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Abstract. Silicon carbide (SiC) is widely recognised as kbading candidate to replace silicon in Micro
Electro-Mechanical Systems (MEMS) devices operaitingarsh environments. In this work, cantilevend a
bridges in SiC are designed, fabricated and evedula¢tween room temperature (RT) and 8D0The active
material is a cubic poly SiC film deposited on dyp®i layer which is separated from the Si substiay a
thermal oxide. From surface profiling and optichbservations, it is deduced that an average resgitash of
+5 10* is present in the 2.7-pum-thick film, with a grasti®f 2.510° um®. The structures are excited either
mechanically or electrostatically. Their resonafieguency is measured by Laser Doppler Velocimatrg
used to derive the Young's modulus and residuasstrin the heteroepitaxial layer (330+45 GPa and
200+£20MPa, respectively). The temperature coefiioid Young's modulus is found to be -53+2 ppm/Ktie
range RT to ~300C, while an analytical expression is given for tbeperature dependency of the Young's
modulus between RT and 500 °C. The residual tessiss is found to depend on temperature in a lxmp
manner.
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1. Introduction

In recent years, silicon carbide (SiC) has emeegea valid alternative to silicon (Si) for Microggtro-Mechanical
Systems (MEMS) operating in harsh environmentstduts superior mechanical, physical and chemicaperties
[1,2]. Although a very large number of SiC polytgg®eve been identified, only a few of them havetbsignificant
technological application. In SiC electronics, pggbes with hexagonal symmetry (such as 4H and 6id) a
commonly used, as single-crystal wafers are comalsravailable. The only possible cubic polytyB3C(SiC, or
B-SiC according to an older nomenclature) is supe&adhe other polytypes in some respects (e.ddriglectron
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mobility), but it is proving more difficult to growin high quality single crystals [3]. A two-stepchmique,
carbonization followed by chemical vapour depositioas been refined in the past decade to depBs&i@ films
on Si. Although a considerable mismatch betweenattiee parameters of Si and SiC renders thefaterhighly
defective, the properties of the deposited film stit superior to those of silicon. Furthermorke tdeposition
technique permits the build-up of layered matenesch can prove much more convenient for the tation of
MEMS.

Although SiC is advantageously more stable at endgréemperatures than Si, mechanical, electronic and
dimensional changes can be important when thedated devices are required to operate over a witipdrature
range. It is therefore necessary to charactergenidterial not only at a fixed temperature, bub als a function of
temperature.

From the mechanical point of view, the dependerfcth® Young's modulus with temperature should be a
primary concern. In a simple ‘static’ device, lika accelerometer with proof mass, a decrease ity teg’s
modulus with temperature means that a systematécestimation of the acceleration will take placehagh
temperature. A similar effect would be seen withembrane pressure sensor. Dynamic sensors, wheeggidmtity
to measure produces a shift in the natural frequeha resonator, are also affected. In fact, #s®nance frequency
of a cantilever can change by over 1% over a 50@rge, which is highly significant for precise maasnents.
Whereas part of this change is due to dimensicargtions caused by thermal expansion, the greprityeof it is
due to a reduction in Young's modulus. One of fingt fleterminations of the temperature coefficieihtoung’s
modulus (TCYM) of 3C-SiC films is due to Su et j@]. Their work focused on single crystal 3C-SiGtaxially
grown on Si, for which they found a value of —46pK for the undoped material in the range betwemsonr
temperature (RT) and ~45C. However, due to lower costs, polycrystalline SIC-is more commonly found in
material structures suitable for surface micromaiclg. The focus of this paper, therefore, is thetad structure
where the 3C-SiC is deposited epitaxially on pdlysghich functions as the sacrificial layer in tMEMS
fabrication process.

Because of the widespread acceptance of Si anéldtéese novelty of SiC, the difference in quanttyd quality
of available data about the two materials is vaggificant. The aim of this paper is to contribtieoridging this gap,
by reporting on the characterization of a multilegepoly-3C-SiC structure suitable for surface migachining. In
particular, we have determined the residual stretsess gradient, the Young’'s modulus and its digece on
temperature, of a polycrystalline 3C-SiC film groaecording to the two-step technique mentioned ebov

The present paper summarizes results found withdifferent experimental arrangements and on diffegye
prepared devices. They will be denoted in theofwihg as “setup 1” and “setup 2”.

