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Abstract- Enhancement of MEMS tunable capacitors us- 
ing dielectric ""ids ,s reported. Mieromschlned tunable ca- 
pacitars were tested and characterized in air and in mineral 
oil with a relative permittivity (G) of 2.29. In oil the EB- 
paeitors exhibit a factor of 2.2 to 2.29 increase in the initlal 
eqm~itanee as well BE the achievable tuning range. The 
theoretical electrical and mechanleal performance enhance- 
ments have been verified far capacitors with self-resonant 
frequene‘es of 18.5GHa in air. The high frequency tesf- 
ing device exhibited a espaeitsnee of SMfF at SGHz with B 
Q-factor of 72 in air, end a capacitance of 799% with a 0 
factor of 40 in oil. In addition, the devices immersed in oil 
hsve increased, tunable damping and a significantly higher 
breakdown voltage. 

I. IwI‘ROT)UcTION 

I N recent yeam significant emphasis has been placed on 
the development of tunable capacitors with high qual- 

ity factors (Q-factors) and large timing ranges. Modern 
cornrounication Yyntems require strict tolerances on pas- 
sive cornponenta for intermediate and radio frequency fil- 
ters‘as well as ot,her system components tid bdildirig tilbcks 
such ab: impedance matching networks, low noise amplifiers 
and voltagecontrolled oscillators (VCO’s) [l], [Z], 131 [4]. 
Major limitation with current micro-electromechanical 
(MEM) based tunable capacitors are low tuning range, 
large footprint (lowcapacitance per unit area), lngh driving 
voltage requirements, mechanical noise and low damping. 

In this work a dielectric fluid application for microma- 
chiied tunable capacitors is prcscnted. Immersion in di- 
electric fluid can effectively address many of the key ob- 
&a&a facmg MEMS tunable capacitors. Operation in a 
dielectric fluid provides several important electrical and 
mechanical advantages compared to operation in air. The 
higher relative dielectric constant, (L,.) provides an incr&e 
in the capacitanceper “n&area. In addition, the f&k gen: 
erated by electrostatic actuators is increased proportional 
to +, resulting in a factor off, increase in tuning for a given 
drive voltage. Dielectric breakdown during switching tram 
Gents can reduce the reliability of an electrostatic device 
and decrease its lifetime: the high dielectric stretigth of the 
immersion oil bignificant~ly increases the breakdown volt- 
age. Furthermore, the anti-oxidation properties, chemical 
stability, and large thermal conductivity can all improve 
the long-term reliability of RF MEMS devices. Mechani- 
tally the oil provides damping to the system. Proper damp 
ing of the fundamental mode can mcrease tuning speed by 

reducing settling time, and also reduces the undesirable 
effects of external accelerations. 

Work performed to date verifies the proposed electri- 
cal and mechanical theoretical functionality of MEMS t,un- 
able capacitors operating in dielectric fluid at RF and mi- 
crowave frequencies. 

II. DEVICE DESIGN AND FARRKXIION 

The test device for mechanical characterimtion and low 
frequency capacitance measurements is a. single crystal sil- 
icon, interdi&ated comb-finger capacitor with separate 
banks of comb-ringers for the signal path and &nation! 
The devices were fabricated in a relatively simple pro- 
cess incorporating wafer bonding, deep reactive ion etching 
(DRIE) and electroless copper plating. A heavily doped, 
n-type silicon wafer with patterned release trenches is anod- 
ically bonded to a Pyrex 7740 glass wafer. A single DRIE 
process step is then performed to define and release the 
structures. Employing single crystal silicon as the struc- 
tural material results in excellent, mechanical performance. 
Unf@mately even heavily doped silicon leads to large 
series resistances, and therefore low electrical &factors. 
Plating the en& device with copper gwatly reduces the 
series resistance. allowing high Q-factors to be obtained [5]. 
The low conductivity of t.he glnss substrate significantly re- 
duces substrate par&tics and cruzatalk between adjacent 
devaes. 

For the initial mechanical twiing the high frequency and 
tuning performance of the tunable capacitor wm not, opti- 
mized, rather emphasis was placed on reliability and vali- 
dating the theoretical operation of the devizez in oil.-The 
designed thickness of the device is 70pm; the drawn width 
and spacing of the comb-fingers is 3@: Overall the device 
has an area footprint of approximately 0.8mm x l.Omrn, 
excluding the area. occupied by the bonding pads, and has 
an initial designed capacitance of 1.789pF. An SEM of the 
fabricated device after electraless copper plating is pre- 
sented in Fig. la. 

Thb t,est device employed for high frequency character- 
ization is a.metaJ MEMS parallel plate tunable capacitor. 
Tlie par&llel blat6 tunable capacitor is fabricated using a 
simple electroplating process on a Pyrex wafer. An elec- 
troplating seed layer is deposited’by electron beam evap- 
oration. A copper layer is then plated and patterned to 
form the lower electrode and contact pads. Next thick rt~’ 
sist is spun to form a srxrificial lajier, after patterning and 
e-beam deposition of a second seed kyer nickel is plated to 
form the suspension springs and top electrode plate.. Thb 
metal structural layers exhibit, very low series resistance: 
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providing high Q-factors. 
The drawn area overlap ofthe parallel plate capacitors is 

21Obm x 23Owm wit,li a gap of lpm, resulting in an initial 
designed capacitance of 428fF in air. An optical micro- 
graph of the tunable parallel plate capacitor is provided in 
Fig. lb. 

