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Abstract

Micro electromechanical systems (MEMS) have applications in a diverse range of fields. The presence of a diverse range of materials imposes
constraints in the design of, and use of fabrication technologies for, MEMS. In addition, the need to structure these materials on the micro-scale
introduces additional challenges which need to be overcome. These issues are of particular importance when ceramics need to be incorporated
into MEMS. It is of interest to incorporate ceramics into MEMS due to the desire to utilise their functional properties including piezoelectricity,
ferroelectricity and conductivity.

This paper will present a review of some potential solutions developed by the authors and found in literature, focussing on low-temperature
processing of functional ceramics, selective chemical patterning, micro-moulding, and direct writing. The capabilities of different techniques are

compared and the relative advantages of each explored.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Functional ceramics, such as dielectric, piezoelectric, pyro-
electric, ferroelectric and conducting materials, are of great
technological interest due to their ability to interact with the
surrounding environment to sense, act upon and generate power.
However, to make effective use of these materials it is necessary
to combine them with other materials, and to structure these
materials, to create a functioning device that can be applied to
do useful work. Furthermore, by decreasing the size of the resul-
tant devices improvements in terms of sensitivity, efficiency
and portability can be realised.!”? It is for these reasons that
microsystems, or micro electromechanical systems (MEMS),
are of technological interest.’

While many functional ceramic materials are of technological
interest, this paper will focus on the processing of lead zirconate
titanate (PZT) as it is one of the most used piezo/ferroelectric
materials* and exhibits processing challenges that are common
to most other functional ceramics. PZT is a solid solution of lead
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titanate and lead zirconate and represents a family of materials
with a range of compositions.

PZT has applications in a range of devices including
ultrasound transducers, actuators, and sensors.3> Macro-scale
devices of this type are typically manufactured using an assem-
bly type approach, where the individual parts are assembled, by
bonding operations, and shaped by mechanical techniques such
as cutting, grinding and polishing. While this approach is suit-
able for macro devices, the level of difficulty increases as the
size of the devices decrease. In addition, unless the thickness of
the bonding is scaled in line with the device, reductions in device
performance can occur due to the presence of large volumes of
inactive material. By adopting an alternative processing route
where structures are built up using a layer-by-layer approach,
smaller structures can be produced and batch processing meth-
ods can be applied with multiple devices being fabricated in
parallel on a single support wafer. The challenges with such
micro-scale assembly techniques are the requirements to inte-
grate and co-process multiple materials, as well as shape the
structures at very small sizes. This approach poses a number of
challenges due to the contrasting materials employed in typical
MEMS devices.

For the purposes of this paper, a cantilever type structure can
be considered as a fair representation of a typical MEMS device
as it possesses many of the features found in other common
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Fig. 1. Schematic of cantilever MEMS component showing key features com-
mon to many MEMS devices.

MEMS devices, such as diaphragms and bridges. Between them,
these three types of MEMS structure can be used in a wide range
of devices ranging from actuators and force sensors through to
gas sensors and solid oxide fuel cells.

A cantilever device (Fig. 1) consists of a laminated com-
posite beam comprising the support material and piezoelectric
material. In addition, there is a requirement for electrical connec-
tions to be made to the piezoelectric material to allow actuation
and/or sensing. The composite beam will itself be attached to
a support structure to allow handling and connection of the
device to the control electronics. Each of the materials found
in the system impose certain constraints: functional ceramic
materials are typically brittle and require high temperature pro-
cessing; electrode materials are typically metals and have good
electrical conductivity, high thermal expansion coefficients and
may be susceptible to oxidation/corrosion; support materials are
usually passive with a reasonable stiffness and ability to be
shaped. They can be metals, polymers, ceramics or semicon-
ductors. Typical dimensions for MEMS cantilevers are in the
order of 100-2000 pm long, 10-500 pm wide, and 1-50 pm
thick. Focussing only on the production of the ceramic films, it
can be seen from this relatively simple structure that there are
already a multitude of material processing challenges that need
to be overcome if the ceramic is to be successfully integrated. A
review of processing of functional ceramics for MEMS applica-
tions gives an overview of some techniques available to address
these challenges.’

