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Abstract— Resonant body transistors (RBTs) are solid
state, actively sensed microelectromechanical systems (MEMS)
resonators that can be implemented in commercial CMOS tech-
nologies. With small footprint, high- Q, and scalability to giga-
hertz frequencies, they form basic building blocks for radio fre-
quency (RF) front-ends and timing applications. Toward the goal
of seamless CMOS integration, this paper presents the design and
implementation of phononic crystals (PnCs) in the back-end-of-
line (BEOL) of commercial CMOS technologies with bandgaps
in the gigahertz frequencies to be used for enhanced acousti-
cal confinement in CMOS-RBTs. Lithographically defined PnC
dimensions allow for bandgap engineering, providing flexibility
in resonator design, and allowing for multiple frequencies on a
single chip. The theoretical basis for analyzing generic PnCs is
presented, with focus on the special case of implementing PnCs in
CMOS BEOL layers. The effect of CMOS process variations on
the performance of such PnCs is also considered. The analysis
presented in this paper establishes a methodology for assessing
different CMOS technologies for the integration of unreleased
CMOS-MEMS resonators. This paper also discusses the impor-
tance of uniformity of the acoustical cavity in the nonresonant
dimension and its effect on overall resonator performance. A
PnC implementation in IBM 32-nm silicon on insulator (SOI)
BEOL layers is demonstrated to achieve 85% fractional-bandgap
∼4.5-GHz frequency. With better energy confinement, the pro-
posed CMOS-RBTs achieve a quality factor Q of 252, which
corresponds to 8× improvement over the previous generation
RBTs, which did not include PnCs. The presented devices have
a footprint of 5 μm × 7 μm. This paper concludes with a
discussion of the properties required of a CMOS technology for
high performance RBT implementation. [2014-0364]

Index Terms— CMOS-microelectromechanical systems
(MEMS), radio frequenty (RF) MEMS, resonators, resonant
body transistor (RBT), phononic crystals.

I. INTRODUCTION

FREQUENCY sources and high quality filters are essential
building blocks for both analog and digital electronics,
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Fig. 1. Cross section of a phononic crystal (PnC) implemented as periodic
metal stripes in the back-end-of-line (BEOL) of CMOS technology above the
front-end-of-line (FEOL) and bulk silicon wafer.

and communication systems. They are becoming more
and more ubiquitous every day with growing applications
that require further reduction in size, weight and power
consumption, driving toward unprecedented scaling and
integration of frequency sources and filters. Integration of
micro-electro-mechanical (MEM) resonators with CMOS have
been studied extensively and several approaches have been
proposed [1]–[3], with the most notable including MEMS-first,
MEMS-last and CMOS-MEMS technologies. However, these
techniques require extensive post-processing, and complicated
protection techniques for various parts of the chip at different
stages of the fabrication process. Furthermore, the resulting
MEMS devices always have exposed moving surfaces,
requiring hermetic sealing together with specialized and costly
packaging to avoid device performance degradation with time
and to shield them from the surrounding environment [4]–[6].

The authors have previously proposed and demonstrated a
new class of CMOS-MEMS resonators at GHz-frequencies,
that does not require any post-processing or special
packaging [7]. These CMOS-MEMS resonators are truly
solid-state devices without any exposed freely moving
surfaces; they are completely embedded in the CMOS die to
form a single solid entity. An acoustic resonance cavity is
formed in the front-end-of-line (FEOL) layers of the CMOS
die by localized confinement of acoustic vibrations. This
work demonstrates the usage of phononic crystals (PnCs)
implemented in back-end-of-line (BEOL) materials (Fig. 1) to
significantly improve the confinement of acoustic vibrations,
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increasing the quality factor of the resonators by an order of
magnitude.

PnCs are periodic composite structures that allow the
control of propagation of elastic waves through them by
virtue of their dispersion characteristics [8]–[15]. Bandgaps
are a characteristic feature of a PnC’s dispersion relation that
prohibit elastic wave propagation in one or more directions.
The ability to engineer such bandgaps by proper material
and geometric selection makes PnCs very attractive for
achieving acoustic confinement, a critical feature of high-Q
mechanical resonator and filter design [11]–[14], [16].
Moreover, the lithographically defined PnC dimensions allow
for flexibility in RBT design, enabling multiple frequencies
on a single chip, as opposed to thickness mode
film-bulk-acoustic-resonators (FBARs) [17] and solidly
mounted resonators (SMR) [18].

When considering monolithically integrated
MEMS resonators in CMOS, FET sensing becomes a
natural choice to harness the high-quality, high-yield
MOSFETs available in CMOS technologies. Active
transistor sensing for MEMS resonators has been widely
demonstrated over different technology platforms, including
FETs [7], [19]–[21] and HEMT sensing [22]–[25]. Elastic
wave stresses modulate carrier mobility and density in the
FET channel by virtue of piezoresistivity and dielectric
thickness modulation, respectively [7]. This creates a small
signal AC current in the read-out circuit, when the FET
is biased properly. Moreover, active FET sensing has been
proven to have superior noise performance over piezoresistive
sensing. Since the electromechanical transconductance
efficiency gem/IDS is enhanced for smaller dimensions,
sensing transducers can be scaled to the technology’s
minimum dimensions limits, significantly reducing the
resonator footprint. Finally, active FET sensing is less
sensitive to direct capacitive feedthrough, enabling simple
detection schemes at higher operational frequencies than
possible with passive sensing mechanisms.

In this paper, the design of CMOS-MEMS RBTs based
on PnCs for acoustic confinement in commercial CMOS
technologies is presented. The paper is organized as follows:
Section II introduces a theoretical basis for the analysis of
phononic crystals. The special case of possible CMOS imple-
mentations is also presented. A comparison of the performance
of PnC designs in different commercial CMOS technologies
follows this discussion. Section III addresses the proposed
RBT implementation based on phononic crystals, along with
the requirements imposed on cavity uniformity. Section IV
presents simulation and measurement results for the proposed
RBTs, along with additional measurements comparing the
effects of cavity uniformity on RBT performance. Finally, the
conclusion is presented in section V.

