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Abstract

The objective of this research is to reduce static power dissipation by developing a
vertically-oriented carbon nanotube-based nanoelectromechanical switch that has no off-
state leakage current. This switch, called a nanorelay, is a mechanical switch that uses a
carbon nanotube as the active component. The device consists of a line of carbon
nanotubes grown on a highly-doped silicon substrate between two contacts that are
electrically isolated from the substrate by an insulator.

The nanorelay is actuated when a control voltage is applied between the substrate and
either one of the contacts. This voltage causes the nanotube to be pulled into and
eventually make physical contact with one of the contacts, which allows current to flow
through the carbon nanotube. During the off state, a physical gap separates the nanotube
from the contact which acts as a near-ideal tunneling barrier to virtually eliminate leakage
currents. Since the nanorelay has almost no static power dissipation, it has many
potential applications in low-power circuit design.

This thesis makes three main contributions. First, a fabrication process to construct
nanorelays is presented. Second, potential low-power circuit applications of the
nanorelay are explored and implemented in a CMOS test chip. Finally, a test system is
developed in order to characterize and quantify the static power savings benefits of using
the nanorelay for low-power circuit applications.

Thesis Supervisor: Anantha P. Chandrakasan
Title: Joseph F. and Nancy P. Keithley Professor of Electrical Engineering
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Chapter 1

1 Introduction

1.1 Background and Motivation

Static power dissipation has recently become one of the most pressing concerns in CMOS
circuit design. As CMOS transistors continue to scale to smaller dimensions, leakage
current becomes a more significant portion of the overall circuit power consumption
[1]. Excessive power consumption leads to many other issues including decreased
battery life, decreased reliability, and increased cooling costs. A significant portion of
static power dissipation occurs when the circuit is idle because of undesired leakage
currents through the transistors. Consequently, there has been much interest in

minimizing off-state leakage currents to reduce the energy used in CMOS circuits.

The first major source of leakage current in CMOS transistors is subthreshold leakage,
where current flows through the channel in the off state. The subthreshold leakage is
exponentially related to the supply voltage applied to the gate. For newer technologies,
this supply voltage has been decreased to reduce the dynamic power consumption and
improve reliability. As a result, the subthreshold current has also increased with
transistor scaling. The second major leakage source is gate leakage, which occurs when
electrons tunnel through the gate oxide. Since a thin oxide layer is desirable for
performance, the thickness of the oxide separating the gate has been decreased with each
new technology node. As the oxide becomes thinner, it is easier for electrons to tunnel

though, increasing the gate leakage current [1].

1.2 Carbon Nanotube-Based Nanorelays

In CMOS transistors, there is a tradeoff between performance and power
consumption. In order to control static power dissipation without decreasing the CMOS
performance, this thesis proposes a new device that eliminates leakage currents: the

carbon nanotube-based nanorelay. A nanorelay is a vertical nanoelectromechanical
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Once the nanorelay has been programmed, the nanorelay will hold its state even after the
applied voltage is removed because of the adhesive van der Waals forces between the
CNT and the contact [7]. In order to switch the nanorelay again, a voltage must be
applied to the opposite terminal to overcome the van der Waals force and pull the CNT
off of the original contact and in to the desired contact. This operation is illustrated in
Figure 1-2, where the nanorelay is electrically modeled as a single-pole double-throw

switch.

4 5 $ L4 $

initial switch left hold switch right hold

Figure 1-2. Basic operation of the nanorelay.

1.3 Previous Work

The first CNT-based switch was developed by Lee et al at Goteborg University and
Chalmers University of Technology in 2004 [8]. This paper describes the fabrication of a
three terminal switch and proposes several potential applications for the field, including
logic, memory, amplifiers, mechanical tweezers, sensors, and resonators. The device
proposed in this paper uses a CNT as the cantilever in a conventional cantilever beam
resonator, as shown in Figure 1-3. In this switch, a control voltage is applied to the gate
G, which causes the CNT to deflect and eventually make contact to the drain D. Once

contact is made, current can flow from source to drain through the CNT.
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Similarly, Chakraborty et al at Case Western University have investigated potential
applications for carbon nanotube-based NEMS switches [12]. These applications include
reducing leakage in digital logic and memory circuits. HSPICE simulation results show
that these circuit applications take advantage of the low-leakage properties of NEMS

switches and the excellent electrical properties of carbon nanotubes.

In addition to NEMS devices, there has been a large amount of interest in fabricating a
carbon nanotube field-effect transistor (CNTFET) [13], [14], [15]. These devices are
inherently different than a nanorelay switch in several ways. First, there is no mechanical
actuation involved in CNTFETs, which is an advantage from speed and reliability
standpoints. However, this means that there cannot be a physical gap between the
contacts during the off-state, which will result in leakage currents and static power
dissipation. ~ This makes the nanorelay better suited for low-power, low-speed
applications where energy dissipation is the most important design constraint.
Furthermore, the vertical structure of the nanorelay makes it very area efficient, which is

an advantage in high density structures, such as memory arrays.

