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Abstract

The thermo-mechanical properties of silicon make it of significant interest as a possible material for mirror substrates and suspension elem
for future long-baseline gravitational wave detectors. The mechanical dissipation in 92 prilttiickingle-crystal silicon cantilevers has been
observed over the temperature range 85 K to 300 K, with dissipation approaching levels dpwmitd x 10~ 7.

0 2005 Elsevier B.V. All rights reserved.

1. Introduction veloping cooled sapphire test masses and suspension fibers for
use in a transmissive Fabry—Perot based interferonf2{&},

nd in Europe and the US research is underway on the use of
%Iicon at low temperaturdg,5].

gAt higher frequencies (greater than a few 100 Hz) the per-

gmance of current interferometers is not limited by thermal

Long baseline gravitational wave detectors operate usin
laser interferometry to sense the differential strain, caused b
the passage of gravitational waves, between mirrors suspend

as pendulums. These detectors operate over a frequency ra ; h ics but by ph | h - h
between the pendulum modes of the suspensions (typically feliP!S€ from the optics but by photo-electron shot noise, whose

Hz) and the lowest internal resonances of the mirrors (few 10’§Ignificance can be reduced by circulating higher optical pow-

of kHz). One important limit to the displacement sensitivity of €S I the interferometer. However, power absorbed by the test

current and planned detectors in the frequency range of openra?asses and mirror coatings can cause excessive thermally in-

tion is off-resonance thermal noise in the mirrors and suspe Juced deformations of the optics, causing the interferometer

sions driven by thermal fluctuations. Thus, low mechanical Ios%_0 become unstable. The extent of this deformation is propor-

materials, such as silica, sapphire and silicon, are currently uséipna to a/K [s] ' r:Nhf]re“ ISI the (Ijlnez_ar_ coeffflﬁlent of thermal
or proposed for detectors at the forefront of this research. ~ XPansion ana the thermal conductivity of the test mass ma-

Improved sensitivity at low frequencies (few Hz to few terial. thnging from a trar_lsmissive to a reflective tgpology
100 Hz) will require further reduction in the level of thermal could eliminate thermal loading from substrate absorption, pro-

noise from the test masses and their suspensions. A possib\f@ed coatings of suitably low transmission are available. Used
In such a topology, the high thermal conductivity of a silicon

route for achieving this is through cooling. Fused silica, the" " ; ) .
most commonly used test mass material, exhibits a broad disgfhirror substrate would allow circulating powers approximately

pation peak at around 40 K and therefore is not a promising carroVen times higher than could be supported by sapphire for the
didate for cooling1]. Sapphire and silicon, however, are good same induced surface deformation making silicon of significant

candidates. Work is currently being carried out in Japan on dei_nterest as a test mass substrate from a thermal loading stand-

point[4].
At room temperature the thermal noise resulting from
" Corresponding author. t_hermo-elastic effegts in interferome’Fgrs using crystalline_ op-
E-mail address: s.reid@physics.gla.ac.g. Reid). tics has been predicted to be a significant noise source in the
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cantilever

freque_ncy band of gravitational wave (_jete_ct[(?l]\. '_I'he_lev_e_l clamping block cantilever surface on (100) plane 92,m thick
of intrinsic and expected thermo-elastic dissipation in silicon 550.m_thick

is broadly compqrable tp sapphire at room _tempera_{&_}e \I => —
However, on cooling the linear thermal expansion coefficient of /Vvvidth
silicon becomes zero at two temperatured25 K and~18 K cantilever length along <110> axis ~ 10mm

[9], and thus around these two temperatures thermoelastic dis-

sipation could be expected to be negligible. It is thus of interest Fig. 1. Schematic diagram of one silicon cantilever tested.

to study the temperature dependence of mechanical dissipation optical feed-through
in silicon samples for potential use as suspension elements and capie feed-through
mirror blanks. This Letter is restricted to studies of thin silicon vacuum
flexures. pumping
Studies of dissipation in silicon samples of a variety of allicon samlo
geometries and types have been carried out by other authors. ’
In particular, dissipation in silicon flexures has been stud- = \
ied in samples of the type used in atomic force microscopes
[10,11] However, these cantilevers have dimensions consider- /i 5
ably smaller than would be suitable for use in the test mass T———7 .

suspensions of gravitational wave interferometers and thus are / _
in a regime where measured dissipation may be dominated by : Sf;:;’::'gsnjp resistor heater
different sources of dissipation than the dimensions that have ‘Niscorspacer=”

been studied herd 2]. ‘ .

