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Summary

Summary

Power management is a daunting challenge for continuous MOSFET
scaling-down due to leakage current issue. To avoid this power crisis,
alternative  switching devices have been proposed. Nano/Micro
Electromechanical System (N/MEMS) switches have been attracting attention
for their excellent switching properties such as zero-leakage current, abrupt
switch behavior and potential to operate at high temperature. These unique
properties make the N/MEMS switches a strong candidate for ultra-low power
electronics and harsh environment integrated circuits. This thesis begins with a
general overview of the existing N/MEMS switches prototypes and several
proposed applications. It then presents the design considerations of N/MEMS

switches in various aspects.

This work concentrates on further miniaturizing the size of the devices and
clarifying the main issues on the successful implementation of N/MEMS
switch technology. The state-of-the-art research shows two major constraints:
very high actuation voltage and very limited process successful rate. Notable
improvement works need to be done to address these issues including
investigation of new device structures, development of advanced fabrication
process and implementation of new materials. It is remarkably challenging
when the mechanical switches have been reducing their dimensions from

MEMS to NEMS (MEMS with sub-micrometer features).

To address the high actuation voltage issue of N/MEMS switches, U-

shaped Si nanowire based NEMS switch has been developed. With the help of

vii



Summary

U-shaped structure and ultra-small Si nanowire, the actuation voltage of the

NEMS switch has been reduced from conventionally more than 5V to only 1V.

Prior demonstrations of NEMS switches normally demonstrate the
operation of a single switching element which was mostly fabricated by a
process with very low success rate. Therefore, extensive studies of NEMS
switches design and properties associated with fabrication issues are difficult
to be carried out. To address this problem, an all-metal-based NEMS switch
has been developed in a systematical approach to fulfill a few technical
requirements at the same time, mainly targeting on reliable fabrication process
with high yield throughput. Molybdenum, as a new material for NEMS
switches, has been used as the structural layer. The devices are fabricated with
low temperature CMOS compatible process with a single mask layer. The
electrical measurement shows sound high temperature operation
characteristics with good reliability, e.g., survived after 28 hours continuous
cycling testing at 300 °C environments. The devices also show low contact
resistance of 2.5 kQ and an on/off ratio as high as 10°. The basic design rules
to obtain high process output are determined. With optimized dimensions, the

achieved process yield is as high as 100 %.
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Chapter 1

Chapter 1  Introduction of N/MEMS

Switches

1.1 Power-Efficiency Limitation of CMOS

Since the invention of complementary metal-oxide—semiconductor
(CMOS), the integrated circuit (IC) based on CMOS technology virtually
dominates every aspect of computation and communication. Two key
advantages that have driven the ICs to the success from day one are low-cost
and high-performance. As all the components of the ICs are projected on
silicon (S1) wafers by photolithography rather than being assembled discretely,
the cost of the ICs is essentially reduced with a smaller footprint. The
aggressive dimension scale-down allows ICs, consisting of billions of

transistors, to be produced cost-effectively.

The better performance of IC is attributed to the faster switch, less power
consumption and more functionality of the transistors. As a result, the major
motivation for the semiconductor industry is to keep scaling down the
dimension and climbing the performance. Traditionally, dimensional scaling
has been sufficient to deliver these aforementioned performance merits, but it
reaches its bottleneck over the past few years. For metal-oxide—semiconductor
field-effect transistor (MOSFET), the drain to source current (/) will never be
zero, instead it decreases exponentially at a rate of subthreshold slope S. In the
best case, Iz will decrease by a factor of 10 for every 60mV below the

threshold voltage (V;). The subthreshold slope is restricted by the fundamental
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limit of thermal voltage, kz7/q, where kp is Boltzmann's constant, 7 is the
temperature, ¢ is the magnitude of the electrical charge on the electron. As the
supply voltage (V) and threshold voltage keep scaling down with the
dimensions, there is less headroom below the threshold voltage. Consequently,
the subthreshold leakage current increases exponentially with decreasing
threshold voltage. The off-state leakage current (/,;) between the drain and the

source increases dramatically, which can be estimated as[1].:
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Figure 1-1 Trends of power supply voltage V,,, threshold voltage V,, and gate
oxide thickness 7,  versus channel length for CMOS logic technologies.
Adapted from [2]

The threshold voltage scaling-down has significantly slowed down below
0.3V to maintain a low off-state leakage current [3]. Meanwhile, the scaling-
down of supply voltage (V) has also slowed down, as the value of gate to

source voltage Vs should be maintained to achieve certain overdrive voltage
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| Vgs - Vr | (for high performance) as shown in Figure 1-1. Therefore, the
active power consumption (o V,4?) and static power consumption (« I, Ff X
V44) become difficult to be controlled simultaneously. Furthermore, the gate

to channel leakage current caused by direct tunneling through the gate oxide

also worsens the problem [4].
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Figure 1-2 Power density versus minimum feature size as reported in [5].

From Figure 1-2, the power density of the microprocessors reached the
dangerous territory of 10W/cm® even before the release of Intel P6, higher
than that of a hot plate. It was predicted to get worse for smaller critical
dimensions. The traditional approach of simply scaling down the dimensions
must be altered. To avoid the unreasonably high power density, the industry
went from high speed single-core processors to slower multi-core processors
working in parallel. However, parallelism is still only a temporary fix, the
power consumption cannot be reduced indefinitely. To continually constrain
the power density within a reasonable value, subthreshold leakage current

needs to be eliminated.
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1.2 The Call of New Applications

Continuous dimensional scaling-down explores a brand new field for
diverse applications of computational devices. Portable and autonomous
electronics have created an unexpected market in the recent years. Many
researches are focusing on increased functionality of mobile devices, to make

them the ultimate customer interface to the world [6].

Computational devices with limited power consumption and power
resources can be embedded in almost every field. Such systems can be used to
collect information with various sensor nodes, ranging from environmental
monitoring [7, 8], building management [9], industrial application [10] to
personal health care system[11-13] and home automation[14]. In these
applications, the devices typically rely on a finite energy source like a battery
or very limited power supply, such as energy harvester [15]. With limited
progress in battery technology, the development of these technologies is
greatly constrained. On the other hand, unlike pure computational devices,
these sensor nodes or mobile devices will stay in a hibernating state for most
of the time. Thus, technology which can eliminate the off-state power

consumption will be favorable.

1.3 Mechanical Switches

Despite of some potential optimization that can extend the life of CMOS
technology, the fundamental obstacle of subthreshold slope still underlies.
Alternatives have been demonstrated with subthreshold slopes below 60

mV/dec, such as: ferroelectric FETs [16], tunneling FETs [17], and impact
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ionization FET[18]. In this thesis, we will focus on electromechanical devices

which show most unique electrical properties.

Micro/Nano-Electro-Mechanical system (N/MEMS) switches are devices
which employ mechanical force to actuate a movable structure (in most cases,
beam) to make a conductive path between two electrodes as shown in Figure
1-3(a). By removing the controlling mechanical force, the mechanical spring
forces will pull back the conductive path, leaving the beam suspended. Due to
the nature of their operational principle, N/'MEMS switches define the off state
by a physical air gap. The on state of the N/MEMS switches is established
only when the contact is physically closed. Thus, the N/MEMS switches
feature two fundamental properties which are unavailable in MOSFETs: zero
off-state current and abrupt switching. A typical I-V curve can be found in
Figure 1-3 (b). Moreover, zero off-state current means zero standby power
dissipation and abrupt switching behavior suggest the potential of freely

reduce the turn-on voltage.