While achieving ceramic films 50 wm thick by machining is
possible, there is a significant amount of material wastage and
great care has to be taken to ensure uniformity and flatness if
bonding and wafer level processing are to be successfully under-
taken. For this reason, the most common routes for fabricating
MEMS devices on this scale are layer-by-layer approaches
where successive layers are deposited to build up the struc-
ture. The challenge with this approach is that the functional
ceramic layer will typically require a high temperature pro-
cessing stage for densification/consolidation.>® For PZT the
standard sintering temperature is in the region of 1200-1400 °C.
At such temperatures materials such as metals, glasses, silicon
and polymers would melt, vaporise or degrade. Even processing
the functional ceramic at such temperatures can pose a problem.
While 1200-1400 °C is used to sinter bulk PZT, it is usual to con-

duct the sintering in a lead-rich environment to counteract the
lead loss due to evaporation. Even with this precaution it is very
difficult to control the stoichiometry of the PZT near the surface
of the material. As the size of the PZT component decreases
in size, this surface zone becomes a greater proportion of the
material resulting in a greater difficulty in controlling the com-
position. Hence, at the size scales required for a MEMS device,
the use of a temperature of 1200-1400 °C is also undesirable
from the point of view of processing the PZT.

The first step in integrating functional ceramics into
microsystems is to reduce the temperature at which the ceramic
is processed. Sintering aids and glass frits are commonly added
to ceramic powders to reduce the temperature required to
sinter ceramic materials. Using this approach, the sintering
temperature can be reduced considerably and the use of
sintering temperatures of 750-950°C have been reported.
Examples of sintering aids used for lead based piezoelectric
materials include PbO,”~'9 PbO-Cu,0,!!""13 PbsGe30y;,!4-1
LiBiO,—CuO,'”  PbO-PbF,,'®  Biy03-B,03-CdO,'8-20
borosilicate glass,'*21-?2 Li/PbO?} and PbO/TiO,.>* The
disadvantage of using glass frits and, to a lesser extent, sintering
aids is that a second phase is introduced which can have a
detrimental effect on the functional properties of the ceramic.

An alternative approach to using a powder route, with or with-
out sintering aids or glass frit, is to employ a low-temperature
ceramic deposition route. Physical vapour, chemical vapour and
chemical solution deposition routes all allow ceramic films to
be deposited at temperatures below 650 °C. Each route has rel-
ative advantages and disadvantages, yet for producing MEMS
devices with ceramic components in the size range of 1-50 um
a chemical solution deposition (CSD) route is favoured as it
is well suited to producing films over large areas, can offer
very good compositional range and control, is able to produce a
range of film thicknesses and is relatively simple and economic
to use. To further increase the range of thicknesses achiev-
able, a modified CSD can be employed. This paper presents
work on this modified CSD route for the fabrication of thick
ceramic films for integration into MEMS. By combining the
low-temperature CSD sol-gel process with powder processing
and sintering aids, ceramic films with densities in the region
of 80-95% theoretical density can be produced at tempera-
tures between 600 and 720°C.'1-? It is possible to use such
low-sintering temperatures as the green density and sintering
kinetics of the film are increased considerably by the presence
of the sol-gel material. The addition of the small amount of
sintering aid is then sufficient to further increase the density
of the film by 5-10%. Using this route, functional ceramics
have been incorporated with metals, silicon and glass to cre-
ate a range of MEMS devices. Fig. 2 shows a 10 pum thick PZT
film incorporated onto a glass substrate coated with a multilayer
light emitting structure consisting of Mn-doped ZnS, BaTiO3
and In-doped SnO on glass. The maximum processing tem-
perature employed was 650 °C which prevented the Mn:ZnS
from degrading during processing.?® Despite the low-sintering
temperature, the PZT exhibited a relative permittivity of 800
(70% of that of conventionally produced PZT of comparable
composition).
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Fig. 2. PZT thick film incorporated onto a glass substrate with a ITO/BTO/
Mn:ZnS interfacial layer.