2. Experimental procedure

| outer éryostatjacket

The single-crystal cantilevers tested were fabricated from a — (under vacuum)

silicon wafer by a hydroxide chemical etch. The anisotropic na-
ture of such etching allows the reduction of thickness whilst a
masked, thick end can remain as a clamping block to reduce
any ‘slip-stick’ losses as the cantilever fleé8]. The geom-
etry of the cantilevers obtained is shownHiy. 1. The silicon
was boron-doped with a resistivity of 10—-20cm.

The thick end of each cantilever was held in a stainless steel
clamp and placed within a cryostat, showrFig. 2, evacuated Fig. 2. Schematic diagram of the cryostat.
to approximately 3x 10~% mb. The resonant modes of each
cantilever were excited in turn using an electrostatic drive plate(.f &~ 2185 Hz) bending modes of a cantilever 57 mm long and
Laser light reflected from the silicon surface and directed ontdhe third mode  ~ 1935 Hz) of a shorter 34 mm long can-
a photodiode external to the cryostat allowed the angular mdilever.
tion of the end of the cantilever to be detected. The length of
the lever arm due to the optical pipe leading to the inner exper2.1. Temperature dependence of mode frequencies
imental chamber of the cryostat made the readout system very

sensitive to thehcaptile;er (TOtion' g\s a consequenc;, loss mea- 5 given frequency the expected thermoelastic dissipation
surements on the first bending mode were not possible since the, o145 on the sample thickness. The thickness of the silicon

readout system saturated before the mode was excited to a 'e\é%lmples was measured to be-92 pm using a Wyko NT1100
significantly above the background excitation due to ground Vi'OpticaI Profiler.

brations. However, it was possible to measure the frequency of The frequency of each bending mode changes as the silicon

the first resonance, and this is used later in Sedlion is cooled due to the temperature dependence of Young's mod-
The mechanical quality factap of a resonance of angular s (7). £(T) can be calculated using the semi-empirical
frequencywg can be calculated from measurements of the amformula[lG]

plitude A of freely decaying resonant motion. It can be shown
that the time dependence of the amplitude decay is given by

A= Aoe_wot/(zQ), 1)

whereAg is the initial amplitude of the motion. The mechani- where Ey is the Young’s modulus at 0 KB is a temperature-
cal loss¢ (wp) is the inverse of the quality fact¢t4,15] The independent constant related to the bulk moduluss, the tem-
mechanical losses of several modes of each cantilever weperature in Kelvin andy is related to the Debye temperature.
measured at temperatures from 85 K to 300 K. Presented here The angular resonant frequeneyof the third bending mode
are loss measurements for the thirl £ 670 Hz) and fifth  of a homogeneous beam of thicknesand lengthL is given

experimental chamber

liquid nitrogen

N
I silicon

E(T)=Eo— BT exp(—?), 2
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674 Do Q,% O measured data| Table 1 "
o modeled Room temperature parameters for siligéh
— o Parameter Magnitude
N 673- ¢ -
< o8 Young's modulug E) 162.4 GPa
E o, Coefficient of linear thermal expansica) 254x 1076 k-1
S 672 . Density (o) 2330 kg3
-4 © Specific heat capacit§C) 711 Jkglk-1
o S Thermal conductivity() min: 130
6711 O 1 median: 145} Wm~1k—1
max: 160
50 100 150 200 250 300

Temperature (K) process. In order to estimate the level of thermal noise expected

Fig. 3. Temperature dependence of the frequency of the third resonant mode §PM using silicon in gravitational wave detectors test masses

f 7~ 670 Hz of the cantilever of length 57 mm. and suspensiongihermoelasti€®) , Pbulk(@) andpsurtacdw) Must
be quantified. Therefore, in our experiment all the other sources
by [17] of loss must be minimized.
t | E 3.1. Thermoelastic loss
= (7.853%— | —, 3 1.
©=(1859" 7 |1 ®3)
wherep is the material density. As noted by Gysin et[48] Thermoelastic loss is associated with the flexing of a thin

any Change ino resu]ting from a temperature_dependent Vari_suspension element where the CyCIicaI stretching and compres-

ation inT, L or p is smaller than that from the variation i sion of alternate sides of a flexing sample results in heat flow

and may be ignored. between the compressed and expanded redRiis The flow
Using the valudlp = 317 K[18], Egs.(2) and (3\were used  Of heat is a source of loss. In the simple case of a bending bar

to find a best-fit curve to the observed temperature dependenéé rectangular cross section, the thermoelastic loss can be ex-

of the frequency and thus a value fBp obtained. It was pos- Pressed as

sible to measure the first cantilever length to be 57.0 mm to an

accuracy ot:0.5 mm without contacting the cantilever surface. ¢ihermoelastié®w) = A 55

