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Micromachined Electro-Mechanically Tunable
Capacitors and Their Applications to RF IC’s
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Abstract—Micromachined electro-mechanically tunable capac- electrical resonant circuits where one of the reactive elements
itors with two and three parallel plates are presented. Experi- s made tunable by electro-mechanical means.
mental devices have been fabricated using a standard polysilicon  gjjters and oscillators based on mechanical resonant devices

surface micromachining process. The two-plate tunable capacitor . . . .
has a measured nomi%:fl capacitance of %.05 OF, @-factgr of With a high@-factor, which operate in the tens of megahertz,

20 at 1 GHz, and achieves a tuning range of 1.5:1. The three- have already been demonstrated [9]-[11]. Although these
plate version has a nominal capacitance of 4.0 pF, @-factor of devices are not suited for applications in the 1-2-GHz range,

15.4 at 1 GHz, and a tuning range of 1.87:1. The tuning ranges these devices may well find use in the intermediate frequency
achieved here are near theoretical limits. Effects due to various (IF) section of a radio transceiver. The mechanical resonant

physical phenomena such as temperature, gravity, and shock are]c h . t electronically t bl . th
examined in detail. An RF voltage-controlled oscillator with an requency, however, IS not electronically unable, since the

integrated inductor and a micromachined tunable capacitor is reésonant frequency is set by the proof mass and the equivalent
also demonstrated. The active circuit and the inductor have been spring constant of the suspension.

fabr.icated in a 0.5.um CMOS process. .The voltage-controlled A tunable highQ-factor resonator, operating in the 1-2-GHz
oscillator has been assembled by bonding together the CMOS 546 may be possible with an electrical resonant circuit where
and the micromachined parts. The 1.35-GHz voltage-controlled . . .

oscillator has a phase noise 0f-98.5 dBc/Hz at a 100 kHz offset ON€ of the _react|ve elements is electro—mechanlcall_y tunable.
from the carrier. Micromachined electro-mechanically tunable capacitors have
been shown to exhibit an adequatefactor when they are
fabricated in either an aluminum [12] or a polysilicon [13]
surface micromachining technology. A low phase noise 714-

|. INTRODUCTION MHz CMOS VCO with a high@-factor aluminum micro-

ODERN communication systems such as the Gsfachined tunable capacitor and an off-chip inductor has
M cellular telephone system place stringent requiremeri$© been recently demonstrated [14]. In addition, micro-
on RFI/IF filters and voltage-controlled oscillators (VCO's)Machined tunable capacitors are not expected to respond
Although much work has been done in the integration of @ RF frequencies in the 1-2-GHz range especially since
radio transceiver onto a single silicon chip [1], [2], man)t,hew mechanical resonan_t frequencies _normally I|e_ in the
components such as band select, channel select, and turfifigi00 kHz. Therefore, with RF frequencies 10000 times the
elements of the VCO must still remain external to the chifn€échanical bandwidth, these devices are unlikely to produce
It is difficult to integrate these elements onto a single chif: significant amount of harmonic content. The main I|m|tat|o.n
primarily because inductors and p-n junction varactors wifff tNese devices, however, has been the fact that their tuning
high quality factors @-factor) are not available in standard@19€s thus far have been less than the theoretical calculations
silicon processes [3]-[5]. Low-noise RF VCO's require gu99est [12], [13]. » _
resonant device with a high-factor, since the phase noise of NS paper presents two- and three-plate polysilicon mi-
an oscillator is proportional to/Q2 whereQ is the overall cromachined tunable capacitors thaF hgve the Ia_rgest tunlng
Q-factor of the resonator [6]. High dynamic range filters alsgRN9es reported to date. After the principle of their operation
require a highQ-factor resonator, since the dynamic range df described in Section I, the design issues including the
the filter is proportional taQ2. [7]. computation of spring constants afgfactors are discussed
Recent developments in rfwicromachining suggest that tedpy.Section lI. In Section IV, detailed measurements of several

nologies where micromachined devices and electronics resff/ices are given. Many practical issues including the effect
on a single chip will be widely available in the future Of temperature, humidity, gravity, and shock are examined

Commercial products based on a BICMOS technology wifR Section V. A VCO that uses a micromachined tunable

an integrated surface polysilicon process are already availabfP2citor is presented in Section VI before some conclusions
today [8]. Such a technology makes possible realization of i€ 9iven in Section VII.
only integrated mechanical resonant devices but also integrated

Index Terms—Varactors, voltage-controlled oscillators.

