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This chapter serves as a brief introduction to the basic properties of
slicon cabide (SIC) and the advantages of using SIC over other
semiconductor materials for microeledromechanicd systems (MEMS).
Given the excdlent and extensive review chapters that foll ow this one,
| have onfined this chapter to recet reseach performed at the
University of Edinburgh in the aea of SiIC microeledromedhanica
systems (MEMS). Some of the processes involved in the fabrication of
microeledromechanical systems in SiIC are discussed, together with the
problems to be overcome in order for SiC's potentiadl as a MEMS
material be exploited in applicatiions for harsh environments.

1. Introduction

The total MEMS market worldwide dready exceeds $10 hillion, up
from $100 million anly five yeas ago.! Addressable markets include
automotive, medical, telecommunications, industrial, transportation and
environmental while consumer products include household appliances
and toys. Currently, the most succes§ul MEMS sensors are made in
silicon. Examples include sensors that trigger the deployment of
automotive drbags as well as ink jet nozdes. On the other hand,
commercial MEMS in SIC is till in its infancy and accupies a niche
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2 R. Cheung

market. However, the future SIC MEMS market could become
substantial, contributing a significant percentage of the total market for
MEMS. Because of the unique material properties of SiC including wide
bandgap, medhanical strength, high thermal conductivity, high melting
point and inertness to exposure in corrosive awironments, devices
manufadured in SiC are more robust. Such SIC MEMS can operate at
higher temperatures and in harsh environments compared to their silicon
courterparts.>® Potential new markets where SiC sensors could make a
large impad include, for example:

(D) Radio frequency (rf) MEMS area for rf and millimetre wave
applications in military, commercial wireless communication, ravigation
and sensor systems, where devices including micro-switches, tunable
cgpacitors, micro-machined inductors, micro-machined antennas, micro-
transmisgon lines and resonators made in SIC present potential
improvements in operating frequency, power handing capability and
reliability compared to devices made in silicon;

(2) Pressure sensors for use in the oil industry where airrently, the
procedure for oil drilling is modified in order to prevent sensors from
physicd damage due to the high vibrational environment;

(3) Accderometers in aeroplane elgines and motors in harsh
environments for deteding aaceleration, hence potentially providing
better safety contral;

(4) Opticd MEMS (MOEMS) applied to genera industria
applications for control of light, sensing and in manufacturing
technologies.

RF MEMS is expected to be the third major player in the MEMS
market, estimated to exceed $1 hillion by 2007, while revenues for
simple MEMS devices such as filters and inductors are predicted at a
modest $200million by 2007 Long term reliability of comporents is
believed to be the second most important issue &ter price. Therefore,
SiC MEMS has extremely strong prospects as a key platform process
Similarly, opticd MEMS for sensor systems is predicted to grow to $347
milli onin 2007 and $100million for positioning and alignment systems.”
The advantages of SIC for MOEMS is yet to be explored, bu high
stability is certainly one potentialy exploitable parameter.
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However, thus far, the difficulty in the growth and processng of the
material has meant that progress in the use of SIC for MEMS
applications has been slow. Nevertheless, in the past decade, tremendows
eff orts have been put into the growth and processing aspeds of SiC and
as aresult, the gplication o SiC asa MEMS based materid is beginning
to appear attractive. The remaining chapters of this bodk combine to
give an excdlent review of the state-of-the-art technology and processes
for the growth of SIC, contacts to SIC and etching of SiC, with the final
chapter focussing on the applications of SC MEMS.

2.SiC Material Properties

SiC exhibits a one-dimensiona polymorphism cdled polytypism. All
palytypes of SIC have an identical planar arrangement of Si and C atoms,
which are distinguished by differences in the stacking sequence of the
identicd planes. Disorder in the stadking periodicity of similar planes
results in a material that has numerous crystal structures (palytypes), al
with the same @omic compasition. The magnitude of the disorder is
such that more than 250SiC polytypes are identified to date.® Despite
the large number of polytypes, orly three cystaline structures exist:
cubic, hexagonal and rhombohedral. The origin of the polytypism can be
visualized as follows. In Figure 1, the solid circles represent spheres
closely padced in a plane; call this "plane 1". To place another such set
of spheres ontop of plane 1 as closely as possible, one would place each
sphere in the hole between any three neighbouing spheres in pane 1
(dotted circles, plane 2). But there is another way of accomplishing this:
the dashed circles in plane 3. The order of stacking of the planes
determines the types of close-padked structures and their symmetry
properties. According to conventional nomenclature, a SiIC polytype is
represented by the number of Si-C double layers in the unit cell, the
appending letter C, H, or R indicating a abic, hexagona or
rhombohedral symmetry. For example, the 6H hexagona lattice has $x
such layers in the primitive cel with the following succession o the
above planes. 1,2,31,3,2,12,3,1,32; the 3C lattice is built up as
1,2,3,1,23; 2H-SIC corresponds to 1,21,2; and 4H-SiC corresponds to
1,2,1,3,1,24,3.
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Figure 1. Schematic diagram of atomic arangementsin the different SiC polytypes (see
text).