1.4 Thesis Contributions

This thesis makes several contributions to the design and characterization of CNT-based
switches. First, a unique fabrication process for creating three-terminal nanorelays is
described. This device structure uses a line of nanotubes to enable a self-aligned contact
process that prevents misalignment errors and minimizes the gap size to improve the
switch performance. Second, this thesis proposes several potential CMOS circuit
applications that take advantage of the nanorelay’s low-power and nonvolatile operation.
Finally, these CMOS applications are implemented in a foundry-fabricated test chip and
interfaced with a test system to characterize the benefits of using the nanorelay in

conjunction with CMOS circuits.
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The fabrication work presented in the rest of this chapter represents the combined results
of a collaboration with Kaveh Milaninia. Kaveh devised the device structure and
developed the initial fabrication process [28]. We were both involved the execution and
debugging of the process flow, and each of us has performed all of the fabrication steps

described in this chapter.

2.1 Device Design

2.1.1 Device Structure

The basic structure of the nanorelay device is shown in Figure 2-2. Two conducting
contacts are patterned around a line of CNTs. The contacts are insulated from the
substrate by a thin, conformal layer of silicon dioxide. When a control voltage is applied
to one of the contacts, the CNTs are attracted to that contact and bend towards it. The
contacts, CNTs, and substrate are all made out of a conductive material so that current
can flow from either of the contacts, through the CNTs, and into the substrate. Carbon
nanotubes can be very good mechanical actuators because of their flexibility and

excellent current carrying capabilities [5].
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attractive dipole forces between two molecules [7]. At the MEMS scale, the van der
Waals forces are negligible and can be ignored. However, at the dimensions of NEMS

devices, van der Waals forces have a significant effect on the system operation [23].

Using the adapted-MEMS NEMS model [18] for the nanorelay yields important
information about the device operation. Figure 2-3 (a) shows all of three of the forces
acting on the carbon nanotube when a voltage is applied between the substrate and one of
the contacts. When the electrostatic and van der Waals forces overcome the elastostatic
force, the CNT pulls-into the contact, allowing current to flow. The pull-in voltage Vp;
where this occurs can be related to the device dimensions by balancing the three forces at
the equilibrium point:

F, +F, +F

elas elec vd!

w=0. 2.1)

Substituting in appropriate force relationships gives

1 1 2¢>
VP[ = Iiklg —kQWL(—;— 3Hx . (22)
g (g+d) (1+3g—) wLe,

aw

where k; and k; are constants related to the material properties, g is the gap width, L is the
length of the CNT, d is the diameter of the CNT, and wL is the area of the side of the
CNT adjusted for the circular geometry, as shown in Figure 2-3 (b) [18].
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2.2 Carbon Nanotube Synthesis

The first step in fabricating a nanorelay is to grow a line of vertically-oriented carbon
nanotubes. The PECVD system used for this process is designed to grow nanotubes
vertically from a metal catalyst [24], [25], [26], [27]. This metal catalyst can be patterned
using electron beam lithography in order to make the CNTs grow in specific
locations. The lithography and liftoff process for patterning the catalyst and growing the
CNTs is shown steps (1) — (6) of Figure 2-13.

The performance of the nanorelay is highly dependent on the dimensions and quality of
the carbon nanotubes. The pull-in and pull-off voltages, switching speed, and switching
reliability are all related to the CNT characteristics. In general, CNTs with a very high
aspect ratio (length/diameter) provide the best performance. The dimensions of the
CNTs depend on several fabrication parameters, including the growth temperature and
time, and the metal catalyst material and thickness. The following subsections explore

the effects of these parameters on the CNT dimensions based on experimental results.

2.2.1 Growth Temperature

Changing the temperature of the CNT growth chamber has several effects on the CNT
geometry. First, a higher growth temperature leads to longer tubes because the carbon
deposition rate is increased at higher temperatures [24]. As explained in Section 2.1.2,
longer CNTs are desirable because they reduce the pull-in voltage of the nanorelay.
However, experimental results show that when longer CNTs are grown, the vertical
uniformity suffers. After a certain length, the CNTs begin to grow in undesired

directions instead of staying vertically straight.

Figure 2-4 and Figure 2-5 show the results of growth experiments at a temperature of
675" C and 825° C, respectively. The CNTs in the 825° C experiment grew
approximately four times as long as the CNTs in the 675° C experiment, but they are
obviously less uniform. After approximately 2 um of growth, the CNTs stop growing

vertically and begin to branch out in unexpected directions.
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2.3 Device Fabrication

The process sequence for the nanorelay is shown in Figure 2-13. First, the metal catalyst
is deposited and patterned using liftoff. Then, a line of CNTs are grown from these
catalyst dots. Silicon dioxide and amorphous silicon are conformally deposited around
the line of nanotubes. The amorphous silicon is patterned and etched to form contacts,

and finally, the oxide is etched to release the nanotubes.






