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SUMMARY Comb Transducer

A batch-compatible, post-fabrication annealing technique
based upon filament-like heating of microstructures is demon- Rf Transimpedance
strated as an effective means for trimming the resonance fre- Electrodeg == Ampliier
quencies (f,'s) and increasing the quality factor®’§) of j '
surface-micromachined, polysilicon, mechanical resonators.
Although the technique is straightforward, involving the mere
application of a suitable voltage between the anchors of a
micromechanical resonator, it provides a substantial range o\f,_ Sliced Ground V\
adjustment, with frequency trims of over 2.7% &ihcreases Plane P M
of up to 600%, depending upon resonator fabrication history. | 1 1 ). Anneal Electrode 2 -

By pulsing the anneal voltage waveforms, controlled frequency Vanneal Wo-AW,

trims of less than 16 ppm per trial are achievable. Fig.1: Perspectiveview schematic depicting details of the
Keywords: trim, resonator, anneal filament annealing procedure, showing circuit details and
indicating key components.
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I. INTRODUCTION . . o
ith the ad ff i licati ¢ cessors [5] in all respects, except for the provision of distinct
_ With the advent of frequency specific applications for a4 s to both anchor points. During normal resonator operation,
micromechanical resonators, such as oscillator references [} pulse voltage generatog, o is inactive and provides the
. ; . . neal
and highly selective bandpass filters [2,3], techniques for pqsg:ound voltage for all components in this resonator system. In
fabrication trimming of resonance frequencies are becomingyis configuration, the anchor leads along with the ground plane
increasingly important. This is especially true for recent com+ ¢ tieqd to the dc-bias voltayg, and an ac signal is applied to
I'%ne or more of the transducer electrodes to induce vibration.

munications applications of micromechanical resonators, i

which large numbers of such resonators with precisely locategy-q yipration is established, an output current is generated via
center frequencies must realize parallel filter banks and multiplg, o gc-piased time-varying capacitor at the output electrode.
oscillator references [1]. Since these applications will likely bérpig ¢y rrent is then sensed and amplified to a voltage by the
batch-fabricated using planar technologies, high throughpuf,nsresistance amplifier

trimming is desirable. j

This paper describes a novel procedure for both trimmingeaj ig%g?vnaiggth&rs esr? gi?]tg;):)’r: Tﬁ eprlgéﬁiéorgggé;?:?: |r”nﬂag;d[e
the frequency and altering the quality factor of m|cromechan|to emit one or more voltage pulses of magnitvgg . for

Sal re_sonz";’ltors‘,‘._The te&:hnlque,_ fm”_” this point on referred to %ach annealing cycle. During each pulse, the potentials of the
localized" or *filament” annealing, involves sending a current; , )+ 24 output electrodes, the ground plane, and one of the
through a micromechanical structure, thus dissipating power "Pelsonator anchors are raise’d\r}a\‘meal while the 'potential at

_the structure ar!d achieving temperatures high enough to ann&gl remaining resonator anchor remains constavip.at hus
it. This annealing alters both the structure’s resonance fre; ' '

quency and its quality factor, and can be implemented in a vereaCh pulse effectively applies a vqltage across t.he resonator,
simple fashion, making it amenable to batch trimming of micro—]yrom anchor to anchor, of magnitudgnnea, which then
mechanical de’vices In combination with intelligent control cir->ourees a currefifnney from anchor to anchor. This current

. C o . . X flows through the resonator structure, dissipating a power given
cuitry, such a batch trimming capability could greatly impact
the manufacture of resonator-based gyros [4] and precision fre-
guency references [1], and can possibly serve as an enabling P
technology for devices requiring large numbers of matched, ) .
high-Q pumechanical resonators, such as high-order micromeWwhereRg; is the resistance between the anchors of the reso-

=12
anneal — Ianneal Rstructv (1)

chanical communications filters [1,2]. nator. Heat is thus generated throughout the resonator structure,
raising its overall temperature and effectively annealing it.
Il. THE BASIC ANNEALING TECHNIQUE Due to variations in electrical and thermal resistance along

Figure 1 presents a schematic depicting details of this filathe resonator length between anchor points, different locations
ment annealing procedure as applied to a properly biased ardong the resonator structure attain different temperatures dur-
excited comb-driven, folded-beapmechanical resonator [5] ing any given annealing cycle. For a given valu¥ gf., the
with sense electronics. The resonator design is similar to predéemperature at a specific location can be found using a distrib-



