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Abstract

Fully-adiabatic (thermodynamically reversible) logic is one of the few promising approaches to low-power logic design.
To maximize the system power-performance of an adiabatic circuit requires an ultra low-loss on-chip clock source,
which can generate an output signal with a quasi-trapezoidal (flat-topped) voltage waveform. In this paper, we propose
to use high-Q MEMS resonators to generate the custom waveform. The big challenge in the MEMS resonator design is
that a non-sinusoidal (quasi-trapezoidal) waveform needs to be generated even though the resonator oscillates
sinusoidally. Our solution is to customize the shape of the sensing comb fingers of the resonator, with the result that the
sensing capacitance varies quasi-trapezoidally. The effective quality factor and the area-efficiency of the microstructure
have been optimized so as to minimize the whole system’s power dissipation and cost at a given frequency. A resonator
design with a 100 kHz resonant frequency based on a standard TSMC 0.35pm CMOS process has been fabricated. The
resonator has an area of 300 um by 160 um with a thickness of 30 um. Three-dimensional field simulation shows that
the resonator generates a quasi-trapezoidal waveform when it operates at its resonance. An on-chip buffer is also
designed for monitoring the waveform generated by the MEMS resonator. The post-CMOS fabrication process is
compatible with standard CMOS processes. Thus the custom clock generator can be integrated with logic circuits on the
same CMOS chip. The size of the MEMS resonator can be further reduced by design optimization and advances in
micro/nano-fabrication technology.
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l. I ntroduction

The improving performance of digital electronics has been driven steadily by device scaling for over thirty years.
However, device scaling is approaching its end primarily because of power dissipation constraints. Static power
dissipation is mainly caused by gate current leakage arising from quantum-mechanical tunneling and source-to-drain
subthreshold current leakage due to thermal excitations. These fundamental phenomena are difficult to design around.
Adiabatic (or thermodynamically reversible) digital transistor-based logic circuits offer a promising alternative via
architectural innovation to conventional circuitry for low power design [1]. Adiabatic logic minimizes switching energy
losses by carrying out logic transitions via the gradual, adiabatic compression or expansion of the electron gas contained
in a logic node. Meanwhile, standby power consumption due to leakage is minimized by keeping devices large enough
so that gate-to-channel tunneling and subthreshold currents remain negligible.

To minimize the power dissipation of adiabatic logic gates, a trapezoidal (not square-wave or sinusoidal) AC power-
clock voltage waveforms driving signal is required [2]. In order to keep the overall power consumption of adiabatic logic
circuits low, the generation of the driving signals should also dissipate little power, i.e., a very high Q (quality factor)
resonator is needed. Unfortunately, waveform-generation electrical circuits typically have low Q and incur substantial
power dissipation due to the energy overhead of switching a clamping power MOSFET to limit the voltage swing of a
LC oscillator, poor performance of integrated inductors due to low coil count and substrate coupling, and unfavorable
scaling of inductor Q with frequency [3].



MEMS (Microelectromechanical systems) technology is an emerging technology that has a wide range of applications in
automobiles, consumer electronics, communications and aerospace industries [4,5,6]. For instance, MEMS micromirrors
developed by Texas Instruments, Inc. have been widely used in compact projectors and cinemas [7 8,9]. MEMS inertial
sensors (i.e., accelerometers and gyroscopes) developed by Analog Devices, Inc., Robert Bosch Corp. and Motorola
have been successfully used in cars for safety, drive comfort and navigation [10,11,12]., MEMS resonators with very
high quality factors (above 10,000) in vacuum as well as very high resonant frequency (up into the GHz range) have
been demonstrated for RF applications, such as IF filters and oscillators [5,13,14].

Mechanical structures inherently have much higher Q than electrical components. Therefore, the basic idea of this work
is to use a high-Q MEMS resonator to generate the driving signals for adiabatic circuits in order to achieve overall low-
power consumption. Another innovation of this work is that a trapezoidal waveform is generated by a sinusoidal
oscillation of a comb drive having a special shape. Furthermore, the process used to fabricate the resonator is CMOS-
compatible, so the adiabatic circuits are integrated with the trapezoidal-waveform generator on a single chip.

