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Abstract—This paper presents fabrication, characterization,
and modeling of micro/nanoelectromechanical high-frequency res-
onators actuated using thermal forces with piezoresistive readout.
Thermally actuated single-crystalline silicon resonators with fre-
quencies (up to 61 MHz) have been successfully demonstrated. It
is shown both theoretically and experimentally that, as opposed to
the general perception, thermal actuation can be a viable actuation
mechanism for high-frequency resonators, and using appropriate
design guidelines, this actuation mechanism could even be more
suitable for higher frequency rather than lower frequency appli-
cations. It has been shown through comprehensive thermoelectro-
mechanical modeling that thermal–piezoresistive nanomechanical
resonators with frequencies in the gigahertz range can exhibit
motional conductance values as high as 1 mA/V while consuming
static power as low as a few microwatts.

Index Terms—Electromechanical modeling, high frequency,
microelectromechanical system (MEMS) resonator, nanoelectro-
mechanical system (NEMS) resonator, piezoresistive readout,
thermal actuation, thermal modeling.

I. INTRODUCTION

A S the potential emerging technology for next-generation

integrated frequency references, electronic filters, and

resonant sensors, microelectromechanical system (MEMS) res-

onators have received a lot of attention over the past decade.

As a result, a wide variety of high-frequency micro/nanoscale

electromechanical resonators have been demonstrated lately

[1]–[16]. Most of such devices use piezoelectric [1]–[3] or

electrostatic (capacitive) [4]–[8] electromechanical transduc-

tion, each having its advantages and disadvantages. Piezoelec-

tric microresonators require deposition of piezoelectric and

metal thin films, generally resulting in lower quality factors

and frequency and quality control issues. In the case of air-

gap capacitive resonators [4]–[6], the weak electromechanical

coupling leads to the need for deep-submicrometer transduction

gaps, leading to fabrication challenges, power-handling limi-

tations, and excessive squeezed-film damping when operating

in air. Solid dielectric electrostatic resonator use transduction

gaps filled with a solid dielectric material (preferably a high-k
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dielectric) to take advantage of the larger dielectric coefficients

and improve the electromechanical transduction coefficients

[7], [8]. The fully solid structure of such devices relaxes several

problems associated with aggressive reduction of the gap sizes

such as stiction and pull-in issues and allows reduction of the

dielectric gap sizes to a few nanometers (as small as 15 nm

demonstrated [7]). However, similar to the piezoelectric res-

onators, such devices require integration and physical contact

of dielectric thin films and conductive electrodes with the

resonator structures. This defeats some of the main purposes

of moving away from piezoelectric transduction. Moreover, a

large dielectric constant of the very thin dielectric films results

in very large parasitic capacitors associated with such devices.

Frequency tuning and compensation of the temperature-

induced frequency drift are other formidable challenges for

both piezoelectric and capacitive resonators. Finally, in order

to achieve strong enough electromechanical transduction, and

consequently a large signal-to-noise ratio, both capacitive and

piezoelectric resonators require relatively large electrode areas

(thousands of micrometers), consuming costly real estate on the

chip and limiting the maximum number of devices that can be

integrated on a single chip.

Resonant devices combining electrostatic actuation along

with active sensing mechanisms such as field effect [9] and

piezoresistive [10]–[12] have been demonstrated by several

researchers. This helps alleviate some of the issues associated

with large motional impedances, resulting from fully electrosta-

tic transduction. However, fabrication challenges and reliability

issues associated with capacitive air gaps prevail.

Thermal actuation is a well-known mechanism that can be

implemented conveniently at microscale without fabrication

challenges or the need for material integration. In addition,

thermal actuators have great properties such as large actuation

force, low operating voltage, and simplicity of design and inte-

gration. On the downside, their relatively high power consump-

tion usually makes them an undesirable choice. Furthermore,

thermal actuators are generally considered slow actuators only

suitable for dc or very low frequency applications. This is

mainly due to the time delay for the temperature of a heating

element to raise and generate the expected force. Consequently,

although thermally actuated micromechanical resonant devices

with frequencies up to 9.8 MHz have been demonstrated [13]–

[17], there has not been adequate study on the possibility of

utilization of thermal actuation for higher frequency applica-

tions in the very high frequency (VHF) and ultrahigh frequency
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Fig. 1. Three-dimensional schematic view of a thermally actuated I2-BAR
(dog-bone resonator) showing the dimensions and the qualitative distribution
of ac temperature fluctuation amplitude. (Red) Maximum. (Blue) Minimum.