The single crystal silicon based devices were tested and 
charactertied in air and while immersed in dielectric fluid 
followmg fabrication. Mechanical and electrical charac- 
terization was performed on unpackugLd die and t,hc de- 
vices were directly probed. To test, the mechanical per- 
formance the device was actuated by DC as well as fie- 
quency swept waveforms. For electrical measurements in 
oil the devices were immersed in DIALA AX oil, a highly 
refined petroleum hydrocarbon (mineral) transformer oil 
from Shell. The oil has a reported dielectric constant of 
2.29, a dieie&i&rength of 30 and a viscosity of 9.45&t 
at 4ooc. 

The capacitance measurements were performed on chip 
via wafer probing of the device. The measurement, signal 
applied to the device had an amplitude of 5OmV and a.fre- 
quency of 1OOkHn. The device WIRY subjected to an applied 
PC bias from 0 to.4OV and ma.surements were performed 
at, 1V inter&s. These &asurements were re~eattd in both 
air and while operating in oil. The initial capacitance in 
air was measured to be 1.94pF with a tuning percentage 
of 9.175% at 40V; in oil the initial capacitance was 3.96pF 
with 15.737% t,unirig at, 40V. 

The frequency response of the device operating in air 
and in fluid was obtained by optically measuring the rel- 
at~ivi:~ditiplacement of the device while driven by a fixed 
amplitude sine wave. In air the mechanical Q-factor of 
the device was approximately 30, in oil the Q-f&or was 
reduced to less than unity (the damping ratio was 3.65.) 

The metal parallel pl&e MEMS tunable capacitors were 
probed on wafer. Stepped frequency values from 45 MHn 
to 26.5 GHa were applied in a 1601 point linear sweep at 
power level of -1OdBm and 1 port, S-parameter measure- 

ments (Sll) were taken with an IF bandwidth of 100Hz. 
The devices as well as dembedment structurea were mea- 
sured in air and while immersed in DIALA AX oil, the DC 
tuning bias was applied through the GSG probe. 

In air the self resonant, frequency of the device is 18.3 
GHa, while in oil it,is 12.5 GHr. The initial capacitance in 
an itit ambient, was measured to be 334fF at a frequency of 
5 GHx, the corresponding measured Q-factor is 65; in oil 
at the same frequency the capacitance is 799fF while the 
Q is 38. 

IV. D~scnssro~ 

A. Mechanical and Low Frequency 

Using well established &ilitions for modeling interdi@- 
tated capacitors the theoretical tid experimental rem& 
for the low frequency, mechanical test strudure can be 
compared [6]; [7]. 

The initial capacitana of the device in air is calculated 
from: 

- 

h,” 
.C, = ZNBN,Q,+~. 

In this equation co Is the per&tivity of free space;& iu 
the relative permittivity of the dielectric material, ,VB is 
the number of comb-iinger banks and N,i is the number of 
tingers per bank, while !>, is the height of the fingers, z,,,, is 
the initial overlap of the fingers and 9 is the finger gap. For 
operation in a dielectric fluid E; in the equation is simply 
the relative permittivity of the fluid. 

The force generated by the comb-drive actuators is pro- 
portional to the square of the applied voltage (V) and is 
described by the relation 

Ergo, when immersed in oil the force is increased by a f&or 
of the relative permittivity of the oil (2.29 in the presented 
example), compared to the case when the dielectric is air. 

A plot of the theoretical and measured capacitance for 
the devices in air aid oil are presented in Fig. 2a; the 
experimental data.?” this plot consists of ten data. sweeps 
taken over a. period of approximately 2 hours, the the 
retical plot, is based on measured geometries from the fab 
ri+xl “device.& The experimental measurements indicate 
very good agreement with the t,heorrtlcaJ iaults: as pre- 
dicted the capacitor exhibits an’in~re~ase in capacitance by 
a factor of 2.2, slightly less thari the expected value of 2.29 
from the cr of the oil. The difference between theory and 
measurement is accounted for by the timall parasitic capaci- 
tances through the Pyrex substrate b&x&i the electrodes, 
which is not tuned by the fluid. Variations in capacitance 
values above 30V are a result, of non-linearit& in the crab 
leg springs as the displacement, is increased. 

In Fig. 2b the tuning percentage (defined as (Cc,,,, - 
C,,~,,,,,)/C,,‘,,,,,, i.e. 10%) is a 110% tuning ratio) is plot- 
ted against applied voltage. From the previously presented 
equations the force should be multiplied by r, for devices 
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ii oil, iesulting in a corresponding increase in the tuning 
percentage. Again there is notable deviation at high vol-olt- 
+ges as the springs become non-linear, this problem can be 
eliminated by the use of optimized spring designs. 