II. PHONONIC CRYSTALS IN CMOS

A. Phononic Crystal Theory

The linear elastic behavior of solid materials is governed by
Hooke’s law [26]:

T = c : S (1)

where T and S are the second rank stress and strain tensors,
respectively and c = c(�r) is a fourth rank tensor representing
the stiffness coefficients of the material. With the absence of
internal torques in the material, the number of independent
parameters in (1) is significantly reduced by virtue of multiple
symmetries. In this case, using Voigt notation [26] is more
convenient, as T and S in (1) reduce to column vectors,
whereas c reduces to a 6 × 6 matrix:

T = [Tx x Tyy Tzz Tzy Txz Txy]T (2a)

S = [Sx x Syy Szz Szy Sxz Sxy]T (2b)

TI = CI J SJ ∀I, J ∈ {1, 2, · · · , 6} (2c)

In this notation, the kinematic and dynamic behavior can be
described as [26]:

∂S

∂ t
= ∇s �v; ∂

∂ t
(ρ�v) = ∇ · T = ∇ · (c : S) (3)

where �v = �v(�r) is the velocity vector field (3 × 1 column
vector), ρ = ρ(�r) is the material density and the symmetric
divergence ∇ · and gradient ∇s are defined as:

∇ · =
⎡
⎣
∂x 0 0 0 ∂z ∂y

0 ∂y 0 ∂z 0 ∂x

0 0 ∂z ∂y ∂x 0

⎤
⎦; ∇s = (∇ · )T (4)

Assuimg a harmonic time dependence eiωt , combining the
equations in (3) yields the elastic wave equations in solids
which can be properly formulated as:

−∇ · (c : ∇s �u) = ω2ρ �u (5)

where �u = �u(�r) is the displacement field. The wave equation
for the velocity field �v is the same as (5), since �v = iω�u.
Equation (5) is a generalized Hermitian eigenproblem on the
form:

Â�u = λB̂ �u (6)

with Â = −∇ · c : ∇s , B̂ = ρ(�r) and λ = ω2, with Â and B̂
Hermitian operators for the inner product defined as:

〈 �μ|�ν〉 =
∫
�

d� �μ∗ · �ν (7)

where ∗ denotes complex conjugation. A proof of the hermitic-
ity of Â is found in [27]. The solutions of (6) form a complete
and orthogonal set of bases for a Hilbert space H over C, with
the inner product 〈μ|ν〉B̂ defined as:

〈 �μ|�ν〉B̂ =
∫
�

d� �μ∗ · B̂�ν (8)

The inner product of the velocity field 〈�v |�v〉B̂ is directly
proportional to the stored kinetic energy. The orthogonality
of modes implies that two different eigenmodes �v1 and �v2
will have 〈�v1|�v2〉B̂ = 0. For non-degenerate eigenmodes, this
physically signifies that the energy of each mode is preserved
and different modes are not allowed to exchange energy
between them. For degenerate eigenmodes, it is always
possible to find linear combinations thereof that satisfy orthog-
onality under (8) [28].

The structure may possess a certain symmetry (e.g. mirror
or translational symmetry) to be associated with an operator Ô.
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Applying the symmetry operator Ô before or after the
operator Â must yield the same result, thus for the structure
to be symmetric under Ô we must have:

Â = Ô−1 ÂÔ ⇒ Ô Â − ÂÔ = 0 ⇒ [Ô, Â] = 0 (9)

where [, ] denotes the commutator bracket. Since symmetry
operators are required to commute with Â and B̂ of (6),
they share the same eigenmodes with Â and B̂ . Symmetry
operations are also required to preserve the stored kinetic and
strain energy, which are proportional to the inner products
〈v|v〉B̂ and 〈S|T 〉, respectively [26]. This dictates that symme-
try operators must be unitary (or anti-unitary), i.e. Ô† Ô = I ,
and hence Ô† = Ô−1.

Since PnCs are periodic structures, we are primarily
concerned with translational symmetry. A translation operator
T̂ ( �d) may be defined as:

T̂ ( �d)�u(�r) = �u(�r − �d) (10)

In addition to unitarity, this operator must satisfy the
composition property:

T̂ (�a + �b) = T̂ (�a)T̂ (�b) (11)

It is clear that a plane wave of the form �u◦ei�k·�r with wave
vector �k is an eigenfunction of T̂ ( �d):

T̂ ( �d)�u◦ei�k·�r = �u◦ei�k·(�r−�d) = e−i�k· �d �u◦ei�k·�r (12)

with eigenvalue e−i�k· �d . The unitarity and composition proper-

ties of T̂ ( �d) are easily verified in this case. Thus, plane waves
are solutions of (5) in homogeneous media with continuous
translational symmetry. And since Â and T̂ ( �d) share the same
eigenmodes (as they commute), we can label the eigenmodes
with the eigenvalues of the latter, or simply with their corre-
sponding value of �k. For the case of plane waves, they have
a linear dispersion relation such that ω = c|�k|, where c is the
speed of sound for the given wave type, being longitudinal
(P-wave) or shear (S-wave).

PnCs on the other hand are characterized by discrete
translational symmetry. Consider the periodic PnC structure
to be generated by translating a unit cell along the lattice
vector �R = l �a1 + m �a2 + n �a3, where �ai are the primitive
lattice vectors and (l,m, n) are integers. A translation operator
T̂ ( �d + �R) applied to a plane wave solution yields:

T̂ ( �d + �R)ei�k·�r = e−i�k· �Re−i�k· �dei�k·�r (13)

and hence solutions with �k · �R = 2πN with N ∈ Z are in

fact degenerate and share the same eigenvalue of e−i�k· �d . Thus,
�k can be assumed to obtain its values from a reciprocal lattice,
with primitive lattice vectors �bi defined as:

�b1 = 2π �a2 × �a3

�a1 · �a2 × �a3
; �b2 = 2π �a1 × �a3

�a1 · �a2 × �a3
; �b3 = 2π �a1 × �a2

�a1 · �a2 × �a3
(14)

and reciprocal lattice vectors �G = l ′ �b1+m′ �b2+n′ �b3, such that
�G · �R = 2πN . This makes the set of solutions corresponding
to �k + �G a denumerably infinite set of degenerate solutions for

all l ′,m′, n′ ∈ Z. Since a linear combination of the degenerate
solutions is itself a solution, one can form the linear sum:

�u(�r) =
∑

G

cGei�k·�r ei �G .�r = ei�k·�r ∑
G

cGei �G .�r

= ei�k·�r �uk(�r) (15)

where �uk(�r) is a periodic function on the PnC lattice (as
recognized from its Fourier series expansion above) such that
�uk(�r+ �R) = �uk(�r). This is Bloch theorem for waves in periodic
structures and forms the basis of PnC theory [28], [29]. The
first Brillouin Zone refers to the region in the reciprocal lattice
that is closest to �k = 0 and contains distinct modes that can’t
be obtained from one another by applying a �G shift to �k.