Although al SIC polytypes have the same aomic compasition, the
electrical properties differ. For instance, the bandgap for SIC ranges
from 2.3V for 3C-SIC to 3.4V for 4H-SIC. Despite having the
smalest bandgap, 3C-SIC has the highest eledron mobhility
(100@m?Vs) and saturation dift velocity (10’cm/s), dwe in part to its
cubic crystalline symmetry.

SiC has always been noted for its excellent mechanica properties,
specifically, hardnessand wear resistance. In terms of hardness, SIC has
a Mohs hardnessof 9, which compares favourably with values for other
hard materials such as diamond (ten) and topaz (eight). In terms of wea
resistance, SiC has avalue of 9.15 as compared with 1000 for diamond
and 9.00for Al,O,. SIC is not attacked by most adds and can only be
etched by alkaline hydroxide bases (i.e. KOH) at molten temperatures (>
600°C). SiC does not melt, but sublimes at abou 1800°C. The surface
of SIC can be passivated by the formation of a thermal SiO, layer, even
though the oxidation rate is very slow when compared with Si. The
above properties are not generally palytype dependent. A comparison of
the fundamental material properties of 3C-SIC, Si and eH-SIC can be
foundon p.1820f this bodk and demonstrates the large potential of SiIC
MEMS as compared to silicon MEMS when applied in harsh
environments.
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3. Making aMicroelectromechanical (MEM) Device

In order to make amicroelectromecdhanica device many aspects need
to be mnsidered including the growth of the required layers, design,
processing, padkaging and testing. SIC exists in dfferent crystaline
states, namely, single crystal, pdycrystalline and amorphows. Different
degrees of crystalinity can be grown on various aubstrates and as a
result, a large cwmbination of multi-layers containing SiC films can be
possible and the processing for the final device of system depends onthe
layer design and the gplication. The chapters that follow provide an
excellent overview of the mnstraints and passibilities in SIC film growth
and processing for MEM S applications. In the following section, the two
commonly employed processes including buk and surface
micromachining for MEMS applications are discussed.

3.1. Micromachining processes

3.1.1.Bulk micromachining

Conventional silicon kulk micromachining can be used for single-
crystal, poly and amorphows SIC. For single-crystal SIC, the SIC must
be grown drectly on silicon. In this case, bah front and back-side
micromachining are possible as s1own in Figure 2. Due to the high etch
resistance of SIC, most commonly used anisotropic wet etchants can be
used to remove the bulk silicon.

To improve reliability and control,”** the group at Edinburgh hes
developed an al dry etch process for the bulk micromachining of 3C-SiC
resonators on silicon’? A one-step inductively coupled plasma ech
process using SK/O, gas mixture has been developed to fabricate
straight resonators. The SiC resonators have been made first before the
release of the cantilevers and bridges, performed by etching the silicon
isotropically. The cantilevers and bridges have resonant frequencies
between 12(kHz and SVIHz depending on the device geometry; see
Figures3 and 4.
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Figure 2(a). Bulk micromachining — release of SiC film via etching of silicon from the
front of the wafer.

Silicon Si Si

Figure 2(b). Bulk micromachining — release of SiC film via etching of silicon from the
back of the wafer.
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Figure 3. Array of SiC cantilever beams with lengths 25, 50, 100, 150, 200 pm, released
from silicon using one-step dry etch process and the corresponding resonance response
for the 200 um cantilever beam.
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Figure 4. Array of SiC bridges with lengths 50, 100, 150, 200, 250 um, released from
silicon using one-step dry etch process and the corresponding resonance response for the
200 um bridge.