This section discusses the three main fabrication challenges for constructing a nanorelay:
growing a line of CNTs, forming the air gap and self-aligned contact terminals, and
releasing the CNTs from the oxide. A more detailed process flow including all of the
tool and material specifications is provided in Appendix A. Process Flow for Fabricating

Nanorelays and [28].

2.3.1 Formation of a Line of Vertically Aligned CNTs

The line of CNTs is fabricated by patterning the location of metal dots that act as a
catalyst for CNT growth. A 50 nm titanium nitride (TiN) layer is sputtered on the highly
doped silicon substrate to act as a diffusion barrier for the metal catalyst. Then, catalyst
dots are patterned using standard electron beam and liftoff processes. First, 4%
polymethyl methacrylate (PMMA) photo resist is spun at 4000 RPM to cover the sample.
This resist is exposed using electron beam lithography at 30 kV with a 20 pm aperture
and a 300 pC/cm’ dose. The resist is patterned into 5 pm long lines of 200 nm x 200 nm
squares with a 400 nm pitch. The resist is developed using 2:1 isopropyl alcohol (IPA) :
methyl isobutyl ketone (MIBK) for 115 seconds, and then rinsed with IPA for 1 minute.

A 30 nm thick layer of metal is deposited using electron beam evaporation at a rate of 1
A/sec and a pressure below 10-6 Torr. The PMMA is lifted off in 80°C N-methyl
pyrrolidone (NMP) for 10-15 minutes. As the NMP removes the unexposed areas of
PMMA, the metal that lies on top of these areas is also removed, leaving metal catalyst
only in the exposed areas. This leaves a line of catalyst dots that match the electron beam

lithography exposure pattern, as shown in Figure 2-14 and Figure 2-15.
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CNTs. Since the oxide is conformally deposited, the gap width is equal to twice the

deposited oxide thickness, or approximately 2.4 pm.

The thickness of the oxide is limited by the pitch of the line of CNTs. The oxide must be
thick enough to bridge the gap between two adjacent nanotubes. Several experiments
were performed to attempt to minimize this gap size in order to maximize the

performance of the device.

Approximately 600 nm (4 AJsec for 25 minutes) of doped a-Si is conformally deposited
for the contact material. Photolithography is used to pattern the a-Si to form the 5 pm
wide lines leading to 200 pym x 200 pm square probe pads for each of the contacts
(Figure 2-19). A double layer of photo resist is spun at 4000 RPM in order to planarize
the photo resist. The resist is intentionally overexposed using a 6 second exposure and
overdeveloped for 150 seconds so that the tops of the tubes are above the photo resist
(Figure 2-20). The exposed a-Si is then etched using an electron cyclotron resonance
(ECR), reactive ion etch (RIE) system (Figure 2-21). The photo resist is removed by
ashing the sample, leaving a-Si contacts that go up to, but not over the top of the CNTs
(Figure 2-22).

The PECVD conformal deposition allows the contact formation to be a self-aligned
process, meaning that the position of the contact walls is determined by the position of
the CNTs rather than using a mask alignment. This self-aligned process is imperative to
the device fabrication for two reasons. First, mask alignment to the line of CNTs would
be almost impossible since the width of the line is on the order of tens of nanometers.
Second, having a self-aligned process allows the air gap to be as small as possible. The
width of the air gap is determined by the oxide thickness, which is only limited by the
spacing between the CNTs.
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removal. However, there are three main disadvantages. First, since this technique is a
wet etch, the etching is not very well controlled and can vary from sample to
sample. Second, since wet etches undercut, if the sample is etched for too long, the
insulating oxide between the substrate and the contacts could be inadvertently
removed. Third, wet processing induces stiction in high aspect ratio structures, like
CNTs. As the liquid dries, the CNTs are pulled in by the surface tension of the liquid
droplets. This is especially evident in areas of forested growth, as shown in Figure 2-23,
but can also affect the lines by pulling the CNTs into one of the contacts prematurely, as

in Figure 2-24.

To avoid the liquid stiction forces, the nitrogen gun dry was replaced by a force hot plate
dry. After the BOE and rinse steps, the sample was placed on a hot plate while it was
still wet. The hotplate temperature was set well above the boiling point of water, so that
the liquid would evaporate almost immediately. Unfortunately, this did not prevent the
stiction forces and the CNTs were still pulled into bundles. Completed devices that used
the BOE and hotplate release technique are shown in Figure 2-25 and Figure 2-26. The
lines of CNTs in these devices do not appear to have been affected by stiction, but this is
only because the CNTs were too short to bend. Stiction effects were seen in forested
areas of the sample, and CNTs that are this 'short will not be able to switch in the actual

device.
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The final release technique is a critical point dry of the sample. The critical point of a
fluid is the temperature where the fluid’s liquid and gas phases have the same density.
Drying at the critical point allows the liquid to vaporize without creating any surface
tension stiction forces that could damage the CNTs. A critical point drying system is
used to implement this technique. The oxide is first etched using a BOE and rinse, as
described above. Without drying, the sample is immersed in 50%, 75%, 90%, 100%, and
100% ethanol solutions for a few minutes each. This replaces the water from the BOE
rinse with ethanol which has a lower critical point. The sample is then place in 100%
ethanol within the critical point drying system, which heats the sample to the critical
point. At this temperature, the liquid vaporizes without stiction, and the sample dries

without the CNTs being pulled together.