In this paper, first the concept of adiabatic logic circuits is introduced in Section II. Then a novel trapezoidal waveform
generator using a custom designed MEMS resonator is presented in Section III. In Section IV, a 100kHz MEMS
resonator design and its CMOS-compatible microfabricaton process are described.

1. Adiabatic logic circuits

Traditional digital logic electronics based on irreversible physical mechanisms dissipate roughly %CV? energy per low-
level bit operation, where C is circuit node capacitance and V is the logic signal voltage. With device size and voltage
scaling coming to an end in the fairly near future, the energy efficiency of these traditional mechanisms cannot continue
improving much longer. Furthermore, any possible irreversible technology remains subject to the von Neumann-
Landauer bound of at least k7 In 2 energy dissipation per operation.

Fortunately, an alternative computing technique, reversible computing or adiabatic logic, sidesteps these energy limits,
by executing a smooth, physically adiabatic transition between logical states, and can improve the performance of a
typical logic circuit, given power constraints, even within a fixed technology generation. Bit energies of %CV” (and
above the k7T limit) are still required to be present, but rather than being dissipated on every cycle, these energies are
merely transferred back and forth between logic and power supply as needed, mostly recycling their energy, except for
frictional losses which can be made essentially as small as desired.

A simple reversible CMOS latch can be realized by a single standard CMOS transmission gate (T-gate). The sequence of
operations shown in Figure 1 include (0) the input level is initially tied to the latch output; (1) the input changes
gradually while the output follows closely; (2) the latch closes, and charge is stored dynamically (the node floats); (3)
afterwards, the input signal can be removed.
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Figure 1: A simple reversible CMOS latch.
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Figure 2: Clock-power supply rails for 2LAL.

In this project, we are using a simple adiabatic logic design style called 2LAL (2-level adiabatic logic) as a
demonstration, which was developed at UF by one of us (Frank) in the year 2000. Like conventional CMOS, 2LAL uses
two distinct voltage levels (high and low), and permits pipelined sequential circuits. It also has some very nice additional
properties including: (1) Short cycle time: only 4 adiabatic transition times (4¢) per completed clock period. (2) Low
latency: only 17 (tick) of latency per logic level/pipeline stage. (3) Low number of supply rails: only 4 distinct driving
signals need be supplied. To achieve these properties, clock/power supply rails as in Figure 2 are required. There are 4
trapezoidal voltage waveforms @g-¢3, each with 50% duty cycle and 25% transition time, at relative phases of 0°, 90°,
180° and 270° [2].

. MEM Sresonator design

31 Trapezoidal Waveform Generation

The trapezoidal waveform for the adiabatic logic circuits described above will be generated by a MEMS resonator, but
low-power consumption requires the MEMS resonator oscillate sinusoidally at its resonant frequency. So the challenge
is that how to generate a trapezoidal waveform from a sinusoidal motion. In other words, the electrical output signal of
the MEMS resonator must be saturated above a threshold displacement of the moving part of the MEMS resonator.
Therefore, non-linear capacitors with a trapezoidal dependence on the resonator oscillation must be designed.

Our basic idea of designing non-linear capacitors is to use a varying gap along the travel range of the rotor to achieve the
desired capacitance-position dependence. The conceptual design of one non-linear capacitor formed by an interdigitated
finger pair is shown in Figure 3, in which the shapes of the rotor and stator finger have been tailored. Both stator and
rotor finger have a wide flange-type end (see Fig. 3(a)). When the rotor moves along the negative y-direction, as shown
in Fig. 3(b), the two fingers have no overlap and thus the sidewall capacitance formed between the fingers is
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Figure 3: Conceptual design of a trapezoidal waveform generator.




very small and does not change much even with the fringing effects considered. When the rotor moves along the positive
y-direction (see Fig. 3(c)), the capacitance will increase and reach its maximum when the two flanges are completely
overlapped. When the rotor continues to move along the +y direction, the flange overlap decreases. However, the shifted
flanges form two capacitors: one is between the rotor flange and the stator finger; and the other between the stator flange
to the rotor finger. Therefore, the capacitance reduction due to the increased gap can be compensated by the dual
capacitors formed between the flanges and the fingers, and thus the total capacitance can be maintained at about the
maximum value even after the two flanges are no longer overlapped.

