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New Method for Measuring Sputtering in the Region Near Threshold
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A new method is described by which a plated quartz crystal oscillator is used for the measurement of sputtering.
The crystal is placed in a molecular beam and sputtering of its plating is measured by the frequency change of
the oscillator. The relationship between the frequency change of the oscillator and the change in plating mass
of the crystal is given. The method is extremely sensitive. Sputtering of less than a millimicrogram of plating
can be measured. A wide range of material can be used to plate the crystal. A crystal oscillator sputtering gange
was built by using a frequency counter with a digital readout to record the oscillator frequency. The operation
of the gauge is iilustrated by preliminary measurements on the sputtering rates of gold in an argon beam between
(¢ and 100 ev. Other uses of the gauge, such as a neutral beam detector, are also discussed.

INTRODUCTION

Y HE study of sputtering of surfaces by high velocity

X molecules has taken on new importance with the
advent of satellites and space vehicles. The particles of the
upper atmosphere and space impact on the surface of a
vehicle with a hign velocity If the velocity is above the
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slowly eroded. Over a period of time, depending on the

sputtering rate, the original values of surface properties
such as drag coefficient and reflectivity will change. At
the present time it is difficult to tell how these changes
will affect the usefu] life of the vehicle because practically
no measurements of sputtering rates have been made on
surface materials in the region of threshold.

1DC reason IOI' tne laCK OI measurementis lb lrllC made-
quacy of conventional methods to measure in a short
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F16. 1. 10-Mc crystal osallator,

period the vanishingly small amounts of material sput-
tered. In general the methods are all complex and time
consuming. In particular, determinations which employ
densitometer techniques or those in which the sputtered
material is actually weighed are not sensitive encugh.
Methods of high sensitivity such as the use of tracer atomst
or surface ionization® for detection are not the answer
either because they can be used with relatively few mate-
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can be used with all materials.? It appears to be very usefui
in the detection of sputtering but since the method is in-
direct it is difficult to tell whether or not measurements
made at low energies will be reliable. To overcome the
drawbacks of available methods a new method has been
developed by which a plated quartz crystal -oscillator is
used for the measurement of sputtering. The method is
highly sensitive, versatile, and direct. The crystal is placed
in the molecular beam and sputtering of its plating is
measured by the frequency change of the oscillator. It is
the purpose of this paper to describe a sputtering gauge
which was built using such an oscillator.
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The gauge consists of a 10-Mc plated optically polished
AT cut quartz crystal, an electronic oscillator for driving
the crystal, and a frequency counter.

Figure 1 is the circuit diagram* of the electronic oscil-
lator. Its frequency is critically dependent on the plating
mass of the crystal which is only a few micrograms. Re-
moval of less than a millimicrogram is enough to change
the oscillator frequency a measurable amount.

An cnergized crystal is a mechanical vibrating plate
which is coupled to the driving oscillatar by the piezoelec-
tric effect. Its electronic frequency is dependent on its
equivalent electrical parameters.® The parameter of impor-
tance in the operation of the gauge is its equivalent induc-
tance which is dependent on the resonating mass of the
crystal including its plating. Equation (1) expresses the
frequency, in cycles per second, in terms of the crystal
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thickness® ¢, in millimeters. Using the equation one can
compute the frequency change Af produced by & removal
of a thickness Af of the plating. It is assumed that the thin
plating behaves like an equal mass of quartz. The constant
k is characteristic of quartz and is independent of the
piating.
f=k/t, tY
where % equals 1.66X10% cycles-mm/sec.
Af=—kAt/ i, (2)

By using a precision 10-Mc crystal, the plating thickness
removed for a measurable 1-cycle frequency increase is the
following :

Al= —pf/ iz —1,66X10~¢ mm=—0.166 angstrom. (3)

Qiva Af 3o srarnmcaler mearmatianal iohar frinmda

Since Af is imversaiy proportional to f2’ a hisuc: Tunda-
mental frequency would give even greater sensitivity. For
example by using a 20-Mc crystal, the highest available
commercially, an average thickness change of only 0.04 A
could be measured.

By using a circular plating 4 mm in diameter and assum-
ing the motional area A is of the same dimensions which
is reasonable for a 10-Mc crystal, the following decrease
Am in plating mass could be measured:

Am=pAAL, 4

Am=—35.5X10"" grams where p is the density of quartz,
2.6 g/cm®. It should be noted from Egs. (2) and (4) that

. an equal mass deposited on the crystal would produce a

frequency decrease. Hence, the crystal can be also used to
detect deposition of extremely small amounts of material
on its motional surface. For example, the gauge could be
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Ft6. 2l. Beam generator assembly.

$'W. P. Mason, Piesodeciric Crystals and their Applications to Ulira-
;gnssﬁcif {Dés‘lan Nostrand Company, Inc., Princeton, New Jersey,
' p' .