In addition to translational symmetry, PnCs may also

possess rotational symmetry, defined by an operator R̂(n̂, θ)
that rotates vectors by angle θ around axis n̂. The correspond-
ing operator ÔR to rotate a vector field �u(�r) is defined as:

ÔR �u(�r) = R̂�u(R̂−1�r) (16)

With a given rotational symmetry, the unitary rotation

operator ÔR commutes with Â and B̂ from (6), such that:

Â(ÔR �u(�r)) = ÔR( Â�u(�r)) = ÔR(ω2(�k)B̂ �u(�r))
= ω2(�k)B̂(ÔR �u(�r)) (17)

which indicates that ÔR �u(�r) are eigenmodes with the same
frequency ω2(�k) as �u(�r). As for the translation operator T̂ ( �R)
we have [28]:

T̂ ( �R)(ÔR �u(�r)) = ÔR(T̂ (R̂−1 �R)�u(�r))
= ÔR(e−i�k · R̂−1 �R)�u(�r))
= e−i(R̂�k) · �R ÔR �u(�r) (18)

where we have used �k · (R̂−1 �R) = (R̂�k) · �R from the
unitarity of R̂. Thus, the eigenmode ÔR�u(�r) has the same
frequency ω2(�k) as �u(�r), but it is also associated with the
reciprocal lattice vector R̂�k, so that ω2(R̂�k) = ω2(�k). Thus,
the reciprocal lattice possesses the same symmetry as the
PnC lattice. The same is true for all the point group sym-
metries (rotation, reflection and inversion) of the lattice [28].
Moreover, since Â and B̂ are Hermitian, conjugation of (6)
leads to time reversal symmetry, and hence ω(�k) = ω(−�k).
By virtue of the different symmetries, a subset of the first
Brillouin Zone called the Irreducible Brillouin Zone (IBZ) is
sufficient to generate the entire reciprocal lattice. The extrema
of the dispersion relation ω(�k) will usually occur at the edges
of the IBZ [28], and thus for all practical purposes, it is
sufficient to solely study the boundaries of the IBZ to fully
characterize the phononic crystal bandgaps.

It is also important to consider the effects of coordinate
and material transformations on the PnC dispersion relation.
Consider a coordinate scaling of the form of a linear mapping
�r �→ s�r for some s ∈ R

+. Using �r ′ = s�r and ∇′ = ∇/s, the
master equation (5) becomes:

−∇′ · c′(�r ′) : ∇′
s �u( �r

′

s
) =

(ω
s

)2
ρ′(�r ′)�u( �r

′

s
) (19)

where c′(�r ′) = c(�r ′/s) and ρ′(�r ′) = ρ(�r ′/s). Thus, uniform
coordinate scaling results in an inversely proportional scaling
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TABLE I

MECHANICAL PROPERTIES FOR POPULAR MATERIALS

IN COMMERCIAL CMOS TECHNOLOGIES

of the frequency ω �→ ω/s. Moreover, scaling of material
properties c �→ s2c or ρ �→ ρ/s2, will result in a similar
scaling for the frequency ω �→ ω/s. This very simple
conclusion has far reaching and important results. It allows
a designer to engineer the dispersion characteristics ω(�k) of
a PnC by scaling appropriate dimensions. Moreover, it helps
build intuition about perturbations in dimensions or material
properties which proves to be very useful in characterizing
fabrication variations and structural non-idealities.

B. CMOS PnC Implementations

The width of the PnC bandgap depends on the acoustic
impedance mismatch, among other factors [8], [15], [28].
The authors have previously demonstrated in [11] that the
BEOL layers of CMOS technologies usually have several
materials with large acoustic impedance contrast that can be
used to create wide-bandgap PnCs. Table I lists common
CMOS BEOL materials along with their acoustic impedances.
Copper metallization in low-κ SiCOH dielectric background
as well as tungsten in SiO2 are notable examples, with
impedance contrast ratios on the order of 19× and 7×,
respectively. The ability to create wide bandgap PnCs in solid-
state CMOS makes them ideal for achieving high acoustic
confinement in unreleased CMOS RBTs.

Commercial CMOS technologies usually have a strict
Design Rules Check (DRC), that is imposed to guarantee the
manufacturability of the different designs. DRC rules include
specifications for different metal widths, separations and even
restrictions on maximum and minimum filling densities. The
designer only has control over lateral dimensions, whereas the
vertical dimensions are fixed process parameters. This imposes
many restrictions on the feasible structures and dimensions of
a PnC implemented in CMOS. The simplest 2D PnC design
in CMOS consists of parallel and periodic rectangular metal
lines, formed from different BEOL layers. From a technology
and manufacturability point of view, this structure is highly
favorable since it is very similar to parallel bus connections.
This structure is usually simple enough to design according to
the DRC rules of the CMOS process.

A schematic cross section of the abovementioned structure
in IBM 32 nm silicon on insulator (SOI) technology [30] is
shown in Fig. 1. The copper metal stripes have a width of
165 nm and a spacing of 85 nm, both in x-direction. The cor-
responding unit cell as well as the IBZ are shown in Fig. 2(a).

Fig. 2. (a) Unit cell for a PnC implemented in IBM 32 nm
SOI technology BEOL, showing the mirror axes σx and σy .
Blue and green dashed lines indicate the periodic boundary conditions
applied in FEM simulation. (b) First Brillouin Zone and IBZ of the
reciprocal lattice for the unit cell of (a). (c) 3D view of the full PnC on top
of an RBT.