Some FEM (finite-element method) simulation results using CoventorWare [15] are shown in Fig. 4. In the simulation,
three pairs of comb fingers were used. The dimensions of the comb fingers are given in Fig. 4(a), where the gap is
0.1um, the flange width and length are 0.7/0.9um and 0.5um respectively, and the finger width and length are 0.5pum and
2um, respectively. The initial separation of the rotor and stator fingers is 2.5um, and the thickness of the entire structure
is 2um. The total comb-finger capacitance versus the rotor displacement is plotted in Fig. 4(b), which shows that the
curve has a flat bottom at small displacements and a nearly saturated top at large displacements. In practice,
symmetrically positioned comb pairs as the sensing combs in Figure 5(a) are often used. In those cases, the total output
sensing capacitance is the superposition of two capacitances as shown in Figure 4(b), but one with a 180° phase
difference. The resultant capacitance is plotted in Figure 4(c). Note that since the rotor oscillates sinusoidally the rotor
moves fast around y=0, but slowly at the maximum displacements. The corresponding output electrical signal is plotted
in Fig. 4(d), which as expected is a quasi-trapezoidal waveform. The waveform in Fig. 4(d) also indicates that the
frequency of the output electrical signal is twice of the resonant frequency. This is due to the fact that the symmetric
comb structure reaches its maximum capacitance on both +/— maximum displacements of the rotor fingers.
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Figure 4: FEM simulation_of a trapezoidal waveform generator. (a) Single side comb structure. (b) Capacitance versus
the rotor displacement for single side comb structure (c) Capacitance vesus the rotor displacement for symmetric
comb (superposition of two capacitances of single side comb with 180 degree phase difference (d) Quasi-trapezoidal
waveform generated by symmetric comb.



3.2 Structural design and electrostatic analysis

Beam structures are commonly used to build resonators. There are three types of resonant beam structures, clamped-
clamped beams, clamped-free beams and free-free beams. Clamped-clamped beams are the most area-efficient; while
free-free beams are the most energy-efficient due to reduced anchor loss [16]. Clamped-clamped beams are chosen for
this design due to their simplicity and the employed fabrication process (see Section 4.1). The topology of the resonator
design is shown in Fig. 5(a), where two actuation combs and four sense combs are symmetrically distributed on two
sides of a clamped-clamped beam. The sense combs have exactly the same design as that shown in Fig. 4(a). A DC bias
voltage V, is applied to the central resonant beam, while a pair of DC plus AC voltages V, v are applied to the

actuation combs to excite the resonator. Four sensing stators are wired together. The output nodes are at the stator fingers
of the sense combs. The equivalent circuit is shown in Figure 5(b), where C, is the actuator capacitance; Cy is the sense
capacitance and C; is the load capacitance. When the center part of the resonator is driven into resonance by the actuation
combs, the rotor fingers of the sense combs will oscillate sinusoidally. In each oscillation cycle, the rotor fingers will
move in and out of their stator counterparts, and generate an output signal with the same trapezoidal waveform as that
shown in Fig. 4(c). Due to the high impedance at the output node, a buffer may be used to drive the bonding pads for
testing purposes.
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Figure 5: The resonator topology design and electrical wiring configuration.

The static displacement of the resonator is determined by the drive force generated by the actuator and the spring
constant of the central beam, i.e,,
F 1 0dC
x=lo= oS (M
k 2k ox
where F is the electrostatic force, C, is the total capacitance of the actuation combs, and £ is the spring constant which is
given by
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where m and ® are the mass and resonant frequency of the resonator, respectively. The drive voltage of the bottom
actuation comb is

v,(O)=V,+v,ssin(ax), where V, =V, V.
Therefore, the low-frequency displacement can be rewritten as

1 dC,
x=—
2k ox

1 . 1
[( v+ 5 V2 j +2V,v,, sin(ar)— 5 V2 cos(ZaH)} 3)

For a high-Q resonator oscillating at its resonance (i.e., @), the DC term and the second harmonic term will be
suppressed. If differential voltages are applied to both sides of the actuation combs, the DC and harmonic terms will be
cancelled, and the electrostatic force are doubled. Thus, the resonant displacement becomes

x=%"’a%mc sin(x) o)

Using the first-order approximation by neglecting fringing fields, the capacitance gradient of the actuation combs is
given by
&h

aC
4 =2N — 5
ox “d Q)

a

where d,, is the gap of the actuation comb fingers and N, is the number of the stator fingers of the actuation combs.