Measured /-V plot
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Figure 1-3 (a) Basic electrostatically actuated mechanical switch. (b)

Measured current versus gate voltage characteristics for a mechanical switch.
Adapted from [19].
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Since N/MEMS switches can be fabricated at relatively low process
temperature, and these switches do not have to be built with single crystalline
semiconductor materials such as silicon (Si), they can be placed on top of
CMOS routing layers using a back-end-of-line (BEOL) compatible process,
which will reduce the chip footprint. Furthermore, alternative substrates such

as glass or plastic can be used, which would significantly reduce the cost.

As N/MEMS switches can be fabricated directly above the CMOS wafer,
possible applications for hybrid N/MEMS-CMOS technology include power
gating [20-26], static random-access memory (SRAM) [27-29], field-
programmable gate array (FPGA) [30-32]. The hysteresis property of the
switches also makes them suitable for non-volatile memory (NVM)
application [1.17]. Another advantage switches have over CMOS is robustness
against temperature variations and radiation hardness, which is attractive,

especially for industrial, military and space applications [33, 34].

Many issues still remain to be solved in order to apply N/MEMS switches
in logic applications, among which the most critical one is contact reliability,
since logic circuits would require the switches to operate over 10'® hot
switching cycles. Since mechanical touches need to be established for every
turn-on cycle, high velocity impact of the movable beam and the fixed
electrode as well as the resultant “tip bouncing” can quickly degrade the

contact [35, 36].

Another significant issue for N/MEMS switches is the presence of surface
adhesion force (Van der Waals force) [37, 38]. The prototypes developed so

far are generally large for realistic applications. With the devices scaling down,
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permanent stiction might happen if the elastic restoring force is not
sufficiently high. In order to minimize stiction and maintain clean contact
spots, hermetically encapsulation [39, 40] process for N/MEMS switches

should be developed.

1.4 Actuation Mechanism

In this section, various actuation mechanisms used in N/MEMS switches
are classified into four major groups: electrostatic, piezoelectric,
electrothermal, and electromagnetic actuation. These actuation mechanisms
are commonly used in other MEMS devices with their own unique strength
and weakness. In the following section, we will analyze these mechanisms by

focusing on their power consumption and integration feasibility.

1.4.1 Electrostatic Actuation

In electrostatic actuation, a typical configuration consists of a movable
electrode connected to suspending mechanical springs, while a fixed electrode
is anchored onto the substrate. When a voltage difference is applied between
the electrodes, the electrostatic attractive force accelerates the movable
electrode to the stationary electrode. Meanwhile, the spring suspending the

movable electrode is deformed.
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Figure 1-4 Schematic illustrations of an electrostatic actuated switch. (a)
Isometric view. (b) Cross sectional view along the channel (AA’) in the off-
state. (c) Cross-sectional view in the on-state. In the off state, an air gap
separates the channel from the metallic source and drain electrodes so that no
current can flow. In the on state, electrostatic force between the gate and the
body electrode causes the gate to be deflected downward sufficiently to bring
the channel into contact with the source and drain electrodes, to form a
conductive path for current to flow. Adapted from [41]

The electrostatic actuation gains most of the focus in the community. In
principle, utilization of electrostatic actuation tolerates a wide variety of
materials because it only requires conductors to be separated by a non-
conductive gap. It is relatively easy to manufacture by using conventional
process and material. Unlike electrothermal or electromagnetic actuation, it
does not consume much active power as charging a capacitor is the only
operation needed to turn on the devices [42, 43]. No continues current path
exists on the actuation side. The switching speed is relatively higher with only
10 to 100 ns delay [44, 45], while the electromagnetic and electrothermal
switches usually have more 1 ms delay. One major constraint for electrostatic
actuation is its high actuation voltage, and early demonstrations typically
require around 50V supply voltage [46-48]. Fortunately, the actuation voltage

scales down quickly with the dimension. Although most of the recent study
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still requires a supply voltage of more than 5 V [49-55], a few approaches

have been proposed to match the supply voltage with CMOS [41, 56, 57].

1.4.2 Piezoelectric Actuation

Piezoelectric effect is understood as the linear electromechanical
interaction between mechanical and electrical state in crystalline materials. An
applied voltage across the electrodes of a piezoelectric material will result in a
net strain that is proportional to the magnitude of the electric field. Typical
piezoelectric materials for MEMS application include lead zirconate titanate

(PZT), aluminum nitride (AIN) and zinc oxide (ZnO).

5.8 kV x1.88K 38.8sm

Figure 1-5 A PZT based MEMS switch. The switch utilizes the converse
piezoelectric effect to generate movement. Two electrodes on the left (Top and
bottom) provide the necessary electric field to bending down the contact.
Output current flow is highlighted in green where the physical contact is
formed. Adapted from [58, 59]

Piezoelectric switches provide strong actuation force and large deflection
[60, 61]. The actuation voltage can be controlled within 1 V [62-70]. The

major hurdle for piezoelectric actuation is the material development. PZT is
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considered as the traditional piezoelectric material for MEMS, but the
fabrication process is not CMOS compatible. Recent progress on AIN actuator
makes the piezoelectric actuation mechanism an attractive alternation, but

process development of a scaled device remains to be explored.

1.4.3 Electrothermal Actuation

Electrothermal actuators use stacked layer of materials with different
thermal expansion coefficients, or a single material with specific geometry
(Figure 1-6) [42]. Two actuators have been fabricated the switch will buckle

when heated and go back to original state when power is turned off.
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B =
[ i
T beam
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beam beam
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k Double beam if
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fully deflected

Contact

Figure 1-6 SEM image of a fully fabricated single-pole single-throw
electromagnetic MEMS switch. When current applied to the coils, the
magnetic force generated by the stationary permalloy overcomes the return
spring force and closes the switch. Adapted from [71]

A few advantages are shown by using electrothermal actuation, including
large displacement, high contact force (which provides low contact resistance),
and relatively simple fabrication process. However, unlike electrostatic or
piezoelectric actuators, electrothermal actuators consume a larger amount of

active power as a constant temperature needs to be maintained for deformation.

10
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In this sense, the electrothermal actuation has a fundamental contradiction

with N/'MEMS switch technology.

1.4.4 Electromagnetic Actuation

Reported electromagnetic switches are normally based on the deflection of
NiFe permalloy cantilever which is actuated by coils [72-80]. Figure 1-7
shows an electromagnetic switch, where the permalloy serves as a movable

structure and is connected to the gold contact.

Gold

Permalloy Contacts

Springs

Stationary Permalloy
Core (stator)

Copper Windings
'Moving Permalloy
| Core (armature)

LI I R B B A |

5.0kV %60 500um

Figure 1-7 SEM image of a fully fabricated single-pole single-throw
electromagnetic MEMS switch. When current applied to the coils, the
magnetic force overcomes the return spring force and closes the switch.
Adapted from [79]

The electromagnetic switches have some excellent performance including
low operating voltage, low contact resistance and good endurance. But these
devices are too large and slow to be used in ICs. Furthermore, the performance
does not appear to be energy-efficient, and processing of ferroelectric

materials is not compatible with CMOS technology.