) ) ) Il. PRINCIPLE OF OPERATION
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Fig. 1. Functional model of an electro-mechanically tunable parallel-plate

capacitor with two parallel plates. Fixed plate

Fig. 2. Conceptual model of an electro-mechanically tunable parallel-plate
) ) ) capacitor with three parallel plates.
is mechanically secured. When a bias voltdgé:) = V;

is applied across the capacitor plates, the suspended plate ) ) )

is attracted toward the bottom plate due to the resulta{fO SPrings with a spring constahy2 each. If a bias voltage
electrostatic force. The suspended plate moves toward i) = Vi is applied andV;(#) = 0V, the electrostatic
fixed plate until an equilibrium between the electrostatic arf@’ce causes the suspended plate to move toward the top plate.
the spring forces is reached. Under dc conditiong;) = Similarly, if a bias voltage/’s(¢) = V2 is applied and’ () = 0

z, Vi(t) = Vi, and the equilibrium between the forces caN: the suspended plate moves toward the bottom plate. Under

be written mathematically as follows: de conditions,z(t) = x, Vi(t) = Vi, Vo(t) = V2, and the
equilibrium between the electrostatic and the spring forces
= L 8CD a1 ca AVY (1) ©an be expressed as follows:
2 de ! 2 (dy 4+ 2)? 1dCp ., 1dCp ,
where ¢, is the dielectric constant of aikd = e,i-co Where ko = 2 dr Vi 2 dr Vs
€air = 1.00054 andeg = 8.854 15 x 10712 F/m), A is the area 1 eqAV? 1 eqAVE
of the capacitor plates, anfi is the separation of the capacitor ~ 9 (dy + z)2 2 (dy — )2 (3)

plates when the spring is in its relaxed state. Solving a cubic h _ . hat thi _ b d
equation, an explicit expression for the desired capacitamce,T € maximum capacitance that this capacitor can be tune

Cp(V1) can be obtained [15] as follows: tois st.iII 3Cp /2. However, the min.iml.Jm capacitance that this
capacitor can be tuned to 3€”p /4, if distances!; andd, are
Cp(Vi) = €ad equal. Hence, the m_aximL_Jm _theore_tica_l tuning range is 2:1.
di +z(V1) Note that in a practical circuit application, the middle plate
2d; of the tunable capacitor must be connected to a small-signal

v(V1) =(1("1) + 52(V1) — 3 ground so that only the desired capacitadge plays a role

1/3 in the actual circuit.
— 3 2
si(V1) = (w(vl) TVt w (Vl)) The dynamics of an electro-mechanical system such as the

1/3 one in Fig. 1 can be described as follows:
(V1) = (w(Vi) = Vo () dg ®) | de(t) dCp(#)
2 w0 POy = X0 vy
-4 g g =g g e @
B gAY, where m is the mass of the suspended plate and the
w(Vy) = 2—; T (2) mechanical resistance. The current flowing through the desired
o _capacitanceC, is given by
It should be noted that an equilibrium between the spring
and the electrostatic forces exists only for displacemerits i(t) = OD(t)m + V() dOD(t)' (5)
& > —di/3. The suspended plate will make contact with dt dt

the bottom plate if the electrostatic force is greater than theEquations (4) and (5) above have been implemented in
spring force, which occurs when < —d; /3. The maximum HSPICE, a standard circuit simulator. The equivalent circuit
capacitance that such a tunable capacitor can be tuned tonizdel of the electro-mechanical tunable capacitor with two
3Cp/2, and the maximum theoretical tuning range is 1.5: barallel plates is shown in Fig. 3. Although in typical imple-
Although the tunable capacitor is biased here using a voltagentations of SPICE it is not possible to implement signal
source, charge source can be used to control the amounsafirces with arbitrary nonlinearities, the nonlinear and signal
charges on the capacitor plates, in which case the equilibritependent current and voltage sources can be implemented
between the forces exists for> ¢ > —d;. in HSPICE with relative ease. Note that the model in Fig. 3
Fig. 2 shows a conceptual model of a three-plate electnoreserves noise properties of the mechanical system. In addi-
mechanically tunable capacitor where under zero bias cdien, the magnitudes of the force and the displacement have
dition the distances between parallel plates dreand d», to be carefully scaled in order to avoid numerical problems.
respectively. The top and bottom plates of the capacitor arbe model finds use in simulation of circuits which employ the
fixed mechanically while the middle plate is suspended llectro-mechanical components that can be modeled by Fig. 3.
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Fig. 3. SPICE model of an electro-mechanically tunable capacitor.