Tablel: Micromechanical Resonator Data

Parameter Value Units
Folded-Beam Length, L 25 pm
Folded-Beam Width, W 2 pm

Structural Layer Thickness, h 2 pm
Effective Mass, m 3.19x10H kg
System Spring Constant, k 309.74 N/m
No. Finger Overlaps at Port 1, Ngq 52 —
No. Finger Overlaps at Port 8, 52 —
Finger Gap Spacing, 1 pHm
Finger Overlapl 4 5 pm
aC/ax per Finger Overlap 1.25x10 | F/m
Nominal Resonance Frequenty, 455 kHz
Top Surface Area of Shuttlg, e 9000 pm<
Anchor-to-Anchor ResistancBg; 1400 Q
Resistivity,p 0.01 Qcm

Hottest points

T=1311°C
T=25°C

Vannea =5V —
T=582°C

T=1165°C

Fig. 22 Temperature profile on the micromechanical resonator for a
constant applied Vgneq 8s determined using ANSY'S.

uted approach, where the resonator structureis first sectioned
into numerous power elements, and temperature contributions
from each element are then superposed at the desired location.
A program was written to implement this procedure using
equivalent thermal circuits to model resonator thermal behav-
ior. Applying this program to the resonator of this work (sum-
marized in Table 1), the hottest location during an annealing
cycleis found to be at the outer suspension beams, near the
shuttle. This analytical result is verified by both finite-element
analysis (Fig. 2) and experiment (Fig. 3). For a constant V.
neal =5V, thetemperature T, at this hottest [ocation (assuming no
convection) is 1311°C; for Vapnea =7V, Tx=1500°C; and for
Vannea =8V, T,=1750°C. For V nnea=8V, the pulse duration
must be shorter than 3 msto avoid destroying the device.

For the case of pulsed voltage annealing, the temperature at
agiven location will also be a function of pulse duration and
spacing, especialy if the duration is much less than the thermal
time constant of the resonator structure. Using an equivalent
thermal circuit model for the resonator, the thermal time con-
stant for the resonator summarized in Table | is calculated to be
Ty=2.4 ms, which means a step function of v neq With a mag-
nitude of 7V can heat the suspending beams up to ~900°C in
just 2 ms. Thus, the described filament annealing technique is
equivalent to an exceptionally fast rapid thermal annealing

Hottest
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annealing Lights off *
Lights on voltage Vannea=4-4V.

b e Va”"e%lzov (b) Pannear39mW

Fig. 3: Overhead photographs of a micromechanical resonator (a)
a room temperature; and (b) under a constant applied
Vanneal VOItage, clearly indicating the hottest locations as

the brightest spots.
Tablell: Doping Recipes

POCl 3
(i) Deposit 2 um LPCVD

Implant

(i) Deposit 1 pm LPCVD
fine-grained polysilicon fine-grained polysilicon
@ 588°C @ 588°C

(ii) Dope2.5hrs. @950°Cin |(ii) Implant phosphorous:
POCI; gas Dose=10' cm?,

(iii)Anneal for 1 hr. @ Energy=90 keV
1100°Cin N, ambient  |(iii)Deposit 1 um LPCVD
fine-grained polysilicon
@ 588°C

(iv)Anned for1 hr. @
1100°C in N, ambient
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Fig. 4. SEM of afabricated folded-beam resonator, equipped with
leads for filament annealing.

(RTA) process. In addition, by choosing pulses with durations
from 1-5 ms, and spacing them by designed amounts, a wide
variety of annealing cycles can be implemented [6].

I11. EXPERIMENTAL RESULTS

Folded-beam resonators with accommodations for filament
annealing were designed to the specifications of Table 1 and
fabricated via two variants of a standard polysilicon surface-
micromachining technology: one in which the structural mate-
rial was doped via POCl5 at 950°C in a furnace; and another in
which the structural material was implanted. Recipes for each
doping process are summarized in Table |1. Figure 4 presents
the scanning-electron micrograph (SEM) of a completed reso-
nator, identifying key components used for filament annealing.
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Fig. 5. Measured frequency spectra after filament annealing for 10
seconds at various voltages, showing both frequency
adjustment and Q-enhancement.

