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Abstract

This paper presents research carried out at the University of Southampton into the development of a magnetostrictive thick-film material
suitable for use with silicon micromachined devices. This form of magnetostrictive material has previously been deposited onto alumina
substrates and this paper reports further work on migrating the technology onto silicon. The evaluation of two alternative glass frits for
use as the binder within the thick film is reported. The correct choice of the binder material is important in a thick-film material because it
is responsible for binding the active material within the thick film into a composite material and also adhering the film to the substrate. A
series of tests have been applied to samples fabricated using various glass frits to assess their mechanical properties and suitability for the
micro-actuator applications.
© 2003 Published by Elsevier B.V.
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1. Introduction a low-cost method of producing films with thicknesses in
excess of 10Q.m. The process is based upon a screen print-
Magnetostrictive materials exhibit a dimensional change ing technique that is believed to have been in use for over
under the influence of a magnetic field. As the actuation is a thousand years as a form of graphic art reproduction. The
achieved in a non-contact manner with this material, it is processing equipment used in this study is designed for use
not necessary to provide physical connections to the sam-in the fabrication of electronic circuits and sensors. With
ple, as required with, say, piezoelectric materials. The po- thick-film technology, the target film material is mixed with
tential for wire-free operation is advantageous in the field a binder material, often a devitrifying glass frit, and suit-
of micro-electro-mechanical system (MEMS) devices, some able solvents to produce a printable paste. This paste is then
of which have been fabricated using thin-film techniques to screen printed through a patterned screen onto a suitable
deposit a range of magnetostrictive materials. An example substrate, typically alumina, insulated steel or silicon. The
of such a device is the micropump described by Quandt andprinted paste is then allowed to settle prior to drying, which
Seemanil]. is necessary to remove the solvents within the composition.
One of the disadvantages of thin-film deposition is the The final stage of the fabrication process is the firing stage.
relatively low deposition rate, which tends to produce films During this phase, the materials within the film are exposed
typically less than 1um in thickness. Thick-film technology  to temperatures up to 85C in a continuous belt furnace.
is capable of producing films up to several 300 thick. The result is a fired composite thick-film material.
All film technologies, however, result in the production of The magnetostrictive thick-film pastes used in this work
layers having different physiochemical properties from that contain the giant magnetostrictive material Terfenol-D, in a
of the bulk material. powdered form, as the active material. Two alternate glass
The thick-film fabrication technique used to prepare the frits are evaluated for use as the binder material within the
magnetostrictive materials described in this paper providesthick film. To improve the structure of the fabricated thick
film, an inert filler material is added to the paste to reduce
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2. Fabrication 3. Measurement techniques

To produce the magnetostrictive pastes used in this work, To assess the effect of the binder material on the mechan-
the following quantities of dry materials were used: 159 of ical properties of the magnetostrictive thick films, a number
sieved Terfenol-D powder (particle size less than 160; of tests were carried out. These are described below.

6 g of alumina powder; and 6.75 g of glass frit binder. Sieved

Terfenol-D powder is used because the material supplied3.1. Tape and scratch tests

by the manufacturer includes particles that are too large for

compatibility with the screens used in the printing process. These are standard tests that are widely used within the
Use of over-size particles in the paste causes clogging of thehybrid microcircuit industry. In the tape test, a strip of adhe-
screen, which results in incomplete prints. sive tape is placed across the surface of the fired thick film,

Initially the appropriate dry weights of the alumina filler left for several seconds and then removed. Any material on
material and glass frit were mixed together using a pestle andthe surface of the thick film that is poorly bonded will come
mortar. During this mixing process, powder agglomerates away with the tape and is clearly evident from observation
will be broken up. To these mixed powders, sufficient vehi- by eye. In the scratch test, a metal stylus is used to scratch
cle was added to produce a paste, which was then processethe thick film off the substrate. This tests the adhesion be-
using a triple-roll mill to further mix the two powders, ensur- tween the thick film and the substrate. The amount of force
ing an even distribution of glass frit and alumina through the required to mark the surface of the thick film can be used
paste. Once this paste has been removed from the triple-rollas an indication of its strength.

mill, the corresponding quantity of sieved Terfenol-D pow-

der was added. The paste was then mixed using a spatula3.2. Visual inspection

and additional vehicle added until a suitable paste viscos-

ity was reached. Once sufficient vehicle had been added the The surfaces of the fired thick films and, after cleaving,
paste was again mixed in the triple-roll mill to improve the their cross-sections were inspected using a scanning electron
distribution of the various components. After this stage the microscope (SEM) to enable the structure of the fired films
paste was transferred to a glass container and left to standto be examined. This allows the distribution of the active
After a short while it returned to its original (pre-milling) and filler materials to be observed and the presence of any
viscosity and was then ready for use. inclusions to be identified.

