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Abstract—Micromechanical cantilevers are commonly used for ~ Ordinarily, sensor performance is improved by reducing the
detection of small forces in microelectromechanical sensors (e.g.,noise of the preamplifier used to convert the physical signals to
accelerometers) and in scientific instruments (e.g., atomic force g|actrica| signals, and by controlling other error sources such as
microscopes). A fundamental limit to the detection of small forces ted th | drift. Th tuall int
is imposed by thermomechanical noise, the mechanical analog ofUncompensate ermal drift. : ere eventually cqmes a point,
Johnson noise, which is governed by dissipation of mechanical hOWEVeﬁ where thermodynamics IMmposes a t?arrler to furt[her
energy. This paper reports on measurements of the mechanical sensor improvement. For the case of microcantilevers optimized
quality factor @ for arrays of silicon—nitride, polysilicon, and  for use in force detection, thermomechanical noise sets a limit
single-crystal silicon cantilevers. By studying the dependence i, the ultimate force resolution [1]

of @ on cantilever material, geometry, and surface treatments, Th hanical noise i fth il
significant insight into dissipation mechanisms has been obtained. ermomechanical noise IS a consequence of the cantiever

For submicron-thick cantilevers, @ is found to decrease with Peing in thermal equilibrium with its environment (i.e., a heat
decreasing cantilever thickness, indicating surface loss mecha-bath with many microscopic degrees of freedom). Energy dissi-
nisms. For single-crystal silicon cantileversbsignificant increase in pation in the cantilever causes the stored mechanical energy to
room temperature @ is obtained after 700°C heat treatment in a4 away and be converted into heat. The stronger the coupling
either N or forming gas. At low temperatures, silicon cantilevers between the cantilever and heat bath, the faster the decay of can-
exhibit a minimum in @Q at approximately 135K, possibly due to ) ot
a surface-related relaxation process. Thermoelastic dissipation is tilever motion toward thermal equilibrium and the lower the me-
not a factor for submicron-thick cantilevers, but is shown to be chanical quality factor) of the oscillating mode. Conversely,
significant for silicon—nitride cantilevers as thin as 2.3p.m. [434] the coupling to the heat bath has the conseguence that the can-
Index Terms—Cantilever, force sensor, mechanical dissipation, tilever will be subjected to constant random excitation by its in-
micromechanical resonator, quality factor, surface losses. teraction with the many microscopic degrees of freedom in the
heat bath. This relationship between the energy dissipation and
|. INTRODUCTION random thermal excitation is embodied in the “fluctuation—dis-
HE majority of microfabricated sensors measure forcggpation theorem” of statistical mechanics, which applies to me-
applied to micromechanical flexures. Examples includghanical systems just as it applies to the Johnson noise across
pressure sensors, which measure force on a diaphragm, an@lectrical resistor [2, pp. 572-573]. The net result is that the
accelerometers, which measure inertial force on a progfver the mechanica) of the system, the larger the force noise.
mass. Many of these microfabricated sensors are capable ofhe equipartition theorem gives a measure of how much
measuring surprisingly small forces. For example, the Anal@ermal energy is in each mode of a microcantilever [2, pp.
Devices ADXLO5 accelerometer features a proof mass 9#8-249]. The mean square vibration amplitude associated

approximately 10" kg and is capable of detecting an accelefyith a mode of oscillation at temperatufeis given by
ation as small as & 10~* times the acceleration of gravity in a

1-Hz bandwidtht This acceleration represents a force of 0.5 pN

1 1,
applied to the mass. QkBT = §k (%) 1)

wherek is the cantilever spring constant ands the cantilever

, _ _ displacement. We can calculate the equivalent force noise as-
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where the transfer function is where we have explicitly included terms to characterize
clamping loss, TED, bulk internal friction (other than TED),
Gl = f3/k 3 and surface effects.
(f) = FZ= ) +i(ffo/Q) ®) Clamping loss was studied theoretically by Jimbo and Itao