Following fabrication and release, wafers were diced,
packaged, and bonded into metal DIP packages, with careful
attention to grounding for suppression of parasitic feedthrough.
These packages were then interfaced with electronics at the cir-
cuit board-level, then inserted into a custom-built vacuum test
chamber that featured low capacitance feedthroughs for inter-
facing with external instrumentation. A turbomolecular pump
was then used with this chamber to achieve operating pressures
down to 40 microTorr, where Q-degradation due to gas damp-
ing is negligible.

The above apparatus was utilized in combination with an
HP4195A Network/Spectrum Analyzer to measure transcon-
ductance spectra for anneal ed resonators, from which resonance
frequency f, and Q were then extracted. All measurements were
performed under 40 microTorr vacuum using Vp=100V and
v;=10mV, for which vibration amplitudes remained well within
the linear region of operation (i.e., no Duffing present) [9].

Frequency Trimming Data.

Using these resonators, experiments were conducted in
which structures where systematically annealed using
sequences of specific (Vanneal» Ta: Tp) SELS, where 14 is pulse
duration, and Ty is the spacing between pulses (for multiple
pulse anneals). After each anneal, the frequency spectrum of the
resonator-under-test was measured to determine f, and Q. The
data from several such experiments are summarized in Figs. 5
and 6.

Figure 5 plots frequency change Af and Q versus Vgpneal
for the case of long (t4=10s) anneals, and dramatically illus-
trates the degree of change possible in the frequency (f,) and Q
of apolysilicon, implant-doped resonator when post-fabrication
filament annealing is applied. From the data, low values of Vg,
neal &re seen to be ineffective, which implies an activation
energy-dependence. Over the duration of the experiment, the Q

of this particular resonator increased from 580 to 4200—ar¥
improvement of more than 600%. This was the largest percen

age increase observed in these experiments.

Although long anneals can induce significant, permanent

e 300 - ' ' Vanneal Tb

2 —_— _¢_| Td|:| |_ —
. 250 [ T4=2ms, T,=2ms

5 for all data

qé’ 200 - Vannea =8V, 4 Pulses -
5 O—&\o———a\o
O 150 [~ —
) A

S T \V) ea|:7\/’ 4 Pulses

S 100 AT T — A B A1
z

e 50 Vannea =7V, 3 Pulses |
ks — . V Vanea=7V, 2 Pulses

2 [m] L T R T

'%' 0= 1 1 @ 1 L]
I 2 3 4 5

Number of Trials
Fig.6: Plot of frequency change versus anneal trial with the
number of pulses as a third variable, indicating some
consistency from trial to trial for a given resonator.
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Fig. 7: Measured transconductance spectra for a POCI;-doped

resonator (a) and an implant-doped version (b), both before

filament annealing and plotted over the same range.
guency change was seen for one and two pulse anneals, the fre-
guency change per trial was very consistent for three and four
pulse anneals. In additioAf/f, increased with the number
pulses for these cases, which suggests some influence from total
annealing time and/or thermal cycling [6] on the frequency
change per trial.

It should be mentioned that for this work, over 98% of the
resonators tested exhibited a decrease in frequency after suffi-
cient filament annealing. A very small portion of the devices
actually went up in frequency by large amounts (with large, cor-
relatedQ changes) after the first anneal cycle, but then consis-
tently went downward in frequency for anneal cycles
immediately afterwards. This is indicative of a dramatic change
in material parameters, most likely stress, after the first anneal
cycle, then a settling down into predictable behavior afterwards.
The observed change in the direction of frequency shift also
agrees with previously reported data in which RTA annealing
hanged the stress profile in polysilicon thin films from com-
pressive to tensile [7].