(UHF) ranges. Our recent studies and experiments have shown

promising results and plenty of unexplored potentials for ther-

mally actuated high-frequency resonators [18], [19].

Both modeling and experimental measurements suggest that,

as opposed to the electrostatic and piezoelectric resonators,

thermal–piezoresistive resonators perform better as their size

is shrunk down and, therefore, could be a much stronger candi-

date for realization of highly integrated nanomechanical signal

processing arrays.

II. PRINCIPLE OF OPERATION AND MODELING

Fig. 1 shows the schematic 3-D view of the resonator struc-

tures used in this paper, which is known as I2-Bulk Acoustic

wave Resonators or I2-BARs [20] (also known as dog-bone

resonators [11], [12]). Such structures are a great fit for ther-

mal actuation as they can be actuated simply by applying

the actuation voltage between the two support pads on their

two sides. The resulting current passes through the structure

heating it up by the resulting ohmic loss. The ohmic losses

are maximized in the thinner parts, which are typically the

extensional pillars in the middle of the structure. The fluctuating

power loss results in a fluctuating temperature gradient and,

therefore, periodic thermal expansion of the extensional beams.

The alternating extensional force resulting from the fluctuating

temperature in the pillars can actuate the resonator in its in-

plane extensional resonance mode [20]. If the ohmic loss and,

consequently, the resulting temperature fluctuations have the

same frequency as the resonant frequency of the resonator, the

mechanical vibration amplitude is amplified by the mechanical

quality factor Q of the resonator. The amplified alternating

stress in the pillars leads to increased fluctuations in their

electrical resistance (due to the piezoresistive effect). When

biased with a dc voltage, such resistance fluctuations modulate

the current passing through the structure, resulting in an ac

current component known as the motional current.

A. High-Frequency Thermal Actuation

It is hard to imagine a thermal system with small enough ther-

mal time constants to respond to high-frequency excitations in

Fig. 2. (a) Block-diagram demonstration of the thermoelectromechanical
model of the resonator that can be divided into three subsystems of thermal,
mechanical, and electrical nature. The electrical input ac voltage causes a
temperature fluctuation that is turned into an ac mechanical force and, therefore,
displacement. Finally, the mechanical displacement is turned into an electrical
signal (motional current) due to the piezoresistive effect.

the VHF and UHF ranges. Similar to electrical RC circuits, the

thermal time constant of a thermal actuator (e.g., a suspended

conducting beam) is the product of its thermal capacitance and

thermal resistance: τth = RthCth. Thermal resistance can be

calculated using a very similar equation to electrical resistance,

i.e., Rth = ρthL/A, where ρth is the thermal resistance of the

structural material, and L and A are the length and cross-

sectional area of the element, respectively. Similar to electrical

resistance, thermal resistance increases proportionally as the

dimensions of the element are scaled down, i.e., if a thermal

actuator is scaled by a factor of S, its thermal resistance changes

by a factor of S−1. On the other hand, thermal capacitance is

proportional to the mass, and therefore to the volume of the

element, and scales by a factor of S3. Hence, the overall thermal

time constant of the element scales by a factor of S2.

On the other hand, if a mechanical structure is scaled by a

factor S, its mechanical resonant frequency ωm changes by a

factor of S−1, i.e., its mechanical time constant changes by

a factor of S. The overall conclusion is that, if the dimensions

of a thermally actuated resonant structure are scaled down,

its thermal time constant shrinks more than its mechanical

time constant. In other words, both thermal and mechanical

responses of the system become faster upon scaling the dimen-

sions down; however, the increase in the speed of the thermal

response is more (proportional to S−2) than the increase in

the mechanical resonant frequency (proportional to S−1). In

conclusion, as the structural dimensions are scaled down, the

performance of thermally actuated mechanical resonators is ex-

pected to improve (more actuation force for the same actuation

power) as the thermal response of the system can better catch

up with the mechanical vibrations.

