath resulted from about 4Q\days of exposure. The
“exposure level of 6 mg Hg/m3 air is only just above the recorded
concentration ofv1.2¥to 5.9.mg Hg/m? of air in mergury.mines [142j.
* The potential danoers of mercury pollution caused by |
1ndustr1es:~ere efposed by the M1namata trzgig1es in 1953. In a
fishing village df this name in Japan, deatqtﬂéhd 1rrevers1b1e
%‘1&11 d1sab111;t1es, mcludmg those 1n,7n}v(hborn chﬂdren, , u

L,bl-.-

resulted from eating sth cauqht 1n po]]uted waters []30 143 144]

v _-1

Swed1sh studies on mercury po]]ut1on [145] were prompted by a E .
noticable decrease in the popu]at1on of seed eat1ng Birds and

symptons of mercury po1son1ng in. them These stud1esﬂeventua11y led S
1_to bannlng of seed treatment by panogen and other organo- mercur1a1
fung1c1des Acc1denta] cases of human po1son1ng were a]so noted- ‘

in Iraq and a fam11y in the USA [139] caused by eat1ng the panogen R -
treated wheat or the f]esh of fow] and hogs .fed on 3uch seeds.

In the1r study of the effect of water po11ut1on by
andustr1a1 waste conta1d1qg mercury and its compounds, Jensen and 
Jernelov [145,146] dup11cated stream bottom cond1twons in _their Z?’ e
1aboratory . The rosu]ts 1ed to an understand1ng of . the mechamsml"~
1nvo1ved in the conversion of e]ement;¥~mercury and its compouggs
into.methy] mercury. Methyl mercury is the most‘toxio'of mercury

\
compounds and one of ‘the few poisons capable of penetrating the?
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FIGURE 6.27 Film Holder with Mercury Detection Film' and its
| Placement in Cell Housings.



membranebforﬁing éhe blood-brain barrier. It was found that in the
oxygen free'atmosbhere of the sediments, certain bacteria perform
the transformatjon process; methyl mercury then enters the aquatic
food chain via the phytpplanktons and reaches ever increasing |
bconcentragions in 1ar§;E\fish.

In spite of the ear]ier know]edge of mercury hazards, it
was only ~after the publication of Fimreite's reports on mercury
¢ontamination of fish in the great lakes [147j that the rather\

'disproport{onéte "mercury scare" of the 1970-1972 period commericed.
An all out effort seems to have been initiated to reduce, and
e]imiﬁate if possible, a1l\traces of H;;;ury, pargicu1ar1y from
the food sources. Although the urgency of the need for mercury
pollution control cannot be'over—emphasized, too little mercury
could be as dangerous as too much [148,149].

' The rega%ive increasé in atmosbheric mercury during the
industrial era Qas demonstrated by the doubiing of the amounts of
mercury'in the jce shéets of Greenland after 1950.[150]. The «
industrie§¢using mercury and its compounds directly are not the
~only source of increase in the environmental mercury cont-n: A
comparable amount of mercury, presently abodt 3000 tons per year in
the USA alone, is discharged into the atmosphere as.élgmenta1
mercury vapor by coal. burning power stations[151,152]. Coal and
peét are now cohéidered as possibly the most imporfant sources of -
energy to fill the gap between increasing energy demand and energy

supplied fromoil, natural gas, and hydroelectri¢ and nuclear

power [153,154]. Since transportation'of coal-over long distances,
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as for example in Canada, is not économica] at present [154], it
has been suggested that coal be cbnvérted into e1ectricity'and gas
at the production sites and then fed iﬁto national grids. The"
major.c0a1 resource area, western Canada, might then_hecome more
susceptible to mercury pollution from this source. The coal
reserves of this area have been estimated to be about 200 billion
tons; by a conservative escimate of 1 part per million (ppm) of
mercury,;n coal [152], there is a 200,000 ton total mercury discharge
potential from this region alone - a quantity of mercury equal to
the known world reserves. . It is estimated that the world supply of
mercury may be totally depleted dur{ng the next sixteen years at
the present rate of consumption [155]. It is a possibility,

howsoever remote, that fossil fuels coﬁld provide an alternative

source of mercury.

