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Abstract. Investigation of mechanical dissipation in silicon ribbons is important for
the development of low noise silicon test mass suspension of the future interferometric
gravitational wave detectors. Ribbon-like oscillators were fabricated in commercial
silicon wafers using the anisotropic chemical wet etching technique. Results of
measurement of the mechanical loss of such oscillators in the temperature range from
90 K to 300 K are presented. Suppression of thermoelastic loss down to 2 x 10~7 at a
temperature of about 124 K is observed.

PACS numbers: 04.80.Nn, 62.40.+i

1. Introduction

The interferometric gravitational wave detectors of the second generation (Advanced
LIGO, Advanced VIRGO) are planned for commissioning in the near future [1, 2].
The next generation of detectors is now under discussion. Single crystalline silicon
test masses suspended by silicon ribbons operated at low temperature are considered
as prospective candidates for the third generation of GW detectors due to very low
mechanical loss in crystalline silicon and its excellent thermal and optical properties at
wavelength around 1.5 pm [3]. The mechanical loss is a crucial parameter determining
thermal fluctuation in the test mass and its suspension [4, 5]. At the temperature of
about 124 K the thermal expansion coefficient of silicon crosses zero so the thermoelastic
loss and thermoelastic noise also approach zero. In order to calculate the thermal noise
of the test mass suspension one needs to know the minimal value of the mechanical
loss that can be achieved in the suspension ribbons. This value can be determined
experimentally by measuring the Q-factor of the silicon mechanical oscillator having a
vibration mode shape that is close to the mode shape of the suspension ribbon. One of
the main problems is to minimize clamping loss of this oscillator. Bending modes and
various dissipation mechanisms of silicon cantilevers were studied in [6]. The cantilevers
had a thick ’clamping block’ at one end, which was designed to minimize the loss of
energy into the support structure. Reduction of clamping loss can be also realized by
choosing the optimal geometry of the oscillating system [7]. Very low clamping loss was
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Figure 1. Shape of the oscillator’s first bending mode obtained by the computer
simulation (a) Distribution of the wafer displacement where the color scale has a range
limited by small displacements (the nodal areas are black) (b).

obtained in silicon mechanical resonators with a tuning fork structure and additional
dynamic balancing [8]. Another important dissipation mechanism in silicon ribbons and
oscillators is the surface loss which can dominate due to a large surface to volume ratio
in ribbons. Surface loss obstructs the attaining maximal @)-factor which was obtained
for bulk silicon mechanical resonators [9]. Surface loss depends on surface preparation
techniques [10]. A wide variety of fabrication techniques has been developed to make
silicon micromechanical structure [11]. In this paper, we present results of measurements
of mechanical losses for oscillators fabricated as doubly clamped ribbons in silicon wafers
by means of anisotropic chemical wet etching. Fabrication of the oscillator in a silicon
wafer allows us to reduce the clamping loss by using the mounting of the wafer in nodal

points of its vibration. The measurements were carried out in the temperature range
from 90 K to 300 K.

2. Experimental procedure

Mechanical oscillator is fabricated in a 3 inch diameter, 360 pm thick, double side
polished, n-type < 100 > oriented commercial single crystal silicon wafer (the electrical
resistivity is about 4 Ohm-cm). The oscillator is designed as a ribbon clamped at both
ends. It is formed by two parallel slots etched in the silicon wafer. They have a length
of 30 mm and a width of 2 mm. The ribbon’s width is 4 mm. The protective mask is
formed using photolithographic technique in 1.2 gm-thick SiO; layers grown by thermal
oxidation on each side of the wafer. It is important to carefully align the strips, so that
they are parallel to the crystal axis < 110 > which is denoted by the reference flat cut
into the wafer. Anisotropic wet etching in a KOH solution (30% concentration by weight
in water) at the temperature of 80°C was used. One can find the detailed description
of this technique in [12]. The shape of the oscillator’s first bending mode obtained by
computer simulation is shown in figure 1(a).

Schematic of the experimental setup is presented in figure 2. The silicon wafer is
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Figure 2. Schematic of the experimental setup.

suspended in a special frame attached to a dewar with liquid nitrogen mounted inside
the vacuum chamber. The wafer is clamped by 4 nichrome wires of 100 ym diameter.
A load of = 200 g is hanged from the each wire in order to provide the constant tension
in the process of cooling. The wires contact the wafer in nodal points of the wafer
vibration. Spatial distribution of the wafer displacement along the normal of the wafer
surface is shown in figure 1(b). In order to clearly display the nodal areas of the wafer,
the color scale has a range limited by small displacements. Slight nonsymmetry of the
displacement distribution is caused by two dissimilar reference flats cut into the standard
wafer indicating the crystallographic planes and the doping type.

Resonant excitation of the oscillator’s vibration is realized using the electrostatic
drive. The electrostatic drive plate is placed a few millimeters over the vibrating ribbon.
The amplitude of the excited mode of the ribbon’s vibration is monitored by the optical
sensor. Local bending of the ribbon produced by its vibration results in deflection of
the laser beam reflected from the ribbon surface. The reflected beam passed through
the system of mirrors is detected by a split photodiode outside the vacuum chamber.