[6], [7] using a two-dimensional theory that modeled the support
With the assumption that the force noise spectrum is white (i.structure as an infinitely large elastic body. Their calculations
frequency independent), (1)-(3) lead to a spectral density rekult in the estimat€)ciamping ~ 2.17 13/t>. For all of the
Sp = 4kkpT/woQ, wherew, = 27 f is the cantilever res- cantilevers studied heré/t > 39, giving Qclamping > 1.3 X
onance frequency. This spectral density results in a force noigg. Since this is significantly larger than any of our measured

in a bandwidthB of Q values, we conclude that clamping loss does not lighfor
our structures.
1. The effect of TED will be considered in detail in Section VII.
4kkpTB : ) _ ; \
Finin = W' (4) In general, for submicron-thick cantilevers operating at kilo-

hertz frequencies, TED is negligible. However, as we shall dis-

For a simple rectangular cantilever, this minimum detectab?éjss.late.r’ TED can pecomg Fhe dom!nant source of energy dis-
tion in thicker silicon—nitride cantilevers.

force can also be expressed in terms of the cantilever dimensiSWFa : -
n order to better understand the effect of internal friction and

o 1/2 the relatiye importance of volume a.nd syrface cpntributions, we
Foo = <£> (ks TB)Y2(Ep)i/* ) now consider a simple mpdgl of awbratlng can'uleverwhere we
Q treat the stress and strain in the cantilever as scalars (ignoring
tensor properties) and assume that the cantilever vibration am-
whereE is the Young'sp is the mass density of the cantilevelyjitude is small compared to the length of the cantilever. The
material,w is the cantilever Wldtw, is the cantilever |ength, and energy dissipation is modeled by Considering a Comp|ex_va|ued
t is the cantilever thickness. Young's modulusE = E; +iE», whereE) is the conventional
From (5), for the minimum detectable force, a strategy can pgal-valued) Young’s modulus ani is the dissipative part,
found to design ultrasensitive cantilevers: make them narroghich we will assume to be small comparedHg. For dissi-
thin, and long. This strategy is effective only if high mecharpative processes that occur on the atomic scale (such as mo-
ical Q is maintained. Unfortunately, relatively little is Under'tion of lattice defects)E2 can be considered to be a property
stood about the mechanisms responsible for energy dissipati#ihe material and its defects, though it may have substantial
in micron- and submicron-thick microstructures. To better UWequency and temperature dependence depending on the types
derstand the diSSipation mEChanismS, we have studied CantilQqurocesses involved. For more macroscopic processes, such as

Q factor as a function of controllable cantilever properties sugtEp, £, can also have explicit dependence on cantilever geom-
as material, geometry, and surface treatment. In this paper, A

present the results from this ongoing study. For a cantilever vibrating sinusoidally such that the strain is
given bye(r, 7) = e,,(r)sin wr, wherer is time, the stored
II. LOoSSMECHANISMS energy can be written in terms of the peak elastic energy [8]

For a cantilever operating in vacuum, vibrational energy can W _/ av /6” ode — 1 / B (mydv (7
be dissipated via coupling to the support structure (clamping 0= v 0 2 )y 1om
loss) and by internal friction. Internal friction results from a va- . o i )
riety of physical mechanisms, including motion of lattice de/herea is the longitudinal stress ang, (r) is the peak strain.
fects, thermoelastic dissipation (TED), phonon—phonon schRr asmple rec_tangular cantilever, the volume mtegral is over
tering, etc. [3]. Traditionally, internal friction is considered as '€ cantilever thickness (= —t/2 to z = +¢/2), width (y =
bulk (volume) effect, but surface effects can dominate for sup=¢/2 10y = +w/2), and length£ = 0 toz = 1).

micron-thick cantilevers or for resonators with very higtj4], The exact form ot,,, (r) depends on the cantilever geometry
[5]. and vibrational mode shape. For a cantilever with rectangular

CantileverQ is defined ag) = 27 W,/AW, whereW, is C'0SS section, the strain is uniform across the width of the can-
the stored vibrational energy amsli¥’ is the total energy lost tilever and increases linearly inaway from the neutral plane

per cycle of vibration. Since\W can be written ag\W = (¢ = 0)- Accordingly, we write

>, AW;, whereAW; represents the energy lost due to the var- 2

ious dissipation mechanisms, we can write the invéJses the em(r) = s Emax(2) (8)
sum

wheree () is the strain that occurs along the top surface of

1 1 the cantilever (where the strain is maximum). This expression

Q = Z Q; holds even for higher order vibrational modes of a rectangular
’ 1 1 1 1 1 cantilever. Combining (7) and (8) gives