6.1.2 Mercury-detection

Different methods - v -he analysis of the mercury content of
materials have been reviewed recently by Lindstedt and Skerfving

[150] and include colorimetric méthod; atomic absorption spectroscopy,
neutro acfivation analysis, and a micrometric method. Of these,

atomic absorpt1on spectroscopy, based upon the absorption of the

, u]trav1o1et radiation at 2537 A, is the most sensitive; the

%

—

mjnimum detectable quant1ty of mercury is a few tenths of one

\\
nanogram. Except for the co]orTmetr1c method, which is also the
least. sensitive, all other methods require instrumentation that

is either costly, or non-portable, or both.
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McNerney et al. groposéd a relat’ .. - inexpensive -and portable
instruﬁent for mercury detection employiry thin films of gold [24].
They used 75 to 400 A thick gold films with chromium under]ayers
on glass and ceramic substrates. The sheet res1st1v1ty, Rs’ of the
£ilms was between 2 to 10Q/0 , 'with a fi1m design to give resistance,
R, bé%ween 300 to 150003 giving an R/RS ratio of 150 with a film
area nf 2.5 émz. The fi]mé were deposited with no substrate~heating
an i m>r9,annea1ed at 150°C in atmasphere. The film design produced

-~

a linear increase in resistance for amounts of mercury ranging

- from 5 x 10'1] to 1 x 10"7 gm; the thinner'fi]ﬁs displaying higher ¢
sensitivity. It was suggested that the saturated films be heated
~at 150°C for 10 minutes to release mercury soO that the same films
might'be used répeated]y.

The présent work was undertaken with a view to lowering the
‘detection 1imit of mechry below 5 x 10‘]] gn. This was considered
desirable becauge only minute‘quantities of samples might be
available for analysis in certain cases, for example organs of
very small fish or human hair. Since gold on platinum films were
found\condgcting to a thickness as low as 10 Z [62], these were

tested besause McNerney et al. predicted higher;sensitivity for
— th1nner f11ms [24]. In:a pre11m1nary investigation [25] it was
found that alloying due to 1nterd1ffus1on of e1ther platinum or
silver into go1d,_part1cu1ar1y on annealing but also just by aging,
drastically reduced the sensitivity. McNerney et al. encountered

similar problems on heating gold films on chromium underlayers

above 150°C [24,157]. Joyner and Roberts [158], on the other hand,
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have shown that total desorption of mercury from gold surfaces
occurs at about 177°C. This is, then, the annealing temperature

range required if the films can be used repeatedly.

6.2 Experimental Methods

6.2.1 Films:for mercury detection: and the film holder

Following the results of preiiminary invéstigétions (257,
the films selected for mercury detection were of two tyﬁés. One
was the composite film of gold on either platinum or silver
nucleating layers; the film thicknesses being about 110 K with
about 10 R th{ck nucleating layers. Thé other type comprised 55
to 420‘3 thick, pdré gold films. The film depositioﬁ procedure 1is

)

6ut11néﬂ in Section 2.6. During deposition the substrates were
not heated. , |

_ The film geometry was designed to keep an R/RS ratio of 150;
this is the ratio used by McMerney et al. [24]. The film area was
about 6 cm’ as compared to 2.5 em’ selected by these authors.
Larger film area permits increased saturation-1imit [24]. Other
film geometrigs tested gaQe R/RS ratios of 0.5, 10, and 47.with

film surface areas Gf 3.23, 10.04 and 9.13 '’

reépective]y. The
sensitivity was found to decrease for smaller R/RS ratios éven for
Targer fme areas in films corresponding to R/RS equalling 10 and
47. 1t was not possible to obtain R/RS value larger than 150

because of machining difficulties in prepa;ing masks .

The film holder, shown in Fig. 6.1, was designed so as to
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avoid exposure of metallic parts other than the sensor area of the
film to the carrier gas. Since mercury amaigamates with all metals

except platinum and 1ron, this de-ign prevented any loss of

i
i

sens1t1v1ty due to mercury adsorpt1<n on unwanted surface§ The
photograph of thg film holder and its method of placement in the
cell housing is shown in Fig. 6.2. k |

The inlet of the carrier gas, 4?, to the glass ce11 was
arranged in the form of a right-angle nozzle to cause turbu]ent
flow of N2 in order to 1ncre§§e jts contact with the film. Althobugh
nd experiments to determine the efficiency were parformed, a flow

_rate of 200 ml/min was used. Mclerney et al. reported about 857

adsorption at this flow rate.

6.2.2 System description

The mercury detection apparatus employing the principﬁe

“ proposed by McNerney et al. [24] is shown in Fig. 6.3. Mercury is
're]eqsed with dry nityxogen from standard saép]es [159] containing
0.1 ng of mercury in the aerator tube. .The drying agents, magnesigm
perchlorate (MgC1O4)’and ascarite (A.H. Thomas Co., Philadelphia), {h?

remove moisture and acid vapors from the carrier gas. The acid

removal ‘is necessary because gold films have been found ‘sensitive to

[

o4 -
HZS [24].
Mercury is removed from the Nz—stream entering the reference
(4 . - ° N .
arm of the bridge by gold coated glass wool. Thf§ was found more
satisfactory and convenient than PbC]2 on glass wool used-by

McNerney et al.; particularly since mercury can be desorbed from
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saturated gold coated glass wool by heating in air at about 175°C.