The ring-down time 7 of the vibrational mode is determined by exciting the
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Figure 3. Temperature dependence of the fractional frequency shift of the silicon
oscillator.

oscillator at the resonant frequency f, then turning off the excitation voltage and
measuring the decay time 7 of the vibration amplitude. The quality factor is then
given by the relation ) = 7 f7. Measurements are carried out in vacuum under residual
pressure of about 10~% Torr. Cooling of the wafer is achieved through radiation between
the wafer and cold walls of the cryostat as well as the heat conduction through the
suspension wires. ()-factor is measured as a function of the mode frequency that changes
due to the temperature dependence of the silicon Young’s modulus and the ribbon’s
geometrical sizes. The temperature dependence of the change of the mode frequency is
determined in preliminary measurements performed with a thermocouple attached to
the silicon wafer. It is shown in figure 3. Time required to cool the wafer from room
temperature to 90 K is about 5 hours. We measure @)-factors in the process of cooling
or heating of the wafer. Usually the both temperature dependences coincide.

3. Results of measurements and discussion

The lower modes of bending vibration of the ribbon oscillator have resonant frequencies
fi = 2386 Hz, f, = 7318 Hz, f3 = 12664 Hz. A good agreement between frequencies
calculated using finite element simulation and measured resonant frequencies is found.
The temperature dependence of mechanical loss factor Q~! for these modes was
measured in the temperature range from 90 K to 300 K. The loss has a minimal
value at a temperature of ~124 K. This testifies that the thermoelastic loss is really
suppressed. The best value of the Q ~ 5 x 10° was obtained for the first bending mode
(see figure 4). In this figure, the temperature dependence of the calculated thermoelastic
(TE) loss factor is shown by the solid line. We use the approximate expression for the
thermoelastic loss factor obtained by Zener for flexural vibrations of thin rectangular



Mechanical losses of oscillators fabricated in silicon wafers 5)

10“‘E

T 40 e
(/2] o
k! ,
_— e/
.8 ,"/’/
c -6 /
© 107 &
(8] A
(] 1 . { “‘/
= T NF = Measured loss
A ~ Calculated TE loss
10”7 LI l !
100 150 200 250 300

Temperature (K)

Figure 4. Temperature dependence of the measured loss factor (dots) and calculated
thermoelastic loss factor (solid line) for the first bending mode of the ribbon oscillator
at f ~ 2386 Hz.

beam [13]. It is also possible to use the more exact expression [14] or a finite element
simulation model to calculate the thermoelastic loss. One can see a good agreement
between the measured and calculated values of loss in the temperature range of ~170-
300 K. Below ~170 K other loss mechanisms dominate. Notice that the second and the
third bending modes of the ribbon oscillator have the considerably lower () than the
first one. We can explain this fact taking into account that the nodal points of the wafer
vibrations for the first and the other bending modes of the ribbon do not coincide. In
addition, the distance between the nodal points of the wafer vibration decreases with
increase of the oscillator frequency. This makes difficult the accurate determination of
the nodal points and setting of clamping wires into these points.

It is interesting to compare the best value of the Q)-factor obtained for the ribbon
oscillator with the ) measured for silicon resonators of large size [9]. In such resonators
the surface and clamping losses are lower than the bulk loss determined by dissipation
in material. One can see a peak at temperatures of about 120 K on the temperature
dependence of losses [9]. The peak value of loss Q7! is about 3 x 107®. The occurrence
of peak in the temperature dependence of Q~! can indicate existence of relaxation
process associated with defects or impurities in the crystal structure of the material.
There are several hypotheses about physical mechanisms of this loss [15, 16, 17] but
there is no reliable evidence suggesting these mechanisms. The maximal achievable
() of mechanical resonators fabricated from perfect single crystals is determined by
the phonon-phonon loss according to Akhiezer’s mechanism [13]. Calculation of the
phonon-phonon loss requires knowledge of behavior of silicon phonon spectrum and the
Griineisen parameters which also have the peculiarity in the vicinity of the temperature
of zero thermal expansion. The loss associated with the surface along with clamping loss
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determine the () of the ribbon oscillators at a temperature of about 124 K obtained in
the present work. The surface losses can be reduced by improving the etching technique
and using special treatments of the ribbon surface.

4. Conclusion

We investigated losses of mechanical ribbon-like oscillators fabricated in commercial
silicon wafers using the anisotropic chemical wet etching technique. The goal of this
research is development of low noise ribbon suspension for the silicon test masses of the
next generation of gravitational-wave detectors. To reduce clamping loss the wafer is
clamped between nichrome wires contacting the wafer in the nodal points of the wafer
vibrations, which are determined using the computer simulation model. Measurement of
the temperature dependence of the loss for bending modes of the ribbon oscillator have
shown decrease of loss factor down to 2 x 10~7 at a temperature near 124 K. In order
to attain the ultimate value of the Q)-factor determined by phonon-phonon damping it
is necessary to reduce surface loss by improving the technique of ribbon fabrication.
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