2. Experimental Details. Setup 1

The material is a 2.7-um thick SiC undoped filmehnegpitaxially deposited on a layered structure mused of a
single crystal Si substrate (~500 um), aSiBulating layer (~1.5 um) and a polysilicon sfial layer (~3.7 um),
as shown schematically in figure 1. SNMS analysegaled a typical composition of;3iCsey for the SiC film,
which was grown at high temperature following abcanization step of the underlying poly-Si.

NiCr contacts cantilever
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Figure 1. Schematic cross-section view of the material usddbricate the devices. The poly Si acts as the
sacrificial layer, whilst the oxide offers electiénsulation between devices and substrate.

Cantilever structures, figure 2(a), were used temeine the value of Young’'s modulus and its depecéd upon
temperature. Bridges, figure 2(b), together witktrain measuring device, figure 2(c), were usethéasure the
residual stress and strain, and this provided terrgitive method to derive the value of Young's olod. The
operation of the strain measuring device, whicimspired by the structures presented in [5], ig/\@@mple. Upon
etching, the perforated beams are free to contmexpand. This causes a relative displacemenhefcentral
indicator beams which was measured using simplgénpaocessing of an optical micrograph. This disphaent
was directly correlated to strain by FEA and anysis of the linkage mechanism.

Fabrication of the devices was performed by etcliegSiC film using a one-step inductively couppgasma
(ICP) etching technique that also removes the uyidgrpoly-Si, releasing the devices [6]. Silicooxide was used
as the etching mask. NiCr contacts were deposeadthe edges of the die to permit the electrassatuation of the
SiC devices by virtue of the electric field betwébka SiC beam and the Si substrate, see figure 1.
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Figure 2. Optical photographs of some of the devices fabettaa) cantilevers with lengths between 50 and 5@
b) bridges with lengths between 400 and 800 urthestrain measuring device.

The experimental apparatus used to conduct dynisiis on the SiC beam structures is shown in figurén
evacuated chamber contains a heating element arinvie sample is placed. The walls of the smalitgdousing
the sample are covered in silver foil to refle@rthal radiation. Virtually all the remaining voluroéthe chamber is
filled with thermally insulating ceramic (durafdcThe structures can be viewed from above througjotamirror’,
whose special coating reflects most of the infidhnadiation but is transparent to the visible lighte collimated
beam of a Laser Doppler Velocimeter (LDV) is foaieato the devices through a modified microscopiective

that enables simultaneous optical observation.
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Figure 3. Sketch of the cross section of Experimental Sétupsed for the characterization of the devices at
different temperatures. The leads needed for @istetic actuation and those that supply the heafiexgent are
omitted. Mechanical excitation is by means of tlezpelectric ring actuator located in the lowert dithe
assembly.

The pressure within the test chamber was contipuatinitored during the measurements and was nated t
increase from 0.02 mbar to 0.5 mbar as the temyreratas increased to 60C. This pressure variation was caused
by further degassing of the insulating materiagreafter baking, and could not be eliminated. Taegain its effects
on the resonance frequency, a cantilever’s vibmatias monitored at room temperature while the pressias
changed over a wider range. This test showed tlgaptessure variations known to take place ingidechamber
during thermal cycling produce a change in freqydrelow 80 ppm. The corresponding shift in frequecaused
by temperature changes from ~20 °C to 600 °C wagis greater.

Precise temperature control of the die was achibyeplacing the die on a specially designed rasidtieater.
The heater was constructed from two 1-mm thickgslatf macdt ceramic and a serpentine of NiCr wire bonded
together as a sandwich by a filling of suitablehhigmperature binder. The die was placed direaitp ¢the top
ceramic plate and was clamped firmly down by twalésteel clips. In order to minimize stressesxtéeal origin,



the clips were not applied while measuring the masge frequency of a bridge as a function of teatpee. As the

lack of a firm clamping system limited the accelienas that could be applied, only some of the ¥&igould be

tested in this manner. For electrostatic excitatiohin copper sheet was positioned between therdi¢he heater to
enable electrical contact to the substrate.