11
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1.4.5 Comparison of Different Actuation Mechanisms

Table 1-1 summarized the above mentioned four different actuation
mechanisms. Electrostatic actuation would be the most suitable solution for
N/MEMS switches. Considering the difficulty in process development and the
cost of fabrication, any device targeting to replace MOSFET should be
developed based on current CMOS process. Unlike piezoelectric and
electromagnetic actuation, electrostatic actuation does not have specific

requirement for material and can be easily fitted in the CMOS compatible

process.
Table 1-1 Comparison of four actuation mechanisms
Electrostatic Piezoelectric | Electrothermal | Electromagnetic
Power Consumption Low Low Verynl:l\;%h 1 High(> 1 mW)
Fabrication Easy Medium Easy Difficult
Speed Fast (~10ns) | Fast(~10ns) | Slow (> Ims) Slow (> 1ms)
Scalable Good Medium Medium Poor

Moreover, the simple fabrication process and structure design ensure the
dimension can be scaled down easily. In the meantime, the major drawback,
i.e., high actuation voltage, can be reduced by using smaller device dimension.
The power consumption of the electrostatic N/'MEMS switches only comes

from charging the capacitor, which can be considered as very limited.

On the other hand, electrothermal actuation and electromagnetic actuation
have their fundamental Ilimitation in mechanical switch application.

Electrothermal actuation requires a continued power supply, which contradicts

12
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the merits of mechanical switches. Electromagnetic actuation needs CMOS

incompatible materials as well as tedious process for the coil.

As a result, most of the studies focus on electrostatic actuation. In the next
section, recent studies on electrostatic actuated N/MEMS switch prototypes

will be reviewed.

1.5 Recent Prototypes of N'MEMS Switches

In this section, various prototypes of N/MEMS switches are summarized,
mainly focused on the process integration, electrical performance and

reliability.

1.5.1 Folded- Flexure Beams Switches

Figure 1-8 shows the schematic view of the folded-flexure beams MEMS
switches. The work is done by a joint research effort from UC Berkeley, MIT
and UCLA [21, 81-110]. The switch is comprised of a movable plate (source)
with four folded supporting beams at each corner. The folded-flexure beams
are further extended to the anchor on the substrate. The gate and drain
terminals are buried beneath the moveable plate with an air gap in between.
When the gate-to-source voltage is sufficient to pull down the plate, physical
contact will be established between source and drain, and then electrical signal
will pass from the left side drain terminal across the movable source to the

right side drain terminal.

13
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Contact-
Dimples

Figure 1-8 Top view a Folded-beam Switch, adapted from [99]

A four mask process is developed for the electrostatically actuated switches
as shown in Figure 1-9. The process starts with atomic layer deposition (ALD)
of 80nm aluminum oxide (Al,O3) at 300°C as bottom insulation. 50 nm
tungsten (W) deposited by magnetron sputtering is used as bottom electrodes
(gate and drain). Then silicon dioxide (SiO;) deposited by low-pressure
chemical vapor deposition (LPCVD) at 400°C works as the sacrificial material.
Two layers of W and Al,Os are then deposited and patterned as top electrode
(source). [In-situ boron-doped polycrystalline silicon-germanium (poly-
Sip4Geg) deposited at 410°C by LPCVD is used as structural material. The
low temperature LPCVD process is developed for post-CMOS integration.
The thick poly-Sip4Gep mainly serves as supporting layer for the W and
AlLOs;. Lastly, an ultra-thin (3A thick) coating of titanium dioxide (TiO,) is

deposited at 300°C by ALD after the device is released by vapor phase

14
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hydrofluoric acid (VHF). The process temperature is controlled under 410 °C,

all the materials used are CMOS compatible.

80 nm Al,O4

100nm SiO;

(b)
50 nmW
100n 200nm Si0;
(c)
HF
40 nm Al,04 vapor

.
A

NN~

Figure 1-9 Process flow of the folded-flexure switch, adapted from [99]

Although the device occupies quite a large area, it shows very good
electrical performance. Figure 1-10 shows the switch has an $<0.1mV/dec
abrupt turn on behavior at 6.12V. The contact resistance is stabilized at 1~10
kQ. Longer endurance measurement of 1.25 billion on/off cycles in Nj

ambient without stiction or failure is also demonstrated.

Device functionality is verified under a temperature range of 30° C -200°C.
Radiation hardness of the devices is also achieved with alpha particles of
various doses (200K rad, 2M rad, 20M rad). It is found that only switches
exposed to 20M rad shows 10% jump in turn on voltage. Lower doses cause a
negligible shift [99]. The typical amount of radiation encountered in space due

to cosmic radiation is 50-100 rad/year. In the maximum intensity zone of inner
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Van Allen belt, radiation can reach as high as 500k rad/year [111], under
which it would still take 40 years to reach a level of 20M rad. Therefore,

radiation is not expected to be a concern.

The 1 um poly-Sip. 4Geg ¢ deposition is vital to the success of the whole
process. A thick, low stress structure material eliminates the deformation of
the switches induced by the thin, high stress material below. TiO, coating is
also very important as it greatly raises the endurance of the switches from a

few cycles to hundreds of billions of cycles [102].
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Figure 1-10 (a) I-V curve of switch turn on. (b) On-state resistance with
cycling for different applied body bias, adapted from [41]

1.5.2  Platinum Coated Polysilicon Switches

Laterally actuated switch is an attractive solution because it allows the
fixed electrodes to be patterned with the movable structure at the same time.
Unlike the above mentioned vertically actuated switches, the contact surface
for laterally actuated switches is on the sidewall. Thus, unless the whole
structural material is metal, the movable beam needs proper coating for the

contact.
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A team from Stanford University developed laterally actuated, platinum-
coated polysilicon switches [54, 112-115]. A 2 pm SiO; is first deposited by
LPCVD at 400 °C, which serves as both the sacrificial and the insolation layer.
A 1.2-um-thick In-situ doped polysilicon layer is then deposited by LPCVD at
580 °C and subsequently annealed at 1075 °C for 30s. A 300-nm oxide hard
mask is used to pattern the polysilicon. The minimum gap is 600 nm. To coat
the polysilicon sidewall with platinum (Pt), a 50 nm-thick Pt layer is sputtered
followed by anisotropic etching to remove the Pt film from the bottom and top
surfaces as shown in Figure 1-11 (a). The polysilicon structure is released by
49% hydrofluoric acid (HF) and critical point dryer (CPD) as shown in Figure

1-11(b).

Figure 1-11 (a) SEM cross section of non-released platinum-coated beams. (b)
SEM images showing actuation of a five terminal polysilicon switch coated
with platinum. Adapted from [112]

The device shows abrupt turn-on and turn-off behavior at 8 V and 5 V,
respectively. However, the study only includes single device demonstration,
the yield of the switches is not mentioned. The fabrication process needs high
temperature deposition as well as very high temperature annealing, which

makes it unsuitable for post-CMOS integration.
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1.5.3 Laterally Actuated Ruthenium Switches

Pure metal structural layers usually suffer from high strain and stress, but
the deposition can be done at low temperature, which enables post-CMOS
switch integration. Czaplewski et al [116, 117] demonstrated a laterally
actuated switch using ruthenium (Ru) as both the contacting and structural

layer.