The unit cell has two mirror symmetries, namely, σx and σy ,
which, along with time reversal symmetry, reduce the first
Brillouin Zone to the rectangular IBZ shown in Fig. 2(b).
The IBZ doesn’t have the familiar triangular shape (associated
with square unit cells), since its unit cell lacks the 90° (C4v )
rotational symmetry. This will usually be the general case for
most CMOS technologies. Assuming the unit cell has height
b and width a, the primitive lattice vectors as well as the
reciprocal lattice vectors are given by:

�a1 = ax̂, �a1 = bŷ; �b1 = 2π

a
x̂, �b2 = 2π

b
ŷ (20)

As the extrema of the dispersion relation will occur at the
edges of the IBZ, thus for all practical purposes, it is sufficient
to consider wave vectors �k in the sequence:

kxa

π
: 0 → 1 → 1 → 0 (21a)

kyb

π
: 0 → 0 → 1 → 0 (21b)

To find ω(�k) of the PnC, numerical simulation is required.
For this purpose, finite element modeling (FEM) is preferred
for its accuracy, good convergence and efficiency [10].
2D FEM simulation with plane strain approximation is used
to find the eigenfrequencies of the PnC unit cell of Fig. 2(a).
COMSOL Multiphysics solid mechanics module is used
for such simulation [31]. Floquet periodic boundary condi-
tions (PBC) are set at the opposite edges of the 2D unit
cell in x and y directions, as shown in Fig. 2(a). The PBC
spatial periodicity vector is set to �k. Eigenfrequency analysis
is carried out with �k as a parameter, which is swept over
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Fig. 3. Dispersion relation for the PnC of Fig. 2 implemented in IBM 32 nm
SOI technology, showing a bandgap of 3.81 GHz (2.54 GHz - 6.35 GHz).

Fig. 4. (a) FEM model for 5 layers of the PnC of Fig. 2 (plotted horizontally),
(b) Magnitude of the stress field |Tyy | along the structure, showing: standing
waves between the source and PnC, exponentially decaying waves in the PnC
as well as transmitted waves after the PnC.

the edges of the IBZ as in (21). The resulting dispersion
relation for a PnC with typical dimensions in IBM 32 nm SOI
is shown in Fig. 3. The dispersion relation clearly shows a
complete, 85% fractional bandgap spanning 3.8GHz, centered
at 4.45GHz (2.54GHz-6.35GHz), in which no waves are
allowed to propagate in x or y directions.

Although such PnC implementation is limited to the
first five metal layers available in the IBM technology,
it achieves high reflectivity owing to the large impedance
contrast between SiCOH and Cu. This is verified through
FEM simulation of a vertical section (a complete period in the
x-direction) from the PnC as shown in Fig. 4(a) (the section
is rotated horizontally for plotting convenience, such that the
silicon substrate is on the left and the top of the CMOS stack
is on the right). Periodic boundary conditions are enforced
in the x-direction. A 1 MPa y-stress (Tyy) is applied from
the wafer side, launching waves towards the PnC and the
wafer bulk, where the latter is modeled as a perfectly matched
layer (PML) [32]. Magnitude of the y-stress along the structure

Fig. 5. (a) A Z-shaped Unit cell for a PnC implemented in IBM 32 nm
SOI technology BEOL, with only inversion symmetry. Blue and green dashed
lines indicate the periodic boundary conditions applied in FEM simulation.
(b) First Brillouin Zone and IBZ of the reciprocal lattice for the unit cell of (a).
(c) 3D view of the full PnC on top of an RBT.

is shown in Fig. 4(b), demonstrating standing waves formed
between the source and the PnC. The y-stress transmitted
through the PnC is lower than the standing wave amplitude
before the PnC by 57 dB and 89 dB at 2.8 GHz and 4.45 GHz,
respectively. The strong evanescent decay of the stress signal
inside the BEOL CMOS layers demonstrates the efficiency of
this PnC implementation, despite the limited number of metal
layers available in the CMOS technology under consideration.

The unit cell of an alternative PnC implemented in IBM
32 nm SOI is shown in Fig. 5(a). This PnC makes use
of the copper vias together with the metalization to create
a Z -like shape. The copper stripes have a width of 125 nm and
a spacing of 67 nm, both in x-direction. The only symmetry
operation for this structure is inversion symmetry, and hence
the IBZ consists of two coinciding rectangles in the first
Brillouin Zone as shown in Fig. 5.b. This is the case since time
reversal symmetry sets ω(�k) = ω(−�k) and thus, two coincid-
ing rectangles are enough to determine the IBZ in the most
general case, even with the absence of any structural symmetry
for the unit cell. The dispersion relation of this PnC is shown
in Fig. 6, which shows two major bandgaps of width 1.13 GHz
(2.23 GHz-3.36 GHz) and 1.07 GHz (7.13 GHz-8.2 GHz).

Yet another CMOS PnC implementation is studied in XFab
0.18μm BEOL layers. The unit cell is shown in Fig. 7,
whereas its dispersion relation is shown in Fig. 8. This
PnC is based on tungsten vias surrounded by SiO2 inter-metal
dielectric. As can be seen from Table I, these materials have
large acoustic impedance contrast, making them ideal for
constructing PnCs with large bandgaps. With 850 nm tungesten
vias separation, a 13% fractional bandgap (250 MHz from
1.80 GHz to 2.05 GHz) is obtained . Another interesting fea-
ture of the PnC in XFab 0.18μm technology is the relatively
small impedance mismatch between aluminum and SiO2.



BAHR et al.: THEORY AND DESIGN OF PnCs FOR UNRELEASED CMOS-MEMS RBTs 1525

Fig. 6. Dispersion relation for the PnC of Fig. 5 implemented in IBM
32 nm SOI, showing bandgaps of 1.13 GHz (2.23 GHz - 3.36 GHz) and
1.07 GHz (7.13 GHz - 8.2 GHz).

Fig. 7. (a) Unit cell for a PnC implemented in XFab 0.18μm technology
BEOL. (b) First Brillouin Zone and IBZ of the reciprocal lattice for the unit
cell of (a).

Fig. 8. Dispersion relation for the PnC of Fig. 7 implemented
in XFab 0.18μm bulk CMOS technology, showing a bandgap
of 250 MHz (1.80 GHz - 2.05 GHz).

This gives an extra degree of freedom for the aluminum
routing traces without compromising the mechanical perfor-
mance of the PnC. Furthermore, the lower wave velocity in
SiO2 compared to aluminum, creates the possibility for index
guiding between the aluminum layers, which further improves
the performance of such PnCs.

Fig. 9. Dispersion relation for a typical PnC in IBM 0.13μm technology,
showing a bandgap of 310 MHz (3.95 GHz - 4.26 GHz).