A forested area and a line of CNTs after a critical point dry release are shown in Figure
2-30 and Figure 2-31, respectively. A completed device that used the critical point dry
technique is shown in Figure 2-32. These devices showed no signs of stiction forces, but
unfortunately the CNT growth and gap thickness were not uniform enough to make a

functional nanorelay.
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Chapter 3

3 Nanorelay Device Characterization

This chapter describes the characterization of the nanorelay device performance. At the
time of publication, a perfectly fabricated nanorelay device was unavailable. These
characterization measurements come from nanorelays with relatively short and non-
uniform tubes. As such, these measurements should be considered as a proof-of-concept,

and a starting point for the actual performance of a high-quality nanorelay.

Several test experiments were performed to evaluate the performance of the nanorelay.
By controlling the applied voltage and measuring the resulting current, a characteristic I-
V curve can be obtained. This I-V relationship can be used to observe device
functionality, as well as quantify the pull-in voltage and contact resistance of the
nanorelay. These experiments demonstrate single switching and show that the nanorelay

is able to reliably conduct current after pull-in.

3.1 Experimental Setup

The characterization measurements were taken using a Keithley Instruments parametric
test system. Test probes were used to connect the Keithley’s terminals to the contact
pads of the nanorelay device. All measurements were performed inside of a scanning
electron microscope (SEM) so that the device would be under vacuum and so the CNT
switching could be visibly observed. The Keithley was used to control the applied
voltage between the contact and the substrate while measuring the current flow through

the switch in order to obtain I-V characteristic curves for the nanorelay device.

3.2 Pull-in Voltage

Figure 3-1 shows measured I-V data for a single nanorelay switch. During the first run,
as the voltage is ramped up no current is measured until a sudden jump around 12.5 V.

This point indicates where the CNT pulled-into the contact and started conducting current.
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Before pull-in, the current reading is dominated by measurement noise, showing that the
off-state leakage current of the nanorelay is extremely small. After pull-in, the current
through the nanorelay increases to 2 nA, and continues to increase as the voltage

increases, indicating a simple on-resistance model.

During the second run, there is no apparent pull-in point, and the nanorelay conducts
current at low voltages. This occurs because the nanorelay is deliberately not pulled-off
of the contact between experiment runs, so it acts as a short circuit between the contact
and the substrate. This demonstrates the non-volatile nature of the nanorelay; when the
supply voltage is removed, the CNT is held in place by the adhesive van der Waals forces,
which holds the state of the switch.

A pull-in voltage of 12.5 V is relatively low for a NEMS switch [8], [9], [20], [29], [30],
and is considered a promising result considering the fact that this measurement was taken
using a low-quality nanorelay. Furthermore, the pull-in voltage improves dramatically as
the device scales to smaller dimensions, as explained in Section 2.1.2. The major barrier
to decreasing the pull-in voltage to be compatible with scaled CMOS technologies is the
gap size. To achieve pull-in at 1 V, the gap size must be decreased from 2 pym to 100 nm,
which is a factor of 20. In order to decrease the gap size this drastically, it will be

necessary to have better control over the growth density of the line of CNTs.
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Figure 3-1. Measured I-V data for a fabricated nanorelay device. Run 1 shows the pull-
in voltage of 12.5 V, Run 2 shows that the CNT stayed on the contact after the control
voltage was removed.

3.3 On-Resistance

The I-V characteristic curves can also be used to determine the on-resistance of the
nanorelay. Figure 3-2 shows the measured I-V data for several nanorelay devices in the
on-state. The on-resistance of the devices can be extracted from this data as

AV
R, = E (3.1)
These measurements yield an average on-resistance of approximately 600 MQ, which is
‘on the same order of magnitude of other NEMS switches [8], [29], [31]. However, when
compared to CMOS technologies, this on-resistance is extremely high. In order to use

the nanorelay in conjunction with CMOS technologies, it will be necessary to reduce this

on-resistance.
A short-term solution to this problem is to place many nanorelays in parallel to reduce the

equivalent on-resistance of the overall switch. This will also increase the current carrying

capabilities of the switch by providing more CNTs to share the current load. The area

51






Chapter 4

4 Low-Power Circuit Applications and CMOS
Test Chip

The measured I-V characteristics show that a high-quality nanorelay has many potential
applications in CMOS circuit design. The main advantage of the nanorelay is its very
low leakage current, which makes it ideal for use in low-power designs. Another
advantage is its nonvolatile operation, which is useful in nonvolatile memory applications.
This chapter explores several circuit applications that take advantage of the nanorelay’s
unique properties. Three of these circuits, power gating, nonvolatile SRAM, and
reconfigurable interconnect, are implemented in a foundry fabricated CMOS test chip to
quantify the benefits of using nanorelays in conjunction with CMOS circuits. The
simulation results presented in this chapter are based off of RC extracted layout from the

CMOS test chip.