+

= +
champing QTED Qvolume qurface Qot her

1 !
Wo = —wtE / g2 (z)dz. 9
(6) 0=gwt | (2)
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Now consider energy dissipation. For a bulk (volume) loss
mechanism, the energy lost per cycle can be written as [8]

AWy = / dv 7{ ode =7 | Ese2(r)dV.  (10)
Vv Vv

Here, § signifies integration over a complete cycle of vibration.
Note that if £, and £, are constants (as they would be for a
cantilever made of a single material), the volume integrals on
the right-hand sides of (7) and (10) differ only by a constant

A : 300
factor. Thus, the) factor is independent of cantilever geometry v
and vibrational mode shape and is given by
E Fig. 1. Array of 2000-A-thick silicon—nitride cantilevers. Shown is part of
Qrolume = _1_ (11) an array ofw = 10 pm cantilevers of length varying from 150 to 3@0n.
Es Cantilever arrays made from silicon nitride and polysilicon use this array

. . . _pattern.
Next consider the effect of a thin surface layer that exhibits

enhanced dissipation. The dissipation enhancement may be due

to the disruption of the atomic lattice at the surface or due toe@sSe of fabrication, and general use as a processing material.
thin layer of surface contamination. In most cases, the surfat@e second material, polysilicon, was chosen because of its
layer will not substantially change the stored energy in the caffide use as a micromechanical sensor material. A number of
tilever, but it can significantly enhance the dissipated enerdgbrication processes rely on a top polysilicon layer from which

Characterizing the surface layer by thicknésand complex @ sensor or device is fabricated, making a study of dissipation

the surface layer is single-crystal silicon, was chosen because of its expected low
internal friction as exhibited by larger bulk oscillators [3], [9]
AWs =1 / ES €2 (r)dV (12) and low internal stress, allowing for the fabrication of ultrathin
v cantilevers with little or no curling [10].

where the volume of integration is confined to the surface layer, Slicon-nitride cantilevers, as shown in Fig. 1, were fabri-

which we assume to be on the top, bottom, and sides of { %ted'from low-stress .s?licon nitride_ grown using Iow-prgssure
cantilever. Ifé is small compared to the dimensions of the carf: emical vapor deposition ofi00) silicon wafers. After film

tilever, (12) can be converted to a sum of surface integrals aq]%oosition, the cantilevers were patterned by photolithography
then évaluated using (8) to yield and then defined using an &8ry etch. Tetramethylammonium

hydroxide (TMAH) was then used to etch away the exposed sil-

s t ! ) icon and undercut the cantilevers, thereby releasing them. After

AWs = 2m6 E; <w + _> / () de. (13) rinsing in water and methanol, the cantilevers were dried using
a CG; critical point drier [11].

max

Using (9) and (13) to evaluate tiig factor, we obtain Polysilicon cantilevers were fabricated from polysilicon-on-
wt B, insulator wafers. Starting with @00) silicon wafer, a 4000-A-
Qsurface = (14) thick layer of thermal oxide was grown. Next, a polysilicon

263w +t) B ) : ; ;
(Bw+1) B layer of the desired thickness was deposited and cantilevers

If we define the@ factor of the material that comprises the surwere etched using an $plasma etch. Protective layers of low-
face layer a$)s = E7 /E5, then (14) may be rewritten as  temperature oxide and silicon nitride were then deposited to pro-
tect the cantilevers during subsequent backside patterning and a

Qourtace = __wt EQS. (15) TMAH etch. The topside silicon nitride layer was then removed
26(3w +1) Ef and a buffered oxide etch (BOE) was used to free the oxide-en-
For a thin wide cantilever whete< w, Q. wtace IS proportional cased cantilever structures. Finally, a critical point drying step
to cantilever thickness and given by was performed. _ _ _
Single-crystal silicon cantilevers start witj100) sil-
t By (16) icon-on-insulator wafers. A thermal oxidation was performed

Qsurtace = G5 E—EQS' to thin down the top silicon layer to the desired cantilever

thickness. BOE was then used to remove the top oxide layer

Based on the results in (15) and (16), we would, therefore, ex-_ . o ) : ;
exposing the top silicon layer for cantilever patterning. As in

pect to see a strong thickness dependence to the cantﬂ)evetbe polysilicon process, low-temperature oxide and silicon—ni-
I

factor should the dominant loss mechanism be surface relatt? te were deposited for frontside protection and as a backside
masking layer during the backside TMAH etch. The cantilevers
were then released with BOE followed by critical point drying.