B. Thermoelectromechanical Modeling

The overall input-to-output transfer function of thermal–

piezoresistive resonators includes a combination of three differ-

ent domains (subsystems) of thermal, mechanical, and electri-

cal nature, as shown in Fig. 2. First, the electrical input voltage

is turned into a temperature, the temperature is then turned

into a mechanical force that causes a mechanical displacement,

and finally, the mechanical displacement is turned back into an

electrical signal (motional current).

The first box in Fig. 2 is the thermal subsystem that turns the

input voltage to a heating power (ohmic loss) and, therefore, to

a temperature fluctuation amplitude Tac. Due to the square re-

lationship between ohmic power loss and electrical voltage (or

current), the application of an actuation voltage with frequency

of fa results in an ac ohmic loss component with frequency
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Fig. 3. (a) Equivalent electrical circuit for the thermal subsystems. (b) Equiv-
alent electrical circuit for the mechanical subsystems. (c) Equivalent electrical
circuit for the electrical subsystem.

of 2fa. In order to have the same frequency as the input ac

actuation voltage for the thermal actuation force, a combination

of ac and dc voltages (i.e., vac and Vdc, respectively) needs to be

applied between the two pads of the resonators. The resulting

power loss component at the same frequency as vac will then be

Pac =
2Vdcvac

RA

(1)

where RA is the electrical resistance of the actuator elements

(extensional pillars in I2-BARs), and Vdc and vac are the applied

dc and ac actuation voltages, respectively.

Fig. 3(a) shows the equivalent electrical circuits of the ther-

mal subsystem. The equivalent circuit consists of a current

source representing the heating power, along with capacitance

(Cth) and resistance (Rth) representing the effective ther-

mal capacitance and thermal resistance of the thermal actu-

ators, respectively. The resulting voltage across the parallel

RC combination Tac represents the temperature fluctuation

amplitude, and the transfer function giving the temperature

fluctuation amplitude versus the input voltage can be derived as

follows:

Hth(s) =
Tac

vac

=
2VdcRth

RA(1 + RthCths)
(2)

where s = jω is the Laplace transform parameter.

The alternating mechanical force amplitude due to thermal

stress caused by the fluctuating temperature is

F = 2αTacAE (3)

where α is the thermal expansion coefficient of the thermal

actuator structural material, A is the thermal actuator cross-

sectional area, and E is the Young’s modulus of the thermal

actuator along its length. The coefficient “2” has been added

since there are two actuator beams in each I2-BAR contributing

to the actuation force.

In the equivalent electrical circuit of the mechanical subsys-

tem shown in Fig. 3(b), the voltage source represents the ther-

mally generated mechanical force, and the inductor, capacitor,

and resistor represent the effective mechanical mass, stiffness,

and damping of the resonator, respectively. Consequently, cur-

rent represents velocity, and charge (Q =
∫

I · dt) represents

displacement. Therefore

Xth(s) = Q(s) =
i(s)

s
=

F

(Ms2 + bs + K)
(4)

where M , K, and b are the effective mechanical mass, spring

constant, and damping coefficient of the resonant structure,

and Xth is the elongation amplitude of the thermal actuators

(resonator vibration amplitude). Replacing the actuation force

from (3) into (4) results in the following transfer function for

the mechanical subsystem:

Hm(s) =
Xth

Tac

(s) =
2αAE

(Ms2 + bs + K)
. (5)

The undamped mechanical resonance frequency of the res-

onator is ω0 =
√

K/M , and its intrinsic quality factor is Q =
Mω0/b. At the resonance frequency, the mechanical stiffness

and mass in the mechanical transfer function cancel each other

out, and Hm is simplified to

Hm,res =
Xth

Tac

(s)

∣

∣

∣

∣

s=jω0

=
2αAEQ

Mjω2
0

=
2αAEQ

jK
(6)

with j =
√
−1 showing that the mechanical displacement is

lagging behind the temperature (and force) fluctuations by 90◦,

which is always the case for linear mechanical resonators at

resonance.