To monitor the surface temperature of the die, menail insulated type K thermocouple with exterriahueter
250 um, was placed in contact with the top surtddbe sample and was held in position by elagtiqakloading it
against the surface. A second mineral insulatechtbeouple (type N, diameter 1 mm) was placed a leoop
millimetres away from the die, in close contacthwiither the ceramic plate or copper sheet. The #p
thermocouple was used to provide feedback to adalied temperature controller whilst the type Nrtiwarouple
was independently monitored. It was assumed tleateal temperature of the deviceg)(lies near the two values
read (T and Tx), with Tk providing a more accurate reading. A simple heatdfer analysis of the setup shows that
thermal energy flows through the chip constantiyedng from the bottom, diffusing through its sirthickness
(mostly Si), and then being radiated from the tagp Surface as well as conducted along the stged,dlihe electrical
lead and the 250-um thermocouple itself. At higeemperature, an important channel of heat lossgeesented by
radiation. For this reason, the heater/sample systas surrounded by insulating/reflecting materal,detailed
above. It was expected that the surface of theeheatuld be hotter than the surface of the chifs Was almost
always observed experimentally, with-Tx becoming greater than 50 K at the highest temperatwhen the
copper sheet was present. On the other hand, vileesaimple was directly contacting the heater,gfadient was
much lower, with T, = Tk up to 500 °C.

It is also worth noting that the suspended cargiievadiate energy along their length, whilst réogi heat
mostly through their root. As a consequence, a &atpre gradient of a few degrees may exist betwastrand tip.
An expression for the temperature profile of thatidever was derived by equating, for each poimngl the
cantilever, the heat conducted through the craggoseat that point and the heat radiated by tpestoface from that
point to the tip. It was found that, due to thethilyermal conductivity of SiC, the temperatureatiénce at 900 K is
less than 1 K. This effect would be more importantmaterials with lower thermal conductivities for thinner
devices.

Following these considerations, it was decidedssume the temperature of the devices to be eqiial teith an
estimated uncertainty ranging from +5 K at low temgture to £25K at the highest temperature — theseinclude
the intrinsic uncertainties of the thermocoupleevand of the measuring equipment.

The beams were forced into flexural vibration usitger electrostatic or mechanical excitation.efectrostatic
drive is normally easier to achieve provided theicks are sufficiently conducting and there is fsmn for
electrical contacts. It also enables high vibratomplitudes to be produced. The disadvantageseofithod are:
the insulating oxide may fail at high temperatuapd there is the possibility of a build up of D€ldis, for example,
caused by imperfect ohmic contacts which will atter excitation characteristics of the actuation.

Mechanical excitation requires a more complex expamtal apparatus, particularly when tests aregperéd at
high temperatures. Mechanical excitation was effgbly a piezoelectric multilayer actuator, separétem the die
by several centimetres of thermally insulating odca to ensure it was kept within its environmeritalits of
operation (see sketch in figure 3).

For both actuation methods, excitation was achievitd a swept sine signal and the vibration amgituvas
kept to the minimum necessary to clearly identify tesonance peaks.

The velocity of vibration was measured with a LaPeppler Velocimeter (LDV), whose probe beam was
directed into a modified objective mounted on aterfierometric microscope. This setup permitted esteu
positioning of the laser spot on the device ofrie¢e Typical speed amplitudes of 5-10 mm/s werasmed at a
point about 50 um from the root of the cantilevéndgce as large values were typical in the middi¢he bridges.
The LDV output was digitized with an oscilloscopélleard. Specially developed software performedst Fourier
Transform (FFT) of the temporal data and enableédraatic detection of the peaks in the computedtspec The
peaks position was plotted in real-time to enatdéeabservation of their evolution with time durthg heating steps.

3. Experimental Details. Setup 2.

A chip of a similar material was used to fabriczdatilevers used to determine the TCYM. In thise¢ctise Nj ¢Cro.»

layer was all over the SiC, hence the devices Welayer structures and the analysis of their datpires special
methods. The chip was placed on a heater, whoser it@mperature was monitored and assumed to be the
temperature of the cantilevers. The assembly wasedl in a high vacuum chamber. Electrostatic etkaitavas
achieved applying a biased sinusoidal voltage rapdgietween 0 and 400 mV. The velocity of vibratigas
measured with the LDV mentioned above.