The second cantilever length was found to bed340.5 mm. 1+ o
For the first cantilever, the third mode saw the best agreeyhere

ment between the predicted and experimental frequencies with

an Eg value of 1617 £+ 0.8 GPa. The temperature dependence Eo®T

of the calculated and measured frequencies for this mode afe — oC ©)

shown inFig. 3. Applying the same model to the first and

fifth resonant modes of this sample (approximately 39 Hz and

2185 Hz) gave very similar values félp. The average valueof _ 1 pCt? 7

Eo with associated standard error is 163 GPa. t= 72 K )

. Likewise, the third and fifth bending mers for the Can_with t the characteristic time for heat transfer across the®ar,
tilever of length 34 mm matched the predicted frequencies

when Eo — 1654 6 GPa. Combining the calculateth values is the speqflc heat _capamty of the material and other parameters
are as defined earlier.

yields 1644 3 GPa which appears close to the literature value Egs. (5)—(7) may be used to calculate the temperature-
Eo=1675 GPa[19]. . .

dependent thermoelastic loss for our sample using the relevant
material parameter3able 1shows the room temperature para-
meters used. The temperature-dependent parameters were taker
from ‘Thermophysical Properties of Matter’ (Touloukig9),
except for the value of Young's modulug) which was cal-
culated using Eq(2). Data for the coefficient of thermal ex-
Pmeasurefi®) = Gthermoelasti€®) + Pbulk(@) + Psurfacd@) pansion comes from the recommended curve, vol. 13, p. 155,

and the specific heat from curve 2, vol. 5, p. 204. The thermal

+ Pelamp() + Ggad@) + Pother @), (4) conductivity data is taken from the curves presented in vol. 2,

where ¢ihermoelastiéw) IS 10ss resulting from thermoelastic p. 326. Here minimum, median and maximum values are taken
damping,¢puik(w) is the bulk (or volume) loss of the mate- to represent the spread of data for single-crystal silicon at each
rial, ¢surfacdw) is the loss associated with the surface layertemperature.
¢clamp(w) is the loss associated with the clamping structure, The uncertainty in the calculated magnitude of the ther-
¢gadw) is the loss due to damping from residual gas mole-moelastic loss comes predominantly from this variation in ther-
cules andpothedw) is loss from any other possible dissipation mal conductivity(x) between silicon samples.

wT

®)

3. Lossasa function of temperature

The measured 10S®measurefiw), IS the sum of dissipation
arising from a number of sources,
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= b loss =
( )\ & 10Jan 05 1074 (b) 9
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X 14 Feb 05 loss
X 28Feb05 <& 15 Apr05
O 30Feb05 O 19 Apr 05
10°4 + 01Feb05 . 10° X 20 Abr05 3
T T T T T T T T T T
50 100 150 200 250 300 50 100 150 200 250 300
Temperature (K) Temperature (K)

Fig. 4. Temperature dependence of (a) measured loss, and (b) calculated thefg. 6. Temperature dependence of (a) measured loss, and (b) calculated ther-
moelastic loss, for the fifth bending mode at 2185 Hz, for cantilever of lengthmoelastic loss for the third bending mode at 1935 Hz, for cantilever of length

57 mm. 34 mm.
10° 5 XX o sult from an intrinsic loss mechanism in the sample since the
NJo S peak is not observed in the results from 1st February. We believe
that these effects are due to energy coupling into the clamp-
10°+ 7 ing structure. This evidence of a coupling that is dependent on
. the temperature distribution inside the system, which may differ
% b) caloulated thermoelastic from run to run, is studied in Sectich
107 \ & 21 Jan 05 E In contrast, the temperature dependence of the loss factors of
o Banos the third bending modes for both cantilevers, showFiis. 5
X 04 Feb 05 and 6 showed no sign of any dissipation peaks and appeared to
10° 2 8; EZE 82 E have a smaller variation between experimental runs. It can be
~ 09Feb05 seen that the dominant loss mechanism at temperatures above
0 100 15 | 200 280 300 approximately 160 K is broadly consistent with thermoelastic
Temperature (K) effects. Possible candidates for the additional sources of loss

observed at lower temperatures are discussed in the following
Fig. 5. Temperature dependence of (a) measured loss, and (b) calculated thggction.
moelastic loss for the third bending mode at 670 Hz, for cantilever of length
57 mm.