Figure 1-12 Laterally actuated ruthenium switches (a) SEM photo (b) process
flow. Adapted from [116]

The switches are fabricated as follows (Figure 1-12 (a)). A 500 nm thick
Si0; is thermally grown on silicon wafers as isolation dielectric and sacrificial
layer. Tantalum nitride (TaN) interconnect is then sputtered and patterned as
on-chip resistor. 100 nm Silicon nitride (Si3Ny4) is subsequently deposited for
isolation, where via is also patterned and etched. Next, a 200 nm thick Ru and
a 100 nm thick SiO; hard mask are deposited. The Ru-layer is subsequently
patterned and etched with the SiO; hard mask. The smallest features of the
switch, the actuation gaps (20-70 nm) and beam width (50-100 nm), are

patterned using electron-beam lithography (EBL). Finally, the switches are
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released by wet etching (1:3 HF: deionized (DI) water) for 1 minute, followed

by rinsing in DI water and blown dry with N».
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Figure 1-13 I-V curve of laterally actuated Ru switches, adapted from [116]

One of the fabricated switches with a beam length of 5 um, beam thickness
of 100 nm and gap width of 50 nm is measured for electrical properties as
shown in Figure 1-13. The turn-on voltage is 13 V. However, the process yield
is low, as only 12 switches are tested to be functional among 800 fabricated

devices.

1.5.4 TiN Based Vertically Actuated Switches

Another example of pure metallic switches using titanium nitride (TiN) as
structural and contact material is reported in [118-120]. The cantilever-type
NEMS switches with 40-nm-thick suspension air gap and 50-nm-thick TiN are
designed and fabricated. The bottom electrodes are fabricated with physical
vapor deposition (PVD) of TiN on a Si3N4 insulation layer. The sacrificial

SiO, layer is deposited by plasma-enhanced chemical vapor deposition
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(PECVD) with a 40 nm actuation-gap from the gate and a 20 nm dimple gap
from the drain. The movable top electrode is formed with 10 nm thick PVD
TiN and an additional 40 nm thick metal-organic chemical vapor deposition
(MOCVD) TiN layer. The length and width of the beams range from 700 nm
to 900 nm and 200 nm to 400 nm, respectively. The devices are finally

released by a wet process, followed by a CPD step as shown in Figure 1-14.

Figure 1-14 An SEM image of TiN Switch, adapted from [118]

Figure 1-15 shows the drain current versus gate voltage characteristics for a
switch with cantilever length of 700 nm. The devices show only few dozen
on/off cycles and contact resistance close to 1 GQ, and thus further

investigation needs to be done to improve the metal-to-metal contact.

Measurement in Air
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Figure 1-15 Measured I-V curve for TiN devices, adapted from [118]
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1.5.5 Comparison of the Four Prototypes

Among the above mentioned four prototypes, the folded-flexure beams
switches are proven to be the most reliable ones, with well controlled process
temperature, lower turn-on voltage, good endurance and very high process
yield. With the device dimension scaling down, the following three prototypes
face their own problem. The platinum coated polysilicon switches require
process temperature as high as 1075 °C. The laterally actuated ruthenium
switches show very limited process yield. The TiN based switches have very
high contact resistance which should not be observed with metallic contact
surface. The turn-on voltage of the later three devices is also larger. Thus,
more work should be done to achieve low temperature process integration, low
pull-in voltage, low contact resistance and high process yield with scaled

N/MEMS switches.

Table 1-2 Summary of devices described above

Folded- flexure
beams switches

Platinum coated
polysilicon switches

Laterally actuated
ruthenium switches

TiN based vertically
actuated switch

Pattern method Photolithography Photolithography EBL Photolithography
Typical movable
structure 60 pm x 60 pm 16 pm x 0.8 um 5 um x 0.5 um 0.7 pm x 0.2 pym
dimension
Hichest P 1200 °C (250 °C
1ENESE LTOCESS 410 °C 1075 °C after the first oxide Not mentioned
temperature ”
deposition)
Turn-on voltage 6V 8V 13V 16 V
Working o
Up to 200 °C Room temperature Room temperature Room temperature
temperature
Yield >95% [99] Not mentioned 1.5% Not mentioned

21




Introduction of N/MEMS switches

1.6 N/MEMS Switches Applications

N/MEMS switches provide some unique properties which are unavailable
in CMOS technology as well as most of the proposed CMOS-replacement
electronics. Table 1-3 summarizes some of these features and their targeted
applications. In this section, selected applications are reviewed to show the

merits of introducing N/MEMS switch technology as a key component of

electronics.
Table 1-3 Switch property versus application
Property Application
Zero leakage Low-power circuit, power gating, FPGA
Hysteresis, Stiction Non-volatile memories
High temperature and radiation Industrial, Military

1.6.1 Pure N/MEMS Switches Circuit

Although the slower switching speed induced by mechanical delay suggests
that N/MEMS switches cannot match with CMOS in operational frequency,
the zero leakage current properties makes N/MEMS switches a compelling
technology in ultra-low power circuits. Moreover, its nature to resist high
temperature and radiation opens another regime of harsh-environment

electronics.

The most complex pure N/MEMS switches integrated circuit reported so
far consists of 98 MEMS switches, where the single device operation has been
described in section 1.5.1. [87, 106, 107, 121, 122]. It demonstrates the

micro-architecture and circuit techniques for building multipliers with
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switches. A 16-bit mechanical switch multiplier is shown in Figure 1-16.
Experimental results indicate that pure switch technology consumes 10 times
lower energy per operation when compared to an equivalent CMOS multiplier

of 90 nm technology node.

The enhanced performance of the multiplier confirms that the advantage of
energy-efficiency can be extended to larger arithmetic blocks, suggesting that
large scale logic circuit such as microprocessors can be expected to
demonstrate similar energy/performance improvements by using N/MEMS

switches as the basic circuit functional elements.
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Figure 1-16 Experimental results of the MEMS switch circuit, adapted from
[87]
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1.6.2 NVM

After switches are turned on, adhesion force appears between the movable
structure and the fixed electrode. If the adhesion force is large enough to
overcome the spring restoring force, then even without the help of the
electrostatic force, the on state of the switch can be preserved without power
supply. With proper design of writing and erasing function, N/MEMS

switches can be applied in non-volatile memory.

Figure 1-17 Schematic of NVM operation. Adapted from [123]

As shown in Figure 1-17, the silicon cantilever is actuated electrostatically
to contact one of the two terminals when operation voltage is applied between
the cantilever and either terminal [123-126]. After the cantilever is switched to
one terminal, the bias voltage is turned off and the cantilever maintains its
contact with this terminal due to adhesion between the surfaces of the silicon

cantilever and electrode terminal. When the electrostatic potential is gradually
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increased at the opposite terminal, the cantilever flips and switches towards
the opposite lateral terminal. A silicon cantilever with dimension of 80 nm
wide and 2 pm long is demonstrated to maintain its geometrical position even
after the bias voltage is turned off. Bi-stable hysteresis behavior by writing

and erasing voltage as low as 8.4 and 10.1 V is measured.