4. Results and Discussion. Setup 1
Initial observation with a surface profilometer sleml that the cantilevers are bent upwards, witladius of
curvature ofr = 4.0+0.1 mm. This indicates the existence ofraistgradient through the thickness. A simple
calculation, based upon simple bending theory,alsvihat the bending can be explained by the riétaxaf an
average stress gradient equal to

Ao _E_ (92+10) MPa/um

At r
assumingE = 370+40 GPa.

One device was removed from the die and placedfiatreference surface; by profiling the arezootact it was
possible to measure the thickness, which was faearze in excellent agreement with the average vdaduced
from SEM images. A value of thickness equal to 8.741m was calculated by combining these two values

Clamped-clamped beams of varying lengths betwe&nu40 to 4 mm were manufactured on the same chip for
the purpose of measuring the residual tensile sirethe SiC film. This stress is caused by thécktmismatch
between Si and SiC and the thermal strain duectdettt that the SiC film was deposited at high terajure. A total
of 47 bridges were tested, and these were sel&ammdwo groups which were set orthogonally to eattter on the
die.

A very good linear correlation between the peribdibration and the length, figure 4, was obserwden the
bridges were mechanically excited in their firstdaoThe equation fitting the data, witbxpressed in um, is:

T, =all +1y) = (795+ 002)10°° I - (59+4)]

R? =0.9997
This linear dependence, which is evidence of stiikeybehaviour, is expected as the bridges arg iarg
compared to their thickness and are also undelidenable tension (interestingly, a small deviafiemm this model
due to beam stiffness can be noted analysing théuas of the fit, which discriminate long and gHwridges).
The fundamental resonance frequency of a tauigsisisimply:
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)
So that the slope of the linear fit is given by:
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Figure 4. Fundamental period of vibration versusiglelength of 47 bridges.

Assumind a tabulated value qf = (3150+10%) kg/rhone can calculate that the bridges are under arage
tensile strese = 20020 MPa. This is a considerably large strasd,varies with temperature in a complex manner,
as shown in Fig 5. The stress increases with testyoer until about 100 °C, thereafter a reductiostodss was
observed with increasing temperature. The calanaif stress from the FEA of a bridge using putaisvalues of
coefficients of thermal expansion for SiC [7] arudypSi [8, 9] agree qualitatively with this behauipas can be seen
in the same plot. However, it must be stated thehtodel took no account of the thermal expansioneoSiQ film.
Experimentally, it was noticed that the stress iom@d to change for 10-20 minutes after a satisfgatonstant

7 Deviations from the tabulated value may arisenfowystallinity, composition and microstructure.



temperature was reached, suggesting that comphea-dependent phenomena take place. This unexplained
behaviour suggests that extracting the TCYM froidd®es would be very challenging. However, becahsddnsile
stress relaxes in a cantilever, this behaviouoteRrpected to have any significant effect in tiiy™ derived from
cantilever data.
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Figure 5. Tensile stress in an 800-um-long bridga &unction of temperature.

The strain-measuring device fabricated on the sehie, figure 2(c), showed that the strain relaxuqmpn
etch-release is approximately equal to 5.10sing this strain value with the tensile stressagsured from the
bridges, a value of Young’'s modulus equakEte o/e = 40050 GPa can be calculated.

A set of 35 cantilevers were present on the chiygifflengths ranged between 50 pm and 500 pm, withié
widths were either 20 or 30 um. The period of thairdamental mode is plotted against length inrigs and
follows the quadratic behaviour expected from sampbration theory. The equation fitting the daa i

T. =a(l +1)? = (2195+ 001) 107 I + 105+ 0.8)]°

R? = 0.99986
where the parametgyis introduced in the squared term to signify thatlength of the cantilevers may be viewed as
the total of the design length and a fixed lengtticl is related to the undercut. The paramatarrelated to the
thicknessh, the Young’'s modulug and the density by the following expression, derived from the wetbwn
frequency equation of the cantilever vibratingtsxfundamental mode:

4 3p
as———— |[—
1.879%h\ Eg

whereE.=(1-v*)E andv=0.16 is the Poisson’s ratio. This equation can be ts@hduce that E=330+45 GPa. This
value of Young’'s modulus is in reasonable agreemetiit the value of E=400+50 GPa, obtained from dag¢a
provided by the bridges and the strain measurinvgcde
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Figure 6. Period of first normal mode of vibration of 35 ti&evers as a function of their length.