The sensor and refer§29g films form two arms, R] and R2, of
a Wheatstone bridge. The other twé, balancing arms, R3 and Rdg are
made up of a center-tapped 2 KQ, 10 turn potentiometer in series
. with a 1002, 10 turn pqtentiometer used as a variable resistor;
the latter permits fine control of the Bkidge balance. A multi-

. range ( 10 uv to 1v) vacuum tube voltmeter (Hewlett Packard Model
423A d.c. microvoltmeter) was used as a detector. After placing

the films in their cells, the bridge was init{ally ba]aﬁced with

the VIVM in the 1 volt range using the 2K potentiometer. .Fine
control was subsequently used to balance the bridge in.the final
working range of 0.3 to 3 mv. This range was found suitable Fbr
calibration of 55 to 419 A films with 0.1 ug standard samples. The
Tower ranges were necessary for films of the extreﬁe lower and upper
thicknesseé. The brihge was baJancéd after each test by means of
the~fine control.

The choice of 9 volts for the d.c. supply was prompted by
the avai]abi11ty'of‘dry batteries in this range. Higher voitages
can be used for incfeasing the sensitivity. The upper voltage limit
is governed by the maximum permiss}bie current density through the
films to prevent failure either by jou1e‘(ohmic) Heating or byi
electromigration [160]. It can be seen that for a 2 mm wide, 100 B
thick film, a current of 2 mA is equivalent to a current density of
104 A/cm2: this is normally the maximum current density level that
can‘be achieved without meliting the bulk samples. In case of films,

substrates are very effective heat sinks so that joule heating }
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causes about 10 to é0°C temperature rise for a current density of
106 /\/cm2 [160]. With iarge surface.area to vb]ume ratio for
decfefsiné film thickness, the film cooling on the surface
exposed to the airstream is a]so.moré effective. Thus current
densities of 104 /\/cm2 afe_permissib]e, for-example, thin fi]h )
interconnections in integrated circuits oper..e at current densities
of about 106 A/cmz. ,

[t can be shown by a simple analysis that for a small change
AR in th- resistance R] of the sensor film (AR <« R]), the detector

voltage is directly proportional to AR.

Ry*+oR

ﬁ;G 6.4: Bridge Circuit for Derivation of vy
versus AR, A

‘

In Fig. 6.2, 1n1£1a11y, without AR; the bridge is balanced,

hence
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and let /\:‘]’*'P\-‘:]*‘R——‘. 6.1

&Hith an increase AR << R], the detector voltage VD'is given by

Al

R1+AR . R
Vo= v S
D Ry*R,#IR R, R,
1+( AR/Rﬁ
= VAT R+ {aR7R, T
= —-(-———)-A ] A R + R
A%R

1

Expanding (1 + AR/AR1)_] b%nomially and ignoring second and higher’

-

order terms in AR/AR], we get

MAR]_QB_. 6.2

A2 R, AR,

o
1

McNerney et é]._(1972) give a value of 4 x 10'5 for fract °nai

resistance change for 1 ng. of Hg. Saturation occurs at 100’ng. If
t,

R, = 1 Ko, this gi'ves a resistance change of 4Q on saturation; or

1
in Eq. 6.1, with A*= 2,[(A-1)/A° is maximum for A=2], AR/AR; = 0.002.

Ignoring this term in Eq. 6.2, maximum error is 0.2%. Hence we may

again write, after substituting for A,

VR3
VD ~ -————2- AR
(R5*+Ry)

VD is recorded on the X-Y recorder as deflection D or DA for

, (
unannealed and annealed films, respectively. The measurement of the



absolute value of AR, a more cqmb11cated process, is.therefore not
necessary for ca11brat1ng the instrument. The ratio DA/D was used-
to indicate relative performance of the f11ms with annea11ng DA)D
can equally well be replaced by QRA/AR, where ARA is the res1stance
change of the annealed sensor film.

The aevator tube was bypassed when not in use to keep &2

flowing through the system. This stabilized the temperature of the

reference and sensor films and hence m1n1m1zed the instrument drift.