Three materials have been used to fabricate our cdfig. 2 shows an array of 1700-A-thick single-crystal silicon
tilevers—silicon nitride, polysilicon, and single-crystal siliconcantilevers. Further details of the fabrication process can be
The first, silicon nitride, was chosen because of its durabilitipund in the work of Stowet al.[10].

Ill. CANTILEVER FABRICATION
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Fig. 2. Array of 1700-A-thick single-crystal silicon cantilevers. The 10! T

) \ 10° 10° 10* 100 107 100 10° 10
cantilevers have necks of widthy&n and lengths from 80 to 260m. Pressure (torr)

piezoelectric disk Fig.4. Mechanicaf) factor versus pressure for a 5100-A-thick silicon—nitride
cantilever. Above~1 mtorr, the() is pressure limited. Below this pressure, the

) @ is limited by intrinsic dissipation mechanisms.
cantilever die
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cantilevers / vibrometer
laser beam . 10000 [ 20004 ]

Mechanical Quality Factor

5000 - b

i

M j
. ) I 1 I L
50 100 150 200 250 300 350

Fig. 3. Diagram of the room-temperatuemeasurement system. Shown are Cantilever Length (um)
the piezoelectric disk, cantilever die, and laser doppler vibrometer. Not shown
is a viewport through which the incident laser passes through before striking

; . S ?I—C\..Mhnil f rver ntilever length for silicon—nitri
target cantilevers. The objects in this diagram are not to scale. 8 5 echanical@ factor versus cantilever length for silico tride

cantilevers of thickness 2000, 5100, 7000 A, 1.2 and:28 Cantilever width
is 10 um for all five thicknesses.

IV. Q MEASUREMENTS

. - are averages of multiple ring-down measurements for each can-
Unless otherwise specified, all measurements were PE[S

. . per. The error for each individual cantilever ring-down mea-
formed at room temperature. A diagram of the experimenta ;
. surement is on the order of a few percent.
system used for room-temperature measurements is show . T
ne important source of energy dissipation in micromechan-

in Fig. 3. The cantilevers were placed in a vacuum Chaml%%[’:\l oscillators is air damping. Fig. 4 shows a plot(@fversus

on a stack of piezoelectric disks. A viewport on the Slderessure for a 5100-A-thick silicon—nitride cantilever. For this
of the chamber allows the use of an external laser doppler

vibrometer to measure the cantilever motion. The laser dopp?grntllever’ we can see that tigis pressure limited above a

vibrometer is a commercially available system which measurgs e of approximately 1 mtorr. Below 1 mtorr, the dissipa-

the velocity-dependent doppler shift of the reflected Iast'Pn associated with air damping becomes negligible compared

L % intrinsic loss mechanisms. The work described in this paper
radiation? Low-temperature measurements were performe .
as performed under vacuum at a pressure of°lidrr. This

n a sgparate apparatus that uses a fiber-optic mterferomelselgelow the pressure limited transition point for the cantilevers
detection system.

A*“free ring-down” technique was used to measure cantilevgtrUdied'
: K In order to test the repeatability and long-term stability of a

. The cantileverswerefirstdrivenon-resonanceto asteady-state .. , i X
. . o -7~ cantilever'sR, the@ was measured for a polysilicon cantilever
amplitude. The drive excitation was produced by applying an . .
S . L . t = 2.3 pm,w = 25 pm, andl = 210 zm) over a period of
oscillating voltage to the piezoelectric disks on which the can- ; : o
. . : h. Over this 2-h time span th@ had a standard deviation of
tilever die was mounted. The drive was stopped abruptly and . o
. : : b, demonstrating excellent measurement reproducibility. On
cantilever motion was measured as the amplitude decayed. The .
: . . . 1he other hand, after exposure to laboratory air for several days,
ring-down was then fit to an exponential function. From the fi