In Figure 1-18, repeatable write and erase operation is demonstrated by
electrical measurement. Unfortunately, the devices are proven to stop working
after 12 cycles, possibly due to the melting of silicon cantilever on one of the

fixed electrodes caused by the large amount of joule heating.
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Figure 1-18 NVM I-V curve, adapted from [123].

1.6.3 Hybrid N/MEMS-CMOS Circuit

To fully utilize the zero leakage current properties of the N/MEMS

switches and reduce the influence of their high mechanical delay, several
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hybrid N/MEMS-CMOS circuits have been studied, such as power gating,

FPGA and SRAM.

Switching off inactive CMOS logic circuit blocks by power gate is widely
adopted to reduce power consumption. However, the leakage current of
MOSFET power gates leads to the insufficient cutoff of the power supply. In
contrast, N/MEMS switch based power gates are able to eliminate off-state
leakage. Simple analysis and experimental demonstration have been made to
predict the performance of MEMS switches over MOSFETs for power gates
[20-23, 25, 127]. As shown in Figure 1-19, consider the off-period of CMOS
logic circuit block is longer than 1 ps, N/MEMS based power gate shows
significant advantages (up to 100 times less power consumption) over
MOSFET power gating especially when the turn-on of the CMOS block is

short.
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Figure 1-19 Energy ratio (MOSFETs to N/MEMS switches) vs. off-period for
various on-period, for designs power gated with 90 nm MOSFETs and
N/MEMS switches. Adapter from [21].
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Similar principles can be applied to FPGA technology by replacing the
routing switches in FPGA with N/MEMS switches as shown in Figure 1-20.
Since FPGA programmable routing switches remain the same state after
configuration, large mechanical delays of switches do not affect FPGA
application performance. Moreover, N/MEMS switches with low on-state

resistance value also contribute to improving the critical path delays in FPGA

applications.
— NEMrelay] . Metal interconnects

1
LUTs L’|>'T CMOS circuits

Figure 1-20 CMOS-NEMS FPGA using NEMS switches as routing
Switches, adapted from [128].

Simulation results indicate that N/MEMS implemented FPGA can
simultaneously achieve 10-fold leakage power reduction, 2-fold dynamic
power reduction and 2-fold area reduction, without incurring any application
speed penalty compared to a CMOS-only FPGA at the 22nm technology node

as shown in Figure 1-21.
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Figure 1-21 Power-speed trade-offs comparing CMOS-NEM FPGAs to a
CMOS-only FPGA. (a) Dynamic power reduction vs. speed-up; (b) Leakage
power reduction vs. speed-up, adapted from [128].

To achieve an increase in stability and decrease in leakage power
dissipation, the pull-down MOSFETs in a conventional CMOS SRAM are
replaced with N/MEMS switches (Figure 1-22). The =zero leakage
characteristic of NEMS switches results in a dramatic reduction in static
power dissipation. The structure is designed so that the relatively long
mechanical delay of the NEMS switches does not result in speed degradation.
The read static noise margin is improved by 250%. In addition, by replacing
the two transistors leaked most the current, MPD1 and MPD?2, the static power
dissipation decreases by 85%. The write delay decreases by 60%, and reading

delay decreases by 10%.
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Figure 1-22 Schematic of (a) a conventional CMOS SRAM cell and (b) a
NEMS/CMOS hybrid SRAM cell with NEMS Switches replacing the pull-
down MOSFETs, adapted from [29].

1.7 Thesis organization

This thesis summarizes the various works on N/MEMS switches that were
undertaken during the course of my candidature. The contents of each chapter

in the thesis are as follows:

Chapter 2 will discuss the design consideration of electrostatically actuated
N/MEMS switches, including the pull-in effect, pull-in voltage and the
concerns of selecting contact material. From the device structure aspect,
different actuation direction and beam type are discussed. The scalability of
the switch technology is explained by analyzing the key parameters with the

dimension scaling-down.

Chapter 3 will present a dual-silicon-nanowires based U-shaped NEMS
switch with low pull-in voltage. The device is fabricated using standard
CMOS compatible processes. The switch consists of a capacitive paddle with
dimension of 2 um by 4 pm mechanically supported by two silicon nanowires,
suspended on top of the substrate with a gap of 145 nm. The nanowires are 5

um long with cross-section of 90 nm by 90 nm. The average pull-in voltage is
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about 1.12 V and the ratio of the on/off current is measured to be over 10000.
According to the measurement results, this U-shape structure demonstrates

great potential in lowering down the pull-in voltage.

Chapter 4 will provide an all metal based electrostatic NEMS switch
fabricated using a one mask process. To enhance the reliability of NEMS
switch and address a few issues with Si nanowire based devices, in chapter 4
and chapter 5, the main focus is to design a NEMS switch with CMOS
compatible process, metal-to-metal contact, low contact resistance, good
process yield and capability of harsh environment operation. The Damascene-
like process is designed to ensure a clean, high aspect ratio, metal-to-metal
mechanical contact. Molybdenum is used as the structural material. The
devices show an abrupt switching behavior of 108 on/off ratio. High
temperature cycling behavior is demonstrated in a vacuum chamber at 300 °C

for more than 28 hours.

Chapter 5 will discuss the further optimization of all metal based NEMS
switches. With reliable Damascene-like process, 800 devices with different
dimensions have been measured with respect to the pull-in voltage and process
yield. Dimensions with 100 % yield have been identified. General design rules

of high yield dimension have also been proposed.

Finally, the main contributions of this thesis and suggestions for future

works will be summarized in Chapter 6.
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Chapter 2 Design Consideration of

N/MEMS Switches

Chapter 1 presented the basic structure of the operation of N/MEMS
switches. By comparison of different actuation mechanisms, electrostatic
actuation has been identified as the primary operation method for its extremely
low active power consumption, simple fabrication process and scalability.
Several prototype devices have been reviewed to show the zero off-state
leakage current and abrupt on-to-off transition. Their process integration is
also briefly discussed. As observed from these prototype devices, the barrier
of dimensional miniaturization in the switch technology is developing a
CMOS compatible process with low pull-in voltage, high yield and low

contact resistance.

Moreover, applications of N/MEMS switches as well as hybrid N/MEMS-
CMOS circuits are analyzed with the performance gain in power consumption.
More than tenfold of energy saving can be achieved with these proposed

circuit schemes.

To extend the discussion, this chapter also includes a detailed analysis of
various parameters and design considerations of electrostatic actuated

N/MEMS switches.
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2.1 Pull-In Voltage

In conventional MOSFET, the current path between source and drain is
established by the voltage applied to the gate electrode. Across the gate
dielectric, the carrier concentration in the current path can be easily tuned by
the gate voltage. However, in electrostatic N/'MEMS switches, the gate is a
conductive metal plane. When proper bias voltage is applied between the gate
and the movable beam, the electrostatic force will attract the movable beam to

physically form a current path.

The mechanical model of an electrostatic actuator used in the M / NEMS
switches can be simplified as a parallel-plate capacitor as shown in Figure 2-1.
The capacitor consists of a fixed electrode and a movable electrode with a
spring constant of k. Voltage V applied across these two electrodes will
generate electrostatic force to draw the movable electrode towards the fixed

one.