2. Thick-film deposition

The modified CSD, or composite sol-gel, route involves cre-
ating a composite ink consisting of a ceramic powder, ceramic
producing sol, sintering aids (if required) and dispersant. By
varying the relative proportions of powder and sol it is possible
to control the characteristics of the ink so that it can be used
in different ways. A very low powder load is used for droplet
deposition,?”-?® mid level powder loaded inks can be painted
or spun onto substrates,'! while high powder loaded inks can
be screen printed.”” By matching the composition of the sol to
that of the powder, homogenous films can be produced. Alter-
natively, a sol with a different composition can be used to create
a two material composite film.3* Fig. 3 shows an example of
a homogenous microstructure that can be achieved using the
composite sol-gel approach in combination with sol infiltra-
tion and low-melting point sintering aid. Fig. 4 demonstrates
the flexibility of the process showing how a TiN powder was
used in conjunction with an Al,Oj3 sol to create an electrically
conducting ceramic thick film.

While the use of the composite sol-gel route significantly
reduces the temperature required to densify the functional
ceramic material, reactions can still occur between two phases
within the system. The risk of this occurrence is exasperated
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Fig. 3. Fracture cross-section of PZT thick film on a silicon substrate.

Fig. 4. Fracture cross-section of TiN/Al,O3 composite film on an Al,O3 sub-
strate.

Fig. 5. Interfacial reaction zone produced as a result of reactions between the
PZT and Si at 710 °C in the absence of an effective diffusion barrier layer.

when atomic diffusion is accelerated through the addition of a
liquid phase sintering aid. By utilizing a diffusion barrier layer
such reactions can be minimised. For the case of PZT, where the
Pb is known to react with Si, a 40 nm thick ZrO, diffusion barrier
layer was found to be sufficient to prevent such reactions. The
homogenous PZT film shown in Fig. 3 has such a ZrO, diffu-
sion barrier in place and no evidence of this interfacial reaction
is evident. This can be contrasted with Fig. 5, showing the effect
when this diffusion barrier is not in place. While thicker diffu-
sion barrier layers can also be used,” the advantage of using such
a thin diffusion barrier layer is that its presence will not unduly
affect the performance of the final MEMS device.

3. Structuring of films

The successful incorporation of a functional ceramic with
the electrode and substrate materials clearly demonstrates that
MEMS devices utilising functional ceramics can potentially be
realised. However, to produce a functional MEMS device, it is
also necessary to shape the ceramic material. Such shaping can
either be accomplished using a subtractive or an additive process
route.

In subtractive patterning selected areas are protected using a
masking material and then selectively attacked using chemical
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and/or mechanical routes. In these processes it is first necessary
to deposit a continuous film of the required thickness prior to
the etching process.

In additive patterning ceramic material is placed where it
is required. Perhaps the most recognised form of additive pro-
cessing is ink jet printing which has successfully been used to
produce macro scale ceramic structures.’! The challenge with
using such techniques for producing micro-scale devices is the
difficulty in producing sufficiently fine droplets and accurately
controlling the location of where these droplets are deposited.

4. Subtractive patterning

By far the most common route of subtractive structuring of
PZT films for MEMS is that of chemical wet etching. For this
work continuous thick films of PZT were deposited using a spin
coating technique. Full details of the fabrication process are
detailed in a previous publication.!! Briefly, the sol used was
based on a 2-methoxyethanol route. Starting reagents were lead
acetate, zirconium isopropoxide, titanium propoxide, acetic acid
and 2-methoxyethanol. The PZT powder—sol ink was composed
of PZT powder (PZ26, Ferroperm, Denmark), PZT sol (1.1 M),
sintering aid (0.2Cu0/0.8PbO) and dispersant (KR55, Kenrich
petrochemical) in the proportions 1.5 g:1 m1:0.075 g:0.03 g. The
films were deposited by coating the substrate with the ink and
spinning the wafer at 2000 rpm for 30s to produce a uniform
film approximately 2.5 wm thick. The film was then dried at
200 °C and pyrolysed at 450 °C to convert the sol-gel phase to
an amorphous oxide ceramic. A further layer was then deposited,
again drying and pyrolysing the film, to increase the thickness
to approximately 5 wm. The density of the composite layer was
then increased by infiltrating the layer with pure sol (0.55 M)
which was again spun at 2000 rpm, dried at 200 °C and pyrol-
ysed at 450 °C. This process was repeated 4, 5 or 6 times to
optimise the density of the film. This layering and infiltration
process was then repeated until the required film thickness had
been achieved. A cross-section of the resultant 22 pwm thick film,
composed of six 2 composite plus 4 infiltration layers, is shown
in Fig. 3.