TABLE |
SUMMARY OF SELECTED MUMP’s PROCESSPARAMETERS

Tl el |

R IOum g

Layer | Thickness | Sheet Resistance
Poly0 | 0.5 pm 30 Q/sq

Polyl | 2.0 um 10 Q/sq

Poly2 | 1.5 pym 20 Q/sq

Gold | 0.5 pm 0.06 2/sq

I1l. DESIGN OF MICROMACHINED TUNABLE CAPACITORS

Despite the superior electrical properties of aluminum,
polysilicon was chosen as the structural material for tunable
capacitors due to its good mechanical properties [16]. Several
electro-mechanically tunable capacitors with two and three
parallel plates have been designed in a standard polysilicon
surface micromachining process (MUMP’s) [17]. The process
features three layers of polysilicon (polyO, polyl, and poly2)
and one layer of gold (gold can only be deposited on poly2).
Selected MUMP’s process parameters are summarized in
Table I.

MUMP’s devices are released using an HF sacrificial layer
etch and a supercritical carbon dioxide drying process [17].
Micromachined tunable capacitors that are released using £253 Polyl ez Poly2 3 Gold
an HF etch and conventional drying methods may suffer B e 20pum — 15pm N 0.5um
from a stiction problem which can result in an unsatisfactoyg. 4. simplified top and cross-section views of a two-plate micromachined
device yield. During the drying process, attractive capillatynable capacitor (0.6 pF design value).
forces can bring the capacitor plates into permanent contact,

effectively shorting the tunable capacitor permanently [18i0nstant of 37.2 N/m is necessary in order to achieve a

The supercritical carbon dioxide drying process alleviates tpr‘?aximum capacitance of 0.9 pF under the maximum bias
stiction problem and dramatically improves device yield [19110Itage of V;, = 3.3 V. The.mass of the suspended plate

which is composed of the poly2/gold layers, is @@ and the
mechanical resonant frequency is estimated to be 39 kHz.

Fig. 4 shows the simplified top and cross-section views of A 1.0-pF tunable capacitor has also been designed. The
a 0.6-pF tunable capacitor with two parallel plates. Polyl amdquired capacitance can be obtained with 205295 ;m
poly2/gold layers were selected as capacitor plates, since in iiates, given the air gap of 0.7&m. In order to achieve a
MUMP’s process polyl and poly2/gold layers are the mostaximum capacitance of 1.5 pF whéf = 3.3 V, a spring
conductive layers (see Table I). Given the air gap of 0. #pnstant of 65.3 N/m is required. The mechanical resonant
pm (after sacrificial layer release), the desired capacitanitequency is estimated at 38.8 kHz, while the mass of the
can be achieved with a 218 230 pm plate area. A spring poly2/gold suspended plate is 1.4.

— — m — e — e —

Cross
Section

: L
AirGap | L.5pm TCp

Nitride

A. Tunable Capacitor Design
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Fig. 5. Simplified top and cross-section views of a three-plate micromgig' 7. Simplified diagram and a spring model of the T-type suspension.

chined tunable capacitor (1.9 pF design value).
alent spring constant of this suspension can be approximately

Fig. 5 shows the top and the cross-section views of a 1/90odeled as a parallel and series combination of springs as

pF tunable capacitor, which consists of three parallel plates f@llows:

capacitor with an air gap of 0.74m and a 398« 398,:m plate _ k12ks (6)

area achieves the desired capacitance. A spring constant of 122 Tk + 2k

N/m is necessary in order to obtain a maximum capacitanc

of 2.85 pF whenl; = 3.3 V andV, = 0 V. The mass of the

suspended plate, which is composed of polyl layer, is th

0.7 g, and the mechanical resonant frequency is estimate

65.8 kHz. Dimples are used to prevent the middle plate (poly1)

from sticking to the bottom plate (polyO) in the presence of

excessive bias voltage;.