TABLE II

PERFORMANCE SUMMARY OF DIFFERENT CMOS

PnC CONSIDERED IN THIS STUDY

A PnC in IBM 0.13μm technology with similar unit cell
to that of Fig. 2(a) is also considered. In this particular
technology, the routing layers are formed from copper metal-
lization surrounded by SiO2 isolation. The dispersion relation
for a typical PnC in this technology is shown in Fig. 9. This
PnC shows a bandgap of 310MHz (7% fractional bandgap)
for 300 nm-wide metal lines with 200 nm separation. Such
bandgap was found to be among the highest attainable in this
technology. Since the contrast between the acoustic impedance
of copper and oxide is not as strong for the case of Cu/SiCOH
or W/SiO2, and since the DRC restrictions that forces the
metal segments to be far apart, the resulting bandgap is
much smaller than that obtainable in the other technologies.
Moreover, this technology has layer thickness variations that
significantly exceed its fractional bandgap. The performance of
this PnC will be sensitive to process variations, significantly
limiting its usability for practical implementations. Table II
summarizes the material composition and performance of all
the PnCs considered in this work.

C. CMOS Process Variations and PnCs

Random process variations inherent to CMOS processes
represent a non-trivial challenge for PnC implementation
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Fig. 10. Normalized stored strain energy distribution for the PnC unit cell
of Fig. 2(a), plotted for modes at the edges of the PnC bandgap with kx = 0
and ky = 0.

therein. Variations in BEOL layer thicknesses, metal widths
and lithographic misalignment are notable examples. Guided
by the intuition from (19), it is clear that uniform structure
scaling will result in proportional scaling for the PnC dis-
persion relation. However, the aforementioned CMOS process
variations are random in nature, which creates a mismatch
between the different PnC layers.

To study the effect of such process variations, we turn our
attention to a powerful result from perturbation theory. Small
perturbations to the structure geometry induce a frequency
shift �ω that is given by [27]:

�ω

ω0 = 1

2

(
�U

U0 − �K

K 0

)
(22)

where U and K are the stored potential and kinetic energy,
respectively. The superscript 0 denotes the unperturbed modes.
�U = U − U0 and �K = K − U0 represent the change
in the stored energies due to perturbation. The thicknesses
variation and mismatch in dimensions under consideration
involves shifting of the material boundaries. Equation (22)
indicates that modes with significant energy stored near to
the perturbation location (the shifted boundary in this case)
are more likely to experience larger frequency shifts. Although
such variations can not be considered small perturbations [33],
the former intuition in terms of stored energy remains valid.
Accurate FEM simulation are necessary to obtain numerical
results on the effect of each variation type.

The detailed effect of process variations strongly depend
on the PnC geometry and material composition. The PnC of
Fig. 2(a) will be considered as a case study to assess the effect
of CMOS process variations on its performance. Fig. 10 shows
the normalized strain energy distribution within the unit cell of
the aforementioned PnC, for the modes at the bandgap edges,
with kx = 0 and ky = 0. Layer thickness and metal width
variation affect each of these modes differently, depending on
the distribution of stored energy.

The PnC unit cell model is not helpful in studying perturba-
tions to individual layers. For this reason, the 2D FEM model
of Fig. 4(a) is used in a frequency domain simulation to find
the transmission coefficient T of the PnC, defined as:

|T | =
∣∣∣∣
Tt

Ti

∣∣∣∣ (23)

where Tt and Ti are the transmitted and incident stresses
respectively. By exploiting the similarity between the elastic
and electro-magnetic wave, this problem can be approached as

Fig. 11. Transmission coefficient through PnC of Fig. 2(a) with variation in
the metal lines width. �wM2 and �wM3 indicates +20 nm individual change
in the width (in x-direction) of metal 2 and 3 respectively.

a transmission line problem [26]. The transmitted stress Tt is
directly found from the amplitude of the travelling wave after
the PnC. The incident stress Ti is found from the standing
wave formed before the PnC, by first finding the standing
wave ratio (SWR):

SWR =
∣∣∣∣
Tmax

Tmin

∣∣∣∣ (24)

where Tmax and Tmin are the maximum and minimum stresses
of the standing wave respectively. The reflection coefficient �

and hence the incident stress are then found as:

|�| =
∣∣∣∣

Ti

Tr

∣∣∣∣ = SWR − 1

SWR + 1
(25)

Ti = Tmax

1 + |�| (26)

where Tr is the reflected stress.
First, the width of individual metal layers is changed,

emulating one of the possible mismatches in the PnC. From
the energy distribution of Fig. 10, it is expected that the mode
at 6.35 GHz will experience larger frequency shifts, since the
stored energy is localized around the metal line side walls.
Fig. 11 compares the transmission coefficient of an ideal PnC
to one that is subject to such mismatch. The upper bandgap
edge (at 6.35 GHz) is more affected by such variation in
comparison to the lower edge. No spurious transmission is
observed for such variation.

Next, the thickness of the metal and via layers are perturbed
by 20% of their nominal thickness. The energy distribution
of Fig. 10 predicts that the lower bandgap edge mode at
2.53 GHz will undergo larger frequency shifts than the upper
bandgap edge. This is mainly due to the large stored energy
concentration around the metal lines top and bottom surfaces.
Fig. 12 and Fig. 13 present the transmission coefficients for
PnCs with such perturbation. Both figures clearly highlight the
larger shift in the lower bandgap edges. Maximum shifts of
74 MHz and 142 MHz are observed in the lower bandgap edges
for the metal layer and via thickness perturbation, respectively.
Perturbations to both individual layers and multiple layers
are tested. It is important to notice that for a PnC restricted
to 5 layers, the PnC performance is symmetric; perturbing
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Fig. 12. (a) Effect of different metal layer thickness variation on the
transmission coefficient through the PnC of Fig. 2. n± indicate a ±20%
change in the thickness of the nth layer (b) Zoomed in version of (a) around
the lower PnC band edge.

M4 layer is equivalent to perturbing M2 layer. Again,
no spurious transmission is observed for this type of variation.

Lithographic misalignment between the different metal
layers is considered next. A 20 nm misalignment between
the metal layers is assumed. Fig. 14 shows the resulting
transmission both for individual layers misalignment along
with 2 and 3 layers simultaneous misalignment. First, the
upper edge of the bandgap is affected by such misalign-
ment, as expected from the stored energy distribution. More
importantly, a spurious transmission mode is created around
2.55 GHz. Basically, the misalignment creates a line defect
resonance cavity in the PnC, which introduces a defect mode
in the PnC bandgap. Evanescent modes in the PnC couple
energy to this cavity, creating the transmission spur [16]. The
sharp dip in the transmission indicates a spurious change in
the reflectivity and hence the acoustical impedance presented
by the PnC to the RBT structure. Such spurs have the potential
of creating spurious modes in the RBT frequency response, if
the corresponding stress-strain field distribution can be driven
and sensed by the RBT transducers.