4.1 Circuit Applications
4.1.1 Power Gating

One of the main potential advantages of the nanorelay is that it should effectively
eliminate leakage currents because it has a physical gap tunneling barrier. An application
that takes advantage of this property is power gating for digital CMOS circuit blocks.
Figure 4-1 shows an example of a nanorelay power gating a single CMOS inverter. The
nanorelay is used as a power footer that separates the CMOS inverter from the low
supply voltage (usually ground). During normal operation, the nanorelay acts as a short
circuit between true ground and a virtual ground node, as shown in Figure 4-1 (a).
During idle mode, the nanorelay disconnects the virtual ground node to eliminate leakage

currents, as shown in Figure 4-1 (b).
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Figure 4-1. Nanorelay used as a power footer during (a) active mode, and (b) idle mode.

Power gating is an ideal application for demonstrating how nanorelays can be used to
improve existing CMOS circuit designs. The load circuit is unaltered, and is still
implemented using CMOS technologies, which has many advantages including speed,
reliability, and being a mature, well-understood technology. When nanorelays are added
as power footers, they provide the additional advantage of low-leakage, which decreases
the overall power consumption. One possible drawback of this power gating design is
the on-resistance drop between the true and virtual ground nodes. As mentioned
previously, the device on-resistance could possibly be improved through fabrication
adjustments, but in the short-term this problem can be avoided by connecting many

nanorelays in parallel to reduce the overall equivalent resistance.

For this type of power gating to be worthwhile, the leakage energy saved during the idle
state must be greater than the energy required to recover from idle mode. The recovery
energy is determined by the energy used to switch the nanorelay, Ej,i., and the energy
needed to charge the virtual supply node back to Vpp or GND, Echaree.  The leakage
energy, Ej.q, 1s proportional to the amount of time the circuit remains in the idle state.

The point in time where the leakage energy is equal to the recovery energy is called the
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break even time, meaning that the circuit must be idle for at least this long for any energy

to be saved [33].

The importance of the break even time is illustrated in Figure 4-2 and Figure 4-3, which
show Ultrasim simulation results of power gating for different idle times. In these
simulations, the nanorelay power header is controlled by a 50% duty cycle clock, as in
Figure 4-4. The clock period is varied to change the amount of time that the load circuit
is power gated. During the first half cycle, the nanorelay connects the power supply to
the load circuit, so the load supply voltage and the consumed energy are the both the
same with and without power gating. At time 7/2, the nanorelay disconnects the power
supply from the load, and the virtual supply voltage drops towards zero. During this time,
the power gated load has no leakage, and so it does not consume any energy during the
second half of the clock period. However, at the end of the period, the virtual supply
node must be recharged to Vpp, which requires a relatively large amount of energy. For
the total energy to be less than in the case without power gating, this recharging energy

must be less than half a cycle of leakage energy, which occurs at the break even time.

Figure 4-2 shows what happens when the load circuit is power gated for less than the
break even time with T,/2 < fp.. Not enough leakage energy is saved during power gating
to overcome the energy overhead of recharging the virtual supply. Figure 4-3 shows the
opposite case of power gating for longer than the break even time with 7j/2 > #,.. Since
the circuit is power gated for a much longer time, the total leakage energy saved is larger
than the recovery energy, resulting in a lower total energy than the non-power gated case.
These two simulations illustrate cases where the idle time is less than or greater than the
break even time, or T,/2 < ty. < T,/2. When the period matches the break even time, 7/2
= the, the recovery and leakage energies will be matched, and the total energy consumed

with and without power gating will be equal.

55



Ta/2 < Break Even Time

2 T
% 15/ |
©
> 4L | |
z
[o}
S osf |
0 | l
| - Ta
X 10‘10
1 | !
- - -~ without PG
with PG J’
S i
o 05} T
| T H
UJ B .
0 i Ta
-rlme

Figure 4-2. Simulation of power gating with idle time < break even time.
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Figure 4-3. Simulation of power gating with idle time > break even time.
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At the break even time, the relationship between the leakage and the recovery energies is

given as

E

leak = Erecovery

E.=E, ..tE

switch charge*

4.1)

This energy relationship can be converted to the power domain by considering the
amount of time the circuit is in each state. First, the nanorelay is set to switch using a
clock with period T and a 50% duty cycle, as shown in Figure 4-4. The leakage energy
saved by power gating occurs over half a period, when the nanorelay is disconnected

from the circuit,

T
Eleak = Beak 5 N (42)

The energy required to switch the nanorelay must be considered over the entire period
and can be expressed as

E

switch —

P..T 4.3)

switch™ *

The energy required to recharge the virtual supply node is related to the energy consumed
by the load through V.. in Figure 4-4 as well as the leakage energy. The energy
consumed by the load over the entire period is the energy required to recharge the node

plus half a cycle of leakage while the load is not power gated,

Echarge = Eload - Eleak
T 4.4)
Echarge = I)loadT - I)leak E
Substituting these expressions into Equation (4.1) gives
T
I)Ieak == Pswitch XT + Pload - I)leak xT
2 2 4.5)

B,,=P

leak ~— * switch

+ P,

load *
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Figure 4-4. Schematic diagram of circuit used for break even time simulation.