®he stiffness constant for a double-clamped suspension
beam may be used, if the capacitor plate is assumed to be
@{d. The stiffness constant is given by

Euol Wzng
R s ™)

where W;, T;, L, are the width, thickness, and length of
, the beam, respectively, anH,.;, iS the Young's modulus
B. Pad Design (approximately 160 GPa) of polysilicon [20]. Since the overall
The parasitic capacitance of the pads is extremely criticalispension consists of four such beam arrangements, the total
especially since die bonding and flip-chip technology are oftapring constant i, = 4k.,. Since the RF signal passes
used to integrate active circuits with micromachined device$irough the suspension beams, gold is deposited on top of
The standard pad in the MUMP’s process has a parasitic the suspension beams in order to minimize series losses.
pacitance of 1.5 pF, which significantly limits the tuning rangéeposition of gold on suspension beams is not expected to
Therefore, a low parasitic pad, which has a parasitic capahave significant effect on the overall spring constant because
tance of only 0.25 pF (Fig. 6), has been developed. A smalliae gold trace has a smaller width and thickness relative to the
capacitance per area is achieved by the use of only poly2 gralysilicon beam. Furthermore, the Young’s modulus of gold
gold layers, which are deposited on 2.28t thick oxide prior is 50% lower than that of polysilicon (approximately 80 GPa).
to sacrificial layer release. To protect the oxide underneath the
pad from HF etch, anchors are placed around the edges of theQ-Factor of the Polysilicon Tunable Capacitor

pad. In addition, a smaller pad (86 86 um) is used. Q-factor is an important characteristic of a tunable capacitor

in many RF applications. The top plate of tunable capacitors

is implemented using poly2/gold layers, which provide a low
Fig. 7 shows a conceptual diagram of the T-type suspensi@sistance. However, the bottom plate of the two-plate and the

which is used in the design of tunable capacitors. The equiwiddle plate of the three-plate tunable capacitors are composed

C. Suspension Design
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Fig. 8. DistributedRC model of the proposed polysilicon micromachined
tunable capacitor.

of polyl which has rather high sheet resistance. In order to
evaluate the _eﬁe(_:t of the polyl pl_ate_ on tm_'}faCto_r’ the Fig. 9. Microphotograph of a two-plate tunable capacitor (0.6 pF design
tunable capacitor is modeled as a distribuRdline (Fig. 8), value).

where the poly2/gold plate is assumed to be equipotential. The

input admittance to such a distribut®¢C line is given by

Yiy(s) = Vst sinh /st
KA Rp 1+ cosh /st

where Rp is the resistance of the polyl plate a@t, is the
desired capacitance. From (8), an expression forkactor
can be obtained

0+1 sin (\/ﬁ) + 2 cosh <\/Z2T> sin < %)
Q-1 sinh (\/ﬁ) + 2 sinh <\/Z2T> cos < %) '

©)

The expression derived above represents the maximum
theoretically achievable)-factor, since losses due to the
interconnect are not considered. At 1 GHz, the calcul&ged
factors for 0.6, 1.0, and 1.9 pF tunable capacitors are 318,
191, and 95, respectively, which suggests that a kjefactor
can be achieved in a MUMP’s process. Thdactor estimate
is lower, however, when the series interconnect resistance is
considered, in particular the resistance of the polyl—poly2 vi .10 Measuredsy; of the two-plate tunable capacitor (0.6 pF design
and the resistance of the deposited gold on the suspensigge).
beam. With interconnect resistance considered,GHactors
are estimated at 84.8, 55.2, and 26.6, at 1 GHz, for 0.6,
and 1.9 pF tunable capacitors, respectively.

and 7= RpCp (8)