3.1.2. Surface micromachining

The possibility to grow and process SiC films in multi-layer structures
allows complex MEMS to be designed and processed and open doors to
many applications. Similar wet or dry release processes employed for
bulk micromachining can be used for surface micromachining also. For
example, poly-SiC grown on a poly-Si layer or deposited on oxide
layers, can be used as the mechanical layer while the poly-Si or oxide
layer is used as the sacrificial layer, illustrated schematically in Figure 5.
When poly-Si is used as the sacrificial layer, KOH, TMAH or our
developed dry etch recipe can be used to release the SiC resonators,
while the oxide is used to protect the underlying silicon during the
sacrificial etch,” see Figure 6. An example of our fabricated resonator,
200 um long, can be shown to be actuated electrostatically with a
fundamental resonant frequency of 66.65kHz and an amplitude
dependence on the applied V4 and V,. (Figure 7). The processing of
capacitively driven resonators and piezoresistive strain gauges on similar
multi-layers"'® form the basis for more complex MEMS including
accelerometers'** and pressure sensors.”'® Further, for the first time,
our 3C-SiC cantilever resonators have been shown to resonate upon
electrothermal actuation.™
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Figure5. Multi-layer SiC/poly-Si/SiO,/Si material structure.
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Figure 6. Cantilever beam fabricated in the multi-layer material structure and its
corresponding fundamental resonant frequency.
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Figure 7. Amplitude Z for a200 um long cantilever asafunction d: (a) Vg (V4=0.3V),
and (b) V. (V4=0.2V). The frequency of the gplied a.c. signa was 66.65 kHz. The
solid lines are linea fitsto the data points.

4. SurfaceM odification

It has been reported recently that the surface microstructure of the
MEM device can affect its response in perticular the quality factor.”” We
have studied the surface modification at the microscopic scale dter
inductively coupled plasma dching of 4H-SIC in SR/O, using x-ray
phatoelectron spectroscopy.’®*® Both C 1s and F 1s spectra from the
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Introductionto SC MEMS 9

etched SIC under various etch conditions have been analyzed and
studied. Our findings how the existence of both covalent and semi-ionic
C-F bonds on the etched SiC surfaces, probably due to the existence of
reactive F ions in the plasma. The intensities of the comporents of C-F
groups in the C 1s gectra have been seen to decrease with the increase
of O in the gas mixtures, see Figure 8(a). The higher concentration of
O, in the plasma would serve to remove C atoms thus leaving less C
atoms available to react with F, causing the C-F groups in the C 1s
spectra to become wedker with the increase of O, concentration in the
SK/O, gas mixture.

Intensity (a.u.)

F 1=
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Intensity (a.u.)
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Binding Energy (eV)

Figure 8(a). C 1sand (b) F 1sphotoeledron spedra of SiC surface éched at different O,
concentration in SFg/O, gas mixture. The inset Shows | gni-ionic/l covaient Fatio in the F 1s
spedra as afunction d O, concentration.
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Figure 8(b) shows the F 1s gectrafrom the SIC etched at different O,
concentrations in the SR/O, gas mixture. It can be seen that with the
increase of O,%, the dominant F 1s is changed gradually from covalent
to semi-ionic C-F bonds. Shown in the inset is the increase in the
relative lsmi-ionic/lcovatent ratio with O.% increase. In addition, it has been
foundthat, in order to achieve higher etch rate of SIC, optimum O% in
the SR/O, gas mixture and flow rate have to be gplied during the dry
etching of SIC. Furthermore, increasing chuck power and decreasing
work presaire in the ICP system can also promote the dch processes.
Figure 9 shows SiC etch rate and the F/Si ratio as a function of dc bias
and chuck power, where larger etch rates are observed at higher dc bias
and chuck powers. With the increase of chuck power, hence dc bias,
more F incorporation is observed.
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Figure 9(a). Etchrate and dc biasand (b) F/S ratio vs applied chuck power. (SFs flow
rate =6-sccm, O, flow rate =15sccm and pressure =5mT).

SILICON CARBIDE MICROELECTROMECHANICAL SYSTEMS FOR HARSH ENVIRONMENTS
© Imperial College Press

http://www.worldscibooks.com/nanosci/p426.html



From Figure 10(a), it can be seen that the intensities of the C-F bonds
increase with the goplied chuck power, particularly in the CF, bond In
addition, the CF; bondis observed ony in the sample eched at 180W
chuck power, while it is not obvious in the other two samples etched at
lower chuck powers. These observations suggest that with the increase
of the incorporated F concentration, the formation of C-F bondsisin the
order of CF, CF,, and CF3, which is in agreament with the study of the

Introductionto SC MEMS

growth of fluorinated carbon films.