Selective areas of the PZT film were protected using a 5 um
thick layer of AZ4562 (Clariant, UK) photoresist material which
was deposited by coating the sample with the liquid photoresist
and spinning at 1000 rpm for 1 min followed by drying at 90 °C
for 3 min. The photoresist was selectively exposed to UV light
using a chromium-coated glass mask and developed in AZ351B
(Clariant, UK). The wafer was then immersed in an aqueous
solution of HF (0.5 vol%) and HCI (0.45 vol%) at 45°C for
10 min to remove the exposed regions of PZT. A two-component
etching solution is used due to the complex nature of the PZT.
The HCl is used to etch the PbO and TiO, components while
the ZrO, component is attacked by the HF. Due to the isotropic
nature of the etching process, this process results in a character-
istic side wall profile caused by the PZT material being etched
laterally at the same rate that it is etched in the through thick-
ness direction. In an ideal process this would result in a side wall
angle of 45°. However, due to film porosity, slight anisotropy in
etching rates and attack of the mask—PZT interface, this side

Fig. 6. Confocal microscope image of the edge of a wet-etched PZT feature on
a silicon substrate.

wall angle is typically between 35 and 45°. Fig. 6 shows a con-
focal microscope image of an etched wall highlighting this side
wall angle, the slight over-etching near the surface and slight
under-etching near the substrate. This characteristic side wall
angle limits the resolution of this etching process as the small-
est spacing between two features will be directly related to the
thickness of the film being etched. A separation of three times
the thickness is typically achievable using the wet etching route.
In addition to being thickness dependent, the resolution achiev-
able is also time dependent as the etching process will continue
as long as the etching solution is in contact with the ceramic.
Once the entire thickness of the PZT has been removed to expose
the substrate, the resolution will continue to degrade as lateral
etching continues to take place. It is therefore important to mon-
itor the progression of the etching process carefully. It should
be remembered that this resolution is related to the separation
of the top of the features and not the base of the features which,
for the case of the best resolution, will barely be separated.

For the etching of other functional ceramics, alternative etch
chemistries may be used, but will still typically contain HF,
HCI or HNOj3 due to the chemical nature of ceramics. However,
comparable etch profiles are still observed as the etching process
will not have been changed. During the PZT etching process,
PbCIF is produced as a reaction product and remains as a white
precipitate which slows the etching process.’>3* For thin film
processing this PbCIF is removed using a HNO3 wash at the end
of the etching process. As the thick film etching process takes
longer to complete, the build up of PbCIF can lead to a reduction
in the etching rate. Unfortunately, it is not possible to remove this
precipitate at regular intervals as the HNO3 wash also removes
the protective photoresist material. For this reason, a final HNO3
wash is used for thick films and the reduction in etch rate needs
to be accounted for when calculating etching times.

Mechanical etching can also be conducted using a similar pro-
cess whereby a continuous film is selectively protected using an
elastic material. Etching is then achieved by abrading the surface
with high velocity powder particles. As with particle erosion,
elastic materials exhibit significantly reduced etch (erosion)
rates relative to those of brittle ceramics. For such mechani-
cal etching, photoresist materials are again typically employed.
Instead of chemical resistance, the photoresists are selected for
their abrasion resistance and are typically elastomeric or metal-
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lic in nature.>* One feature of this etch process is that selectivity
is achieved via mechanical properties and not chemical prop-
erties, as is the case in wet etching. Hence, while wet etching
can be used to etch only the PZT material and leave the sili-
con substrate relatively undamaged, mechanical etching shows
very little selectivity between the silicon and PZT. The side wall
angles achievable with power blasting are considerably higher
than those observed with chemical etching as the lateral etch
rate is minimal due to the directed nature of the particle impacts.
Despite this, high resolution is difficult to achieve as the separa-
tion of features needs to be larger than the diameter of the eroding
particles, which are typically 10-50 wm in diameter. Finer sep-
aration can be achieved at the expense of the etch rate as the
smaller particles have correspondingly lower momentums and
etching capability. In addition, the use of finer particles raises
additional concerns relating to the containment and capture of
fine airborne particles.