1191e tuning range of the micromachined tunable capacitor
is hence 1.5:1. Statistics show that the average measured
nominal capacitance is 1.98 pF and the standard deviation is
0.14 pF using the data from 14 functional devices (16 devices
All measurements were done using an HP 8753D netwonlere fabricated).
analyzer, a Cascade probe station, and WinCal softwareThe fabricated micromachined tunable capacitor with three
The measurements include the parasitic capacitances of trerallel plates (400< 400 um capacitor) is shown in Fig. 12.
pads.An open pad measurement indicates a pad-to-substrétee tunable capacitor has a measuégdactor of 15.4 at 1
capacitance of approximately 0.26 pF. GHz and 7.1 at 2 GHz (Fig. 13). The self-resonant frequency is
Fig. 9 shows a microphotograph of the tunable capacitapproximately 6 GHz. Fig. 14 shows the tuning characteristics
with two parallel plates (210x 230 pm capacitor). The of the tunable capacitor. Under zero bias conditions (i.e.,
capacitor has &)-factor of 20 at 1 GHz and)-factor of 11.6 V; = 0V andV, = 0 V), the measured capacitance (i.e., the
at 2 GHz (Fig. 10). The self-resonant frequency is beyortksired capacitana€p) is 4.0 pF. The measured capacitance
6 GHz, the maximum operating frequency of the HP 87533 approximately 6.4 pF whef; = 1.8 VandV; = 0V
network analyzer. The tuning characteristics of the tunabdee applied. Whert; = 0 V and V, = 4.4 V are set, the
capacitor are shown in Fig. 11. When a zero bias voltageeasured capacitance is 3.4 pF. The tunable capacitor hence
(V1 = 0 V) is applied, the measured capacitance is 2.05 pkas a tuning range of 1.87 : 1. If thé is more than 4.4 V while
The measured capacitance is 3.1 pF whes= 4 V is applied. Vi = 0V, bistability and discontinuity in tuning are observed.

IV. MEASUREMENT RESULTS
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Fig. 11. Measured tuning characteristics of the two-plate tunable capacitdg- 14. Measured tuning characteristics of the three-plate tunable capacitor
(0.6 pF design value). (1.9 pF design value).

TABLE I
SUMMARY OF MICROMACHINED TUNABLE CAPACITOR MEASUREMENTS

Varactor Type Two-plate Two-plate Three-plate
Plate Area 210 pm x 230 gm | 285 pm x 295 pm | 400 pm x 400 gm
Designed Capacitance | 0.6 pF 1.0 pF 1.9 pF
Measured Capacitance | 2.05 pF 3.26 pF 4.0 pF
Measured @-factor 20.0 13.6 154
Tuning Range 1.5:1 1.5:1 1.87:1
Tuning Voltages 0-4V 0-35V 0-18V
0-44V
Fabricated Devices 16 16 96
Nonfunctional Devices | 2 1 7
Average Capacitance 1.98 pF 3.39 pF 3.63 pF
Standard Deviation 0.14 pF 0.28 pF 0.52 pF

The capacitance suddenly drops to approximately 2.2 pF and
. . _ returns to 2.3 pF when the bias voltages are set back to 0 V.
sé?uel)z Microphotograph of a three-plate tunable capacitor (1.9 pF des'%e capacitor is still tunable, but the tuning range in this mode
is only 1.12: 1. The device returns to the previous mode (i.e.,
4.0 pF nominal capacitance), providéd= 5.0V andV, =0

V are applied before the bias voltages are reset to 0 V. Out of
the 96 fabricated devices, seven tunable capacitors were not
functional. The average measured nominal capacitance was
3.63 pF and the standard deviation was 0.52 pF.

The measured results for 220230 m and 295x 295 ;:m
two-plate capacitors, and a 460400 .:m three-plate capacitor
are summarized in Table. Il. Although further statistical data
is necessary, this preliminary data seems to indicate that the
tuning range of micromachined tunable capacitors is wide
enough to cover process variations.

Micromachined two-plate tunable capacitors have been
tested from—10 °C to 100°C. The devices were functional
over the temperature range, but their tuning characteristics
changed as the poly silicon and gold characteristics changed
. , with temperature. The tunable capacitor with two parallel
L7 Ne-ja0 g ! 7 plates (0.6 pF design value) has a temperature coefficient of

/\ \/ /\< 2050 ppm7C. At high temperatures, the stiffness coefficient
1 GHz J’ T of the suspension decreases, and consequently a lower control
voltage is required to achieve the 1.5:1 tuning range.
A 100-Hz 3-V square-wave was applied across the tunable

Fig. 13. Measureds; of the three-plate tunable capacitor (1.9 pF desig{'?apacitor with two paraI.IeI 'F_)Iates (29’5. 295 pm _CapaCitor)
value). in order to test the reliability of a micromachined tunable

X ~ ~ —




DEC AND SUYAMA: MICROMACHINED ELECTRO-MECHANICALLY TUNABLE CAPACITORS 2593

downward) can be changed with an application of appropriate
dc voltages.

Structures with low residual stress are being investigated to
minimize warping and bistability so that the tuning range of
three-plate tunable capacitors can be further improved.