In conclusion, for the PnC of Fig. 2, reasonable process vari-
ation and mismatch mostly affect the PnC characteristics near
its bandgap edges. In case of PnCs with wide bandgaps, the
PnC characteristics are negligibly affected near the center of
the bandgap. Achieving wide bandgaps through materials and
dimensions selection is thus necessary for PnC implementation
in CMOS for several reasons: (i) Decay rate of evanescent
waves in the PnC depends on the frequency separation from

Fig. 13. (a) Effect of different via layer thickness variation on the
transmission coefficient through the PnC of Fig. 2. n± indicate a ±20%
change in the thickness of the nth via layer (b) Zoomed in version of
(a) around the lower PnC band edge.

bandgap edges, hence wider bandgap ensures faster decay.
(ii) Faster wave decay enables high reflectivity with a small
number of layers (a common limitation of CMOS processes),
(iii) The wide bandgap provides larger tolerance for random
process variations and different mismatches. This explains
why the PnC implemented in IBM 0.13μm (Fig. 9), with
a fractional bandgap of 7% is highly unreliable for practical
implementations as discussed in section II-B.

III. RBT STRUCTURE

The authors have previously demonstrated a CMOS-RBT
in [7] that relied solely on acoustic Bragg reflectors (ABRs)
for acoustic confinement [34]. While this was the first demon-
stration of unreleased CMOS-MEMS resonators, this resulted
in a significantly low quality factor Q < 30 due to small
solid angle subtended by the ABRs, and hence increased
radiation losses both through the substrate and the BEOL
layers. Moreover, the drive and sense transducers each spanned
half the cavity depth, resulting in significant scattering which
also contributed to the radiation losses and reduced Q.

A. PnC-Based Acoustic Waveguide

Before considering the full PnC-RBT, a much simpler struc-
ture with only the BEOL PnC and unpatterned FEOL layers
(excluding contacts) on top of the bulk wafer is studied. Such
structure is periodic in the x-direction with the same period
as the PnC. Only a vertical section with x-periodic boundary
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Fig. 14. (a) Effect of different metal layers lithographic misalignment
on the transmission coefficient through the PnC of Fig. 2. n± indicate a
±20 nm misalignment in the x-direction for the nth metal layer (b) Zoomed
in version of (a) around the spurious transmission.

Fig. 15. (a) Vertical section of the PnC of Fig. 2(a) showing FEOL layers and
the wafer bulk with x-periodic boundary conditions (X-PBC). (b) Dispersion
relation from FEM simulation showing PnC bands, sound cone and localized
modes.

conditions (x-PBC) is considered as shown in Fig. 15(a). The
dispersion relation of such a structure is found by means of a
2D plane strain FEM simulation. Owing to its periodicity in
x-direction, only the kx component of the �k-vector is
conserved throughout the entire structure. Thus, kx is used

Fig. 16. (a) SEM micrograph of an unreleased RBT implemented in IBM
32 nm SOI technology, showing a phononic crystal patterned in the BEOL
metal stack. (b) A detailed micrograph of the resonant cavity showing the
driving MOS-Caps along with the sensing FET.

to classify the modes in the dispersion relation as shown
in Fig. 15(b). Different types of modes can be observed in
the dispersion relation [28]:

• Bulk Propagating Modes: These are plane waves prop-
agating in the bulk wafer. Their dispersion relation is
simply given by:

ω = c|�k| = c
√

k2
x + k2

y (27)

where c is the wave velocity (being longitudinal or shear
waves). Thus, for a given kx , the allowed modes in the
bulk form a continuum ω > c kx , referred to as the sound-
cone and bounded by the sound-line ω = c kx .

• PnC Propagating Modes: These modes form continuous
bands corresponding the PnC bands (bands 1 and 2).

• Bulk Evanescent Modes: These are modes below the
sound-line, with ω < c kx and imaginary ky . They
decay exponentially in the bulk in the y-direction. This
phenomenon corresponds to the total internal reflection
in optics.

• PnC Evanescent Modes: These modes are located in
the PnC bandgap, they decay exponentially in the PnC.
These modes are not shown in the PnCs’ dispersion
relations since they do not exist in infinite, perfectly-
periodic structures.

• Localized Modes: These modes are both below the sound-
cone and in the PnC bandgap. Such modes show evanes-
cent exponential decay in both the PnC and bulk.

The localized modes are spatially confined in the
FEOL layers between the PnC and the bulk silicon wafer.
Without further constraints in the lateral dimensions, wave
propagation is allowed between the PnC and bulk wafer in
the x − z plane, forming a horizontal waveguide. The full
RBT geometry, with the actual gates, contacts and finite width,
creates the constraints necessary for horizontal confinement.

B. PnC-Based RBT Design

Fig. 16 shows a cross-section SEM micrograph of the
RBTs proposed in this work and implemented in IBM 32 nm
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Fig. 17. Top view of PnC resonator layout showing drive and sense
transistors, gates, modified contacts, first metal level and bulk ties. Metal
layers are excluded for clarity of underlying structure.

SOI technology. This RBT relies on a PnC constructed
in the CMOS BEOL layers to achieve vertical acoustic
confinement. The main RBT mode is a localized mode with
evanescent decay in both the PnC and the bulk as discussed
in section III-A. A distribution of kx values (near kx = π/a)
is enforced by the driving mechanism spatial configuration,
hence exciting specific modes from the dispersion relation
of Fig. 15(b).

The presented RBT uses the foundry-provided analog nFET
both for sensing and electrostatic driving. This allows the
RBT to harness the ultra-thin, high quality gate dielectric
for efficient driving by internal dielectric transduction, as well
as the highly reliable, high- fT nFETs for active transistor
sensing [7], [9]. The non-uniform cavity cross-section
was addressed by setting two nFETs for driving as
MOS capacitors (MOSCAPs) that span the entire depth of
the resonance cavity in the y-direction, as shown in Fig. 17.
A single sensing nFET was included at the center of the
cavity between the two driving MOSCAPs. The advantage of
FET sensing in CMOS RBTs over other transduction mecha-
nisms is discussed elsewhere [7]. A floating-body nFET was
chosen for sensing over a body-contacted one to reduce the
cavity perturbations in the y-direction. Moreover, the drive
and sense gate routing was limited to the first metal layer,
in order to preserve the PnC translational symmetry in the
higher metal layers. This represents one of the challenges
of this RBT design, since the electrical routing affects the
mechanical properties of the structures. The enhanced cavity
uniformity along its depth is very important in reducing the
scattering and radiation losses as will be further demonstrated
in section III-C.