The vibration amplitude, which is the output of the mechan-

ical subsystem, causes a change in the resistivity of the thermal

actuators due to the piezoresistive effect, i.e.,

rac = RAπlE
Xth

L
(7)

where πl is the longitudinal piezoresistive coefficient of the

actuator beams, rac is the amplitude of the actuator resistance

fluctuations, and L is the length of the thermal actuators. Since

a dc bias voltage is applied to the thermal actuators, this change

in resistance modulates the current in the actuators, i.e.,

im =
rac

RA

Idc. (8)

Therefore, the transfer function of the electrical subsystem [see

Fig. 3(c)] will be as follows:

He =
im
Xth

=
πlEIdc

L
. (9)

Rs in Fig. 3(c) represents all the parasitic electrical resistances

in series with the actuator resistance, which mainly includes

resistance of resonator support beams.
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Finally, the overall transfer function that relates the ac mo-

tional current (output current) to the ac input voltage is the prod-

uct of the three transfer functions of the thermal, mechanical,

and electrical subsystems, i.e.,

HT =
im
vac

=HthHmHe =
4αAE2I2

dc
πl

L(Ms2 + bs + K)

Rth

(1 + RthCths)
(10)

which simplifies as following at resonance frequency:

HT |s=jω0
=

4αE2πlQAI2

dc

KLj

Rth

(1 + RthCths)
. (11)

Furthermore, for physical dimensions in the microscale and

even nanoscale, the thermal time constant is typically much

larger than the mechanical time constant of the structure.

In other words, it takes a much longer than the mechanical

resonance period of the structure for the temperature of the

actuators to reach its steady-state value and stabilize. Therefore,

ω0 ≫ τ−1

th
= (RthCth)−1, which simplifies HT to

HT |s=jω0
= gm = 4αE2πlQ

AI2

dc

KLCthω0

. (12)

Knowing that K = 2EA/L, (12) can be further simplified to

gm = 2αEπlQ
I2

dc

Cthω0

. (13)

The transfer function in (12) and (13) can be referred to as

small signal voltage to current gain, or motional conductance

gm of the resonator at its resonance frequency, which is one

of the most important parameters of a thermal–piezoresistive

resonator when utilized as an electronic circuit component.

C. Resonator Equivalent Electrical Circuit

For the single-port I2-BAR resonators used in this paper,

where the resonator extensional pillars acting as thermal actu-

ators also act as piezoresistive sensors, the physical resistance

of the resonator connects the input and output of the devices.

Therefore, the equivalent electrical circuit includes a resistance

RA + Rs connected between the two terminals of the resonator,

which is the overall resistance in the current path between the

two pads of the resonator. In parallel to the static resistance of

the actuators, there is a series RLC combination that represents

the mechanical resonant behavior of the structure. The value

of Rm in the RLC has to be set so that, at resonance, a

motional current of im = gm · vac = vac/Rm is added to the

feedthrough current passing through RA. Therefore, Rm = g−1
m

and Lm and Cm values can be calculated based on the value of

Rm, as shown in Fig. 4, according to the resonance frequency

and quality factor of the resonator.

D. Calculation of Actuator Thermal Capacitance

To calculate the gm of a thermal–piezoresistive I2-BAR,

which is the most important parameter to be extracted from

the model, using (12), all the parameters except the effective

thermal capacitance of the actuators Cth are known for every

Fig. 4. Overall equivalent electrical circuit for one-port thermally actuated
resonators with piezoresistive readout.

Fig. 5. COMSOL finite-element thermal analysis of a 61-MHz I2-BAR by
applying dc and ac currents of 60 and 5 mA, respectively. The color code
shows static temperature of the structure resulting from the dc bias current,
and the numbers show temperature fluctuation amplitude Tac at different points
along the actuator caused by the ac excitation, showing temperature fluctuation
amplitude of ∼0.01 ◦C at a point in the middle of the thermal actuator.

set of resonator dimensions. Due to the distributed nature of the

thermal parameters, including the thermal generator (resistance

of the structure), thermal capacitance, and thermal conductance,

analytical derivation of the effective equivalent values for the

thermal parameters could be quite complicated. Therefore,

COMSOL finite-element analysis was used to analyze the ac

thermal behavior of the actuators and calculate the fluctuating

temperature amplitude Tac at different points along the length

of the actuator beams (Fig. 5). The mean value of the small

signal temperature amplitudes at different points along the

actuators is the effective temperature fluctuation amplitude for

the actuator.