To illustrate these relationships, simulations of the break even time were performed for
power gating a 16-bit adder. The simulation results showed that the power required to
switch the nanorelay, Pguic, is very low when compared to the power required to
recharge the virtual supply node, Pharge.  As a result, the break even time is mostly
determined by the characteristics of the load circuit; more leakage results in a smaller
break even time. Figure 4-6 and Figure 4-5 summarize the break even time simulation
results in the power and energy domains, respectively. For a 16-bit adder in a 0.18 pm
process, the break even time was 48 ps, at scaled technology nodes where there is more

leakage current, the break even time will be even shorter.
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Figure 4-6. Break even time power domain simulation results

In the test chip, the power gating application is implemented for a large low-pass FIR
filter to maximize the idle-mode CMOS leakage currents. The active-mode functionality
of this filter was verified by applying a pulse to the least significant input bit. The

expected outputs for this type of pulse input are the hard-coded filter coefficients. Figure
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a nonvolatile memory cell constructed completely from nanorelays could be created. The

basic write and read operations of the nanorelay SRAM cell are illustrated in Figure 4-9.

Fa —\m r:y»—
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Figure 4-8. (a) Nonvolatile memory cell with a nanorelay storage device and CMOS pass
gates. (b) Nonvolatile memory cell constructed entirely from nanorelays.
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Figure 4-9. Basic operation of the nanorelay SRAM cell. (a) Write operation: write
wordline is high, connecting bitlines to the control terminals, which sets the state of the
nanorelay. (b) Read operation: read wordline is high, connecting the bitlines to the signal
terminals. The terminal connected to the nanorelay is pulled low, which results in a
voltage drop on the bitline.

An HSPICE simulation of the SRAM operation is shown in Figure 4-10. This simulation
uses precharged bitlines to emulate the operation of a comparable CMOS SRAM cell.
After precharge, a 1 is written to the cell by asserting the wr signal while b/=1 and bl’=0.
This creates a voltage difference between the left control terminal and the CNT, which
causes the nanotube to pull-into the left terminal. To verify the correct operation, the
read signal is asserted to check the contents of the cell. Since the CNT is connected to

the left terminal, bl is pulled low through the nanorelay and b’ remains high. Similar

operations are performed to simulate writing a 0 to the SRAM cell.
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4.1.3 Reconfigurable Interconnect

Since the nanorelay can be modeled as a single-pole double-throw switch, it can be used
to connect one signal to two different paths. This property is ideal for reconfigurable
interconnect applications, such as field-programmable gate arrays (FPGAs). In an FPGA,
switch boxes made of CMOS pass gates are used to connect signals between the logic
blocks. Nanorelays could replace the CMOS pass gates in these systems to make FPGA

switch boxes with extremely low static power dissipation.

Figure 4-11 shows a simple test circuit for using nanorelays for reconfigurable
interconnect. Two nanorelay switches are used to choose between a short and a long path
in a ring oscillator. Since the two paths have a different number of inverters, the
operating frequency depends on which path is chosen by the nanorelays. As a result, the

circuit acts as a programmable-frequency ring oscillator.

D e

Dce;i PR
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e

Figure 4-11. Frequency-programmable ring oscillator using nanorelays for
reconfigurable interconnect.

Figure 4-12 shows the results of a Nanosim simulation of the programmable-frequency
ring oscillator. The top plot represents the longer inverter path (resulting in a lower
frequency), while the bottom path is the shorter inverter path (resulting in a higher

frequency).
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Figure 4-13. Digital logic gates constructed from nanorelays.

The nanorelay inverter and AND gates show a basic configuration that can be used to
construct many types of digital gates. A basic library of gates can be created using these
basic design concepts to construct larger circuits. Once the gate library is available, a
traditional synthesis flow using Verilog can be used to create more complex digital
circuits. All of these circuits should have almost no leakage currents because they are
constructed entirely from nanorelays. Therefore these nanorelay digital gates will be

useful for very low power applications.

4.2 CMOS Test Chip

A chip has been designed that will test the various potential circuit applications of
nanorelays. The chip uses a National Semiconductor 0.18um high voltage CMOS
process in order to accommodate for the high control voltages required to program the

nanorelays. As mentioned previously, it should be possible to reduce the control voltages
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Chapter 5

5 Nanorelay-CMOS Test System Implementation
and Results

The final goal of this thesis was to integrate the nanorelays and CMOS test chip at the
system level to provide quantitative analysis of using nanorelays in CMOS circuit design.
To accomplish this objective, a test system was developed to verify the nanorelay and test
chip functionality, which is described in Section 5.1. This test setup centers around a
printed circuit board (PCB) that interfaces the nanorelays and the CMOS test chip. At the
time of publication, reliably functioning nanorelays were unavailable for test, so the

results section describes only the characterization of the CMOS test chip.