. ! 0 i
the 1/e decay time constant of the ring-dowp was obtained. Cant!leverQ§ can change by 10% or more, depending on the .
. . . cantilever thickness. Presumably, these changes are due to oxi-
The decay time constant allows calculation of the cantiléyer ~ .. s .
: . e dation and contamination of the cantilever surface.
according ta? = w7y fo. The quality of the exponential fitto the

decay data allows us to be sure of the accuracy of @anhasure- Measurements of} for arrays of silicon—nitride cantilevers

o _ > were carried out for thicknesses of 2000, 5100, 7000 A, 1.2 and
ment. The datapresentedinthis paper,unlessother\leelndlcagééﬂm lengths from 90 to 30pm, and widths of 5, 10, 25, and

2302 sensor head with OVF3001 controller, Polytec P.I., Costa Mesa, CA50 um. Fig. 5 shows the data for the 1@n-wide cantilevers.
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Fig.6. Mechanical) factor versus cantilever thickness for five silicon—nitride_. . . . .
cantilever thicknesses (2000, 5100, 7000 A, 1.2 and:28. Each of the five Fig. 8 Mechar_ucaQ factor versus cantilever length for single-crystal silicon
clusters of points represents hundreds of individdaheasurements. cantilevers of thickness 600, 1700, and 2400 A.
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Cantilever Length (um) Fig.9. Mechanicad) factor versus cantilever length for a die of 1700-A-thick

single-crystal silicon cantilevers showing the effect of heat treatment.
Fig. 7. Mechanical factor versus cantilever length for silicon—nitride
cantilevers of thickness 1,2m. Cantilevers of widths 5, 10, 25, and #@n

are shown. V. HEAT TREATMENT

S | trend lear f this data. First @hi hi As seen in Figs. 6 and 8, the mechanicgls of both

; (cajvera drent sfatlrr]e ceatr_l roml IS thafa. Illrs%(?r:st:wqulg Y sjlicon—nitride and single-crystal silicon cantilevers depend
independent of the cantiiever length for all oT the tNICKNESSER, 4 ntilever thickness, suggesting surface-dominated dissipa-
except the 2.3:m-thick cantilevers. Both bulk (volume) and

; d dent dissipat ted t gon mechanisms. Possible sources of surface dissipation are
surtace-dependen ’ISSIpa IVE Processes are expected 1o Proguels hates on the cantilever surface or surface defects created
length independenf)’s. The lower(} for the shortest of the

: . : : during the cantilever fabrication process. Both of these sources
2..:|3|-gm;jt_h|ck car:jt[levers Its bshf\{leld tto petﬁgused by TED a ight be expected to respond to heat treatment. To test this
WIF' € 6|sclf]usse Inlgtreafl er ﬁa' aterin this p?ﬁ)er. thick hypothesis, 1700-A-thick single-crystal silicon cantilevers

'g. © SNOWS a plot of can llevep VErsus cantilever tick=  are heated for 1 h at 70 in a nitrogen atmosphere. As
ness. In Fig. 6, there is an increase in the mechadjcas$ the

i . : . i shown in Fig. 9, the&? increased by about a factor of three. In
thickness of the cantilever increases. A linear fit to the foul, y.io0 1.1 heat treatment in 70@ forming gas (Ar with

thinnest cantilever thicknesses is shown. For the four thinngst,c,, H) produced consistent factor of two increasegifor
cantilever thicknesses, the strong thickness dependence iSYiG‘O-A-thick silicon cantilevers

dicative of surface loss mechanisms, as discussed earlier.
Fig. 7 shows data for silicon—nitride cantilevers of thickness
1.2 um. The cantilever widths are 5, 10, 25, and &®. The VI. L ow-TEMPERATUREBEHAVIOR
Q’'s of these cantilevers are independent of the cantilever width.Low-temperature behavior of microcantilevers is of interest
Just as the cantilevéy is expected to be length independent foin experiments designed to achieve the lowest possible force
both volume and surface dissipative processes, the cantilevenoise. Fig. 10 is a plot of) versus temperature for a heat-
should also be independent of cantilever width whens> ¢ treated 700-A- thick single-crystal silicon cantilever with a res-
[see (16)]. onance frequency of 3.8 kHz and spring constant ef 20>
Single-crystal silicon cantilevers show geometrical depel/m. The room temperatur@ of this cantilever was approxi-
dence similar to the silicon—nitride devices. Fig. 8 shows dataately 1x 10*. Upon cooling, the cantilevep first decreases,
for single-crystal silicon cantilevers of thickness 600, 1700, amdaching a broad minimum of 4 10® centered at approxi-
2400 A. Consistent with the data in Figs. 5 and 6, we see timately 135 K. By 77 K, the? recovers its room temperature
the @ is roughly independent of cantilever length and increasealue and then increases rapidly as the temperature is lowered
with increasing cantilever thickness. further. At 4 K, the@ reaches 2.5¢< 10*, roughly 2.5 times
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30000 oscillators, it should not be over interpreted, but the general