Mechanically the oil provides damping to the sys@~; 
properly damping the fundamental mode of motion will 
reduce settling time Ed provide the ability to tune to the 
desired capacitance value quickly. In addition, damping 
can reduce the cffccts of externally applied w&lerationu 
on the capacitor. Modeling the fluid damping using Stokes 
Row damping the mechanical Q-factor of the device is 

where AL is the dynamic viscosity of t,he fluid, 9 is the gap 
distance between the moving elements. A is the overlap 
area, AT, is the stiffness and m is the moving mass.l8] In an 
(fiaTr = 19O~P) the measured Q f&or was 30, while in oil 
the damping ratio was 3.65 (( = &.) The largerviscositia 
of transformer oils results in higher damping and lower Q 
values; ideally the viscosity of the oil should be chosen to 
bring the system close to critical damping. 

The measured and theorelal mechanical frequency re- 
sponses of the tunable capacitor in air and in DOW 200; 
5cSt. ({L~,L = 4&728~P) oil, a sihcone oil readily available 
in a wide range of viscosities, are presented in Fig. 3. 

Fig. 4 shows the time domain response of the system to 
a 30V step input. 

Transformer oils are available in a range of viscosities, 
combined with optimixxl device design the selection of an 
oil with the proper viscosity allows high tubing rnt,es with 
minimal ringing or settling time. 

The breakdown voltage of electrostatic devices is impor- 
tant, as transients in actuation signals may occur; small, 
infrequent, arcing currents may not cause immediate de- 
vice failure, however, long tarn device operation and re 
liability may he adversely at&&d. Large transient spikes 
may result in catastrophic device failure. The initial break- 
down voltage in air occurred at voltages between 60V and 
7OV, while no dielectric breakdown occurred during voltage 
sweeps from 0 to 500V in oil. 

Smith chart plots of the measured S-parameters m air 
and in oil are presented in Fig. 5a and b respectively. From 
these plots it is immediately evident,that the capacitance of 
the structure is increased while immersed in oil, and there 
is not, significant, loss in the fluid up to the capacitor’s self- 
resonanr frequency in oil (12.5GHz). 

I 

The extracted effective capacitance values are plotted 
for frequencies from 45MHz to the self-resonances in Fig. 
6a. In the Fig. 6b the capacitance values are plotted for 
frequencies at which this capacitor would normally be em- 
ployed, from 45MHz to 5GHz. In this frequency range 
there is nearly perfect agreement,between the measured ca- 
pacitance and expected capacitance, as shown in the plot, 
Table 1 provides n&sued capacitance and &factor values 
for frequencies between IGHR and 5GHn. 
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Fig. 7 shows a plot, of the measured effective dielec- 
tric constant, (f.ff = &) as well a~ the @factor ratio 

(Qmt,, = &,. ‘fh e effective dielectric comtaht slidwb: 
excellent, agreement with the expected Klue of 2.29. The 
expected decrease in @factor is ‘$ as the capacitance is 
increased by a factor of fr and the’ Q can he described &? 
Q = 9 for ali ideal capacitor. The measured Q values 
show good agreement, with the predicted values: the error 
is more pronounced at, low frequency and may be attributed 
to small errors in the measurement, of the real part of the 
impedance being signiticant coinpared to the small series 
resistance at low frequencies. _ 

C. Fluid Characteristics. Integration and Packaging 
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DIALA AX oil was chosen for the initial investigations as 
a result of many desirable properties. High quality mineral 
oils are non-polar and have constant relative permittiti- 
ties as well as low loss tangents; even at high frequencies. 
In addition.. mineral oils are available in a. wide range of 
viscosities, have excellent, imulating capabilitia and are 
predominantly chemically inert,. 

The DIALA AX oil’s relative permittivity (e,: or e’) as 
well as loss tangent (tam5) where measured to 50GHz us- 
ing modified techniques from 191. Additionally the tem- 
perature dependence of the relative permittivity imd loss 
tangent were measured from 25°C to 100°C and verified to 
be acceptable. 

In previous work microm&ined devices for microlluidic 
applications have been encapsulated in hermetically sealed 
packages [lo], Ill), [12]. Employing similar packaging tech- 
niquez allows these tunable capacitora to be utilized in hy- 
brid packages with active devices to create practical, viable 
systems. 

v. CONCl.US1ON 

A dielectric fluid application for electrostatic MEMS tun- 
able capacitors has been demonstrated. Several ad-.nt:oges 
of operating the tunable capacitor in oil have been iden- 
tit&d, these include: an increase in the capacitance and 
tuning perc&age by a factor of z,., a more ideal, tunable 
damping coefficient,and increased breakdown voltage. Fur- 
thermore. the presented fluidic application can be applied 
to virtually any ele&,rc&atic MEMS capacitor or actuator 
to improve performance. 

I51 


	MTT025
	Return to Contents


