
Measurement of lateral stress in argon implanted thin gold ®lms
using quartz resonator techniques

A.S. Way *, C. Jeynes, R.P. Webb

Surrey Centre for Research in Ion Beam Applications, School of Electronic Engineering, Information Technology and Mathematics,

University of Surrey, Guildford, Surrey, UK

Abstract

Self-consistent measurements of mass change, lateral stress and temperature in thin ®lms during implantation can be

made using three quartz resonators of di�erent crystallographic cuts simultaneously. Thickness measurements of an

evaporated Au ®lm were made by Rutherford backscattering (RBS) on all three resonators: ®rst, of the original gold

electrodes, then following application of approximately 200-nm gold ®lms, and ®nally after sputtering with 50-keV Ar

ions. The dose was monitored by collected charge on the samples and was veri®ed by RBS measurement of a Si sample

placed in the same environment. The sputtering yields on the three resonators can be measured directly by RBS. They

were di�erent for the three resonators. Applying these sputtering yields to the resonator frequency change information

allowed a calculation of lateral stress accumulation to be made. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

There is currently strong interest in the low
energy implantation of large molecules to achieve
ultra-shallow modi®ed layers (see Ref. [1] for ex-
ample). The characterisation of stress in these (and
other) layers is likely to be of great importance.

We have shown previously [2] how the three-
crystal-quartz-resonator technique can give self-
consistent in-situ measurements of lateral stress
change and temperature as well as mass change.

These types of measurements are based on ideas
originally proposed by EerNisse [3,4] and devel-
oped by Chereckdjian [5]. However, they depend
on equal changes in mass on all three resonators,
which implies an equal sputtering rate for the three
resonators. We previously observed sputtering
rates which depended on surface topography, ef-
fectively precluding accurate measurements of
stress [2].

In this paper, we present the results of a three-
quartz-crystal-resonator experiment designed to
accurately measure lateral stress in implanted ®lms
by directly determining the sputtering yield for
each resonator using Rutherford backscattering
(RBS) and then using this information to
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normalise the mass change between the resonators
before using the frequency change data to solve for
stress change.

2. Measurement technique

This technique uses the following properties of
the three crystallographic cuts to provide the re-
quired information: (1) The sensitivity to mass
change for each resonator can be determined from
well de®ned physical constants, (2) the sensitivity
to changes in lateral stress is of about the same
magnitude but of opposite sign for the AT-cut and
BT-cut resonators [3] and minimised for the SC-
cut resonator [11], and (3) the three cuts have
di�erent nonlinear temperature characteristics
[11]. The AT and BT cut resonators are from the
singly rotated Y-cut family and the SC cut reso-
nator is a doubly rotated cut [11]. The resonators
used for this experiment are standard frequency
control resonators. The surfaces are the result of
the standard manufacturing processes which have
been optimised for frequency stability and aging
properties and not for smoothness.

The system of equations representing the three
resonators is:

fAT � faAT � RATDM � PATDS

� A�T ÿ Ta�3 � B�T ÿ Ta�;

fBT � fbBT � RBTDMaBT � PBTDS

� C�T ÿ Tb�2 � D�T ÿ Tb�;

fSC � fsSC � RSCDMaSC � E�T ÿ TS�3
� F �T ÿ TS�:

These equations are linear in DM and DS and non-
linear in T. aBT and aSC are the mass normalisation
factors relative to the mass change on the AT-cut
resonator which are determined by RBS. The so-
lution algorithm utilizes the fact that temperature
will be a continuous function so that a reasonable
estimate of temperature will always be the tem-
perature at the last sample interval. The solution is
iterative until the estimated temperature matches
the calculated temperature to some predetermined

maximum error, in this case, within �1°C. Con-
vergence usually occurs in less than four iterations
for each data point. Uncorrected di�erences in
mass change produce an unphysical temperature
pro®le and eventually a failure to converge. A
temperature pro®le which is consistant with the
implantation conditions and convergence
throughout an experiment are indicative of a well-
con®gured system and good data but the stress
change information is easily masked by di�erences
in mass change between the resonators.