Based on the charges stored in the parallel-plate capacitor between the
movable plate and fixed ground plane, the electrostatic force acted on the

movable structure with displacement z is:

3 d( CVZ) _d  gAVZ g AV?
T dz\2 Cdz2(g—2z)  2(g —z2)?

F, 2-1)

where C is the capacitance, A is the actuation area, g is the initial gap

between two electrodes and g is the permittivity of the vacuum.
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Figure 2-1 Schematic diagram of a N/MEMS switch

In equilibrium, the spring resorting force and the electrostatic force should

be balanced:

g0 AV?

k2= -

(2-2)

With a small value of V, the spring resorting force can balance the
electrostatic force. When the displacement z increases, the electrostatic force
will continue to grow while the mechanical restoring force, increasing only
linearly, is unable to catch up with it. The two plates will be pulled against
each other rapidly until made a contact. The phenomenon is well known as
pull-in effect [129-143]. Thus, in electrostatic actuation, the gap closes
abruptly when V' is larger than the pull-in voltage V.. The maximum stable

displacement can be achieved is z,;=g/3 [137], therefore:
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8kg3
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It is important to note the electrostatic force is ambipolar, so a switch can

be pulled-in by either a positive gate voltage or a negative gate voltage, to
resemble both n-channel MOSFET and p-channel MOSFET at the same time.
Therefore, complementary logic circuit design can be easily migrated to pure

N/MEMS switch circuit design.

2.2 Contact Material

The functionality of N/MEMS switches relies on the repeatable on and off
operation of the contact. As most of the actuators based MEMS devices
developed by far are vibration based, no conclusive studies have been made
for the N/MEMS switch contact reliability. Studies have been done by using
poly Si [144-146], single-crystal Si[147], gold (Au) [148-150], Platinum (Pt)
[67, 112, 113, 151, 152], TiN, W, and Ru as the N/MEMS switches contact
material. We can conclude some qualifications that the contact material should

have.

First, the contact material should have a high hardness to withstand many
contact cycles without damaging. For example, gold can provide extremely
low on-resistance, but it is too soft and can be deformed easily. Furthermore,
the material on both sides of the contact is preferred to be the same, as a
material with higher hardness can easily damage the other side of contact with

the lower hardness material.
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Second, the contact material must be resistant to corrosion. Even a very
thin layer of oxide on the contact surface will lead to a great increase of the
contact resistance, except for contact material whose correspondent oxide is
also conductive. For example, Ru and RuO, are both good conductors [153-

155].

Next, the contact material should have a high melting point. The localized
Joule heating effect could temporarily raise the temperature of the contact to a

very high level.

Table 2-1 Properties of contact material at room temperature [156]

Thermal Coefficient
Densi Young’s . N . crma’ linear Electrical .
ensn}/3 modulus P01§son s Meltlgg conduct}l\/ltx thermal resistivity Mohs Resist to

(p/kg.m™) (E/GPa) ratio (v) point (°C) (k/W.IT;l K expansion (u0Q.cm) hardness VHF

(/10°K™)
Silicon 2329 169 0.42 1409.9 83.7 2.56 100000 6-7 Yes

<110> . . . .
Aluminum 2699 70.2 0.35 660.3 237 23.03 2.65 2.5-3 Yes
Carbon 990

diamongy | 3513 980 NA. | 3820 | o0 1.2 1011 10 Yes
Copper 8960 129.8 0.34 1084.6 401 16.5 1.72 2.5-3 No
Gold 19320 78.5 0.42 1064.2 317 14.2 2.35 2.5 Yes
Molybdenum 10220 324.8 0.29 2621.9 142 5.4 5.2 5.5 Yes
Nickle 8902 199.5 0.31 1452.9 90.7 13.3 6.844 4 Yes
Platinum 21450 172.4 0.40 1771.9 71.6 9.1 9.81 4-4.5 Yes
Ruthenium 12370 432 0.25 2336.9 117 9.6 7.6 6-7 Yes
Titanium 4540 120.2 0.36 1668 21.9 8.35 42 6 Yes
Tungsten 19300 411 0.28 3413.9 174 4.59 5.65 7.5-8 Yes
TiN 5220 251 N.A. 2930 19.2 9.35 11.07 9 No
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Last, the contact material should be resistant to the chemicals used for
releasing the device. SiO; is used by most of the studies as sacrificial layer,
because the VHF releasing process provides a very clean contact surface.
Therefore, material cannot resist VHF would be unsuitable. Table 2-1Error!
Reference source not found. lists potential contact materials with their basic

mechanical properties.

2.3 Laterally and Vertically Actuated

There are two types of N/MEMS switches: vertically and laterally actuated
as shown in Figure 2-2. For a vertically actuated switch, the beam is
suspended above the gate and drain terminal, which moves vertically towards
the other two terminals after actuation. Laterally actuated switch has all the
terminals in the same plane, thus, the beam moves laterally towards the other
two terminals. The previous chapter discussed about the prototypes of other
groups that have demonstrated the functionality of both types of switches. The

advantages and constraints of these two types will be discussed below.

For a vertically actuated switch, the fabrication consists of multiple layers
of material deposition and patterning. From substrate to top layer, the bottom
electrode, sacrificial layer and movable structure are constructed in sequence.
Based on this process, the thickness of each layer can be well controlled. It is a
great advantage as the sacrificial material is targeted to be very thin to achieve
low pull-in voltage. Moreover, the movable structure can consist of a number
of different materials as shown in section 1.5.1, a thin metal layer is used as
current path and a thick low stress layer is used to ensure the movable beam

without significant deformation. As a number of deposition and etching
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processes are involved, vertically actuated switches require a more
complicated process, where 4~8 layers of mask are usually used in recent

studies [157-161].

Laterally actuated NEMS switch

Sacrificial layer
Substrate

Anchor

Sacrificial Iaier
»

Insulation layer
Substrate

Figure 2-2 Schematic of laterally and vertically actuated switches. The drain
terminal is closer to the beam to ensure no gate to beam pull-in. The cross-
section views of each type are shown on the right.

Laterally actuated switches have all the terminals on the same layer of
material and all the structures patterned at the same time, which reduces a lot
of fabrication steps compared to vertically actuated switches. Accordingly, the
movable beam itself and its surrounded terminals are defined by a single
lithography step, which avoids misalignment between lithography steps. Thus,
the actuation gap width and beam width are defined by mask design, which
means different application requirements can be met at the same time. This
flexibility is useful when multiple demands such as different actuation voltage

and switching speed are needed for different parts of the system.

Encapsulation process is necessary to ensure functionality and reliability of
these switches for practical use, and it is more feasible and easier to start with

a laterally actuated switch as it has an almost flat surface after fabrication. It
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only needs in-plane motion, therefore only an encapsulation shell of relatively

low height is needed.

2.4 Fixed-Fixed Beam and Cantilever

As described in section 1.5, N/MEMS switches have two kinds of beam,
fixed on both ends (fixed-fixed beam) or fixed on one end (cantilever). These
two types of beam have a significant difference in the pull-in voltage and

responds to residual stress.