Any residual mercury Was also f]ushed through the system

6.2.3 Standard samples

The calibration was performed ueing O.i\ug 6f mercury per
5 ml of samp]e, a pH ba]anc1ng solution, and a reducing agent. .
De- 10n1zed distilled water and reagent .grade chemicals were used
to prepare these solut1ons as descr1bed below:

(a) A 500 ug Hg/ml ‘standard stock solution was prepered'
by dissolving 0.6767 g of ‘mercuric chloride (HgC]Z).in 2 ml
concentrated HC1 and diluting this to make 1 Titre.

(b) The acidity of the standard wae‘bélamced by a 20%
weight/volume (w/v) solution of hydroxy]ammomium chTorfde
(NHZOH.HC1) solution obtained by q1ssolving 20 g of this4chemicai
~in 100 m1 water.

(c) The reducing agent was 10% (w/v) stannous chloride
’ solution. .25‘g SnCl..H.0 was dissolved in 50 m1 concentrated HCI

2° 2
" and diluted with water to make 250 ml. (This so1ut1on should be

95

stored over metallic tin to be kept for a 1ong time. It is otherwise

!
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'dissociqted and this,islindicated by the pale yellow co]oriﬁq of theﬁIﬁ
solution typical of chlorine). '

. | Immediately before uée, the working solution containing
0:1.ug Hg/5m1 was preparéd by adding O.].m] of the standard stock
(a) to 500 ml water. 5 ml of this solution was pipetted into a

test tube, with 0.3 ml of solution (b) and 0.1 ml of solution (c)

“added. The test tube was then put promptly in the aerator system.

6.2.4 Decay of‘O.l ug Hg/5 ml solution with time

Weak sq]utions of inorganic compounds are generally in é
diésociafgaj/ionﬁzed state. The mercury content of the standard
so]ﬁﬁion decayed rapidly by surface evaporation of mercury. This
decay phepomenon was Oﬁéerved for solutions stored in the following
forms: |

(a) Stored in 500 ml vo1ume’ahd occasionally stirfed,

(b) “Stored in 500 m1 volume and stirring only due to

| . pipetting, and

(c) Stored.in 5 ml quantities in test tubes.

The mercury content of these samples with time is shown in Fig.
6.5. Sahgle (b) was found more stable than sample (a), whereas (c)
decayed the most rapidly. Thé analysis of one sample takes about
3.5 minutes and significant decrease of mercury content in either
(a) or (b) was observed after 5 or 6 tests. This was generally the
number of test results used for calculating averages and adjusted
~standard errors.' -

. The errors @ue to .the decay phenomenon can be minimized by
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(1) commencing the tests immediately after preparing the solution,
(2) stirring the solution as little as possible, and (3w pipetting

_the sample from near the bottom of the container.

6.2.5 Summary of precautions

Stability of the rate of airflow through the film housing
is the most critical factor in obtaining consisteﬁt results. Also,
identical ra£e of flow throughythe sensor and ‘the reference film
cells is required to maintain equal temperature of the two films.
Hence the flowmeters must be acgurate1y calibrated and stable;
these would constitute the most expensive items in a commercial
instrument. The airflow rate may also vary due to crystallization

of MgC10, upon absorption of moisture, causing greater resistance

4 ,
to airflow through the drying tube. This was seen by the necessity

to adjust the airflow rate after about 20 tests. As about 200 tests
were required Tor 91Ch annea11ng temporature, it was found convenient
‘to place an auxiliary tube with MgC]O4 between the valves and the
U-tube in Fig. 6.1. This tube cou]d‘be easily replaced upon

safﬁqation with moisture.

Wi

‘i. The effect of carrier gas flow réte over the films on
sensitivity is shown ianig. 6.6.
Other possible sources of error are
(1) Supply voltage stability,
(2) Subjective error in preparing and pipetting samples,
(3) Delay in aerating the sample after adding the réducing

agent, and
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(4)'vlnstrument drift if there is a large difference in the
resistances of sensor and reference films.
" The maximum adjqfted standard error by averaging six results
was within = 5% in most cases for 0.1 ug samples.

/

6.2.6 Extraction of mercury with gold films from weak’ .

aqueous solution of HgClo

. These experiments were performed to ascertain whether gold
films might be used to extract mercury from weak ;B1utions of
inorgahic mercury compounds. It has been pointed out [161] that
irrespective of the form of mercury poisoning, that is, by .
inhalation of elemental mercury vapor oOr ingestion of organic and
jnorganic mercury compounds - the excretion of mercury via b]ood
circulation in the form of sweat Oor urine occurs as inorganic
mercury compounds. The human kidney is very inefficient in filtering
out mercury, resulting in the accumulation of mercury in the kidney
as well as the liver. These two organs, along with the brain,
1ymph nodes and peripheral nervous system are the most affected by
mercury poisoning. A possibility, therefore, exists to enable
removal of mercury from the bloodstream with thé use of otherwise
neutral gold in a form similar to dialysis machines.