Figure 10(a). C 1sand (b) F 1s photoeledron spedra of SiC surface éched at different
chuck powers. The inset shows | gni-ionio/l covatent Fé@tio in the F 1s pedra & a function of
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The F 1s gectra in Figure 10(b) show clearly the deaease of semi-
ionic to covalent C-F bonds with an increase of the goplied chuck power
and etch rate, corresponding to the increase of the ncentration of the
incorporated F, as shown in Figure 9(b). Because of the differencein the
electronic behaviour between semi-ionic and covaent C-F bonds,*® our
observation suggests that, SIC surfaces processed under lower etch rate
condtions can become more @nduwctive compared to those surfaces
processed under higher etch rate conditions.

During the studies of F 1s gectra & a function d chuck power,
pressure and SF; flow rates, it has been found that, in most cases, both
the relative F concentration and the | smi-ionic/ | covalent Fatio decreases as etch
rate increases. Such microscopic surfacemodification onthe subsurface
could affect the MEM device performance such as the quality factor.?’
Moreover, the nature and quantities of the covalent and semi-ionic C-F
bonds on the SIC etched surfaaes, coupled with the wmplex etch
mechanism of SiC,*! can affect the performance of SIC electronic
devices, as demonstrated in our recent study on the eledrical behaviour
of 4H-SiC Schattky diodes after inductively coupled plasma eching.®**
The effect of processinduced defects on the Schottky contads is also
discussed in Chapter 3.

5. Frequency Tuning o theSIC MEM S

More recently, our group demonstrated the resonant frequency tuning
cgpability of SC MEM resonators using focussed ion beam (FIB)
deposited platinum (Pt),* see Figures 11 and 12. Platinum of surface
areal3 x 5um? and thicknesses ranging from 0.3 to 3.1 pm has been
deposited at room temperature on the cantilever and bridge resonators.
The resonant frequency of the SiC cantilevers (Figure 11) and lridges
(Figure 12) can be adjusted upto 12% by either adding platinum to or
removing platinum from the resonators providing flexibility in tuning the
resonant frequency when necessary.
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Figure 11. Changein frequency as aresult of SiC cantilever (15 umwide) tuning. FIB
step 1: platinum depaosition. FIB step 2 platinum milli ng.
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Figure 12. Changein frequency as aresult of SiIC bridge (15 um wide) tuning. FIB step
1: platinum depasition. FIB step 2: platinum milli ng.
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6. Mechanical Testing of the MEM S

Integrated MEMS require medhanical testing in addition to other
forms of testing e.g. electrical, and can take the form of dimensional,
dynamic and static tests. Optical techniques allow MEMS to be tested
and modified precisely in a non-destructive manner. Figure 13 shows a
schematic diagram of a workstation that contains a laser vibrometer for
dynamic measurements, a surface profiler for static measurements and a
Nd:Yag laser for laser ablation. Detailed operation specification of the
workstation can be found in ref. 35.

White light Suriace
illumination profiler
’ ToCCD
L camera
| Motorised turret ‘
HeNe}
632 nm I
Vibrometer .
Interierometric
Shutter . abjective
—1 Vacuum window
To vacuum I Resanator
pump =
x — stage
y — stage

Figure 13. Opticd workstation for resonator charaderization.

7. Application Examples

Microdectromedhanical systems based in silicon carbide, including
aca erometer,***® micro-motor,*® presaire sensors,**?* gas snsors,*”*®
radiation detectors,®® fuel aomizers® have been demonstrated
previoudy. For an excellent overview of the application areas of SIC,
the reader is referred to chapter 5 of this bodk, which serves to illustrate
in more detail the state-of-the-art SiC sensors, devices and systems that

have been constructed so far.
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Despite the large efforts devoted towards the research and
development into SIC MEMS in the past decade, a lot remains to be
dore, especialy in optimizing processes that are cmpatible with silicon,
in arder to reduce the cost of commercidization. A great impetus
towards the future applications of SIC MEMS lies in its flexibility in
integration with high temperature dedronics. The possbility of MEMS
and dectronics that could operate at high temperatures and in harsh
environments al in a single-chip modue would no dout enhance the
commercialization prospeds of MEMSin SIC.

8. Summary

This chapter has introduced the potentia of using SIC as a MEMS
material for harsh environments and has summarized the aurrent research
on SiIC MEMS performed at Edinburgh. The future of SIC MEMS for
harsh environments looks bright, especially when companies begin to
commercialize SiIC products*™ and as the understanding of the growth,
etching and contact formation processes are advanced. The real potential
of SIC MEMS applications will aso be brought out when the integration
of MEM S with dectronicsis proven.
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