From (2), (4) and (5), the oscillation amplitude is given by

4¢,hN 4&,hN
X = g‘)—“QVPvac = gﬂz—aQ Vo (6)
kd, w Md,
33 Ener gy efficiency considerations

There are two important metrics that must be optimized in order to achieve low-power consumption for the adiabatic
circuits. One is the effective quality factor, which is defined as the ratio of the energy transferred and the energy
dissipated per clock cycle.

Et
. = r 7
erf E diss ( )

The dissipated energy, from the definition of Q, can be expressed as
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E diss
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The energy transferred is
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Substituting (10) and (11) into (12) yields

E, QACY;
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diss

(10)

The dissipated energy is affected by the unloaded quality factor, spring constant and vibration amplitude of the
resonator. The major energy dissipation mechanisms include air damping, clamping loss through the substrate,
thermoelastic damping, electronic damping, surface loss and intrinsic material losses [17][18]. Air damping can be
minimized by using vacuum packaging. Clamping losses to the substrate can be avoided by locating the support at a
nodal point of the vibration mode or using impedance-mismatched supports to reflect energy back [16]. Thermoelastic
dissipation (heat flow resulting from nonuniform strain) can be reduced by shrinking device size, using stiff, high
thermal conductivity materials (Si, diamond) [19] or utilizing modes with uniform compression/expansion [20]. Surface
loss mechanisms can be minimized by avoiding layered structures (thin-film interfaces) at surfaces. Intrinsic material
losses make designers prefer single-crystal materials. All these damping mechanisms are intrinsic factors that limit
unloaded O, and thus the corresponding Q,; . The extrinsic factors that limit O,y are the applied voltage, vibration
amplitude, mass of the resonator, and resonance frequency.

The other important metric is the area energy transfer efficiency o, which is defined as the ratio between the energy
transferred and the area consumed by the resonator, i.c.,

E, _ACV;?

2

aE = =
Area 2X Area

)

This efficiency affects the cost overhead of the adiabatic solution. From (10) and (1113), it is clear that high DC voltage,
small mass and small vibration amplitude are desired. However, the maximum DC voltage can be applied here is limited
by the oxide breakdown and air breakdown voltages. For a resonator gap size as small as 0.1 um, the air breakdown
voltage is approximately 110 ¥ per um of air gap [21]. Simulation shows that sufficient displacements can be achieved
at Vp=10V. So, the maximum applied voltage in this case is about 10V. The output voltage V, can be much smaller than
10V, depending on the load capacitance, and will be tuned to the transistor operating voltage. The resonator size and
resonance frequency are defined by the system requirements. The sensing capacitance is approximately proportional to
the mass. So the mass should not be too small. The vibration amplitude is determined by the maximum voltage,
fabrication accuracy and the waveform realization mechanism.

Note in Figure 4(c), the sense capacitance swing is very small, only ~0.2 fF per comb finger. However, it should be
feasible to increase the structure thickness by a factor of 20 using a DRIE process to yield a figure close to 4 fF per comb
finger. Using a bias voltage of 10 V, this means each comb finger could drive a load equivalent to about 40 minimum
sized devices of about 1 fF load capacitance each, through a voltage swing of ~1V. The area needed for this many
devices is comparable to the area occupied by the comb fingers. Table 1 shows some key parameters of a prototype
resonator with a 0.5 MHz resonant frequency. The unloaded QO factor is estimated as 5000 according to the employed
fabrication technology.

Table 1: Key parameters of a 0.5 MHz resonator

Thickness: | 2 um Bias voltage V;,: | 10V
Gap size: | 0.1 pm DC drive voltage |[V.—Vy|: | 10V
Finger width: | 0.5 um AC drive voltage v,.: | 0.2V
# of actuation fingers N,: | 40 Area 4: | 107 um x36 um
# of sensing fingers N;: | 106 Capacitance variation: | 20 fF
Quality factor Q: | 5000 (est.) Effective quality factor Q. | 46
Vibration amplitude X: | 4 pm Area efficiency ap | 3.23x10 J/m®




34 A Special Actuation Comb Design

Smaller gaps can significantly improve the actuation and sensing efficiency, which in turn increase the effective quality
factor. The smallest gap size is determined by the fabrication technology. For instance, to etch 50pm-deep trenches in
silicon, the minimum gap size should be 2pm for a 25:1 aspect-ratio DRIE process. One technique that can overcome
this limitation is illustrated in Fig. 6, where all fingers have narrowed tips. The narrowed tips guarantee the minimum
initial gaps for microstructure release. After the small initial displacement, the comb fingers are engaged with a much
reduced gap which can be as small as 0.1 um.