Fixed-fixed beam

Cantilever

Figure 2-3 Fixed-fixed beam and cantilever

From equation (2-1) we learn that the spring constant k is closely related to

the pull-in voltage. For the fixed-fixed beam case, k is given by [131, 134, 135]

3 32Ewt3

Ly

k (2-4)

where E is the Young’s modulus of the material, w is the out-of plane

thickness of the beam, 7 is the width of the beam and Lpis the beam length.
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For cantilever case, k is given by:

B 2Ewt3

= (2-5)
303

Substituting equation (2-4) and (2-5) into equation (2-3), we get the pull-in

voltage for the fixed - fixed beam:

,256Et3g3
V) = |[———— 2-6
pt 27¢0L% (2-6)

For cantilever:

,16E t3g3

V.= |[——— 2-7

bt 81gyL% @7)
Therefore, for devices with same dimensions, fixed-fixed beam needs 6.9

times higher pull-in voltage than cantilever devices.

One the other hand, the switching frequency of N/MEMS switches is very

close to the natural frequency of the beam:

f=o |~ (2-8)

where m is the mass of the beam. Similarly, the switching speed of the

fixed - fixed beam is 6.9 times faster than cantilever with same dimension.

Despite of the mechanical property difference, another consideration should

be taken into account to select from fixed-fixed beam and cantilever. In the
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fabrication process, material deposition often happens at an elevated
temperature. As a result, a mismatch of thermal expansion usually exists
between the substrate and the deposited thin film, which will result in a

residual stress.

Figure 2-4 Phase pattern of a fixed-fixed beam in holography microscope,
phase change for one period (white to black) represents deformation of 332.4
nm. The red rectangle enclosed one of the beams. No severe color change
represents a flat topography of the beam. the beam length: 80 pm.

For fixed-fixed beam case, the compressive residual stress leads to beam
buckling, but usually the phenomenon is not very severe (Figure 2-4).
However, in cantilever case, a uniformly disturbed stress will not deform the
beam at all. The deformation of the cantilever is mainly caused by the vertical
stress gradient that results from the non-uniform stress acting over the film
thickness. Both residual stress and vertical stress gradient are difficult to be

optimized to a very small, uniformly value across the wafer.
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Figure 2-5 Phase pattern of cantilever beam in holography microscope, phase
change for one period (white to black) represents deformation of 332.4 nm.
The red rectangle enclosed one of the beams. More than 5 times of phase

change can be found on the beam represents more than 1.5 pm bending. beam
width: 4 um

Figure 2-4 and Figure 2-5 show the phase pattern under holographic
microscope. The fixed-fixed beam and cantilever are fabricated with 500 nm
thick Al. The two patterns are very close on the same wafer. It can be clearly
observed that the fixed-fixed beam does not show much deformation but the

cantilever one has a very high bending (one period of phase refers to

deformation of 332 nm).

2.5 Scalability of N/MEMS Switches

Similar to the CMOS technology, dimensional scaling-down can be applied
to the N/MEMS switches to improve the device density, switching speed,

power consumption and pull-in voltage. By introducing dimensional scaling
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factor U, we can quickly estimate the scalability of the N/MEMS switches

technology by using the equation derived above. With every dimension

wt

3
) will decrease by the

3
Lp

reduced by U, the spring constant of beam (k

factor of U. Therefore, the pull-in voltage, which is proportional to /%3 , will

also scale down by the factor of U. With the mass of the beam shrined by the

factor of U?, the device frequency o \/% can be escalated by the factor of U.

Table 2-2 The scaling properties of N/MEMS technology.

Switch parameter Scaling Factor
Spring Constant, k 1/U
Mass, m /u?
Pull-In Voltage, V; 1/U
Speed U
Device Density U’
Switching Energy /U’
Contact resistance U®
Stray capacitance 1/U?
Leakage current 1
Mechanical shock resistance U’
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The power consumed by the N/MEMS switches should include the energy
used to close the gap and charge the loading capacitance. Thereby, the
switching energy per operation E which is proportional to CV?, will be
decreased by U’, with capacitance and pull-in voltage all reduced by U.
Consider the increase of operation frequency by U, increase of device density
by U? for a given area and decrease of switching energy per operation by U,

the power density of the N/MEMS switch chip will remain constant.

We can conclude here that the N/'MEMS technology is sustainable. With
smaller critical dimensions, the supply voltage is decreased, but at the same
time the device performance is improved without trade-off of the power
density. Table 2-2 summarizes the switches scaling-down parameters versus

various parameters.
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Chapter 3  U-Shaped NEMS Switches with

Low Actuation Voltage

As discussed, electrostatic actuated N/MEMS switches are favored for their
low power consumption and fast switching speed. One of the major problems
with electrostatic N/'MEMS switches is the high actuation voltage. The typical
pull-in voltage is 5-30 V from the recent reports. The high actuation voltage
makes the N/MEMS switches difficult to be integrated with CMOS as well as
other electronics and also increases the overall power consumption. In this
chapter, the major effort would be on the method to lower down the pull-in

voltage.

We can quickly estimate the pull-in voltage using the equations introduced
in the last chapter. During the fabrication, a mask with 1 pm minimal feature
size is used. A single-crystal silicon beam in <110> direction with 1 um by
Ium cross-section and 50 um in length is used, and both fixed-fixed beam and

cantilever devices pull-in voltage are calculated in Table 3-1.

Table 3-1 Pull-in voltage of N/MEMS switches

Lithography
resolution Tum 0.Ium
Beam Type F1x§;12-1fr;xed Cantilever legge—lglxed Cantilever
Cross-section 1 um by lum 0.1 um by 0.1pm
Beam Length 50 um 5 um
Actuation lum 0.1um
gap : ot
Pull-in 170 V 24.6 V 17V 246 V
voltage
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The pull-in voltage is as high as 24.6 V for cantilever. Even with 100 nm
lithography technology, the pull-in voltage is still 2.46 V, which is far beyond
the supply voltage used by CMOS. This supply voltage gap makes NEMS-

CMOS hybrid circuit integration difficult.

There are various approaches to deal with the high pull-in voltage issue
and the most effective way is still to scale down the dimension. Carbon based
materials have demonstrated its enormous potential to realize extremely small
devices [162-169]. Such excellent switching characteristics can be exemplified
by carbon nanotube (CNT) NEMS switches [33, 51, 133, 170-187]. CNT based
switches can be operated at 4.5 V[188]. However, the fabrication processes for
CNT is not CMOS compatible and the variability on the CNT alignment and
dimension hinder CNT NEMS switches from developing into a mass market
product. In addition, CNT also grows into metallic or semiconductor material

randomly by nature, which makes the performance undetermined.

3.1 Silicon Nanowire

Silicon is a very suitable material to prototype small dimension devices. As
we are targeting on a low pull-in voltage devices, vertically actuated switches
are most applicable as smaller actuation gap and beam thickness are easier to
achieve. Commercially available silicon-on-insulator (SOI) wafer provides
various thickness combinations of device layer and buried-oxide (BOX) layer,
which is satisfactory for structure layer and sacrificial layer. Moreover, the
single crystal silicon device layer is stress free so that the initial beam bending

can be ruled out. Thus, we decide to use a top-down approach to fabricate
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silicon nanowire (SiINW) with SOI wafer to demonstrate NEMS switches of

very small dimension features.