The structural integrity of the FETs must be maintained
to avoid compromising their performance. For this reason,
the foundry-included dummy gates for the sensing FET were
left unmodified. They also help preserve the uniformity of
the stress liner, which is crucial for setting the FET channel
mobility. Adjacent transistors in the resonant cavity were
positioned in a way to ensure an exact overlap between
their dummy gates. The current implementation uses nFETs
with 160 nm gate length, 2μm width and gate-to-gate pitch
of 290 nm.

To achieve optimal acoustic confinement, modification of
some foundry-provided layout parameters was necessary.
Drain-side contacts from the MOSCAP were removed to
minimize acoustic scattering points within the resonant cavity
itself. Moreover, long, rectangular, wall-like vias spanning the
entire width of the FET were used as shown in Fig. 17. This
was selected over traditional CMOS square contacts for better
uniformity along the y-direction. Finally, large bulk ties (vias
to substrate) were included to assist with horizontal mode
confinement, as shown in Fig. 16.

It is important to emphasize the fact that the SOI buried
oxide layer (BOX) is not contributing to the mechanical
confinement and the same concept is seamlessly amenable
to bulk CMOS technologies. In fact, the BOX layer (with
lower acoustic velocity) located between the bulk and the
silicon active device area (with higher acoustic velocity)
acts as slab waveguide. Such waveguide must be carefully
considered as coupling from the RBT cavity may lead to sig-
nificant energy losses and quality factor degradation. However,
the kx component enforced by the driving mechanism and the
PnC periodicity, together with the narrow thickness of the
BOX layer, hinder such coupling for the frequencies under
consideration. The localized modes of interest (near kx = π/a)
fall entirely under the sound-line of SiO2, as ω < cSiO2 kx .
Thus, the RBT mode exhibits exponential evanescent decay in
the BOX layer as well. The major advantage of the BOX layer
is to provide better electrical isolation between the drive and
sense transducers, inherently reducing the direct feed-through.
In bulk CMOS technologies, RF transistor isolation techniques
such as deep nwells and guard rings may be used, though this
may increase the overall resonator footprint.

C. Cavity Uniformity and Perturbations

The RBT cavity is assumed to have a depth W in the
z-direction. 2D plane strain analysis is a good approximation
when the cavity depth W is much larger than the characteristic
dimensions in the transverse (x, y) plane, and consequently the
wavelength λ. Basically, this condition allows us to consider
the cavity as a long wave guide in the z-direction with
local continuous translation symmetry over sufficiently long
distances, and hence, studying its cross-section becomes a
reasonable approximation. To understand the effect of the
cavity’s finite depth and other perturbations along the z-axis,
it proves useful to consider coupled mode theory [35]–[38].
The modes obtained from the 2D cross-section analysis
of the cavity are considered local modes, in the sense
that they may slowly evolve along the z-direction [35].
Considering a set of orthogonal local wave solutions with
stresses Tn(x, y) and displacements un(x, y) to be column
vectors |n〉z = [Tn(x, y), un(x, y)]T, the coupled mode theory
suggests that the solution along z-direction can be approxi-
mated as:

|ψ(z)〉 =
∑

n

cn(z) |n〉z ei
∫

dzβn(z) (28)

for some coefficients cn(z) and z-component βn of the wave
vector �k. By following the analysis in [35], a system of
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Fig. 18. (left) IDS − VDS characteristics and (right) IDS − VG S of the
resonator’s sensing FET showing expected transistor response. In operation,
the the sensing FET was biased at VDS = 0.6 V and VG S = 0.65 V.

ordinary differential equations is obtained for the coefficients
cn(z) which has the general form of:

2km
d

dz
cm + cm∇tr · �k =

∑
n �=m

ei�βnm Amncn (29)

where km = |�km|, ∇tr is the differential nabla operator in
transverse x, y directions, �βnm = βn − βm and Amn are the
mode coupling matrix coefficients, related to the specific mode
shape as well as the spatial rate of change of the stiffness and
density of the cavity materials [35], [37].

Equation (29) suggests that cavity perturbations will result
in scattering: the energy of each mode is no longer conserved,
and energy can be exchanged between modes with different
�k vectors (yet still at the same frequency). Such scattering
will be directly manifested as a reduced quality factor Q and
the generation of more spurious modes in the resonator fre-
quency response. The cavity’s abrupt termination also results
in increased radiation in the bulk material, reducing the Q of
the resonator even further. This emphasizes the importance
of the uniformity of the cavity along its depth W and the
need for slow and smooth transitions whenever structurally
possible [37] for creating high Q resonators with spurious-
free spectrum. Although coupled-mode theory in this regard
may not be useful for direct numerical calculations (since
terminating the resonance cavity cannot be considered a
small perturbation), the implications of increased scattering
with perturbations remains true. Section IV presents measure-
ment results that highlight the effects of perturbations in the
resonance cavity.

IV. RESULTS

The unreleased RBTs presented in this work were fabricated
as part of the standard IBM 32 SOI process without additional
post-processing or special packaging of any kind. The RBT
of Fig. 16 is considered to be the typical design in this
work and occupies an area of 5μm × 7μm. The measured
DC characteristics of the sensing FET are shown in Fig. 18,
which closely match the projected performance based on the
provided IBM design kit, despite the modifications mentioned
in section III. For normal RF operation, the driving MOSCAP
gates are biased in inversion with VA = 1 V while the sensing

Fig. 19. Measured electromechanical transconductance gem of the
IBM 32nm SOI RBT of Fig. 16

transistor is biased in saturation with a grounded source,
while drain and gate voltages are set for VDS = 0.6 V and
VGS = 0.65 V , respectively. The drain current in the sensing
FET in this case is IDS = 95μA, well within the electromigra-
tion limits of the RBT routing metals. Spice simulations based
on the IBM provided design kit model show that operating the
sensing transistor in saturation maximizes the drain current
sensitivity to the relative change in the channel mobility,
and hence maximizes the electromechanical transconductance
efficiency gem/IDS of the device. The saturation regime also
has the benefit of maximizing the output resistance of the
FET which greatly simplifies the subsequent design of current
readout circuits.