(b) The gap
becomes very small
after the initial
displacement

(a) Initial position
with large gaps for
release.

Figure 6: A comb drive design for achieving small effective gap sizes. d, << d;

V. An Implemented Resonator Prototype
41 DRIE CMOS-MEMS Process

A maskless post-CMOS micromachining process is used to fabricate the proposed MEMS resonator [22]. The
fabrication requires only dry-etch steps and is completely CMOS-compatible so that electronics can be integrated on the
same chip with MEMS structures. The CMOS chips are fabricated using a commercial 4-metal CMOS technology
through MOSIS [23]. The post-CMOS micromachining process starts with the backside etching to define a SOum-thick
silicon membrane (Fig. 7(a)). Then anisotropic SiO, etching is performed to expose the regions for electrical isolation of
silicon (Fig. 7(b)). Then the top metal layer is removed (Fig. 7(c)). Next, a deep silicon etch followed by an isotropic
silicon etch is performed to undercut the silicon underneath the isolation beams (Fig. 7(d)), which isolates sense comb
fingers from each other and from silicon substrate. Next, the second anisotropic SiO, etch defines sense comb fingers,
springs and other mechanical structures (Fig. 7(e)). Finally, a deep silicon etch is performed again to etch through and
release the resonator (Fig. 7(f)).
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Figure 7: (a) Backside etch. (b) Anisotropic SiO, etch (c) Top Al etch. (d) isotropic deep Si etch followed by Si
undercut. (¢) Anisotropic SiO, etch. (f) Anisotropic deep Si etch

4.2 A prototype 100kHz resonator design

The design was based on the TSMC 4-metal 0.35um CMOS process. The top metal layer (metal-4) is laid out as the
etching mask for electrical isolation of silicon. Metal-3 defines the resonator structure. Metal-1 and metal-2 are used for
electrical wiring. Fig. 8(a) shows the 3D model of the resonator generated by CoventorWare [15]. Fig. 8(b) is the side
view showing the silicon undercut for electrical isolation. The key parameters of this design are listed in Table 2.

The main objective of this design is to verify the generation of trapezoidal waveforms, so the resonant frequency is
targeted at 100 kHz. Even though the area of this design is much larger than that of the design listed in Table 1, the gap
is larger and thus the DC bias voltage can be higher. Therefore, the effective quality factor is just reduced by a factor of
3 down to 15. Figure 9 shows a scanning electron micrograph (SEM) of a released resonator. The device is under testing.
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Figure 8: The 3D model of the resonator.



Table 2: Key parameters of a prototype resonator at 100 kHz

Thickness: | 30 pm Bias voltage V},: | 10V
Gap size: | 0.5 um DC drive voltage |V.—V3|: | 30 V
Finger width: | 2.5 um AC drive voltage v,.: | 2V
# of actuation fingers N,: | 48 Area 4: | 260 um %130 pm
# of sensing fingers N;: | 24 Capacitance variation: | 30 fF
Quality factor Q: | 5000 (est.) Effective quality factor Qg | 15
Vibration amplitude X: | 16 pum Area efficiency ap | 1x10~* J/m?
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Figure 9: SEM picture of the resonator

V. Conclusion

A trapezoidal waveform generator is realized by customizing the shape of the sensing comb fingers of a MEMS
resonator. A resonator design with a 100 kHz resonant frequency has been fabricated. The fabrication process is
compatible with standard CMOS processes and thus the MEMS resonator can be integrated with logic circuits on the
same CMOS chip. The size of the MEMS resonator can be further reduced by design optimization and advances in
micro/nano-fabrication technology. Using the same principle, other custom waveforms can also be generated from
sinusoidal oscillations.
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