The fi]mé similar to those used in the mercury detection
apparatus were first immersed in distilled water, then takén out and
dried. No resistance change was indicated due to this procedure.
The films were next immersed in HgC12 solutjon, rinsed in water,

dried and checked for any resiétance change.
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6.3 Results

The average resistance, sheet resistance and resistivity at
d.c. of 55 to 419 R thick gold films versus the film thickness are
shown in Fig. 6.7.

The affect of annealing gold-on silver and gold-on-platinum
films died. Fig. 6.8(a) shows/fhé relative sensitjvity, DA/D,Y
o% thes as for various annéalihg temperatures, TA. The relative
resistance, RA/R VS. TA is shown in Fig. 6.8(b) where RA and R are,
respectively, the film resistances of annealed and unannealed films.

The results as above, for 55 to 419 R gold films are shown
in Fig., 6.9 (DA/D'vs. TA) and Fig. 6.10 (RA/R VS. TA)‘ Adjusted
standard-error markings are omitted for the sake of clarity, these
being within 5% for DA or D. The variation of sensitivity wfth film
thickness for 0.1 ug mercury after the 175°C anneal are shown in |
Fig. 6.11.

| The change in resistance of one gold film, 199 R thick, upon
three successive immersions in'HgC]2 so]ution containing 500 micro-

gram Hg in 500 mi is shown below in Table III; resistances are in ohms.
i
\\

TABLE 111 g ‘

Initial | Res. after immersion | Res. after immersion in HgC]2 solution
Film | in distilled water

Resist- First Second Third
ance. . 30 seconds 30 seconds| 30 seconds
474 .34 475.13 475.85 476.60 477.88

Total Resistance Increase 1.51 2.26 - 3.54
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FIGURE 6.8(a) ‘
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" FIGURE 6.8: (a) Normalized Sensitivity o Comprs-
‘ (Au-Ag and Au-Pt) Films /s. An.
Temperature.

(b) Normalized Resistance vs. Anneaiing

Temperature for the Composite Filu: .
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6.4 Discussion

In the following discussion,'the term sensitivity is used to
denote the relative magnitude of AR as indicated by the recorded
deflection of the detector, D or DA’ from the nu]ﬁ position of the

balanced bridge.

6.4.1 Composite Au-Pt and Au-Ag films

The composite gold-on-platinum or si]vér nucleating layers
(Au-Pt or Au-Ag) display higher conductivity even below 50 R, the
thickness at which pure gold films become non-conducting [52,56].
The mercury detectibn sensitivity of these films, however, deéreases .,
progressively with aging and anpnealing. The 60 K Au-10 R Pt and
50 Z Au-10 R Ag films showed decreasing sensitivity With aging, the
sensitivity became negligible on annealing these films at 100°C.
[25]. These results indicated that alloying of the surface Tayer
with the nucleating layer material (Pt or Ag) is the cause of
desensitization to mercury adsorption. This effect was also noted
by McNerney et al. [24,158].

Observations on 107 R Au-15 Z Ag -and 109 3—12 Z Pt (Figg.
6.8(a) and (b)) confirm these results. The loss of sensitivity on
annealing thése films even above 150°C is not total. The films have
8,a§omic percentage (at.%) of Ag and 11 at.% of Pt in the total
matéria], the dif%usioh distance is also larger ‘than the thinner
composite films. The results appear to indicate that loss of
sensitivity is dependent upon the amount of ai]oying matgria] as

well as the degree of alloying of the surface layer by interdiffusion
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at various temperatures.

In this case, the mercury detection sensitivity is thus a
f&nction of two distinct processes: (1) diffuéion in thin film ‘
couples, and (2) annealing characteristics of the films. The
annealing of films controls stress patterns, re-crystallization and

'consequently the structure of the films [9,103].

6.4.1.1 Diffusion processes

Z%e study of diffusion in thin films [132,154] and particularly -
on gol ilms deposited on platinum [64,133] has been a subject of
recent publications because these films are used as reliable
interconnections in integrated circuits [63,64]. Diffusion in pure
metals and alloys has been reviewed by Peterson and Chen [162] and .
it is noted that se]f—dfffusion leading to recrysta]]iéation ana
smoothing out of structural defectsloccyrs even at Tow temperature
in thin films [163]. The aging ' can thus Héve a éggnificant effect
on the propert{es of either pure or composite films stored even at
‘room temperature.