RBS analyses were made using a 1.485-MeV
4He beam with a nominal spot size of 1 mm. The
RBS detector was at a 165° scattering angle. The
energy was stabilised using the system reported
previously [6]. Data was taken at a series of points
along the electrodes on each sample at each stage
of the experiment so any nonuniformity of the ®lm
thicknesses could be averaged over each sample
allowing comparison with the resonator frequency
data which is proportional to the average change
in mass over the electrode area. The energy
thickness was thus determined to an accuracy of
about 1.3% giving a ®nal error in the sputtered ®lm
thickness determination of typically 0.7 nm using a
joined half-Gaussian ®tting of the di�erentiated
edges as described in [7]. Numerical integration
with standard stopping powers [8] was used to
convert energy thickness to g/cm2. Film thickness
was determined in channels ®rst, where the Au
edge was determined with a precision of better
than 2´ 10ÿ4 for each of the three analysis dates.
Using a ®xed o�set and the (very well determined)
Au edge to obtain the energy calibration gives a
gain value within 2´10ÿ3 of the value obtained
from a linear regression on O, Si, and Au edges
(with the beam straddling the quartz and the
electrode).

The dose was determined absolutely by RBS
from a silicon sample placed in the same envi-
ronment using the simulated annealing (SA) al-
gorithm [9] and the pileup correction described in
Ref. [10]. Note that the silicon is amorphised and a
self-consistent ®t with SA gives unambiguous an-
swers with an accuracy determined by statistics,
stopping of silicon, and the instrument calibration.
In this case the error is dominated by the stopping
power uncertainty, about 5%.
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3. The experiment

Frequency measurements were made on all
three resonators for temperatures from 20°C to
90°C to establish the coe�cients for the nonlinear
temperature equations. Thickness measurements
were made using RBS on all three resonators: ®rst,
of the original Au electrodes, then following ap-
plication by evaporation of approximately 200-nm
Au ®lms, and ®nally after sputtering with 50-keV
Ar ions which have a range of about 16-nm in Au.
The dose was monitored by collected charge on the
resonators and was determined by RBS measure-
ment of a silicon sample placed in the same envi-
ronment. The frequencies of oscillation of the
three resonators were measured at 30 s intervals
during sputtering allowing presentation of mass
change, lateral stress change and temperature as a
function of time. The temperature of the environ-
ment was also monitored directly. The total crystal
area implanted is 1.3 cm2.

4. Results

The results are summarised in Table 1. The
evaporated ®lm thicknesses determined by RBS
and the quartz resonators (QR) are directly com-
parable. They di�er by about 3%, 8% and 0.7% for
the AT, BT and SC cuts, respectively, with the
RBS reading systematically low. The SC electrode
is very smooth resulting in very reliable data
within the estimated error, but the BT is very
rough. This gives a large distortion (a tail) in the
RBS interface signal which will bias the midpoint
value used. The AT cut is of intermediate rough-

ness. Thus, the RBS is ignoring the tail signal,
underestimating the thickness. Large stresses in the
deposited ®lms can be indenti®ed and quanti®ed
by the same method as used for the sputtered ®lms.
There is no consistent evidence in the data for
there being any quanti®able stress in the evapo-
rated ®lms. In the sputtered ®lms however, the ion
beam induces stresses into the ®lms which we wish
to measure. The table shows QR thicknesses as-
suming no stresses, RBS thicknesses and hence
sputtering yields for the three resonators deter-
mined correctly by RBS except for the tailing
problem. The QR value for the SC resonator,
which is insensitive to stress, is correct. But the AT
and BT resonators, which have a roughly equal
and opposite stress response, give uncorrected QR
values 5% below and above the RBS values, re-
spectively. This internal consistency in the data
gives us con®dence that the RBS sputtering yield
measurements are correct, that the implant induces
the same stress in the AT and BT resonators and
that the evaporated ®lms are e�ectively unstressed.
Fig. 1 shows the mass change during implantation
for each resonator uncorrected for stress e�ects.
The similarity between the AT and BT cut reso-
nators emphasises that the lateral stress induced by
the implantation is masking the sputtering yield
di�erences between these resonators.

