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Abstract—We present in this paper the design and fabrication
of a homogeneous silicon micromechanical resonator actuated
using forces acting on the immobile charge in the depletion region
of a symmetrically doped p-n diode. The proposed resonator
combines the high quality factor Q of air-gap-transduced resonators with the frequency-scaling benefits of internal dielectrically transduced resonators. Using this transduction method,
we demonstrate a thickness-longitudinal-mode micromechanical
resonator with Q ∼ 18000 at a resonant frequency of 3.72 GHz at
room temperature, yielding an f · Q product of 6.69 × 1013 Hz,
which is the highest reported value for a silicon micromechanical
resonator to date.
Index Terms—Micromechanical resonators, p-n diode, quality
factor (Q), radio-frequency microelectromechanical systems (RF
MEMS).

I. I NTRODUCTION

T

HE potential of micromechanical devices as resonators
with high quality factor Q has been recognized since the
seminal paper by Nathanson et al. describing the resonant gate
transistor [1]. Since new developments in the areas of surface
and bulk micromachining ushered in and established the field
now known as microelectromechanical systems (MEMS), a
variety of micromechanical resonator designs have been developed, ranging from flexural-mode cantilevers and clamped
beam resonators [2], [3] to bulk-acoustic-mode resonators [4]–
[6]. Such resonators are finding use in a variety of systems from
chemical sensing [7] to high-precision oscillators [8]. Continued research has pushed steadily the resonant frequencies
of these devices into the multigigahertz range while improving transduction efficiency and reducing motional impedance,
which is the ratio of the actuation input voltage to the transduced output current and is a metric of the overall efficiency of
the resonator. Recent developments have included fabrication
techniques to create large aspect-ratio resonators by minimizing
the gap width and maximizing the transduction area of air-gaptransduced silicon resonators [5], [9], [10] or using different
transducer (capacitive or piezoelectric) materials in a composite

resonator structure [6], [11], [12]. While these methods show
promise for increasing the transduction efficiency, there are
certain limitations associated with each. High-aspect-ratio airgap resonators have the potential for high Q due to their homogeneous resonator structure but are limited due to high motional
impedance in addition to low fabrication yield and reliability.
Piezoelectric transducers [11] have demonstrated low motional
impedances, but the greater inherent material losses compared
with silicon limit the quality factor of these devices. The use of
high-k dielectrics [6], [12], [13] increases the transduction efficiency over air-gap-transduced resonators by bolstering the dielectric constant of the capacitive transducer and has the added
benefit of increased reliability, but interface losses between the
resonator body and transducer materials, particularly when the
transducer is placed at locations of maximum strain, limit the Q
of these devices.
In this paper, we present a method of transduction that
combines the strengths of the previously mentioned methods
to design high-Q resonators at gigahertz frequencies. This is
done by actuating mechanical motion using the force acting
on the immobile charge within the depletion region of a p-n
diode. Similar depletion-layer actuation has been observed with
atomic force microscopy using gold–silicon Schottky diodes
to excite resonance in cantilever beams [14] and to study
electrostriction in silicon [15] at low frequencies. Due to the
internal nature of depletion-layer transduction (i.e., the force is
applied within the resonator), such resonators can be actuated
efficiently at high frequencies when the junction is placed at
optimal locations within the resonator. In this paper, we present
a detailed theory of operation for the p-n-diode-transduced
micromechanical resonators, which include some subtle but
important differences with typical capacitive transduction, and
show experimental results for thickness-longitudinal-mode resonators (see Fig. 1) to validate our claims. After a discussion
of these results, we conclude with the implications of this
paper.
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A. Actuation
This paper combines the theories of depletion-layer actuation
[14] and internal dielectric transduction [6]. We first find the
force distribution within the resonator body. This force distribution arises from the electrostatic force acting on the immobile
charge (i.e., donor/acceptor ions) within the depletion region of
the p-n junction. This is shown graphically in Fig. 2. Assuming
an abrupt symmetric junction profile, the expressions for the
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permittivity of free space, Aj is the junction area, and 2zd is the
junction depletion width given by

