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The temperature dependendb—320 K of the acoustic dissipation was studied for some lower
vibrational modes of a suspended silicon plate A thick. Our oscillator was exposed to the
laboratory environment prior to measurement, laser annealed while in a cryogenic vacuum, and
remeasured. We find a dissipation peak at 160 K, similar to results by others, and a second
dissipation peak near 30 K. Annealing reduced the dissipation at 160 K by as much as a factor of
10, and gave quality factors as high as .40 at 470 kHz and our lowest temperature. Our data
support the idea that the 160 K peak is related to adsorbates, and show this mechanism is important
at room temperature. Post-anneal room-temperature dissipation appears to be limited by
thermoelastic loss for certain mod¢BOl: 10.1063/1.1921354

Stable silicon micromechanical structures with low dis-the entire sample chip. This gave adequate inertial drive
sipation are of considerable interest for both scientific andlown to the lowest temperatures tested. Efforts were made to
technological reasons. Acoustior mechanical dissipation  measure dissipation in the small displacement limit to avoid
in these devices is not well understood. Dissipation in micro-nonlinear effects. The interferometer output was filtered us-
and nanoscale oscillators has been found to be greater thaniing lock-in detection at the drive frequency, prior to sam-
larger structure$? This has been ascribed to effects at orpling. Dissipation was measured using both ringddemve-
near the surface, including oxidatidil,defects associated lope decay and resonance linewidth techniques.
with surface roughness, and damage associated with plasniascrepancies between techniques were typicali§0%;
processing. A further category of losses, addressed in thisringdown measurements are shown below.
study, relate to material adsorbed onto the oscillator from the  Annealing was performed using an argon ion laser oper-
ambient environmerftWe find that dissipation peaks in the ated at 488 nm and coupled to a telescope via single mode
temperature dependent losses of a silicon paddle are strongdiper, producing a near Gaussian spot about 260in di-
affected by annealing. ameter. The oscillator was illuminated for 3Qfsr longer

Our sample was a perforated paddle A thick (Fig.  than the thermal relaxation time determined by the paddle
1) made from boron doped.00 silicon having a room tem- heat capacity and support conductioafter which the laser
perature resistivity of 2@ cm. Standard techniques for power was ramped down over several seconds to reduce pos-
silicon-on-insulator fabricatiof were used: photolithogra- Sible quenching effects. The annealing process involved a
phy, reactive ion etching, HF release, and critical point dry-Sequence of such heating cycles. After each heating cycle the
ing. A rapid thermal annedin N, at 1070 K for 30 $was Q of the 1-1 mode was measured at a fixed temperature.
used to repair process induced dam%tgascillator mode Laser power was then slowly increased until a maximum in
shapes are shown in Fig. 2.

Measurements were carried out with the sample o
mounted in a H& optical cryostat. The acoustic loss and
resonant frequencies were determined using a heterodyne
Michelson interferometérto measure normal velocity. The
interferometer was fiber-coupled to a telescope focused
(through windows$ onto the sample. A beamsplitter and IR
converter facilitated sample alignment. To reduce sample
heating we chose a laser wavelength of 48, below the Si
band-gap energy, rather than visible lighadequate reflec-
tivity was provided by the refractive index mismatch at the
surface of the oscillator; no metal coating was used. We be-
lieve laser heating of this sample is primarily due to free
carrier absorption, and cooling limited by the thermal resis-
tance of the slender supports. Observations of the temper&tG. 1. Microscope picture of the single-crystal silicon paddle oscillator.
ture dependence of the dissipation proved that optical powefhe dimensions ared=147.0um, w=97.75um, b=4.15um, and L
levels used for measurement caused negligible sample hegt2?-2#m- Each perforation measuresc um?. The paddie and supports
. are suspended from the rectangular frame. Superposed are simulated tem-
Ing at tgmperatures above 15 K. Most measurements Wer;%rature contours during laser annealing. Parameters used are a net radiative
made with the sample in a cryopumped LHEK) vacuum.  fiux of 2.7x 10° W/m?, equaling 80% of the estimated 130 mW annealing

A single Crystal piezoelectr}& actuator was used to vibrate power, and a 204m diameter Gaussian spot, calculated from the optical
geometry. Assuming ambient temperat(ma the framgfixed at 40 K, tem-
perature at paddle center is 1422 K. The contour interval is 154 K. Material
dElectronic mail: hans.haucke@nrl.navy.mil thickness is 1.5um for the paddle and supports, and 62& for the frame.

0003-6951/2005/86(18)/181903/3/$22.50 86, 181903-1
Downloaded 09 May 2005 to 131.215.9.200. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1063/1.1921354
http://dx.doi.org/10.1063/1.1921354

181903-2

H | II

Haucke et al. Appl. Phys. Lett. 86, 181903 (2005)

Annealed Q vs. Optical Power

T T
| |
| |
' |

FIG. 2. Schematic of mode shapes for 1-1, 2-0, torsion, plunging, and rock-
ing modes. Nodal lines are shown for the 1-1 and 2-0 “plate” modes, torsion

mode, and rocking mode. In the plunging mode, motion is perpendicular to
the plane of the paddle.

the measured Q was obtained. A typical plot of the dissipa-
tion varying with annealing power is shown in Fig. 3; similar 0
results were obtained by Aubiet al? Maximum Q was

consistent across replicate oscillators on the Sample. No dii-lG. 3. Example of an annealing sequence showing Q of the 1-1 mode vs
rect thermometry was available to monitor the anneal. Testeower in the optical fibefwhich is proportional to the power incident on the
ing on replicate oscillators demonstrated that power level§amplg. The line is a guide to the eye.