5.1 Test Setup

A schematic diagram of the nanorelay-CMOS test system setup is shown in Figure 5-1.
The nanorelay devices and the CMOS test chip are interfaced to each other at the PCB
level. Power is supplied to both the devices and the test chip through external power
supplies. A Keithley SourceMeter was used for the core voltage for power measurements.
Inputs to the test system were created using a Tektronix pattern generator. These inputs
feed into the CMOS test chip to control the operation of the various application control
circuits. The CMOS control circuits generate voltages to control the position of the
nanorelay switches. The outputs of the nanorelay devices are fed back into the CMOS
test chip for any additional processing, and finally passed as observable outputs to the

Tektronix logic analyzer and an oscilloscope.
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possible to achieve a power savings of 814 nW, in this 0.18 um CMOS process. At
scaled technology nodes, the leakage currents will be increased, and power gating will

have an even greater benefit.

Table 5-1. Measured power consumption of FIR filter in various operation modes.

Mode of Operation Vbp 1 Power
Active (pulse input) 1.800V |[35.7pA | 64.3 uW
Idle (no input, no clock) 1.800V | 452 nA 814 nW
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Chapter 6

6 Conclusions and Future Work

6.1 Thesis Summary and Main Contributions

This thesis has explored the potential benefits of using a novel carbon nanotube-based
mechanical switch to reduce leakage currents in low-power CMOS circuit design. The
nanorelay has no leakage currents because of the physical air gap that prevents tunneling
during the off state. The basic operation of the nanorelay was described, and a
fabrication process for constructing the nanorelays was developed. Preliminary
characterization measurements of a non-ideal nanorelay device were presented. Several
low-power circuit applications that take advantage of the nanorelay’s unique properties
were discussed. Most of these applications were implemented in a CMOS test chip
whose functionality was experimentally verified. A test system was developed to

characterize the interactions of the nanorelays with the CMOS test chip.

Based on the results presented in this thesis, CNT-based nanorelays show some potential
for reducing static power dissipation in low-power CMOS circuit applications. However,
this potential has not yet been achieved because of the early development stage of the
nanorelay device. Once the device has been optimized, the nanorelay-CMOS test system

results suggest that nanorelays will have the ability to control static power dissipation in

CMOS circuit design.

6.2 Suggestions for Future Work

There are several directions available for future work in this area. Most importantly, the
fabrication process for the nanorelay switches must be optimized so that the nanorelays
function reliably. Once this is achieved, the test system presented in this thesis can be
used to interface the nanorelays with the CMOS test chip to measure the power savings
benefits. A final option for future work is to improve the nanorelay operation by adding

a second set of contact terminals in order to isolate the control terminals.
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6.2.1 Nanorelay Device Optimization

The basic fabrication process presented in this thesis must be fine-tuned in order to
optimize the nanorelay by minimizing the device size. Scaling the nanorelay to smaller
dimensions improves the device characteristics in several ways, as mentioned in Section
2.1.2. First, the required pull-in and pull-off control voltages are reduced if the CNT is
longer, if the CNT has a smaller diameter, or if the electrical contacts are closer to the
tube [18]. Reducing the control voltages is necessary for the dynamic power

consumption of the nanorelay to be comparable to CMOS technologies.

Second, the switching speed is improved by using a shorter CNT. A tradeoff exists
between the switching speed and the magnitude of the control voltages, because they
have opposing relationships to the length of the CNT [18]. However, the switching speed
is unrelated to the distance between the CNT and the contacts. Therefore, in order to
maximize the improvements to both electrical characteristics, it is desirable to use the

shortest possible CNT and have a very small gap between the CNT and the contacts.

Finally, the on-resistance of the nanorelay is dominated by the contact resistance between
the CNT and the a-Si contact. One possible way to improve this on-resistance is to use
different contact materials to reduce the contact resistance [32]. The use of different
materials will also affect the value of the control voltages, so it might be possible to make

improvements to both characteristics with one fabrication adjustment.