εsi εo
(φbi − (VDC + vin (t)))
zd (vin ) =
(4)
eN

Fig. 1. Scanning-electron-microscopic image of the 40 μm × 40 μm p-ndiode-transduced micromechanical resonator. The resonant frequency of
3.72 GHz is determined by the silicon device layer thickness (no electrodes
or other mass loading layers). The displacement amplitude in the thickness
direction of the resonant mode shape is shown in the inset plot. Etch holes
are required for timed HF release.

where Φbi is the junction built-in voltage.
Equations (1)–(4) indicate that this function is nonlinear with
the input excitation voltage described by vin = vo e−jωo t . If
vo  Φbi − VDC , then (3) can be linearized around the bias
point, yielding the distributed force at the excitation frequency
as follows:
⎧
(eN )3/2 Aj
⎪
v , d a − z d ≤ z < da
⎨− √
2 εsi εo (φbi −VDC ) in
qωo (z, t) ≈
3/2
(eN )
Aj
⎪
v ,
da < z ≤ d a + z d .
⎩ √
2 εsi εo (φbi −VDC ) in
(5)
This force distribution yields the following equation of motion:
ρA

∂2u
∂3u
∂2u
− bA
− EA 2 = qωo (z, t).
2
2
∂t
∂t∂z
∂z

(6)

Here, ρ is the mass density, E is the Young’s Modulus, b is the
loss factor, da is the location of the actuation junction, A is the
resonator cross-sectional area, and u(z, t) is the displacement
field within the resonator. This field can be written as u(z, t) =
Uo cos(nπz/d)e−jωo t . Note that from this point forward, the
subscripts “a” and “s” after a comma are used to differentiate
between the parameters of the actuation and sensing junctions,
respectively. Multiplying (6) by the mode shape and integrating
over the thickness d of the resonator allow us to find both the
resonant displacement amplitude Uo and the electromechanical
transduction efficiency of the actuation junction ηa , which is
the ratio of force applied to the structure over input voltage
amplitude given by
ηa =

2dAj, a eNa
sin
nπ zd0, a

nπda
d

sin2

nπ zd0, a
d 2

(7)

where zd0, a = zd, a (vin = 0). The resonant displacement amplitude is given by
Fig. 2. Illustration of the principle of actuation in the input junction showing
the charge density ρ, the electric field in the thickness direction Ez , and the
force component at the resonant frequency qωo throughout the structure.

charge distribution ρ(z), the electric field Ez (z), and the force
distribution ∂F/∂z are given by

−eN, da − zd < z < da
ρ(z) =
(1)
eN, da < z < da + zd

(zd − da + z), da − zd < z < da
− εeN
si ε0
Ez (z) =
(2)
eN
da < z < da + zd
εsi ε0 (z − zd − da ),
 e2 N 2 A
j
(z + zd − da ), da − zd < z < da
∂F
= e2εNsi 2ε0Aj
(3)
∂z
(z − zd − da ), da < z < da + zd
εsi ε0

where e is the elementary charge, N is the symmetric doping
concentration, εsi is the relative permittivity of silicon, ε0 is the