The diffusion process is accelerated at higher temperatures,
its rate at ény particular temperature deﬁénding upon the metals-
pair. This need not necessarily Tead to fhe formation of a uniform
alloy because of (i) the miscibility gaps at different at.%
compositions, especially for platinum and gold [164] resu]tingAin |
discontinuous concentrqtion drops, and (ii) surface\;grichggnt
Jtendency even in dilute alloys, more so at e]evéted temperatures [165].

The latter phenomenon has been utilized to obtain perfectly pure

/
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gurfaces for ana]ys%s by electron diffraction and,Auger electron
spectroscopy [166].

The\procéss of diffusion in alloys of different at.%
compositions is thus complex. It can, however, be conc]uded‘that
the surfaces of‘composite films become alloyed even to a degreg
%ncbnsistent]y higher than the overall composition. The consequence
is decreased mercury adsorption efficiency on the film surface and
hence loss pf sensithity. Thé rate of diffusion caﬁ be seeh to be
higﬁer in the Au-Ag films as compared to that in Au-Pt films. This
is'indicated by the more pronounced loss of sensitfvjty in the
Au-Ag film.at Tower annealing temperatures. Au4Ag alloys have no
miscibility gaps and uniform solid solutions of the two metals can

be obtained at any at.% composition [164,167,168].

6.4.1.2 Effect of annealing on the mechanical properties of

 thin films ‘

"A wellurocogniséd feature of annealing is che improyement of
the film texture by smoothing out oflthe structura1'defects 1ike
stacking fau]ts,_vacancies,'dis]ocationsg this results in reduced
resistivity [9]. X-ray analysis ghow§ that annealing increases
crystalline pérts.and relaxes the cfystaT stress [169], an effect
- also predicted theoretically [170]. Annealing behavior of thin gold
_fi]ms has a1sb been reported reéeht]y by White [171]. These and

other studies [169-172] indicate the following mechanical properties

of thin films:

Ay
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Metal films, in general, are under tensile stress of the

9 2

Y
3

order of‘]o to 1010 dynes/cm”™; this maghitude of stress is
comparable to the yield strength of mpst bulk metals [172]. The
stress reaches a minimum on annealing up to a certain temperature

and then increases again as the films are cooled down from a higher
temperature [173]. Small cracks eventually appear at the dislocation -
sites, resulting in stress relief. The shear s£ress at the film-
substrate interface due to different thermal expansions increases

for thicker fi]ms. If the film dc - not peel off (as happens for
films: a -few thousand éngsfroms thick) stress relief may also occur,
besides frécture, by plastic flow. This happens when stresses are
greater than the yie1d strength of the films.

"6.4.1.3 Effect of annealing on the sensitivity of composite

Films
| Tpe stress pattern dependence on‘annea1ing temperature is
ref]ectéa in the mercury detection sensitiVity of Au-Ag and Au-Pt
films as seen in Fig. 6.8(a). These, as also the pure gold films,

show that (i) the sensitivity increases up to an optimum annealing

/

/ :
temp&rature, in the 175°C range, (i1) decreases to a lTow value around

~—

200°C, and (iii) recovers subsequently at about 250°C as stress

relief occurs.

6.4.1.4‘ Effect of annealing on the resistance of compos{te

films

The resistances of the composite films [Fig. 6.8(b)] are
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relatively less effected by annealing thén the mercury detection e
sensitivity. The improvement'in conductivity by annealing [9]

appears to’be offset by the increased resistivity on alloying [164]
as d%ffusi%n produces an alloy of higher composition at increasing

temperatures [64,133,1627.

6.4.2 Effect of annealing on pure gold films

6.4.2.1 Resistance of pure go]d films

The resistance of 55‘to 419 Z films decreases on annealing
[Fig. 6.10]as postu]ateq by Vand [9]. It also proves that the
adhesion of electron beam evaporated films and their texture is

superior to the films deposited by resistance heated sources [101].