6.2.2 System Demonstration

Once the nanorelays are optimized, they will be ready for integration in the nanorelay-
CMOS test system introduced in Chapter 0. The finalized devices can be packaged and
connected to the PCB through sockets. The nanorelay device characteristics, such as
pull-in voltage, switching speed, and switching reliability, can all be individually
measured on the PCB. Additionally, by correctly setting the PCB jumper positions, the

PCB can be configured to connect the nanorelays to the CMOS test chip. This system
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The fabrication process of the five-terminal nanorelay will be more complex than the
three-terminal device because it requires additional processing steps in order to create a
second set of contacts. However, the creation of a nanorelay with isolated control
contacts drastically increases the number of potential circuit applications. Many more
digital and even analog applications become feasible once the control and signal

terminals are isolated in the nanorelay switch.
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7 Appendix A. Process Flow for Fabricating

Starting Wafers: 6 n-type Silicon prime wafers, <100> orientation

Nanorelays

Step|Process Machine Lab |Specifications Description |Figure
1 |Piranha Clean |premetal-Piranha| ICL (1)
2 |Deposit 500 A TiN  |endura ICL TiN Underlayer

Deposit 20 nm Ti, . ,
3 30 nm Au eBeamFP TRL |Ti-Au recipe
4 |Photo - HMDS HMDS TRL |Recipe #5
OCG 825,
o . 6 sec @ 500 rpm,
5 [Photo - Spin Resist |coater TRL 6 sec @ 750 rpm.
30 sec @ 3000 rpm
6 |Photo - Prebake |prebakeovn TRL |90° C for 30 mins
7 [|Photo - Exposure  |EV-LC TRL |2.2 sec exposure
Pattern Ti-Au
OCG 934 1:1, .
8 |Photo - Develop photo_wet_r TRL 75 sec develop Alignment
Marks and
9 |Photo - Postbake  |hotplate TRL |135° C for 2 mins diesaw
samples
. Gold Etch Type TFA, [|°
10 |Etch Au acidhood TRL 30-35 sec
OCG 825,
. . 6 sec @ 500 rpm,
11 |Spin Resist coater TRL 6 sec @ 750 rpm.
30 sec @ 2000 rpm
12 |Diesaw diesaw ICL 35 mm x 35 mm
squares
. , Acetone, Isopropanol,
13 |Photo - Strip Resist Jphoto_wet_r TRL Methanol, Water
14 |Etch Ti acidhood TRL |} 'tanium Etchant,
3-5 sec
. . : 4% PMMA,
15 |eBeam - Spin Resist{PMMA_spinner | TRL 60 sec @ 4000 rpm (2)
16 |eBeam - Prebake |hotplate TRL |185° C for 2 mins
. 30 kV, 20um,
17 }eBeam - Exposure |Raith SEBL| 300 uC/cm? Pattern Ni (3)
. . |
18 {eBeam - Develop |photo_wet_r TRL ISZ/S'M'BK 2:1 for 115 [catalyst dots
19 [Deposit 10 nm Ni  |[eBeamAu TRL |19% max power, (4)
1 Alsec
20 |Liftoff Ni photo_wet_Au TRL 80" C NMP (5)
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Nano_Dots_DC_plas
21 |Grow CNT CCNT TRL Jma_anneal, Grow CCNTs (6)
825" C for 15 mins
Encase tubes
22 |Deposit Oxide Ists-CVD TRL JLFSIOLT, 15 mins in conformal (7)
oxide layer
23 |Deposit doped a-Si |sts-CVD TRL [JJENDOPE, 25 mins (7)
24 |Photo - HMDS HMDS TRL |Recipe #5
OCG 825,
i . |6 sec @ 500 rpm,
25 |Photo - Spin Resist |coater TRL 6 sec @ 750 rpm, (8)
160 sec @ 4000 rpm
26 |Photo - Prebake |prebakeovn TRL |90° C for 10 mins
0CG 825, Patt_ern doped
6 sec @ 500 rpm a-Si to form
27 |Photo - Spin Resist |coater TRL 6 sec @ 750 rpm: contacts
60 sec @ 4000 rpm
28 [Photo - Prebake |prebakeovn TRL |90° C for 30 mins
29 |Photo - Exposure |EV-LC TRL |6 sec exposure 9)
0OCG 934 1:1,
30 |Photo - Develop photo_wet_r TRL 150 sec develop
31 |Photo - Postbake |hotplate TRL }135° C for 2 mins
32 |Etch doped a-Si Iplasmaquest TRL 190 scom SF6 for 1 Etch back top | (10)
min g
of a-Si to
33 |Photo - Strip Resist Jasher TRL |75 min expose oxide | (11)
34 |Photo - HMDS HMDS TRL |Recipe #5
AZ 5214E,
Qi . 6 sec @ 500 rpm,
35 |Photo - Spin Resist |coater TRL 6 sec @ 750 rpm.
30 sec @ 1500 rpm
36 |Photo - Prebake varTemp TRL [90° C for 30 mins
37 |Photo - Exposure  |EV-LC TRL |3 sec exposure Pattern Ti-Au
ds over a-Si
Photo - Post- . . pa
38 expose-bake varTemp TRL |90° C for 30 mins contacts
Photo - Flood
39 Exposure EV-LC TRL |45 sec flood exposure
40 |Photo - Develop Iphoto_wet_r TRL |JAZ 422, 105 sec
41 [DepOst 100 T, fopeamp TRL [Ti-Au for liftoff recipe
42 |Liftoff Ti-Au photo_wet_Au TRL [1.5 hours in acetone
. . Etch oxide to
43 |Etch Oxide acidhood TRL |BOE expose CNTs (12)
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