Again, using the typically valid assumption of ω ≫ τ−1

th
=

(RthCth)−1, Cth can be calculated using the value of Tac

obtained from the finite-element analysis and a rearranged and

simplified version of (2), i.e.,

Cth =
2IdciacRA

Tacωm

. (14)

E. Resonator Scaling Behavior

Looking at the scaling behavior of gm as the resonator

dimensions are scaled down, the following proportionalities can

be identified: A ∝ S2, Cth ∝ S3, L ∝ S, K ∝ S, and ω0 ∝
S−1, where S is the scaling factor. Consequently, assuming

the same resonator quality factor and bias current, gm ∝ s−2,

i.e., gm increases with a square relationship as the resonator is

scaled down, whereas at the same time, the resonator resonant

frequency is increasing proportionally. This further confirms

the explanation provided previously justifying the suitability of

thermal actuation for high-frequency applications.

The alternative way of looking at this is that the same gm

values as the low-frequency resonators can be achieved for
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Fig. 6. (a) SEM view of a 7.9-MHz 15-µm-thick I2-BAR fabricated on a low-resistivity p-type substrate. (b) SEM view of a 61-MHz 15-µm-thick I2-BAR
fabricated on a low-resistivity p-type substrate. (c) SEM view of a 41-MHz 3-µm-thick I2-BAR fabricated on a low-resistivity n-type substrate followed by
thermal oxidation to thin down its thermal actuator beams. All devices are fabricated on 100 SOI substrates. The first two resonators are oriented along the
110 crystalline orientation, whereas the third resonator is aligned to the 100 crystalline orientation; (d) Schematic of the electrical connections for operation of
an I2-BAR in a one-port configuration along with the COMSOL modal analysis results, showing the in-plane fundamental extensional resonance mode for the
resonator of Fig. 6(b). The resonator dimensions are a = 22 µm, b = 15 µm, c = 4.4 µm, L = 18 µm, and W = 5 µm, showing a frequency of 60.77 MHz.
Red and blue colors show locations with the largest and smallest vibration amplitudes, respectively.

higher frequency devices while having proportionally less bias

current. This means proportionally less power consumption,

assuming the same electrical resistivity for the resonator struc-

tural material.

III. RESONATOR FABRICATION AND MEASUREMENT

A single-mask process was used to fabricate the resonators

on low-resistivity silicon-on-insulator (SOI) substrates [19].

The fabrication process starts by thermally growing a thin

(∼200 nm) layer of silicon dioxide on the device layer that

will serve as a hard mask for silicon etching. The silicon

dioxide layer is patterned to define the resonator structures.

The structures are then carved into the SOI device layer all the

way down to the buffer oxide (BOX) layer by plasma etching.

Finally, the structures are released by etching the underlying

BOX layer in hydrofluoric acid (HF). At the same time, the

remaining oxide mask on top of the structures is also etched

away.

A wide variety of I2-BAR structures with different dimen-

sions were fabricated on SOI substrates with different device

layer thickness, resistivity, and doping type. Fig. 6 shows the

scanning electron microscopy (SEM) view of a few of the

fabricated resonators. For some of the devices, the actuator

beams were thinned down in order to minimize resonator power

consumption. By performing a number of consecutive thermal

oxidation and oxide removal steps, submicrometer actuator

widths were achieved [see Fig. 6(c)].

Since the resonant structures in this paper are one-port de-

vices composed of a monolithic piece of crystalline silicon,

they were tested in a one-port configuration. In a one-port

configuration, the extensional beams act simultaneously as both

thermal actuators and piezo-resistive sensors. Fig. 6(d) shows

the schematic of the electrical connections required for opera-

tion of the resonator in the one-port configuration along with

COMSOL modal analysis results for the 61-MHz resonator

shown in Fig. 6(b) in its fundamental in-plane extensional

mode. In this configuration, a combination of a dc bias current

and an ac actuation voltage are applied between the two termi-

nals of the resonator. Large bypass capacitors and bias resistors

are used to isolate the ac and dc sources.