|Uo | =

4Qd2 eNa
sin
n3 π 3 E zd0, a

nπda
d

sin2

nπ zd0, a
vin (8)
d 2

where Q is the resonator quality factor and n is the mode
number of the thickness longitudinal mode that is excited.
It should be noted that this analysis assumes that the movement of charge at the edges of the depletion region is dominated
by the response of majority carriers, i.e., the junction is in
reverse bias. This is because the movement of minority carriers
is too slow to respond adequately to input voltages at high
frequencies. To analyze the behavior in forward bias, an equivalent shunt conductance can be added to model the minoritycarrier response time as an RC time constant if necessary. This,
however, will not be considered here.
B. Sensing
The sensing mechanism employed in these devices is
described best by the two-port capacitive-sensing scheme
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commonly used in electrostatically excited MEMS resonators
[4], [5]. This scheme requires a time-varying capacitance at the
output, which results in an output current that is transferred to
some load, typically a 50-Ω termination for RF measurements.
In practical systems, to maximize signal output, this load may
be the input of a low-input-impedance amplifier such as a
common-gate CMOS amplifier or a shunt feedback operational
amplifier. The required time-varying capacitance arises as a
result of the mechanical motion of the resonator. When the voltage across the output capacitor is constant, a motional current
is produced with magnitude given by im = VDC (∂Cout /∂t).
This scenario, however, is exact only in the case when there is
a physical separation (i.e., dielectric layer) across which charge
is accumulated. This is not exactly the case for the proposed
device, which has a depletion layer across which charge can still
move. This subtlety complicates the analysis but still results in
a model that is mathematically consistent with the simplified
capacitive-sensing model. We will present first the simplified
calculations and then explore the subtleties that exist for the
proposed device.
Simplified Model: Assuming that the depletion capacitance
at the output behaves like a physical capacitance, the expression
for motional current given previously will be valid. Specifically
∂Cj, s
= (Φbi, s − VDC, s )
∂t
εsi ε0 Aj, s
2zd0, s − (u(ds − zd0, s , t) − u(ds + zd0, s , t))

im=Vj, s
×

∂
∂t

. (9)

Simplifying this expression results in
im=

nπds
ωo εsi εo (φbi,s −VDC,s )Aj,s
nπzd0,s
sin
Uo sin
.
2
2zd0,s
d
d
(10)

As for the case of the actuation junction, an electromechanical
transduction efficiency of the sensing junction ηs can also be
defined as
ηs =

εsi εo (φbi,s − VDC,s )Aj,s
nπzd0,s
sin
sin
2
2zd0,s
d

nπds
.
d
(11)

Here, the sensing transducer efficiency is the ratio of the output
current over the maximum particle velocity in the resonator.
Again, as in the theory of actuation, this analysis assumes
that the distribution of free carriers at the edges of the depletion
region responds instantaneously to changes in the capacitance,
which would indeed be the case for a physical capacitance.
Similarly, this requires the junction to be reverse biased.
Detailed Analysis: As previously mentioned, the analysis of
the previous subsection is not entirely correct since it is based
on a model assuming a physical capacitance. In order to fully
analyze this device, we must consider the movement of charge
across the junction. For this analysis, we will assume again the
instantaneous response of free carriers to the input stimulus (in
this case the stress), allowing us to consider this as an adiabatic
system. In addition, we will assume that the voltage across
the junction is held constant at value V . By observing how