METHOD FOR MEASURING

used to measure sputtering indirectly by collecting on the
surface of a crystal the material sputtered from a target.
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Figure 2 is a drawing of the beam generator assembly.
It consists of an ion source, focuser, and target chamber.
A Finkelstein? type ion source was used. The ions are ex-
tracted from the source and focused by the saddle focuser.-
They then pass through a #-in. diam hole in a baffle plate
into the target chamber. The crystal is mounted in this
chamber and heated to 60°C to keep any mercury present
in the vacuum chamber from collecting on it. Higher
temperatures were not required because when the beam
was turned off the frequency of the crystat did not change
a significant amount over a long period of time. At lower
temperatures the frequency decreased a few cycles per
minute indicating that mercury was collecting on the
plating of the crystal.

The assembly was set up in a glass chamber evacuated
by a mercury diffugion pump. Two liquid nitrogen cold
traps isolated the pump from the chamber. The pressure
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and did not rise above 2)(10~ mm Hg with the beam on.
Figure 3 is a plot of the energy in an argon (Art} beam
generated by the ion source, On using 30-ev electrons to
ionize the argon no significant amount of Ar+ is produced.
The ion source was biased at 30 v above ground so that
the beam striking a target for example at ground potential
had an energy of approximately 30 ev. The plot was ob-
tained then, by biasing the target between +30 and —70
v. At a beam intensity of 3 10~% amp cm—2 the background

il K

pressure in the vicinity of the target was 1X10~ mm Hg.

RESULTS

Figure 4 shows the sputtering rates, as a function of
frequency change of the gauge, for a thin gold plating in
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Fic. 3. The heam current as a function of target voltage.
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F1G. 4. Crystal frequency change 8s a function of beam energy.

a normally incident Art beam. Curve A was taken at 1.5
and curve B at 1.0 ua. Even with beams in the micro-
ampere range each point on the curve could be taken after
only 30 sec of sputtering because the sensitivity of the
gauge was high, Temperature cut crystals whose frequency
changed less than 0.00019,/°C were used and their tem-
perature controlled to 0.1°C by an oven. The energy
transferred to the crystal by the beam had no significant
effect on its frequency. The error in frequency, due to
temperature variations of the t..rybl.m, is £0.5 cy‘cle ic
energy given for every point is the maximum energy of the
beam.

Present in the ion beam at constant intensity and inde-
pendent of its energy, was a 0- to 270-ev neutral beam. It
was generated in the extractor and first stage of the saddle-
focuser by a charge exchange process. The success of the
sputtering threshold measurements was due to this neutral
beam present in the ion beam. It cleaned from the surface
of the crystal the minute gquantitiss of dirt which built up
on it when it was bombarded by ion beams below 60 ev,
By baking the vacuum chamber for long periods the
amount of this material could be reduced but not elimin-
ated. Runs which were made without the neutral beam
indicated that sputtering ceased at 60 ev. Later measure-
ments showed this to be not the threshold of gold but of
the deposit covering it. Figure § is a crystal typical of
those used in the gange bombarded for several hours by a
50-ev beam showing the deposit. The long period was
required before it became visual. Afterward the deposit
was partially removed by a 300-ev ion beam.

The presence of neutrals and the deposition of impurities
on the crystal was found because of a very important fea-
ture of the gauge. It operates while in the beam. If the
gauge frequency is increasing, a net sputtering reaction is
occurring. By biasing the crystal to repel the ioms, the
gauge detects the neutral component of the beam whose
energy is above the sputtering threshold. Jf the gauge fre-
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F16. 3. 10-Mc crystul unit showing fmpuritics deposit,

quency decreases, a net deposition is occurring on the
crystal. The gauge can then be used to detect neutral beams
which stick to the crystal or chemisorption in beams which
react with the plating of the crystal.

By making use of Eq. (4) which relates the frequency
change of the crystal to the mass removed and subtracting
the effect of the neutral beam in Fig. 4, Fig. 6 was plotted.
Only values are used from the 1.5-ua beam below 40 ev
because the low sputtering rates of the 1.0-x2 beam were
partially masked by the deposition of the impurities on the
crystal. The curve shows p, the sputtering rate in atoms
per ion, as a function of beam energy. The magnitude of
u may be low by about 209, because v, the ratio of second-

ary electrons to incident ions, is unknown and may be as

large® as 0.2. The values of x between 100 and 50 ev agree
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well with Wehner's results,® the crosses along the curve,

and show that the sputtering rates of thin gold films are
close to those of polycrystalline used by him. Appropriate
measurements are planned to confirm this.

The threshold found here of about 10 ev is considerably
lower than that of 50 ev found by Wehner. It would be
unwise though to accept a lower threshold on the basis of
these measuremerifs-because of the presence of the high
peutral beam sputtering background. More measurements
without the neutral beam are being planned now that the
gauge is perfected.
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