Due to the very low resistance of the actuator beams on

the order of a few ohms, only a small portion of the applied

Fig. 7. Measured frequency response of the thermally actuated 61-MHz
resonator of Fig. 6(b) with different bias currents. The vertical axis in the
frequency response plots shows the motional transconductance of the resonators
gm in dB. Red and blue plots refer to vacuum and air testing conditions,
respectively. Current range is 45–100 mA in vacuum and 55–100 mA in air.

voltage by the network analyzer through its 50-Ω terminations

will fall across the actuators, resulting in excessive attenuation

in the transmission spectra. Therefore, the effect of the bias

resistors, the 50-Ω terminations of the network analyzer, and

the parasitic resistances associated with the resonator struc-

tures should be deembedded from the measured data before

comparing them with the theoretically calculated values [21].

Fig. 7 shows motional conductance values after deembedding

the effect of parasitic and bias resistors from data obtained from

the 61-MHz resonator in Fig. 6(b). For this resonator, quality

factors ranging from 12 000 to 14 000 were measured under

vacuum. The quality factor dropped to 6000 to 8000 under

atmospheric pressure. A large-frequency tuning range can be

achieved for such resonators by changing their dc bias currents.

This is mainly due to the raising temperature of the resonating

body, particularly its extensional beams that provide most of

the structural stiffness in the in-plane extensional mode. As

expected, as the dc bias current increases, the output signal

level increases, whereas due to the higher static temperature

and softening of the structural material, the resonant frequency

decreases.
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Fig. 8. SEM view and measurement results for a 3-µm-thick 30.5-MHz
dog-bone resonator. The vertical axis in the frequency response plots shows
the motional transconductance of the resonators gm in decibels. Due to its
very narrow (750-nm-wide) actuator beams, clear resonant peaks with mo-
tional conductance in the tens of microamperes per volt have been measured
for this resonator with submilliampere dc bias currents (submilliwatt power
consumption).

It should be noted that, according to Fig. 4, in one-port mea-

surements, signal transmission through the resonator includes

the feedthrough signal through the electrical resistance of the

structure (RA + RS). The frequency responses shown in Fig. 7

and other upcoming frequency response plots only include the

motional current passing through the structure obtained by

elimination of the feedthrough signal from the overall measured

current passing through the resonator.

Although operating at high frequencies, unprecedented for

thermally actuated resonators, and with high quality factors,

the large current requirement and power consumption for the

resonator in Fig. 7 is a major drawback against using such as

electronic components. Therefore, for a number of fabricated

resonators, the actuator widths were reduced by oxidizing them

in order to consume a thin layer of silicon on their surfaces,

including on their actuator beams. After removal of the grown

oxide layer, a thinner extensional beam is left. This sequence

was repeated a few times for some of the resonators until

submicrometer beamwidths were achieved.

Fig. 8 shows some of the frequency responses measured for

one of such devices with a resonant frequency of 30.5 MHz and

∼750-nm-wide actuators. As opposed to the 61-MHz resonator

of Fig. 7 that required at least 40 mA of dc bias to exhibit a

measurable resonance peak, a resonance peak was detected for

this resonator with currents as low as 43 µA translating into

dc power consumption values as low as 3.6 µW. At the dc

bias current of 720 µA (dc power of 1 mW), motional conduc-

tance of 44 µA/V was measured for this resonator. Maximum

currents tolerable for such narrow actuator beams are in the

few milliampere range, leading to motional conductance values

as high as 0.23 mA/V in air with Q of 9200. According to

the derived model, much higher motional conductance values

can be achieved by consuming the same amount of power

using lower resistivity structural materials, allowing higher bias

Fig. 9. Measured and calculated values of motional conductance versus
bias current in both air and vacuum for the 30.5-MHz resonator shown in
Fig. 8, showing an acceptable agreement between the recordings and the model
predictions. Measured Q values are used to find the calculated values.

currents. This resonator was fabricated on an N-type SOI device

layer with resistivity of ∼0.02 Ω · cm. Therefore, another one

to two orders of magnitude improvement are expected to be

achievable using lower resistivity substrates. Fig. 9 shows a

comparison between the measured and calculated motional

conductance values in both air and vacuum for the 30.5-MHz

resonator of Fig. 8.