the stress changes the immobile-charge density and thus the
diffusion and drift current components across the junction, we
will find an expression for the output motional current.
We start by considering the case of compressive stress, where
the silicon lattice is squeezed. A qualitative picture of the
process is shown in Fig. 3. Fig. 3(a) shows the band diagram
of the initial unstrained junction. All four current components
are annotated in this diagram. As shown in the diagram, Jn, drift
and Jp, drift are the current components resulting from the
movement of thermally generated minority carriers on each
side within the diffusion length of the depletion-region edge.
These carriers then drift across the junction due to the electric
field. There also exist Jn, diﬀ and Jp, diﬀ , which are the current
components that arise as a result of majority carriers on each
side that overcome the potential barrier and diffuse across the
junction. These carriers become minority carriers and recombine on the other side of the junction.
When the stress is applied, the immobile-charge density now
changes. Since we are considering what happens adiabatically,
we can imagine that at the exact moment that the strain compresses the junction, the free carriers have not yet responded.
Thus, the depletion-region width initially stays constant, but
because of the underlying compression of the ions in the lattice,
we expect the charge density and, subsequently, the electric
field to now increase within the depletion region. This will
increase the barrier height to value V  , as indicated by the
dashed line in Fig. 3(b). As the barrier increases, Jn, drift and
Jp, drift also increase, resulting in a negative current across the
junction. Once these minority carriers cross the junction, they
become majority carriers, which define the depletion-region
width. At this moment, if the potential across the junction
were allowed to vary, then the compressive stress would simply
increase the effective doping density, and the depletion-region
width would remain constant. The total static current across the
junction would be the quantity that increases. However, this is
where the fact that the potential across the junction is forced
constant by a voltage source that becomes important. In this
case, the system will try to restore the barrier height to V ,
and the increased negative currents would allow this to happen
by using the newly available majority carriers to decrease the
depletion-region width and thus, the electric field. When the
barrier height is restored to V , the currents will return to
the original value expected for the corresponding bias. In contrast to the case where the potential were allowed to vary freely,
the quantity that permanently changes is now the depletionregion width.
The case of tensile strain is exactly the opposite in that the
immobile-charge density effectively decreases, resulting in a
decrease in the barrier height and, thus, an increase in the Jn, diﬀ
and Jp, diﬀ components. Again, since the voltage across the
junction is held constant, the movement of charge provides a
means for the system to readjust the depletion width to return
to the original potential. This process is not illustrated here for
the sake of brevity.
We can analyze quantitatively the effect of strain on the
change in depletion width by considering the amount of immobile charge within the depletion region and by finding how
much this width must change in order to accommodate the
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Fig. 3. (a) Band diagram of the unstrained p-n junction showing individual current components. (b) Compressive strain in the junction causes an increase in the
dopant density, subsequently increasing the electric field and the barrier height. This causes the current components Jn, drift , Jp, drift to increase while decreasing
Jn, diﬀ , Jp, diﬀ . The result is a net movement of electrons to the n-side and holes to the p-side. (c) Excess carriers become majority carriers when they cross the
junction. (d) These carriers subsequently return the system to the original barrier height.

same voltage. First, we must consider how the strain changes
the immobile-charge density. If we consider the infinitesimal
section of the depletion region dz and the charge within this
region dQ, we can observe that
dz  = dz (1+ε(z)) , dQ = eNso Aj, s dz = eNs (z)Aj, s dz 
(12)
⇒ Ns (z) =

Nso
≈ Nso (1−ε(z))
1+ε(z)

(13)

zd,
s ≈ zd, s (1 + ε(zd, s )) .

where ε(z) is the strain and Nso is the doping density, i.e.,
the original immobile-charge density. The last simplification is
made possible by assuming a small strain (ε(z)  1) value.
The total potential across the unstrained junction is given by
the following expression:
+zd, s




Ez • d l

V =

(14)

−zd, s

where the electric field is given by

− eNso (zd, s − ds + z), ds − zd, s ≤ z < ds
Ez = eNεsosi εo
εsi εo (z − zd, s − ds ), ds < z ≤ ds + zd, s .

(15)

Likewise, the potential across a strained junction is given by

+zd,
s




E z, strained • d l

V =

−zd,
s

and in this case, Ez,strained is equivalent to (15) with Nso
replaced by Ns (z) and zd, s replaced by the new strained deple
tion width zd,
s . Since the potential across both the unstrained
and strained junctions must be equal, we can then set (14) and

(16) equal and solve for zd,
s in terms of zd, s . If we assume
that the maximum displacement amplitude is much less than
the wavelength (i.e., ε(z)  λ/d), then we obtain the rather
interesting result that

(16)

(17)