The printing and firing of the thick films are achieved us-
ing the same techniques as those used for printing magne-3.3. Young's modulus
tostrictive thick films onto alumina substrates as described
by Grabham et a[3]. In this current work, the alumina sub- The Young’s moduli of the thick films were determined
strates have been replaced with 100 mm diameterpy530 by loading tests and finite element analysis (FEA). The FEA
thick, microelectronic grade silicon wafers. These have a approach was used so that the anisotropic nature of the sil-
1 m thick layer of thermally-grown silicon dioxide on their icon substrate can be taken into account. The use of com-
surface to improve the chemical bonding between the thick putational modelling also allows samples with non-trivial
film and the silicon substrate. geometry to be readily studied.

After the firing process, the fabrication of the thick films The loading tests require the sample to be supported in
is complete and the samples are ready for separating intoa cantilever beam configuration, which is then loaded by
individual devices. This is achieved by using a standard di- adding masses to the free-end. The deflection of the beam
amond wafer saw. This yields individual test samples that is recorded for increasing load. The results are then used
are ready for the measuring process. After sawing, the sub-to calculate a deflection for a given arbitrary loading. This
strates have dimensions of 12.8 mm wide by 88 mm long. is then input into the FEA model and the Young’s modu-
The thick-film region is 11 mm wide by 45 mm long centred lus of the thick film adjusted until the computed deflection
in the width of the substrate and with the end of the thick matches that corresponding to the chosen arbitrary loading.
film situated 32 mm from the free-end of the beam. The thick
films have a nominal thickness of 1pn after firing. 3.4. Frequency response

Two different glass frits were evaluated for use as the
binder material in this work. The glass frits used were Corn-  The frequency response of the magnetostrictive samples
ing CF7575, a lead—zinc—borosilicate devitrifying glass; and was recorded and this can be used, in conjunction with FEA
Ferro EG2760, a thick-film passivation material. The batches modelling, to determine the net magnetostriction of the film
of magnetostrictive pastes prepared for these experimentsunder test. The frequency response is achieved by actuating
were of the same composition differing only by the choice a beam containing the film within a magnetic field and mea-
of glass frit. The fabrication process was also kept consis- suring the displacement of the free-end of a cantilever beam.
tent between batches on order to ensure that any behaviouraln optical interferometer, based on the design of one used
changes were only due to the binding matrix. to measure micromachined devidés, is used to record the
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deflection. This can be used to compare the performance of4.2. Visual inspection

different films, subject to them having similar dimensions

and substrate material. The deflection can also be used with The surfaces and cross-sections of the thick films were

FEA modelling to enable a value for the net magnetostric- examined using a SEM and both types of film were found

tion of the thick film to be determined. to exhibit similar structure. This indicates that the choice of
binder material does not affect the distribution of the active
material and filler particles within the fired film. A SEM
image of a typical thick-film surface is shown kig. 1

4. Results The larger, angular, Terfenol-D particles can be seen to be
surrounded by the smaller alumina particles, which serve to
4.1. Tape and scratch tests fill in voids within the thick film that are present because of

the irregular shape of the larger Terfenol-D particles.
The scratch and tape tests were performed on samples of

both thick films. For the film containing the CF7575 glass 4.3. Young's modulus
frit, a small amount of surface material was removed during
the tape test. Repetition of the tape test caused no further The Young’s modulus was determined for samples of both
significant removal of material from the same area. This is fjlm types using the loading techniqgue outlined previously.
indicative of the presence of loose material on the surface The CF7575 based thick film was found to possess a modu-
of the thick film, with the main bulk of the layer being |us of 33.5 GPa, whilst the film containing EG2760 glass frit
adequately bonded. In the scratch test, a moderate force wagxhibited a lower modulus of 22 GPa. The higher modulus
required to mark the thick film using a metal stylus. of the CF7575 based film may suggest that it is more rigidly
In the case of the sample fabricated using the EG2760 honded as the resulting material is stiffer. The actual moduli
glass frit, less material was removed during the tape test thanof the glass frits, however, is not known, so the effect of this
was observed for the CF7575 based film. This suggests thaion the overall moduli of the structure cannot be quantified.
the bonding of the material within the EG2760 based film is

superior to that of the CF7575 based film. Again, the scratch 4.4, Frequency response

test required a moderate force to mark the thick film so no

comparisons between the two glass frits can be drawn from  The frequency response of the samples was observed for
the scratch tests. frequencies around the mechanical resonance of the sam-