B. @-Factor

The @-factor values for the experimental devices fall short
of their theoretical estimates. While tlig-factor of a micro-
Mlachined tunable capacitor is limited by the series resistance
of the interconnect, the measured capacitance is higher than
the designed value, and hence a lowgfactor is measured.
Taking the measured nominal capacitances into account, the
()-factors are estimated at 25.5, 17.2, and 16.5 for 2.05, 3.2,
and 4.0 pF (i.e., 0.6, 1.0, and 1.9 pF design values) tunable
capacitors, respectively.

The skin-effect is not a problem since the skin depth of
gold is 2.4m at 1 GHz and 1.7:m at 2 GHz (given 0.5-
pm thick gold). However, since MUMP’s process is not a
planarized process, steps in gold interconnect can result in a
high interconnect resistance [17]. Though MUMP’s is not a
_ ] planarized process, surface micromachining technologies that
Fn:i]. 16. SEM photograph of the three-plate tunable capacitor (1.9 pF deslgge a chemical-mechanical polishing process to achieve layer
value) planarization are available [22].

Since theQ-factor of the micromachined tunable capacitor
capacitor. No change in tunable capacitor characteristics h@dimited by the series interconnect, alternative suspension
been observed even after 120 million cycles (i.e., two weeksglksigns that can provide the desired spring constant and yet

have a low series resistance will be investigated in the future.
In addition, future designs will use wider interconnect in order
V. DIsCUSSION to increase th&)-factor even further.

Fig. 15. SEM photograph of the two-plate tunable capacitor (1.0 pF desi
value).

A. Residual Stress C. Effects Due to Ambient Conditions

The measured capacitances of the experimental deviceSince air is used as a dielectric for the tunable capacitor, its
are significantly larger than the designed values. Parasititoperties as a function of pressure, temperature, and humidity
capacitance to the substrate adds approximately 0.37, Owist be examined. An empirical expression for the dielectric
and 0.6 pF to the overall designed capacitance of the 0.8pnstant of air as a function of pressure and temperature is
1.0, and 2.0 pF tunable capacitors, respectively. Furthermosbpwn below:
residual stress in the polysilicon plates produces warping of

P
the capacitor plates, which effectively results in a different Cair(P, T) =1 +0.157? (20)
capacitor plate separation and, thus, a different parallel-plate
capacitance [21]. where P is the pressure in atm aril is the absolute temper-

Fig. 15 shows an SEM photograph of a two-plate tunabéure in kelvin [23]. Under the normal atmospheric conditions
capacitor (1.0 pF design value). A small upward displacemd(ine., 293 K and 1 atm), the dielectric constant of air has a
of suspension beams is clearly visible. Although the top platemperature coefficient of2 ppm/K when humidity is 0%
does not appear to be warped, the low-magnification microptemd 10 ppm/K when humidity is 100% [24]. It is apparent
tographs indicate some downward warping. The shape of them (10) that practical variations in atmospheric conditions
bottom plate cannot be observed. have a small effect on the dielectric constant of air and hence

The SEM photograph of a tunable capacitor with threen the capacitance.
parallel plates (1.9 pF design value) is shown in Fig. 16. FromUnder normal atmospheric conditions, the dielectric strength
the photograph, it is clear that the top plate is warped upwauf.air is only 0.8 kvV/mm [24], which suggests that arcing be-
It is difficult to evaluate the shape of the middle plate frontween capacitor plates may be present. Further examinations,
the photograph. The shape of the bottom plate does not chahgarever, show that the dielectric breakdown field of air is
upon sacrificial layer release since it is directly deposited @nonlinear function of electrode spacing [25]. For instance,
the nitride. under the normal atmospheric conditions, the breakdown field

It is believed that the bistability observed in the three-plat#f air is 4.5 kV/mm for a 1-mm air gap (breakdown voltage of
tunable capacitor is due to the warping of the top or the middde5 kV) and 12.5 kvV/mm for a 0.06-mm air gap (breakdown
plate, since the direction of plate warping (i.e., upward aoltage of 750 V).
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The tunable capacitor may be operated in vacuum, whichV jmmTmTmTmmmmmoms
resolves many issues that can arise when air is used as as