A Cascade PMC200 RF probe system was used to test the
presented RBTs. TRL calibration up to the GSG probe tips
was carried out at room temperature with −10 dBm input
power and 2 kHz IF bandwidth with 50 averaging traces
using an Agilent PNA N5225A. A continuous N2 purge
was used during testing to reduce the risk of electrostatic
discharge (ESD) events and help protect the devices during
extended testing. The overall input-to-output electromechani-
cal transconductance gem is obtained from the de-embedded
Y-parameters as per standard MOSFET measurements:

gem = iout/vin = Y21 − Y12 (30)

Electrical parasitics of the RBT were de-embedded using
its own response at VA = 0 V on the driving MOSCAP,
corresponding to the resonator “Off” state to suppress the
mechanical modes. The measured gem frequency response of
a 2.8 GHz resonator is presented in Fig. 19. An 11-point
running average filter is applied to smooth the measured
data. This smoothing is a highly conservative operation that
may slightly reduce the quality factor of the resonator peak.
After smoothing, a rational transfer function fitting [39] with
24 poles was used to extract a Q of 252 at the 2.8 GHz
resonance peak, leading to an f × Q = 7 ×1011. By virtue of
the superior confinement achieved by the PnC, the presented
RBT design shows an 8× improvement in Q (2.5× in f × Q)
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Fig. 20. FEM model for the RBT structure, showing PMLs (scaled for better
presentation) and symmetry boundary conditions.

over the previous generation CMOS-integrated RBTs in [7]
with only a 2× increase in the overall footprint. At such
frequencies, the dominant phonon relaxation mechanism is the
Landau-Rumer regime, where the f × Q product increases
linearly with frequency [40]. Since both resonators’ f × Q
product is significantly lower than the expected theoretical
limits of most materials, the quality factor is not limited by
phonon relaxation in any of them. Instead, radiation loss from
the cavity dominates the quality factor of both devices. For
this reason, the PnC RBT shows a major improvement in the
quality factor Q. The PnC RBT also shows a wider spurious-
free spectral range extending up to 4.5 GHz.

A frequency domain, 2D plane-strain-approximation FEM
simulation is carried-out for a cross section of the RBT
structure. COMSOL Multiphysics solid-mechanics module is
used [31]. The FEM model is shown in Fig. 20, where only
half the RBT structure is considered with symmetry bound-
ary conditions. The model is calibrated with the fabricated
dimensions as found from the SEM micrograph (including
individual PnC layer thicknesses). PMLs surround the RBT
to prevent reflections to the resonance cavity, hence approxi-
mating the radiation losses. Stress load is applied to the driving
MOSCAPs, corresponding to the actual electrostatic stress
generated by the transducer. The resulting average stresses
in the sensing transistor channel area are shown in Fig. 21.
The measurement results are found to be in good agreement
with the simulation predictions for the resonance frequencies.
The spurious mode at 4.6 GHz corresponds to the high-
frequency mode of the simulation but is not distinguishable
above the feedthrough floor and has intrinsically lower Q.
The measured Q was expected to be lower than the simulated
Q value of 962 for the following reasons:

(a) The inter-metal dielectric is a porous SiCOH (pSiCOH)
ultralow-κ dielectric [41] and is expected to be a sig-
nificant source of viscoelastic damping [42]. However,
relevant material parameters could not be disclosed by
the foundry, or were unknown and hence viscoelastic
damping was not included in the simulation, which only
considers lateral radiation losses from the cavity (in the
x − y plane).

(b) The simulation is a 2D plane strain approximation and
does not account for the scattering due to the finite cavity

Fig. 21. (a) X-stress at 2.81 GHz in 2D PnC-RBT structure showing
Q of 962. (b) X-stress in resonant structure at 4.6 GHz with Q of 73.
(c) Frequency response from 2D FEM COMSOL simulation of the RBT,
showing the average stresses in the channel area with resonances at 2.81 GHz
(Q of 903) and 4.5 GHz.

Fig. 22. Measured electromechanical transconductance gem for identical
RBTs with rectangular (wall-like) vias and the regular CMOS square vias.
The device with square vias has clearly reduced quality factor Q and extra
spurious modes.

depth as well as its abrupt termination as discussed in
section III-C.

To emphasize the effect of structural perturbations on
resonator performance, the electromechanical transconduc-
tance gem of the previously discussed RBT is compared
to an identical one designed using standard square vias.
The RBT of Fig. 16 includes long rectangular (wall-like)
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vias that span the entire depth of the cavity for contacting
the driving MOSCAPs and the sensing FET. This struc-
ture provides a substantial uniformity in the depth direction
(z-direction), and hence minimizing the scattering as discussed
in section III-C. Fig. 22 compares the performance of the
aforementioned RBT to an identical one, except for using
standard CMOS square vias. Both RBTs were fabricated on
the same die and are expected to have closely matched layer
thicknesses, as justified by the exact overlap of their resonance
frequency. The square-via RBT clearly suffers from a reduced
peak height, a reduced quality factor Q of 160, as well as the
introduction of multiple spurious modes. This clearly verifies
the prediction of the coupled-mode theory from section III-C
and underlines the importance of uniformity and smooth
transitions in cavity design.

V. CONCLUSION

Implementation and design of phononic crystals in the
BEOL layers of commercial CMOS technologies has been
explored. The benefits of using such PnCs for acoustic confine-
ment of unreleased CMOS RBTs has been highlighted. The
lithographically defined PnC dimensions allow for bandgap
engineering, providing a flexibility in resonator design, and
allows for multiple frequencies on chip. Theoretical analysis of
phononic crystals has been presented, together with the focus
on the specific details concerning CMOS implementation.
PnC designs in different CMOS technologies have also been
presented and compared. Fabrication variations and cavity
non-uniformity degrades the resonator quality factor and
allows for spurious modes, where the latter have been experi-
mentally verified in this work. For reliable CMOS RBT design,
PnCs are required to have large bandgaps around their reso-
nance frequency. This can be achieved in CMOS technologies
that provide BEOL materials with large acoustic impedance
contrast, and the ability to pattern smaller dimensions for
GHz-frequencies. With the help of the 85% fractional bandgap
PnC demonstrated in this work, second-generation RBTs were
able to achieve a quality factor Q of 252, 8× higher than the
previous generation RBTs, in IBM 32nm SOI technology.
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