trend is evident—an increase in the mechani€alas the
oscillator dimensions increase. Included in Fig. 11 is data
for ultrathin silicon cantilevers [10], [14], doubly supported
high-frequency silicon resonators [15], commercially available
silicon cantilevers [16], double torsional oscillators [17], and
suspended bulk silicon crystals [12]. Shown in Fig. 11 is a
line fit to the five thinnest oscillatorst (= 600, 700, 1700,
3300 A, and 1.5xm). These micron- and submicron-scale
‘ e oscillators have a roughly line&p versust dependence. The
0 50 100 130 200 250 300 larger oscillators deviate from this linear dependence possibly
Temperature (K) because loss mechanisms other than surface mechanisms begin
to dominate and limit th€) as the oscillator size increases.

25000 - |

20000

15000 -

10000 -

5000 |-

Mechanical Quality Factor

Fig. 10. Mechanicaly factor versus temperature forta= 700 A, I =

144 pum, andw = 7 pm single-crystal silicon cantilever. The resonance
frequency of this cantilever was 3.8 kHz. The solid curve is meant as a guide to VII. TED
the eye. )
Another possible source of energy loss in cantilever
o microstructures is TED [18], [19]. Thermoelastic energy dissi-
T T T T T T T

pation is caused by irreversible heat flow across the thickness
o of the cantilever as it oscillates. The rate of energy dissipation
due to this heat flow is dependent upon the cantilever geometry,
3 material, and temperature. Roszhart [20] has shown that TED
can be a dominant source of energy loss in single-crystal silicon
: cantilevers as thin as J&m. Although TED generally becomes

] less important as thickness is reduced, we show below that
] it can be significant in silicon—nitride cantilevers as thin as

F McGuigan et al. (1978)

Mihailovich (1992)

Wago et al. (1996)

Mechanical Quality Factor

Stowe et al. (1996) 3 2.3 um.
s ® < Cleland and Roukes (1996) ] If a load is applied to a cantilever that causes it to deflect
Stowe etal (1997 in a flexural mode (a mode that entails localized volume
107 Dt : S : changes), the regions under compression will warm while

102 10" 10 1000 100 100 10 100 10°

) e the regions under expansion will cool. This process creates a
Oscillator Dimension (um)

temperature gradient within the cantilever. Energy will then
Fig. 11. Mechanicaly factor versus oscillator thickness for single—crysta{low fr_om the_ warmer regions to the cooler regions, resultlng
silicon oscillators afl” = 4K. Line fit is to the five thinnest oscillators. in an irreversible energy loss. The rate of energy loss depends
upon the material properties: thermal conductivity, coefficient

of thermal expansion, and heat capacity. It will also depend

thhe ;otom-tte dmpertglture va:;e. Slhm”ar:?ga was o:)tamed for ncfﬂ)’on the resonance frequency of the oscillation mode and the
eat-treated cantilevers. Even though the room temper&fisre thermal time constant for heat transfer from the warmer regions

of heat-treated cantll_evers were a factor of two larger than f8f the cantilever to the cooler regions. Following Roszhart [20],
nonheat-treated cantilevers, both heat-

and nonheat-treated SR . o
. thermoelastically limited) factor can be expressed
tilevers had comparabl@’s at 4 K. y @ Qrep P

o . . .. _as
Similar @ minima have been observed in all of our silicon
microcantilevers, both heat treated and nonheat treated, and in 1

micron-thick commercial silicon cantilevers. Previous studies @rep = 20(DYQf) (a7
on large single crystals of silicon have reported internal friction

peaks in the range of 115-124 K [12], [13]. Since our observddie term

dissipation peak is centered at higher temperature and is some- 2TE

what broader than that found in the bulk studies, it is likely to (1) = (18)
have a different origin. Some type of relaxation process related 4pClp

to surface imperfections, oxidation, or adsorbed contaminanis,ing the material dependencies of the TED process: the co-
is a possible cause.