L, I
T |
dielectric. For example, the mechanical resistancean be |/ S | l !
dramatically reduced, and hence the mecharigdhctor can b 1CeT 1, B R, ! Rper
be significantly improved when the tunable capacitor is placed PN TGl ! T ° ‘
in vacuum. In addition, the mechanical noise due to the thermal o+ 1 0000 : :
agitation of air molecules can be reduced as mechanical v Cy : | Vour
resistancer is reduced. Furthermore, there is no dielectric 5 +'T OQI&) : r
breakdown in vacuum. However, specialized packaging is L i | !
needed to ensure vacuum. / ! :
Although temperature has a small effect on the dielectric _ ' | M, F ‘—{ M;
constant of air, the thermal expansion of polysilicon and goIo‘V"“‘”’(‘:a:;‘;;‘;grv"“able | S
layers results in the deformation of capacitor plates and, hence, =~ | !
o . . Active Circuit + Integrated | !
significant capacitance change. The thermal expansion of a8 | quctor | M . |
material is often given by Vi \: ’ Ll “:
I
AL = aLAT (11) ! I

where « is the linear expansion coefficienhT is the tem- Fig._17. Cir(_:uit schematic of a CMOS VCO With an integrated inductor and
perature change in degrees kelvinjs length in meters, and a micromachined tunable capacitor as a tuning element.

AL is the increase in length due to the thermal expansion in

meters. The thermal coefficient of expansiens 2.6 ppm/K
for silicon and 14 ppm/K for gold [26]. For example, a 295
295 ,m polyl plate expands by 0.Q#n, given a 100 change
in temperature, while a gold plate with the same dimensions
expands by 0.3§:m.

D. Effects Due to Motion

In order to evaluate the effect of gravity on the micro-

machined tunable capacitor, the displacemeptshould be _ _ ,
Fig. 18. Microphotograph of the experimental VCO: MUMP’s (left) and

calculated as follows: MOSIS (right) dice bonded together.
= (12)
together where the effect of bonding is shown by inducfogs
whereg is the gravity § = 9.80665 m/s’). For example, the and Lg/2. The oscillations start provided that, at resonance,
0.6 pF capacitance would change by approximately 0.02% di## loop gain is greater than unity (i-%-gnll72QLw0L > 1).
to the gravitational pull on the suspended plate. Conversefshe oscillator output is taken from the drain 8f,, which
an acceleration of approximately 432 g is required in order j§olates thdC tank from the load. A pull-up resistand, of
observe a 10% change in the capacitance value. 502 is used to accommodate the RF measurement equipment,
An important consideration when dealing with micromaand an on-chip bypass capacito: of 6 pF is used to ensure
chined devices is the ability of the devices to survive shoclqat the parasitic capacitancg does not affect theC tank.
Several devices have been dropped accidentally from approxThe active circuit and the on-chip inductor were fabricated
imately 2.5 ft and have been found to function properly aftgq 50 HP 0.5xm CMOS (MOSIS) process. The microphoto-
the drop. _ ~graph of the VCO is shown in Fig. 18. The micromachined
In order to ensure thg proper release of the micromachingghspe capacitor (left) and the CMOS circuit (right) were
tunable capacitor, sufficient number of etch holes must Bgnqged together using a manual ball-wedge bonding machine.
placed across the capacitor plates. Although the mechanigal.j, bonding wire is approximately 1 mm long, which cor-
strength qf the polysilicon platg is reduced, the reduction Pésponds to series inductands; of 1 nH. The integrated
the effective Young’s modulus is only 18% [27]. inductor L, has a measured inductance of 4 nH arig-eactor
of 1.8 at 1.35 GHz.
VI. AN APPLICATION: VCO All measurements were done in a quad flat-pack ceramic
Fig. 17 shows a circuit schematic of a CMOS VCO with afackage on an FR4 test board. The output spectrum of the
on-chip spiral inductor and an off-chip three-plate microma/CO is shown in Fig. 19. The carrier-to-noise ratio of the
chined tunable capacitor. The CMOS oscillator consists of\CO is —98.5 dBc/Hz at a 100-kHz offset from the 1.35-GHz
source followerM, driving a common gate amplifigé/,. The carrier, which is limited the)-factor of the on-chip inductor.
bias current is supplied by transistdvg andAZ,. TheLCtank The circuit delivers—3.34 dBm of power into a 50} load,
is formed by an on-chip inductor and a micromachined tunabiéile the oscillation frequency is tunable from 1336-1360
capacitor. The inductor and the tunable capacitor are bondd#iz. The VCO consumes 60 mW from a 3.3-V power supply.

.Z'g:
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