6.4.2.2. Relative sensitivity of pure gold films

5

Except for 55 3 film, DA/D improves witﬁ annealing upto“
a critical te -~vature snge around 175°C. This is both as a result
“of (1) recfysta; ion_and smoothing out of structural defects
[9,169] and (2) stress relief-[170,174]. It may be concluded that
surface sensitization to mercury adsorption occurs for fiims under
the two optimum conditioné. DA/D decreas@g to a low value at abdut
200°C. Compared to about 5% change in film resistance, the decreake
in sensitivity is nearly 200% or more for thicker (2 > 200 3) '
films. Since the stress increases with film thickness [169], Dp/D
appears proportionately reduced. Subsequent annealing at higher

temperatures causes fracture or plastic flow and hence stress

relief [172] resulting in the recovery of sensitivity above 250°C.
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The film eventually fails due to fracture;ﬁ d.c. open circuit

results abové 300°C. |
| To summarize,it is reasonable to assume that the increase ‘1
in resistance of gold films depends\essential]y on the amount of
mercury adsorbed. It may then be coﬁc1uded that the adsorption
efficiency of the films for free meécury contained in the N2—stream
is adversely affected by alloying and stress, whereas improved film
structure increases this efficiency. g

Fig. 6.11, showing sensitivity versus film thickness, indicates

that films in the thickness range of4100 Z are the most sensitive.
The optimum annealing temperature of 1755C is also one at which total
desorpt{on of mercury occurs [158]. Hence the most suitable films
for mercury detection appear to be of pure gold, having a thickness

of about 100 R and annealed at 175°C.

6.4.3 Adsorption of mercury from aqueous solutions

The continuous increase in film resistance upon successive
immersions 1in HgC]2 solutions, Table IIl,indicates adsorption of
mercury. For bulk gold surfaces, saturation occurs upor a monolayer

15 atoms Hg/cmzAu) [158]. This is équiva]ent

coverage (v 4.6 x 10
to about 0.3 ug/cmz. The absorption area available in films is 10
to 100 times greater than in buik [159] so that using films for this
application is more efficient and economical. Upon immersion in
water it was found that the thick (~ 5000 R) gold coated-silver

contacts peeled off whereas the main fijm (& 200 A thick) was not

affected. The thin films of gold in this thickness range might,
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therefore, be useful in accelerating the recovery of the victims

of mercury poisoning [161].

6.4.4 Gold coated glass wool
Gold coated glass wool has been found effective in eliminating
mercury from the reference arm of the bridge. It may also find
other applications, for examb]e, in )
(a) Sample collecting for monitoring elemental mercury
pollution in the étmosphere,
(b) Breathing masks for protecting personnel wprking in-
;?ercury mines or industries employing mercury, and
(c) Eliminating mercury from the flue gases of coal burning
plarts. This particular application, admittedly, is
exorbitant in cost. However, in the not so remote
future, as the known reserves of mercury decline [155],
this cost, to some extent may be offset by the recovery
of mercury. This is notw%thstanding the environmental
behefits. |
In any of the above applications$ tHe mercury may be desorbed
by heating at 175°C. The basic material is then reusable an
indefinite number of times. One gram of gold &ie]ds about 5 m2 of
100 K thick adsorbing surface - without considering the increased
area in films as compar=d to an ideally flat surface [161]. The
high cost of initial investment may bé juétified onithis ground
also. Large scale units already exist for continuously coating.

surfaces (v 10 ft x 14 ft) using electron bean evaporators [21].
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CHAPTER VII

{

CONCLUSION AND SUGGESTIONS FOR FURTHER WORK

7.1 Conclusion

The following conclusions are made from results in this

thesis:

The method of monitoring mass thickness has an overall

accuracy of + 3% + 0.25 A for gold or platinum. Employing a

5 MHz AT (¢ = 35°13'-: 2') cut quartz crystal plate, a simple
oscillator circuit with water cooled crystal mount gives a
frequency stability within + 2.5 Hz over a 12 hour period.
Microwave measurement of sheet resistivity is advantageous
in that (1) the cleavage defects of the substrate su.faces do not
affect the resistivity measurements, and éZ) annealing studieé
~ can be made on the same films. The method is then particularly
suitable for thin films deposited on mica sheets cleaved in ultra-
high vacuum where -examination of the surfaces for scratches etc.,
is not possiblei | ‘
Thin films of gold, between 5 and 40 A thick and deposited
on 3 to 10 R thfck platinum nucleating 1ayers on air-cleaved mica
substrates, have been found highly conducting. Comparison with
theoretical results showéd that these films may be continuous with
a maximum surface roughness parameter of ~ 3 A. It has been
possible to obtain such films of thicknesses below 50 R fér the

first time. Owing to the decreasing sticking coefficients for

thinner films, the actual thickness of the thinnest Au-Pt film
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(~ 10.8 X) may be only a few monolayers. This suggests’a Frank-
van der Merwe typé of growth mechanism, avoiding the agglomerate
structure. The island formation is thus considerably inhibited,
if not altogether eliminated.

The conclusion that the films may be continuous has been
further supported by the annealing results. The fi1ms showed
improved conductivity on annealing up to about 175°C; the resistance
increased on heating to an even higher temperature.