Although the low temperatur@ of the 700-A-thick can- efficient of thermal expansioa, the cantilever temperatufi,

tilever in Fig. 10 reaches 25000 at 4 K, it is still significantl modulus of elasticityt?, mass density, and specific heat’.

. - ANV He other term
lower than has been observed in larger silicon oscillators.

Fig. 11 shows a compilation of data from our work and from 2f/Fy
the literature at 4 K. As in the case of silicon—nitride cantilevers, Q) = 1+ (f/Fo)?
the @@ of single-crystal silicon oscillators is highly dependent

on the oscillator thickness, suggesting surface-dominated laepends on the ratio of the cantilever frequefity a character-
mechanisms. Since this plot has data for different kinds w@fic frequencyFy, which quantifies the rate of heat flow across

(19)
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TABLE | 107 ‘ T
MATERIAL CONSTANTS FOR SILICON ghegggelailcmy
NITRIDE AND SINGLE-CRYSTAL SILICON* [21]-[26] orbidden Region

g
2
B + 00
z B, A
'C_‘G . DD “C
Parameter __ Silicon Nitride _ Silicon Units 8, 10t ooo T T B
—_— g
% g oS 1
a 3.0x10° 2.6 x 10 K! = o +/-10% in cantilever |
8 material properties
E 126 x 10° 190 x 10° N-m? =
3 3 3 10° 1 . 1 e " "
r 34410 233x10 kg-m 10* 10t 10° 107 10t 10° 100 10
C, 0.71 x 10° 0.70 x 10° Jkg'-K? Relative Frequency (f/F)
K 32 1.5 x 10 W-m'-K!

Fig. 13. Plot of measured) versus relative frequency rati¢/F, for
silicon—nitride cantilevers. Data for five different silicon—nitride thicknesses
are shown. The thickest, i.e., = 2.3 um, cantilevers are approaching the
thermoelastically limited) values.

*The modulus of elasticity for silicon nitride was de-
termined from a curve fit off versus! for an array of
2.3um-thick (w = 10 pm) cantilevers. For simple beam
cantilevers oscillating in a flexural mod¢, < vE/IZ.
Curve fitting gave a value of 1267x 10°N-m~2 for the
modulus of elasticity.

40 GHz), 1700-A-thick ¢, = 5 GHz), and 2400-A-thickk, =

2.5 GHz) single-crystal silicon cantilevers. Having a relative
frequency ratio of 107 to 10-?, these ultrathin silicon can-
tilevers are not being limited by TEDY?gp for these can-
tileversis in the range of £8-10't. The measure@’s of 10* are
orders of magnitude below the thermoelasgjidimit. In order

for 1700-A-thick silicon cantilevers at 300K to become ther-
moelastically limited, their relative frequency ratio would need
to increase by six orders of magnitude (i.e., their lengths must

107 — :

Thermoelastically
Forbidden Region

10° ’-

Mechanical Quality Factor

lmA@%;/imoA decrease by three orders of magnitude.) This would result in
10* - s cantilevers with lengths of only3 um. It can, therefore, be
60 A% Roszhart (1990) safely concluded that, except under extreme design conditions,
e L ‘ 600-, 1700-, and 2400-A-thick single-crystal silicon cantilevers
LA (S (A (S (A () will not have thermoelastically limite@'’s.

Relative Frequency (f/fz‘))

The same analysis can be performed for thin silicon—nitride

cantilevers. Fig. 13 shows a plot & versusf/F; for the sil-
Fig. 12. Plot showing) values for 600-, 1700-, and 2400-A-thick silicon jcon—nitride cantilevers used in this study. The last set of can-

cantilevers. Also shown are the resonators studied by Roszhart. The cantile : . : :
studied by Roszhart are being limited by TED. The thermoelastically forbiddiﬂa’ers’ l.e.f =23 um, are approachlng the thermoelastlcally

region is where the cantilevé}’s would be limited by TED and, therefore, haveforbidden region. Two additional curves are shown in Fig. 13.
Q's that fall upon the TED curve. They represent a conservative 10% variation in the material
properties used in the calculation of room-temperature TED for
the thickness of the cantilever. TED is maximizegat F,.In Silicon-nitride cantilevers. Notice that the 2.8a-thick can-
terms of material propertie; is expressed as tilevers have)'s that are decreasing with increasing relative fre-
quency—suggesting that the transition from surface-dominated
__ TR (20) loss to thermoelastically dominated loss occurg/dfy ~ 101
2pCpt? for silicon—nitride cantilevers at room temperature. This is the
point at which the surface-limite@ equals the thermoelasti-
cally limited Q.