In order to examine and verify the validity of the derived

model, several measurement results for I2-BAR resonators with

different dimensions were compared with the values calculated

by the model. Table I presents some of the measured data

for different resonators under different bias current and pres-

sure conditions. Considering the several possible sources of

error, there is a good agreement between the measured and

calculated gm values for most of the data points. Some of

the major sources of error include uncertainty in resistivity

and other physical properties of the structural material (e.g.,

piezoresistive coefficient), as well as changes in such properties

at elevated temperatures, uncertainty in structural dimensions

and rounded corners and concave shape of the actuator beams

(particularly for smaller devices), and errors in extraction of the

motional conductance values from the logarithmic measured

transmission data (from the network analyzer) and deembed-

ding the effect of the parasitic resistances.

IV. RESONATOR OPTIMIZATION AND

BEHAVIOR PREDICTION

In order to achieve higher performance for the thermal–

piezoresistive resonators, it is desirable to maximize the

resonator motional conductance gm (for an improved signal-

to-noise ratio) with minimal power consumption. Therefore,

a figure of merit for the resonators has been defined as the

ratio of the resonator gm to the overall dc power consump-

tion, i.e.,

F.M. =
gm

Pdc

=
2αEπlQ

Cthω0(RA + Rs)
(15)

where Pdc = I2

dc.(RA + RS) is the dc power consumption of

the resonator. The different parameters that can be used to

maximize F.M. are given in the following sections.
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TABLE I
MEASUREMENT AND CALCULATION RESULTS FOR DIFFERENT THERMAL–PIEZORESISTIVE I2-BARS

A. Actuator Beam Dimensions

Generally, smaller actuator dimensions lead to smaller Cth,
improving the resonator figure of merit. However, the effect of
actuator dimensions on its electrical resistance RA should also
be taken into account.

Since the extensional stiffness of the actuator beams define
the I2-BAR resonant frequency, in order to maintain the same
resonant frequency for an I2-BAR while reducing its actuator
thermal capacitance, both length and width of the actuator
should be scaled down simultaneously. Such scaling does not
affect the actuator electrical resistance RA. Therefore, scaling
down both the length and width of the actuator beams by a scale
Sa results in an improvement in the resonator F.M. by a factor
of S2

a while maintaining an almost constant resonant frequency
for the device.

B. Resonant Frequency and Resonator Scaling

At a first glance at (15), higher frequencies seem to have
a deteriorating effect on the resonator figure of merit. How-
ever, if higher resonant frequencies are achieved by shrinking

the resonator size at the same time, Cth will be shrinking
sharply.

If all resonator dimensions are scaled down proportionally by
a factor S, Cth ∝ S−3, ω0 ∝ S, and (RA + RS) ∝ S. There-
fore, F.M. ∝ S, i.e., F.M. increases proportionally if the res-
onator dimensions are scaled, increasing its resonant frequency
at the same time.

To experimentally investigate the effect of resonator scaling,
scaled versions of similar resonators (with the same horizontal
dimensional aspect ratios) were included in the layout and
fabricated. In order to have a fair comparison between F.M.
values for different resonators, the effect of resonator mechani-
cal quality factor was factored out by defining a coefficient K,
which is defined as

K =
F.M.

Q
. (16)

Values of K coefficients extracted from the measurement
results for different resonators under different dc bias current
are shown in Fig. 10, with the data corresponding to similar
resonators with different scales presented on the same axes.
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Fig. 10. Extracted K values for similar scaled resonators versus resonator bias current. In both sets of resonators, the smaller (higher frequency) devices have
higher transduction strength.

TABLE II
PREDICTED RESONATOR PERFORMANCE PARAMETERS FOR TWO SCALED-DOWN VERSIONS OF THE 61-MHz RESONATOR OF FIG. 7

WITH RESONANT FREQUENCIES OF 900 MHz AND 2.1 GHz OBTAINED FROM THE DEVELOPED MODEL

These plots confirm that smaller scale resonators with higher
resonance frequencies have higher transduction strength.

It can be concluded from the last two discussions that the
capability to fabricate resonator actuator beams with very small
(nanoscale) dimensions is the key to achieving very high perfor-
mance levels for thermal–piezoresistive I2-BARs, both at low
and high frequencies.