Reactive ion etching and deep reactive ion etching use a
combination of chemical and mechanical etching where ion
bombardment is used to remove material on an atomic level
using a chemo-mechanical action. These techniques have typi-
cally only been used to etch relatively thin pieces of ceramic due
to the slower etch rates and greater cost of processing equipment.
Again, continuous films are patterned by using a mask material
that is etched at a slower rate than the ceramic film. Typically
polymer masks can again be used.

5. Additive patterning

The alternative approach to fabricating ceramic features is a
bottom up, or additive, process. Two such routes can be envis-
aged. The first involves placement of individual building blocks
to create the desired structure. The second involves creating a
mould and then creating a feature by filling and then removing
this mould.

The direct placement approach used the placement of individ-
ual droplets of a ceramic ink to create the required structure. The
challenge with using such a technique for producing features for
MEMS is the required scale of the features. Droplets as small
as a few tens of micrometers can routinely be created using ink
jet printing®3-3¢ and electrohydrodynamic printing” techniques.
When these droplets are deposited onto a surface they will pro-
duce relics that are 2—10 times the diameter of the droplets.>>
It is therefore relatively easy to produce individual droplets that
have diameters a few tens of micrometers, as can be seen in the
inset in Fig. 7. However, these droplets are of comparable size to
the features that are of interest, meaning that the original analogy
of building a wall through the combination of individual bricks
is not currently strictly true for direct writing at this scale. The
future challenges will be to develop techniques that are capable
of forming and controlling droplets that are one or two orders
of magnitude smaller than the current droplets. For practical
applications, where feature sizes of a 50 wm are required, this
would necessitate the creation and control of droplets 500 nm
in diameter—comparable to the size of the current individual
powder particles. Despite the current size limitations, it is still

300

Fig. 7. Optical microscope image of a composite sol-gel feature on silicon
deposited using inkjet printing (powder loading of ink was 0.083 g/ml of sol).
Inset shows a single drop of coloured carrier fluid showing the print capabilities
of an ink jet printer.

of interest to look at droplet-based deposition technologies for
the creation of MEMS devices due to the great flexibility of the
technologies. Using the composite sol-gel approach features of
a few hundreds of micrometers have been created on silicon as
can be seen in Fig. 7. Due to the individual droplet size and
spreading of the droplet on the silicon surface it is difficult to
control the precise shape of the feature. However, it does demon-
strate that the composite sol-gel approach can successfully be
used to create a feature with the PZT particles embedded in a
sol-gel-derived matrix. Due to the low powder loading required
to form an ink suitable for ink jet printing (0.083 g PZT pow-
der/ml of sol, compared to the 1.5 g of PZT powder/ml of sol
used for spin coating), the resultant microstructure, shown in
Fig. 8, is different to that obtained using the spin coating route.
For future applications, the powder-based inks is unlikely to
yield sufficiently small droplets due to the size of the powder
particles. Instead new inks containing nanoparticles can be used
to create smaller droplets.’’

The micro-moulding approach does not rely on the forma-
tion and control of small particles. Instead the shape of the
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Fig. 8. SEM micrograph of PZT composite sol-gel feature produced using
inkjet printing showing the PZT particles embedded in a sol-gel-derived matrix
material.
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Fig. 9. Example of photoresist micro-mould in silicon.

features are dictated by the ability to shape the mould and
control the shrinkage of the PZT during processing. The main
requirements for the mould material are that it should be rela-
tively easy to create and remove the moulds. For these reasons
photoresist materials are again an attractive choice as the tech-
nology is readily available and known. In addition, the composite
sol—gel-processing route can be modified to limit the maximum
temperature, used during forming, to allow co-processing of the
ceramic and polymeric materials. The composite sol-gel pro-
cess is also a relatively low shrinkage process and so should
allow good reproduction of the mould shapes.