Signal A=SE1  Date :7 Mar 2002
Photo No. =748 Time :10:26:16

Fig. 1. Typical surface of thick film.
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Fig. 2. Effect of changing from tensile to compressive loading on thick film containing CF7575 glass frit.
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ple (approximately 110 Hz for an unloaded sample), when which would not interfere with the magnetic field around
mounted in a cantilever configuration as described earlier. the sample.

The excitation magnetic field was kept at the same strength  The effect of using both tensile and compressive self-mass
for all tests and was measured to be 5.19kA/m. The fre- loading was investigated initially. It was found that the ap-
guency response measurements were performed for bottplication of compressive loading had the effect of increas-
types of thick film under various pre-loading conditions, and ing the observed deflection from that recorded for the same
the results then examined. sample under tensile loading. A comparison of the differ-

The loading conditions investigated included self-mass ence between these two loading conditions can be seen in
loading, where the loading is solely provided by the mass of the graph shown aBig. 2, which shows the frequency re-
the sample itself (mainly the beam), in both compressive and sponses obtained for both tensile and compressive loading
tensile configurations. These were achieved by positioning of the same sample on common axis. Based upon these find-
the sample with its plain orientated horizontally, and the ings, the effects of further increasing the compressive load-
thick film on either the upper or lower face of the substrate. ing were investigated for both types of thick film.

This introduces tensile loading when the thick film is on the
upper side, and compressive loading when it is on the lower 4.5. Effects of increasing compressive loading
face.

The other loading condition examined involved investigat-  To investigate the effects of increasing the compressive
ing the effects of increasing the compressive loading through loading of the thick film, frequency responses were recorded
the addition of mass to the free-end of the sample. This ad-for each of the samples with the loading varied between zero
ditional mass was formed using small squares of alumina, additional mass, in which case the sample’s own mass pro-
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Fig. 3. Effect of compressive loading on thick film containing CF7575 glass frit.
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Fig. 4. Effect of compressive loading on thick film containing EG2760 glass frit.

duces compressive loading, and 700 mg of additional mass.seen to reduce for both types of thick film under test. As

The loading mass was increased in 100 mg steps. these measurements were made at the resonant frequency
The recorded dynamic displacements of the free-end of of the test samples, it is necessary to take @afactor of

the beam for the thick films based upon CF7575 and EG2760the structure into account and compute an equivalent static

glass frits can be seen iRigs. 3 and 4 respectively. In deflection. TheQ-factor is obtained from the individual re-

both cases, it can be seen that the application of additionalsponses for each of the loading conditions. The resulting

loading causes an increase in the deflection observed at thequivalent static deflections, normalised to the deflection at

structure’s resonance. This increase is present in both casegero additional loading, are plotted Fig. 5 for the thick

until a loading of approximately 600mg is reached. For film containing CF7575 glass frit, arfig. 6 for that con-

loading in excess of this value, the observed deflection wastaining the EG2760 glass frit. The results from the thick film
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Fig. 5. Normalised static deflection of thick film containing CF7575 glass frit.
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Fig. 6. Normalised static deflection of thick film containing EG2760 glass frit.
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containing the CF7575 glass frit shown that for additional cation of a compressive pre-stress to the magnetostrictive
loading in the range 300—400 mg the equivalent static deflec-thick film can be used to increase the observed deflection,
tion is increased by approximately 60% from that observed and thus the net magnetostriction of the thick film. In the

for zero additional loading. For loading over 400 mg the in- case of the thick film containing the Ferro EG2760 glass

crease in static deflection starts to reduce. Such a markedtit as the binder, a loading of 500 mg was found to give the

improvement is not shown by the thick film incorporating largest increase in the calculated equivalent static deflection.
the EG2760 glass frit as the maximum increase is of the

order of 30%, which is achieved with a loading of 500 mg

after which the deflection starts to reduce. Acknowledgements
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