C. Electrical Resistivity and Other Material Properties

The most important parameter that can also be controlled

for some of the most popular resonator structural materials

(e.g., Si or SiC) is the electrical resistivity of the structural

material. Lower electrical resistivity of the structural mate-

rial improves the resonator transduction figure of merit by

lowering RA + Rs. This can be explained by the fact that,

with lower electrical resistivity, the same amount of dc bias

current, and therefore the same motional conductance, can be

maintained while burning less ohmic power in the structure. A

number of other structural material properties also affect the

figure of merit for the thermal–piezoresistive resonators. Higher

thermal expansion coefficient and lower specific heat capacity

improve thermal actuation, resulting in proportionally higher

F.M.. Higher piezoresistive coefficient improves the piezoresis-

tive readout having the same effect on F.M.. One interesting

and promising fact is the giant piezoresistive effect found

in single-crystalline silicon nanowires that has been observed

and reported by different researchers [22]. Therefore, as the

resonators are scaled down to reach higher resonant frequencies

in the hundreds of megahertz and gigahertz range, it is expected

that the actuator beams with deep-submicrometer width exhibit

such strong piezoresistivity, significantly improving resonator

performances.

Using structural materials with higher Young’s modulus E
can also improve the resonator figure of merit while increasing

its resonant frequency.

D. Thermal Actuation at Gigahertz Frequencies

It was shown through theoretical derivations and measure-

ments that thermal actuation is not only a suitable mechanism

for high-frequency resonator applications, but also it can pro-

vide higher performances at higher rather than lower frequen-

cies. Here, the derived resonator model is utilized to predict

the performance of higher frequency thermal–piezoresistive I2-

BARs with resonant frequencies in the gigahertz range. Two

scaled-down versions of the 61-MHz resonator of Fig. 6(b) with

resonant frequencies of 900 MHz and 2.1 GHz with resistivity

of 3.5 × 10−3 Ω · cm were analyzed using the developed model.

The results are presented in Table II, showing that gm as high

as 1 mA/V can be achieved for such high-frequency resonators

with power consumption values in the submilliwatt range. The
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same gm values with much lower power consumption can be

achieved on lower resistivity substrates. Table II also includes

calculated characteristics for resonators with scaled-down actu-

ator dimensions to further minimize their power consumption

values (maximize F.M.). For such devices, power consumption

as low as a few microwatts can provide motional conductance

of 1 mA/V.

It should be noted that, for all the calculations presented in

Table II, the bulk piezoresistive coefficient of silicon has been

used. However, for such high-frequency resonators, thermal

actuators are practically silicon nanowires and are expected to

have up to 40× higher piezoresistive coefficients than that of

bulk silicon [22]. Therefore, it is expected that the resonator

performances in the gigahertz range will even be better than

what is shown in Table II.

V. CONCLUSIONS AND FUTURE WORK

Thermally actuated high-frequency single-crystalline silicon

resonators with frequencies up to 61 MHz have been suc-

cessfully fabricated and characterized. It was shown through

electrothermomechanical modeling and measurements that, as

opposed to the general perception, thermal actuation is a viable

and potentially very suitable transduction mechanism for high-

frequency applications.

The derived resonator model was validated using the experi-

mental data obtained from different resonators, showing a good

agreement between the measurements and model predictions.

The effect of several design parameters and material properties

on the performance of the resonators was discussed, provid-

ing guidelines for improved designs. The modeling strategy

developed here can be applied to a wide variety of ther-

mally actuated micromechanical resonators with slight modifi-

cations. Based on the analysis in this paper, unlike electrostatic

or piezoelectric transducers that require large electrode area,

thermal–piezoresistive transduction exhibits improved perfor-

mance as the resonator structural features are scaled down into

nanoscale.

Therefore, it could be the only suitable transduction mecha-

nism for next-generation highly integrated nanomechanical res-

onator arrays. It was shown that thermal actuation of nanoscale

resonators with frequencies in the gigahertz range is theoreti-

cally feasible and the power consumption for such devices can

be as low as a few microwatts.

Future work includes further design optimization and minia-

turization of the resonator dimensions to achieve better

resonator performance and higher frequencies. Using other

resonator topologies and multilayer two port configurations as

well as examination of other structural materials are among

other future directions.
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