Det WD —— 20pm

SE 98

Si

Det WD Exp — 50 pm

sV Spot Magn
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Fig. 10. Edges of PZT features produced using micro-moulding technique. (a)
PZT aqueous slurry and (b) diol-based sol PZT slurry.

Moulds were created using thick photoresist selectively
exposed to UV light (Fig. 9). The moulds were filled by spin coat-
ing either a powder slurry or composite sol-gel slurry onto the
wafer containing the micro-moulds. Each individual layer was
dried at temperatures below 200 °C to remove the carrier fluids
and solvents and partially decompose the sol-gel materials. At
temperatures below 200 °C the photoresist material is stable and
does not undergo any structural or dimensional changes which
may affect the moulding process. Subsequent infiltration and
drying processes were then used to increase the green density of
the feature prior to removal of the photoresist and sintering. The
photoresist can either be removed during the sintering process
or prior to it using an acetone wash. A range of different pho-
toresist materials and composite sol-gel compositions have been
studied.3® The photoresists that are easier to remove are gener-
ally also attacked by the solvents found in the sol requiring either
a modification in the sol chemistry or the use of a more resilient
photoresist. Unfortunately, the photoresists that are more stable
to chemical attack are also more difficult to remove at the end
of the moulding process. Fig. 10 shows the edges of features
produced using the micro-moulding process. Both a compos-
ite sol—gel ink (b) and an aqueous suspension of powder later
infiltrated with sol (a) were used to create the features. In both
cases the side wall angle and edge quality are much improved
in comparison to the features produced using the wet etching
route.

6. Conclusions

No single processing route is suited to produce all micro-scale
features for use in MEMS. Instead they should be considered
as a suite of techniques that, together, can be used to integrate
and shape functional ceramics for use as MEMS devices. The
relative suitability of the different techniques can be examined
by considering the capabilities of each technique in terms of
achievable minimum feature size, resolution and accuracy, with
reference to the requirements for the final device.

The minimum feature size achievable using the wet deposi-
tion process is limited by the size of the individual droplets and
the ability to control their deposition. Typically this will limit
the minimum size to above 50 wm with a limit in the complexity
of said shapes due to the need to combine individual droplets.
Smaller features can be achieved using the subtractive etching
and additive moulding routes. As the shapes are controlled by
the mask/mould material shaping process, a greater range of
shapes can be realised as this is controlled by the ability to shape
the photolithographic materials. The minimum feature size will
increase as the thickness increases where isotropic etching routes
are employed.

In a similar manner, the maximum resolutions of the pro-
cesses are limited by the ability to shape the ceramic as the
resolution of mask/mould process is much greater. The mould-
ing techniques should yield the highest resolution as it is the
mould material that will define the separation between two fea-
tures. With the subtractive processing routes the resolution will
be limited by the isotropic etching size of mechanical abrasive
used. The possible exception is if reactive ion etching techniques
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are used where an anisotropic etch could be achieved. The reso-
lution achievable using the droplet deposition would be limited
by the size of the drops and the spreading of the droplets on the
surface.

Accuracy of the processing using photolithography is defined
by the accuracy of the photolithographic mask used to create the
structures. Wet etching will have an additional constraint due to
the lateral etching which will influence the size of the features,
but not their relative position, if over-etching occurs. Droplet-
based technologies will be limited by the ability to accurately
control the location of the droplets and also their spreading once
they hit the substrate.

In terms of application, the absence of a mask, and the eco-
nomic and time cost associated with its manufacture, make the
droplet-based process very attractive for prototyping, small runs
with larger features. For larger runs where etching is not crit-
ical, then wet etching will probably continue to dominate due
to the existing levels of know-how. Moulding will find applica-
tion in niche applications where high resolution, small features
are required. In all cases the inks used will dictate the ultimate
thickness, sizes and resolutions of features.
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