For the determination of the TCYM, the resonanequiency of a subset of cantilevers was measumiffetent
steady temperatures. Figure 7 shows the averatfeeaformalized resonance frequency of 8 cantilef@rene
particular run, where the temperature was set @122 and 600 °C. Only data up to a temperatu®0fPC are
used in the analytical fit, as an anomaly cleadypears beyond that value. The fit is almost linbat,the data are
accurate enough to clearly bring out a second odéeendence. It is therefore worthwhile making alinear
analysis, also because the coefficient of thermphmasion is known to be non-linear [7]. A leastagufit with a
2"order polynomial gives:

f/f, = (1.0063 0.0002 +(-195+ 006) (107 T +(-5.7+ 05) (10 T?

R*=1-90107°
where T is expressed in kelvin.
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Figure 7. Normalized frequency vs. temperature: experimetdéh and quadratic fit. Each point is the averdge
the values collected at that temperature on 8rdiffiecantilevers. The vertical error bars (baredjiaeable) are
equal to the standard deviation of these values.hdnizontal error bar reflects the estimated uaagies on the
temperature measurement. The vertical line markdinhit of the data used for the analytical fit.

If the temperature dependence of a generic lingaemkion is written akT)=1, y(T) and we also writ&=E(T),
so thaty(Tg)=1 andE(Ty)=E, for an arbitrary reference temperatdig the resonance frequency of a cantilever

vibrating in moden can be written as:
E _ (k l) wohg [E(T) 1(T)
471 |2 3p 13 3m

wherew, h andl| are the width, thickness and length of the cargilerespectively. It is then possible to dividesth
expression by, calculated at the reference temperaliyreg/ielding:

f E(T
fn,O E0
We can now drop the subscripbecause there is no more dependence on the maele thren, solving foE(T):

The scaling factoy(T) is a function of the instantaneous coefficientharmal expansion (CTE(T):

T
y(T) = exp“ a(T) dT]
TO

Expression 2 completely describes the dependentteedfoung’s modulus with temperature in the rafigen
RT to ~800 K, as the ratiitf, is the experimental curve plotted in figure 7.

The expression fdg(T) given in (2) can be satisfactorily approximatethvé more manageable polynomial. To
derive this expression, the quadratic fit to th@ezimental datd/f,, given in (1), was used. As far(T), the
semi-empirical formula from [7] was used. Experitarrors in the CTE data are not so importanttierpresent
derivation because the total effect of the CTEhendalculated TCYM is less than 10%. The approx@meapression
for E(T), found by a least-square adaptation of a polynontiathe analytical curve and valid between room
temperature and approximately 800 K, is given by:



E(T)=(-13007°T% - 410107°T +1.0134 [E, (3)

In some situations it may be more convenient tcehav expression for the instantaneous TCYM. One tway

derive it is by differentiating the logarithm of)(2
TCYM(T) = dE(T) _ 2d f(T)
E(T) f(T)

Figures 8(a) and 8(b) show the graph of the funstl(T)/E, and TCYM(T), respectively. A simple"® order
approximation to (4) can be written as:

TCYM (T)=7600"T*-3800°T -3700° (5)

This is found by fitting a polynomial to the anat@l curve and yields excellent results betweennroo
temperature and approximately 800 K.

As previously mentioned, the fit on the data préseéin figure 7 is extremely good, which suggelstéd there are
very small random errors present in each run. ftowever important to report that greater vari#pivas found
between runs where the mounting suffered modegttians (e.g. with or without the copper sheet)isTheans that
there may be systematic errors within each seat#,dvhich cannot be highlighted by the least-segifit. The most
likely source of these errors is the measuremeigif temperatures. On the other hand, it is reagsuhat the
slope was found to be the same, within 0.5%, fochmaical and electrostatic excitation, and it wgsadly
unaffected by the direction of temperature rampe Flopes off/f, vs. T for data collected in several runs for
temperatures between RT and 300 °C fall in thegayt.3 ppm/K to —26.6 ppm/K, with different degrad
uncertainty. Thus the best estimate for tf§ dor this temperature range is (—25+1) ppm/K. As tbmperature
range now being considered is relatively narrolinear approximation is advisable and thereforec&f) be written
without including the temperature dependence. Byntpan average value of 3+1 ppm/K for the CTE, the
temperature coefficient of Young’'s modulus in taage RT to 300 °C can be written as:

TCYM = 2d fn _ a=- (631 2)ppm/K
n
This value compares well with the value of -46 prfdund by Su et al. [4] on single crystal materiais also
interesting to compare it with the values for psiljeon, which range between -32 ppm/K [10] and ppn/K [11].
The uncertainties given above were determined f#% confidence level.
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Figure 8. (a) graph of the normalized Young’'s modulus intiiege of validity. (b) graph of the temperature
coefficient ofYoung’'s modulusn the same range. In both cases, analytical camdepolynomial approximation
almost overlap.