In application to mercury detection, it was found that the
composite (Au;Pt or Au-Ag) films on glass, although highly conducting,
displayed reduced sensitivity on aging and/or annealing. The
. Phenomenon can be attributed to the desensitization of the film
surface to mercury adhesion as a result of alloying.

In the case of pure gold films, optimum parameters can be
obtained by:

(1)- Evaporating the films from an electron beaT heated
source to obtain better adhesion and avoid source
contamination, '

(2) Maintaining the film thickness ~ 100 A, and

(3) Annealing the films at a temperature in the region
of ~ 175°C fo; improving film structure and causing

_stress relief. ‘ |

Upon saturation due to mercury adsorption, the films caﬁ be

prepared for furthér use' by heating at i75°C to evaporate mercury.

| Gold films coated on glass wool remove elemental mefcury

contained in an airstream. With optimum parameters as above, gold
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films coated on glass wool have application in the protection of
personnel working in a mercury-laden atmosphere and the removal
and recovery of mercury from air, as caused.by fossil-fuel

combustion.

Thin gold fiims on glass can also extract meréury from weak
solutions of inorganic mercury compounds. ‘A possible application

is in the removal of mercury from the bloodstream of victims of

mercury poisoning.

7.2 Suggestions for Further Work

A number of the phenomena observed warrant further

investigation; some of these are suggested.

7.2;1 Work on ultra-thin films

In order to confirm the growth process of the films deposited
on suitable nuc]eéting layers, these must be deposited on ultra-high
-vacuum cleaved surfaces. Since the films afe'conducting both at d.c.
and at microwave frequenciés, in-situ d.c. measurements are possible.
Also, in-situ determination of the sticking coefficient, the actual
film thickness, and the film structure will help 1n-furthef'
understquing the nucleation and growth mechanisms.

| Some of the difficulties encountered in this work and their -
possible remedies are suggested below:

(1) The pressure rise on commencing evaporafion from an

electron beam heated source will cause contamination

of the u]tra-hjgh'vécuum cleaved surfaces. Adequate

-



pumping speeds should, therefore, be provided. The

ion pump, as an example, appeared incapable of handling
a sudden rise in gas load. »
It was-extreme]y difficult to control the film thick-
nesses at small values (v~ 10 K or less) using the

e-beam evaporator. To some extent a Tonger source-
to-substrate distance will help; this would need a
larger system than used in this work. Alternatively,
predetermined quantities of wire may Se flash-evaporated
by Faraday's method. | .
The ion-effects in electron beam evaporation could be
influencing the mechafism of film growth. .Resistance
heated sourcés cause contamihatién, and so Faraday's
method of flash evaporation of wires could be
investjgated as an alternative in this regard.

Modern surface analysis techniques, including Auger-
electron Spéctroscbpy (A.E.S.), reflection electron
diffraction (R.E.D.), soft X-ray emission spectroscopy;
etc., can be used to study diffusion in thin films.
Theoretical models for the analysis of size effects on
electrical conductivity need to be developed further
for apb]ication to. ultra-thin, composite films,
especially to account for the individually varying
eiectron mean-free pathg.

/S

Ihvestigations need to be made to determine a critical

. nucleating layer thickness, zc,‘at which the structure

of composite films attains optimum perfection. 2
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will, in all probability, be different'for various
substrates. Hence, a correlation between zc and
the surface and/or crystal binding energy will

augment the studies of surface phenomena. Epitaxy

{

can also be studied.

(f). It may be possible to investigate other suitable
nucleating materials which do not cause problems
due to alloying. Some oxides (A1203, Y203, etc.)

are specially promising.

7.2.2 Mercury detection experiments

(1)" Mercury detection sensitivity of the fi]m; is shown to
be affected by (a) surface composition, (b) structure
of the fi]m, and (c) the stress pattern. An integrated
system including A.E.S., R.E.D., and stress monitoring
techniques may be built to determine tﬁe sticking
coefficient of mercury,_and the manner in which it is
affected by tﬁe above parameters. Since mercury
amalgamates with all metals except platinum and certain
steels, the results can, in turn, be épp]ied to
investigate the above parameters.

(2) Further work,is involved in developing a commercial,
portable apparatus to monitor mercury and incorporate

~a warning system for'excessive mercury po]]ution,l
particularly in air.

(3) Development of“a breathing apparatus to protect

personnel working in a mercury laden atmosphere may

118
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be undertaken. Fina]]y,

A Targe amount of work involving the possible medical
use of thin films' will have to be undertaken to
investigate a method of applying gold films on glass

to the treatment of.victims of mercury poisoning.
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