used for annealing were close to the threshold for melting the

paddles. Based on this, as well as nonlinear I:EMshowed a monotone frequency variation with temperature
simulation®® we estimate that the paddles were likely raised quency P

to at least 1000 K when annealed into the low dissipatiorPefore annealing and little anneal induced frequency shift.

state. The ends of the supports farthest from the plate were <t51t D'SS'Fat'Qn II:S' shown %S a thmct|on|.of tgn:pgralt:qre, prior
a temperature close to the sample holdeeld at 42 K, 0 annealing in Fig. @), and postannealing data in Figb4.

whereas the paddle temperature is fairly unifdsee Fig. 1 There are two peaks readily apparent at temperatures of

Our simulation used bulk thermal conductivity values above?P0ut 30 and 160 K. The preanneal 160 K peak has essen-
room temperaturé® and at low temperatures, boundary scat-_t'a"y the same d|$_$|pat|o_n for all five modes shoyvn. Anneal-
tering limited values based on an experimental sﬁﬁdy. ing reduces t‘tje d|SHS|pat|on by an order of magnitude for- the
Prior to the measurements reported here the entire chip~l @nd 2-0 “plate” modes, a factor of 3 for the plunging
had undergone a rapid thermal anneal. Subsequently it wagode, and has little effect on the torsmngl mode. In the case
exposed to the atmosphere in the laboratory for severd]f the “plate” modes, the elastic energy is predominantly in
weeks; this is the preannealed state. The total dissipation if?€ paddle, whereas the torsional and plunging modes have
this preannealed state was measured from 15 to 320 K fdpost of their energy in the support beams. Our thermal simu-
each of the modes. The oscillator was then laser anngafed lation (Fig. 1) indicates that large portions of the supports did
and the measurement repeated. The preanneal and postanri2@i rise above room temperature during the anneal, making
data sets shown in Fig. 4 were each made without breakinfjl€ anneal less effective for the torsion and plunging modes.
the cryogenic vacuum, and 4 K cryopumping was main- At low temperature, the low post-anneal dissipation val-
tained throughout the post-anneal data run. ues are stable over a period of two weeks. Stability under
As seen in Table |, different modes had very differentthese conditions is further evidenced by the oscillator’s 1-1
anneal induced fractional frequency shifts. The trends in fremode fractional frequency stability of 410" over 12 h,
quency shifts reproduced across different replicate oscillacorresponding to a mass change of orl9.004 monolayer
tors. Before annealing, the plunging and rocking mode fre{if the material had negligible stiffness and density equaling
quencies show nonmonotone variation with temperature. W&i). However, we were only able to maintain a cryogenic
ascribe this to slight buckling of the support legs producedzacuum for a few hours with the sample held at room tem-
by differential thermal contraction; the legs are by inferenceperature, and were unable to verify the long term stability of
under compressive stress. These anomalies disappear uptwe low dissipation state for sample temperatures above
annealing. We speculate that annealing puts the legs und&p0 K.
tensile stress, this stress also producing the observed large Temperature dependent dissipation peaks in single crys-
increase in the plunging mode frequency. In contrast, the 1-al silicon oscillators have been reported by others: in canti-
mode, which involves negligible strain in the supports,levers at both 130 K and 4 kiiz and at 150 K and
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TABLE |. Experimentally measured resonance frequencies at 40 K before  |n conclusion, we have carried out a study of the the
annealingf,, afterf;, and the fractional change, for five resonant modes. effect of laser annealing on the temperature dependent acous-
tic dissipation of a silicon micromechanical oscillator. Both

Mode fo f (fi-fo/fo dissipation peaks seen in Fig. 4 are reduced by the annealing
Torsion 43810 44133 0.74% process, suggesting both are related to adsorbates. Previous
Plunging 94 619 130 945 38% work® found slow increases in room temperature dissipation
Rocking 265 705 265 438 -0.10% for samples in air or poor vacuum after rapid thermal anneal;

11 472 069 471775 -0.06% in both that work and the present study, temperatures of at
2-0 520 857 535874 2.9% least 1000 K are required to return to the original low dissi-

pation state. These facts are suggestive ob$e@nation. In
previous work, minimum dissipatiofequal to the post an-

11 kHz8 and in a geometry similar to ours at 120—200 K Neal dissipation observed in this studyas achieved by
and 10 MHZ™ The dissipation in these experiments varies/@Pid thermal annealing 30 s at 1070(K1 N, at ambient

over about a factor of 30; very roughly, larger dissipationspressum lower temperatures were less effective. There is

- 4,25 : - , )
correlate with thinner oscillators. In all these cases, as in ou%wdlencé WSUCh ?nnealmg could remove a thin g.atwef OX
preanneal data, near room temperature dissipatidadeeas- 'd€ ayer. Water, also a common contaminant on Si surfaces,

ing with rising temperature. This indicates that the IossCOUId play a role, there are reports of phase transitions in

6
mechanism dominant at 160 K remains important at roonfVater near _160_ K? Moreover, several other groups 'have ob-
temperature. served dissipation peaks near 160 K suggesting this may be a

Our preanneal data show a similar dissipation for a”generic source of mechanical loss for small Si oscillators

modes from 160 K up to the highest temperature measuredP0Sed to the atmosphere. Further work is required to iden-
Below 160 K the dissipation decreases with temperaturé'fy adsorbate Species, the deta|_ls of the surface chemistry,
more quickly for the higher frequency modes. The data aré'?‘nd the associated loss mgchamsms. .
not consistent with the standard Debye model, as the pe The. authors thank B'.”'C a}nd D..Czaplewskl for sample
temperature is not frequency dependent. One possibility i br|cat|on' at Cornell University. This work was supported
that there is a phase transition at 160 K associated with y the Office of Naval Research and DARPA.
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