Q-Enhancement.
Figure 7 presents measured transconductance spectra for a

frequency shifts in released micromechanical resonators, thd9OCk-doped resonator and an implant-doped version, both
are not conducive to precise trimming of frequencies. For bettdsefore filament annealing. The implant-doped resonator exhib-
precision, short pulses on the order of milliseconds are moris an order of magnitude high@rthan its POG}-doped coun-
appropriate. Figure 6 presents a plot of fractional frequencyerpart, suggesting a very strong dependence of resonator
change versus trial with the number of pulses per trial as a thirquality on doping technique. Given that P@@bping inflicts

variable. For each tria\/;nneq =7V, 14=2 ms, and,=4 ms (i.e.,

surface and internal damage to silicon materials, often generat-

a 50% duty cycle was used). As shown, although little or no freing large concentrations of edge and point dislocations within



Tablelll: Annealing Effectiveness vs. Doping M ethod

Doping Method

Parameter ||POCL3 #1 | POCL3 #2 111 #1 1/l #2
foefore [HZ] || 320,350 | 241,702 | 313,781 | 280,777
Qpefore 166 515 19,000 40,120
fanter [HZ] || 309,587 | 233,899 | 305,429 | 280,770
Qafter 429 1,024 43,000 41,350

Af[HZ] 10,763 7,803 8,352 7
AQ 263 509 24,000 1,230

the material, the above result suggests that the dominant loss
mechanism that limits Q in POCI5-doped resonators is related
to the defect density in the structural material. Thisis consistent
with previous findings for macroscopic quartz and sapphire res-
onators [8].

It should be mentioned that the higher concentration of
phosphorous in POCI 3-doped polysilicon versus implant-doped
polysilicon resonatorsis not alikely reason for its substantially
lower Q. This follows from previous observations that the Q of
in situ phosphorous-doped polysilicon folded-beam presonators
can be on the order of 80,000 under microTorr pressures [9],
despite degenerate phosphorous doping.

By application of filament annealing to these structures,
further insight into Q-limiting loss mechanisms is obtained.
Table 11l presents the f;'s andQ's versus successive filament

anneals for several POgland implant-doped resonators. Sev-

eral important observations are worth mentioning:

(1) Itis evident that implant-doped resonators not only start

out with higherQ, they are also more conducive @

enhancement via filament annealing, showing more than[H

100% increase iQ for some resonators. On the other
hand, although filament annealing does increas®tbé

POCk-doped resonators, it is unable to raise it substan-

tially.

Large shifts iQ are always accompanied by correspond-
ingly large shifts irf,, and likewise for small shifts. This
suggests some degree of correlation.

There is some maximu@ limit attainable using filament

)

©)

annealing. When this limit is reached, frequency is no [4]

longer trimmable over large ranges.

The above observations suggest that under high vacuum condi-

tions, the energy dissipation per cycle (relate@)n implant-

doped resonators is dominated by stress-relaxation mechanisms
[8]. Rapid thermal annealing via this filament technique then

provides a method by which stress and its associated hi

energy state can be greatly alleviated, resulting in simultaneous

shifts in thef, andQ of the resonator. One might tentatively

postulate that doping by implantation creates stress-deriveg
defects that are not removed completely via furnace annealing,
but that can be annealed away through post-fabrication, high-
speed, filament annealing. Although this is consistent with

mechanisms proposed in [8], it is still stated tentatively, pendE8

ing further study.
For the case of POgHoped resonators, however, filament
annealing has a much smaller effect on @healthough fre-

guency trimming is still possible at ppm levels. This is not

unexpected if one assumes that the majorif@-timiting dislo-

cations generated via PO&loping are independent of stress,
and thus, unaffected by filament annealing. As a consequence,
the maximumQ attainable via filament annealing of PQCI
doped resonators is much smaller than that of their implant-
doped counterparts.

V. CONCLUSIONS

A convenient post-fabrication annealing technique based
upon filament-like heating of microstructures has been shown
to both trim the frequencies and enhanceQhef polysilicon
micromechanical resonators. The degree of trimQ@mantrol
is a strong function of the method used to dope the structures,
and most probably, of many other process-related variations.
Nevertheless, the frequency shifts per resonator have shown a
degree of consistency that makes filament annealing attractive
as the basis for a batch trim technique, provided a fabrication
process that yields repeatable stress profiles is utilized.

Experiments using this filament annealing technique have
also provided insight into loss mechanisms that limit resonator
Q. In particular, the’s of implant-doped polysilicon resona-
tors can be greatly enhanced via filament annealing, whereas
the Q’'s of POCk-doped polysilicon resonators with substantial
surface roughness were found to be much less affected. Anneal-
ing data suggests some correlation between stress, frequency,
andQ.
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