This expression for zd,
s indicates that the new depletion width
is just the original depletion width changed by the amount of
strain at the depletion-width edge. In other words, we can think
of the edges of the depletion width mimicking the movement
of the charge accumulation layers (i.e., capacitor plates) of a
physical capacitor. This result justifies the use of the simplified
model previously mentioned for the case of reverse bias and
small strain, allowing easy modeling of the proposed resonator.
Equivalent Circuit Model: To incorporate more readily the
behavior of the p-n-diode resonator into other electrical systems, we can define an equivalent Butterworth–Van Dyke
(BVD) circuit model to describe its resonant behavior, as shown
in Fig. 4. The expressions for the motional impedance, motional
inductance, and motional capacitance are well known and can
be defined in terms of previously defined parameters as follows:

√
nπA Eρ 1
ρAd 1
2d
ηa ηs .
, Lx =
, Cx = 2 2
Rx =
2Q
ηa ηs
2 ηa ηs
n π EA
(18)
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Fig. 4. Equivalent BVD circuit model of the proposed p-n-diode resonator in
a two-port configuration.

In addition to these series-resonant circuit components, there
are also two shunt capacitors at the input and the output, which
are equivalent to the junction depletion capacitances as follows:


εsi ε0 eNa Aj, a
εsi ε0 eNs Aj, s
Co,s =
.
Co, a =
4 (Φbi, a − VDC, a )
4 (Φbi, s − VDC, s )
(19)
Using this BVD model allows for an easy simulation of the
resonator in conventional circuit simulators, greatly simplifying
the design of oscillators and filters using these devices.
Effects of Asymmetric Doping: In conventional semiconductor processes, it is difficult to achieve perfectly symmetric
doping profiles, particularly for the high doping concentrations
required for efficient transduction in the proposed device. This
doping asymmetry will have undoubtedly some effect on the
transduction efficiency of the p-n-diode-transduced resonators.
A detailed analysis will be omitted for brevity, but a look
in Fig. 2 illustrates what will happen as the doping level
becomes more and more asymmetric. As the doping asymmetry
increases, the charge density, the electric field, and the force distribution will all approach a very tall and thin distribution in the
highly doped semiconductor, whereas the depletion region will
extend far into the lightly doped semiconductor. In the extreme
case of a Schottky junction, the result will be an almost deltafunction force distribution exactly at the metallurgical junction.
For such a junction, the optimal junction location will now be at
a displacement maxima (i.e., edges of the resonator for the current device), and even at the optimal junction location, the efficiency will be decreased. Furthermore, the benefits associated
with internal transduction will no longer be seen since the force
distribution looks much like that of an externally transduced
air-gap resonator. However, this is only in the case of extremely
asymmetric doping; for the doping asymmetries that can be
achieved through careful process characterization, the overall
effect will be a slight reduction in transducer efficiency and a
shift of the optimal junction location. Our results will show that
although asymmetric doping will decrease performance, we are
still able to demonstrate a relatively low-motional-impedance
device using conventional semiconductor processes.
III. FABRICATION
Device fabrication was performed at the Cornell Nanoscale
Science and Technology Facility (CNF), following the steps
outlined in Fig. 5. Initially, a custom n+ doped silicon-oninsulator (SOI) wafer with 1.3-μm-thick (100)-oriented device

Fig. 5. (a) 1.3-μm device layer of an SOI wafer is doped selectively using
boron implantation and annealed to achieve the desired junction depth of
0.65 μm. (b) Device layer is etched to define the resonator and pads.
(c) Aluminum is deposited and etched to define the interconnect and pad
structures. (d) Device layer is released via timed HF etch.

Fig. 6. Pseudodifferential measurement setup of the p-n-diode-transduced
resonator to reduce capacitive loading.