4. Discussion

3.2. Results
4.1. Surfaceloss
The measured mechanical losses of the fifth and third bend-
ing modes of the silicon cantilever of length 57 mm are shown : . .
Mechanical loss measurements carried out on silicon sam-

n Figs. 4 a_nd SThe results obta-m(_ad from the second, forth and les of sub-micron thickness suggest that the measured loss is
sixth bending modes showed similar trends across the temper%— .

. . - dominated by surface loss¢E3,21] These may be due to a
ture range. The measured mechanical loss of the third bendm(%mbination of the followina:-

mode of the silicon cantilever of length 34 mm is shown in 9
Fig. 6. Plotted alongside are the predicted levels of thermoelas-
tic dissipation for each mode.

Each data point irFigs. 4—6represents the average of at
least three consecutive loss measurements. To investigate the res-—
producibility of the measurements, the sample was repeatedly™
cooled to an initial temperature e85 K and loss measure-
ments made as temperature was increased.

. The data shows a numbgr of |nterest|ng_ features_. First con- Yasumura et al. measured the loss factors of single-crystal
sider the measured mechanical loss of the fifth bending mode as . . . .

g . cantilevers with thickness in the range from 0.06 to 0.24 um
shown inFig. 4 Measurements of the mechanical loss at tem—and found they could be representedbg]
peratures between 85 K and 150 K when made on different days y P '
could differ by up to a factor of2.4. s

Also, during two measurement runs a broad dissipation peabsurfacez 65 E3

was observed at around 200 K. However, this is unlikely to re- TE_l

1. Athin layer of oxidized silicon on the surfaf2l];

2. Shallow damage to the crystal structure (atomic lattice)
from surface treatment;

Contaminants absorbed on or into the surface from the sur-
roundings or from polishing;

4. General (or local) surface roughn¢23].

bs. (8)
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_5 T T T T . R
109 +++* ] loss mechanism at room temperature the gas pressure in the

++ experimental chamber would be approximately2 10-2 mb,

* assuming the gas to beNwhich is much higher than could be
reasonably expected.

4 The residual gas pressure is expected to decrease with tem-
1075 ot T ] perature. IrFigs. 4 and 5below 160 K the level of dissipation

++ for both modes at temperatures at best approaches levels around
1076. The lack of a clear Avp dependence here is also consis-
tent with gas damping not being significant.

¢ ©)

H

+ dneasured®)
¢Su racel®) + [ (®)

107 ] 4.3. Bulkloss

50 100 150 200 250 300
Measurements by us and by other authors have shown that

the intrinsic bulk dissipation of single-crystal silicon cylinders

Fig. 7. Plot of (a) the minimum measured loss of the third bending mode aflt room temperature can be as low as @_8)_(7X 10_9) and

f ~ 670 Hz for cantilever of length 57 mm compared with (b) the sum of In general is found to decrease as temperature decrfes

estimated surface loss and calculated thermoelastic loss. 25]. This suggests that the bulk loss of silicon is significantly

lower than the measured losses of the cantilever studied here.

wheregsyrtacelS the limit to the measurable loss of a cantilever  However, the measurements of McGuigan et[2#4] re-

of thickness and Young's modulug’; set by the presence of a vealed dissipation peaks near the temperatures where the coef-

surface layer of thicknes Young's modulusE?, and lossps. ~ ficient of thermal expansion goes to zero. Other experimenters

If for simplicity we assumet ~ ElS then Eq(8) may be used have also observed dissipation peaks at these, and other temper-

to estimate the limit to measurable dissipation for our sampleatures, see, for exampld.2].

set by surface loss, by scaling with thickness the results of Ya- There are a variety of explanations postulated in the litera-

sumura et al. ture for the existence of each of the peaks observed, however,
The magnitude of this scaled logsrfacd @), Summed with  there appears no reason that the peaks should be related to the

the upper limit to thermoelastic l0Séinermoelastié®), for the  zeros in the coefficient of expansion. Therefore, it is of inter-

third bending mode is shown Fig. 7. Recall the measured loss est to investigate whether such peaks in the loss are observed

varies from run to run and is most likely due to changes in then the sample being studied here. Over the temperature range

system during different cycles of cooling and heating. Since thisrom 115 to 130 K there is a plateau in the loss in all the modes

spread is not intrinsic to the sample, the minimum measuregresented irFigs. 4-6 There is no sign of a clear dissipation

losses are presented at each temperature point for comparis@eak within the temperature range of these measurements, at

It can be seen that below 160 K the sum of the estimated surfadbe levels of dissipation observed.

and thermoelastic loss is still lower than the experimental loss

by up to a factor of six, thus other loss mechanisms are of @.4. Clampingloss

significant level.