Fig. 2 shows a fully self-consistent determina-
tion of the implantation induced stress using the
mass loss values obtained from RBS. The tem-
perature remains essentially constant during this
long implantation. The stress builds up linearly in
the ®lms with dose, with an end value of 1.4´10ÿ5

N/m. A 1.3% change in the relative mass change
between the AT cut and BT cut resonators

Table 1

Au ®lm thicknesses for the three resonators before and after 50-keV Ar implantation with a ¯uence of 4.9´1016/cm2 measured by RBS

and by the frequency change of the quartz resonators

AT BT SC

Electrode thickness (nm) 276.9 158.2 171.9 RBS

Evap. ®lm thickness (nm) 158.4 179.3 166.4 RBS

Evap. ®lm thickness (nm) 162.7 194.4 167.6 QR

Sputtered ®lm (nm) 78.9 89.4 72.0 RBS

Sputtered ®lm (nm) 83.3 85.4 71.6 QR

Sputtering yield (atoms/ion) 9.52 10.79 8.69 RBS
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produces a 15% change in the stress change value.
Solving for stress change using the uncorrected
frequency change data from the AT and BT cut
resonators gives unphysical tensile stresses dem-
onstrating the necessity for ensuring that the dif-
ferences in mass change have been taken into
account. There is both a temperature and a stress
drop in the ®lm when the beam is switched o�.

5. Conclusions

We have shown agreement between two inde-
pendent measurement techniques in the measure-
ment of sputtering yield. Using the additional
information provided by an independent mea-
surement of sputtering yield has allowed us to
correct for the yield di�erences and hence com-
pensate for temperature changes and calculate the
build-up of lateral stress during sputtering. The
method is applicable to measurements on thin
®lms which can be deposited in place of or over the
resonator electrodes. If the di�erent crystallo-
graphic cuts can be prepared with the same
smoothness, so that the ®lms on each resonator
have the same sputtering yield, then detailed RBS
measurements are not required and the method
can conveniently measure ®lm stresses.

References

[1] K. Goto, J. Matsuo, T. Sugii, H. Minakata, I. Yamada, T.

Hisatsugu, Proc. IEEE Int. Electron Devices Meeting, San

Francisco, December 1996, p. 435.

[2] A.S. Way, Vacuum 44 (3/4) (1993) 385.

[3] E.P. EerNisse, J. Applied Phys. 43 (1972) 1330.

[4] E.P. EerNisse, J. Vac. Sci. Technol. 12 (1975) 564.

[5] S. Chereckdjian, Ph.D. Thesis, University of Surrey,

1984.

[6] C. Jeynes, N.P. Barradas, M.J. Blewett, I.R. Chakarov,

R.M. Gwilliam, R.P. Webb, Nucl. Instr. and Meth. B 136±

138 (1998) 1229.

[7] A.C. Kimber, C. Jeynes, J. Roy. Stat. Soc. C 36 (3) (1987)

352.

[8] J.F. Ziegler, J.P. Biersack, U. Littmark, The Stopping and

Range of Ions in Solids, vol. 1, Pergamon Press, New

York, 1985.

[9] N.P. Barradas, C. Jeynes, R.P. Webb, Appl. Phys. Lett. 71

(1997) 291.

[10] C. Jeynes, Z.H. Jafri, R.P. Webb, M.J. Ashwin, A.C.

Kimber, Surf. Interface Anal. 25 (1997) 254.

[11] V.E. Bottom, Introduction to Quartz Crystal Unit

Design, chaps. 8 and 13, VNR, New York, 1982.

Fig. 1. Mass change as a function of time for Au ®lms on AT

cut, BT cut and SC cut quartz resonators bombarded with 50-

keV Ar ions showing the uncorrected di�erence in yield on the

three resonators.

Fig. 2. Mass change (AT cut), lateral stress change, and tem-

perature as a function of time for Au ®lms on quartz resonators

bombarded with 50-keV Ar ions.
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