5. Results and Discussion. Setup 2

Figure 9 shows the dependence of the resonantdneguvith temperature. A linear regression on thee shows a
slope of -84 ppm/K. In this case, extraction of Tii&Y M for SiC is more involved, because of the eféeof the NiCr
layer. There are previous examples of attemptake this second layer into account. Jiangiang.€tLd] used a
simple averaging method, whereby thieung’s modulusof the multilayered cantilever is assumed to edhal
weighted average of théoung’s moduli of the constituting materials, usthgir thickness as weight. This approach will
only be acceptable when the respective Young's thede similar. However, if they are significanttijfferent, it is
necessary to consider the fact that the neutral igxnot in the middle of the beam. A more accudascription was
reported by Sandberg et al. [13]. When appliechéodantilevers of Setup 2, the equation numberédifltheir work
becomes:



1.8751? hsc hsc +hnicr _
fy :%\/(Escj (z2-2p)? dz+ ENiCrJ' (z- 29)* dz | hgcPsc + i Pricr) ™ (6)

The positionz, of the neutral axis is the solution to the follagiequation:
hsc hsic +hnicr
Esc | (z-2) dz+Eyic, | (2 2) dz=0

Every parametex in equation (6) is a function of temperature, Isat the variation of the resonance frequency
about a specific temperaturg dan be expressed in the form:

of
= L Do lan T ()

Xk

Xy =Xok

whereaqy is the first order temperature coefficient of paetderx, andxqg=xX(To). From (7), the TCYM of SiC can be
found. Table 1 summarizes the values used fordhmilation; the materials’ properties are typicalues found in
the literature and they are assumed to describm#terials used to within £10%, except when othsevgitated. The
calculated value of TCYM is: -(49+18) ppm/K.
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Figure 9. Normalized resonance frequency vs. temperatueecaitilever in Setup 2.

Table 1.Parameters used to calculate the TCYM of SiCHerdevices in Setup 2.

Parameter Value
Esic 370 GPa
Osic 3+1ppm/K
hsic 2.1+0.6 uh
Psic 3150 kg/m
Enicr 186 GPa
Qlnicr 15 ppm/K
hnicr 0.25 umM
Pnicr 8300 kg/m

TCYMuyicr -300 ppm/K

& Calculated from [7].
® Measured on wafer.
¢ Estimated from deposition time.

6. Conclusions
Conscious design of SIC MEMS devices operatingigih hemperatures requires knowledge of the mechénic
properties of the material as a function of tempeea In this work, test devices in SiC were des@yrfabricated and
evaluated over a wide temperature range.

TheYoung’s moduluf SiC was seen to decrease with increasing teatyoer at a rate of -53+2 ppm/K between
RT and ~300C, in good agreement with results previously regobtty other authors. For the first time, a more
accurate non-linear expression is given to dese¢hbaemperature dependenceYoung’s modulugor the range



between RT and ~800 K. This information is valuathen designing devices capable of predictableaijmer over
a wide range of temperatures.

The resonance frequency of free-standing devicekds/n to be affected by this decreas& aang’s modulus
with minor additional effects arising from dimens#& changes due to thermal expansion. In over rainsd
devices, such as bridges, the resonance frequaspnds on temperature in a complex manner, dondirate
variations in tensile stress due to differenti@rthal expansion between SiC and substrate. leietbre advised
that mechanical designs avoid stressed memberatta@r employ a topology which permits the reletbf the
residual tensile stress in active elements.

The results reinforce the view that although Si@ mechanically superior material to Si for applma at high
temperatures, the designer must be aware of thegehaf its mechanical properties with temperatasethis will
cause variations in performance at different temjpees.
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