Temperature (K)

_ For the case of a two-dimensional system radiating into a
4.2. Gasdamping semi-infinite silicon substrate the structural loss can be esti-

. ] mated by the following expressi¢R6]:
Suitable vacuum pressures must be reached in order to avoid

the measured loss being limited by the result of damping from 1\
residual gas molecules in the system. At room temperature trsupport= (L) :
recorded range of gas pressures was®° to 4 x 1076 mb. _ o
However, an accurate measure of the gas pressure within tH¢/Pical values for the constar lie in the range 2 to 326,
experimental chamber was not possible as the sensor was som@-_This would give a limiting loss factor of betweend1x

g g . . . . pe
distance from the experimental chamber. A residual gas ana0 ~ and 2x 107", This is significantly below the measured

lyzer sensitive to molecular weights up to 200 indicated thafosses for this particular cantilever. However, ‘stick-slip’ losses
residual molecules were mainly nitrogenpjind water (HO). ~ May also exist associated with friction at the clamped end of the

The level of loss due to gas damping of an oscillator can b@Scillating samplg13].
expressed g4d.5]

(10)

4.5. Other losses
AP | M

Pgadw) X ——, [ —, 9 . . .
mw V' RT As previously discussed, for both modes measured there is

whereA is the surface ared, is the pressures is the mass of clear evidence of excess dissipation above that estimated for the
the oscillatorw is the angular frequency of the resonant mode sources detailed in Sectiodsl-4.4

M is the mass of one mole of the gag,is the gas constant An intermittent dissipation peak was seen in the measured
and T the temperature. For gas damping to be the dominarbss of the fifth mode of the cantilever of length 57 mm. This
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?i 18'3 E,LO; cc())fmt:aere?jv\(/\e/riﬁ??h:)r(\((:)errsnsal:gz(sj ;;ggﬁu;c;ugp tht:eegi:l:gl fr:;?;jfh:ltiig. 10. Plot of the average excess loss of the sixth bending mode at
) f ~ 3.1 kHz compared with the normalized magnitude of the signal from the

piezo-sensor. .
piezo-sensor.

5. Conclusions and future work

- ext0°; 2.2kHz bending mode |- 6x10° ;
% 5x10°- 7'"74;,";;ﬁg;j:;hsegwm(‘”)' oi Our measurements of the mechanical dissipation of single

g . 510 @ crystal silicon cantilevers as a function of temperature in gen-

g 4x10% . = eral show the dissipation decreasing as temperature decreases.
j oy N w0 g At room temperature the measured dissipation is strongly de-
,é / \\ A | axio® —D pendent on the level of thermoelastic dissipation in the sample,
= 2x10°4 / \\  : howgver, at lower tempe.ratures. other loss mechanisms become

% oy A/ e 20* B dominant. Losses associated with the surface of the samples are

£ = 5 expected to be significant, but at a level lower than the measured
< 0 ' : : , . ‘ A Lixiot O losses. The level of surface loss will be investigated further by

160 180 200 220 240 260 280 S measuring the dissipation in samples of different thicknesses.
Temperature (K) ) A possible source of loss requiring further investigation is that

of frictional losses associated with the end of the sample mov-

ing inside the clamp. To reduce this effect, samples with a

greater ratio of thickness of clamp end to thickness of cantilever
will be studied. Additionally, work will be focused towards re-
ducing the energy coupling from the cantilevers into resonances

peak was most likely due to energy loss into the clamping strucwithin the clamping structure by modifying the clamp design.

ture. To investigate this, a piezo-transducer was attached to the In particular, we do not see any distinct peaks in the dissipa-

upper part of the clamp to sense displacements of the clamion close to 125 K9], at the level of dissipation found here.

which could result from energy coupling to the clamp from anin common with other researchers, we have observed intermit-

excited mode of the cantilever. This was compared to the esttent dissipation peaks at other temperatures in several of our

mated excess loss measured in this cantilever. The excess lasgperimental runs. However, we believe these are not intrinsic

was found by subtracting the calculated thermoelastic loss frorto our silicon samples but rather here are due to couplings to the

the measured total loss. In the following plots, each mode waslamping structure used.

excited to a similar amplitude and the magnitude of the peak

at the relevant modal frequency was found using a spectrumcknowledgements
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