Fy

where« is the cantilever material thermal conductivity and
is the cantilever thickness. Using the parameters in Taldg I,
for 600-A-thick single-crystal silicon cantilevers is 40 GHz,
while 2.31:m-thick silicon—nitride cantilevers have a character-
istic frequency of 390 kHz. We would, therefore, expect to seeln order to make quantitative comparisons of different can-
the effect of TED in 2.3zm-thick cantilevers that have reso-tilever geometries and materials, a parameter that we shall call
nance frequencies in the hundreds of kilohertz range. the “loss parametery must be introduced. Recall from (5) that
Fig. 12 shows a plot ofrp versus relative frequency ratiothe strategy to make sensitive force sensing microcantilevers
1/ Fo for single-crystal silicon at 300Ky values greater than was to make them narrow, thin, and long (snfgllvg) while
Qrrn are forbidden, as they would be limited by TED. Foumaintaining high mechanic#). This general strategy tells us
sets of data are shown in Fig. 12. The first is data from thkat ) is not the best parameter to use when comparing dif-
work of Roszhart, showing the excellent agreement betwefarent oscillators. Even though millimeter-size silicon oscilla-
theory and the measuréivalues of his 10-17.5m-thick can- tors can obtain's of 6 x 10° at room temperature [9], the
tilevers. Also shown are th@ values for 600-A-thick I, = large mass and high spring constant of these oscillators make

VIIl. L OSSPARAMETER
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10 ? ‘ 4.07x10 elucidate various dissipation mechanisms. For both silicon—ni-
S am b= i [ - ili ilevers, i uc-
Poly-2.3 am (w =25 um) tride and single-crystal silicon cantilevers, a monotonic reduc
8100t T o, 11 20x167 tion in @ with decreasing thickness was observed. This behavior
RS ez [ [ with su - i issipation. Exper-
» :;‘;OZOZA‘( N )). . z s consistent with surface- dominated energy dissipation. Exper
= iN- w =10 um) ™ . . . ]
5 ol sins1004 =10y o "aw . B iments with 700°C N, and forming gas heat treatments of sil-
B0t v, 00 6 14.07x10 > . . .. .
g Vev o © Z icon cantilevers indicated that surface contaminants or defects
IS iN-2000 A (w = 10 um M =1 . . e g .
e = can be removed via such treatments, allowing significant in-
& & - N . .
glO‘”*Si_mo Aw=S um) o 11295107 =~ crease in room temperatuge Surface effects are also likely to
= s A(w:Su:n;); .o be responsible for the dip i observed near 135K in our silicon
B OO 0. SO Y TP cantilevers. TED was found to be significant in 2:8%-thick sil-
0 50 100150 200 250 300 350 icon nitride cantilevers with frequencies above 50 kHz, but was
Cantilever Length (pm)

not significant for any of the thinner cantilevers that we studied.
Fig. 14. Loss parametey = k/wo() versus cantilever length comparison Itis clear that fulrther expgnment; should_be carried out. For
plot. Arrays of silicon—nitride, polysilicon, and single-crystal silicon cantileveréXample, performing experiments in ultrahigh vacuum would
are shown with their thicknesses and widths. The equivalent minimum forggiow better control over surface characteristics and allow the
leis sh he right-hand side for th ileveFs-at300K. I S -
detectable is shown on the right-hand side for the cantilevefs-at300 effects due to surface oxidation and contamination to be distin-
th ‘ detect | der to determi heth i%Jished. Alsofy measurements over a broader set of cantilever
t'Iem poocrj orce detec Orﬁ' n order '(I)I te ermmlzvl\)/ ether a'(t:' cknesses need to be performed to more firmly establish the
iever and, more generally, any oscillator, would be a Sensitiygiey negs dependence. Finally, the role of other surface charac-

force measurement dt_awce, all of the cantl_lever dependent ter, stics, such as deposited films and surface roughening, should
in (4) must be taken into account. By using= k/wo(, we lored
aﬁg explored.

can compare cantilevers of different geometries and materi
In terms of the cantilever geometries and material propeties,

can be expressed as
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