layer of resistivity < 0.006 Ω · cm is used. The device layer is
then doped selectively using boron ion implantation to define
the actuation and sensing junctions and create ohmic contacts
to metal interconnects. Subsequent rapid thermal annealing is
performed for dopant activation and to create the junction at
the desired depth of 0.65 μm. This is followed by a reactive
ion etch of the device layer to define the resonator and anchors.
Interconnect and pad structures are defined by sputter deposition and wet etching of 50-nm Cr (for adhesion and to prevent
spiking) and 100-nm Al. The device is released finally by HF
etching.
IV. E XPERIMENTAL R ESULTS
The experimental setup used to make the measurements
of the p-n-diode resonators is shown in Fig. 6. We utilize a
pseudodifferential measurement technique by simultaneously
driving out of phase an identical unreleased resonator fabricated
next to the device under test [16]. This is done to eliminate the
loading effects of feedthrough parasitics and to measure accurately the mechanical resonance. In this case, the feedthrough
path consists of the fringing field capacitance Cft in Fig. 4
and also includes some contribution from the shunt capacitors
since there is a finite impedance to ground caused by routing
resistance.
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Fig. 7. Pseudodifferential transmission magnitude plot of p-n-diodetransduced resonator in vacuum demonstrating Q ∼ 18000 at 3.72 GHz. The
red trace shows that it fit with the equivalent circuit model in Fig. 4. A bias
voltage of VDC = −5 V is applied to each junction.

The transmission magnitude is shown in Fig. 7, indicating a
mechanical quality factor of approximately 18 000 in vacuum
for the fundamental mode. The motional impedance of this
particular device is 1.1 kΩ and the f · Q product is 6.69 ×
1013 Hz. Other than the device featured in this figure, we
have measured successfully at least six other resonators, all
demonstrating RX < 3 kΩ and Q > 17500, highlighting the
robustness of the proposed resonator to process variations. For
these seven resonators, the frequency spread was about 24 MHz
with an average frequency of roughly 3.718 GHz, indicating a
0.65% spread in the resonant frequency across devices. This
can be improved by using SOI wafers with tighter devicelayer-thickness tolerances. The overlaid curve in Fig. 7 is the
transmission response predicted using the equivalent circuit
model shown in Fig. 4. A few parameters were allowed to vary
in order to fit the data, particularly the device layer thickness
and doping concentration. However, the values used were well
within the specified manufacturer tolerances for the device layer
thickness (±0.5 μm) and the fabrication tolerances for the tools
in the CNF.
We have also performed temperature measurements ranging
from 5 ◦ C to 75 ◦ C to determine the temperature sensitivity
of the p-n-diode-transduced resonators. Fig. 8 shows that the
temperature coefficient of frequency TCf in this temperature
range is −9.72 ppm/◦ C, which is about a factor of 3 lower
than that of typical silicon micromechanical resonators. This
can be attributed largely to the effect of degenerated doping on
the elastic constants of semiconductors, as discussed in [17].
Fig. 9 shows a plot of the f · Q product of previously
published high-Q electrostatically transduced micromechanical
resonators in addition to that of this paper. The theoretical limit
predicted by phonon–phonon dissipation [18] is indicated by
the black curve, showing that this paper approaches this limit.
The resulting f · Q product is the highest ever reported in a
silicon micromechanical resonator to date.
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Fig. 8. Resonant frequency as a function of temperature. This figure shows
linear dependence with a temperature coefficient of −9.72 ppm/◦ C over a
temperature range of 5◦ C–75 ◦ C.

Fig. 9. The f · Q product of previously published high-Q micromechanical
resonators shown in comparison with the theoretical limit for phonon–phonon
scattering in (100)-Si (black line) in [18]. This paper results in a value of 6.69 ×
1013 Hz, which is approximately half of the theoretical value at 3.72 GHz.

forces in the depletion region of p-n diodes. This method
combines the frequency-scaling benefits of internal dielectric
transduction as well as the possible high quality factor by using
a homogeneous single-crystal-silicon resonator structure. We
have presented the theory of operation for such resonators and
derived expressions for the equivalent BVD model in order
to simplify oscillator and filter designs using these devices.
Our results show a record-setting f · Q product in (100)-Si at
room temperature of 6.69 × 1013 Hz and indicates that on-chip
integration of extremely high-Q high-frequency passive components may be possible for demanding applications including
transceiver local oscillator generation and narrowband filters.
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