The scaling down of the dimension not only makes the nanowire easy to be
actuated but also reduces the electrostatic force it receives. In this chapter, a
dual-silicon-nanowires based U-shaped NEMS switch is designed and
characterized to demonstrate its low actuation voltage. The fabricated NEMS
switch shows a remarkably low pull-in voltage and nearly zero off current,

high on/off current ratio and repeatable switching behavior in ambient air.

Metal contact

©

Nanowires

Figure 3-1 A schematic illustration of the U-shaped NEMS switch.

The schematic diagram of the NEMS switch is shown in Figure 3-1. Single
crystal silicon is chosen as structural material because it is stress-free and very
suitable to prototype these movable devices with very small dimensions. Two
SiNWs are fixed at one end on top of the insulating layer and electrically
connected by a metal contact. The other ends of the SINWs are connected by a
movable capacitive paddle to increase the electrostatic force. Therefore, the U-

shaped structure consists of one capacitive paddle supported by two SiNWs
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and suspended above the Si substrate. Both SINWs have equal lengths of 5 pm
and are separated by 2 um. The cross-section of the SINW is nearly squarish,
with side length of 90 nm. Once voltage is applied between the capacitive
paddle and the substrate, the electrostatic force would bend the SiINWs down
and the capacitive paddle would physical contact with the substrate. The
combination of large capacitive paddle and flexible SiINWs makes the U-

shaped structure bend more effectively under electrostatic actuation.

The purpose of using two SiNWs is to provide a balanced spring restoring
force for the capacitive paddle, to avoid torsion behavior. The large capacitive
paddle also provides a larger contact area, so that the joule heating effect could
be attenuated to avoid heat concentration on a very small cross-section of a

SINW.

3.2 Simulation

Figure 3-2 shows the COMSOL[189] Finite element method (FEM)
modeling performed to estimate the effect on the length variation of SINW.
During the modeling, a voltage difference is applied between the paddle and
the substrate. The voltage is increased from OV to calculate the deformation of
the switch at each voltage, until a voltage where no converged solution can be
found. At this voltage, the paddle collapsed on the substrate, and we call it
pull-in voltage. The size of the capacitive paddle and the gap are fixed in the
simulation. When the length of SiNW equals to zero, which means the
movable structure is only the capacitive paddle which is fixed at one end as a
simple fix-free cantilever. The pull-in voltage of such cantilever type of switch

increases to as high as 26.5 V. When very short SiNWs with a length of 0.2
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pum are included in the simulation, the pull-in voltage dramatically decreases

t0 6.97 V.
30
L SiINW Pull-in
25C Length(um) | voltage(V)
0 26.5
g 20 0.2 6.97
% 1 2.86
g 4 1.3
o 157 5 1.04
$ 6 0.95
E 10 H 7 0.92
10 0.88
51 \
O ) ] ) | C | ) | ) ]
0 2 4 6 8 10

Nanowire length (um)

Figure 3-2 Simulated result for the influence on nanowire length versus pull-in
voltage, as the length of SINW varies from 0 pm to 10 pm.

In addition, simulation result has shown that the design has great
effectiveness in reducing the pull-in voltage when SiNW length increases
to 5 um. Once the length of SINW exceeds 5 um, the pull-in voltage becomes
saturated, without significant improvement in the performance in terms of
pull-in voltage, and the paddle with a softer support structure suggests it
would be easier to collapse. A better approach to further reduce the pull-in
voltage is to enlarge the capacitive paddle. However, in this work, we choose
5 um SiNWs and 2 um paddle, as the pull-in voltage is projected to 1.04 V,

very close to the modern CMOS supply voltage.
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3.3 Fabrication Process

SINWs 7

-

Figure 3-2 Process Flow for SINW based NEMS switch

The fabrication process of the U-shaped NEMS switch starts with an SOI
<100> wafer, with a device layer of 117 nm and buried oxide (BOX) layer of
145 nm as shown in Figure 3-2. The device layer is initially N-doped with an
estimated doping level of 1.5x10'"> cm™ (the nominal resistivity is in the range
from 8.5 Q-cm to 11.5 Q-cm). In order to decrease the resistivity of the SINWs,
P-type implantation using BF*" is performed with a dosage of 1x10'* ion/cm’
(twist 22°, tilt 7°, implantation energy: 50 KeV). After implantation, the
carrier is activated by the rapid thermal annealing (RTA at 1050°C for 30 Sec).
The SiNWs and the capacitive paddle are then patterned by photolithography.
The mask used for SINW features has a minimal dimension of 160 nm to
define the width of the SINW. The photoresist is then trimmed for 60 Sec after
developed by the plasma induced feeding gas (He/O, + N;) and the critical
dimension is approximately decreased to 110 nm. After deep reactive ion
etching (DRIE), the SiNW pattern is formed along <110> crystalline
orientation. The plasma photoresist ashing (O,+ N, at 250 C) is performed for

2 minutes. Piranha cleaning and dilute hydrochloric acid (DHF/1:100) are
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carried out to remove the etching residue and the organic residue respectively.
To further shrink down the dimension of SiNW, Sequentially, thermal dry
oxidation (875 C for 120 minutes) is carried out. As a result, the SINWs with
average cross section of 90 nm x 90 nm and length 5 um are fabricated.
Measurement result shows that the SINW has a resistivity of 0.021 Q-cm, and

the resistance per SINW is 130 kQ.

Figure 3-3 provides the SEM image of the SINWs NEMS switches after
release. The trapezoidal shaped cross-section with an average area of 90 x 90
nm’ is confirmed by the transmission electron microscopy (TEM) image as
shown in the inset of Figure 3-3. A 400 nm PECVD SiO, is then coated as the
passivation layer to protect the SINW from later metallization. After via
opening on the passivation, 15s argon (Ar) ion bombardment is performed
prior to sputtering of 750nm aluminum (Al). A metallization is completed by

dry etching process.

The device is released by VHF, which etching away the BOX layer
between U-shaped NEMS switch and the silicon substrate. VHF is generated
by 49% HF at room temperature. Aqueous solution of HF can be used for
selective etching of sacrificial silicon dioxide. However, it requires special
caution in handling because freestanding structures are very easy to stick to
the substrate due to the surface tension force of the rinsing liquid when it
evaporates. Moreover, the Al metal wire will not survive in the HF solution,

but it is safe in VHF.
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Figure 3-3 SEM photo of a U-shaped NEMS switch after HF vapor
releasing, Inset: TEM image of a SINW cross-section.

The VHF is designed to avoid liquid involve in the process. Unfortunately,
considering the chemical reaction of SiO, etching by VHF, it still has water as

a byproduct, the reaction can be described by [190]:

2HF + H,0 — HF; + H,0H*

Si0, + 2HF; + 2H,0H* - SiF, + 4H,0

We can learn from the above equation that when reactions occur on the
Si0, surface, the water adsorbed on the surface is believed to catalyze the
reaction. Therefore, as a byproduct of the reaction, water cannot be avoided.
To eliminate the stiction caused by liquid in the experiment, the chip would be
pre-heated to 140 °C by a hotplate and put into the VHF at room temperature.

During the release process, the chip is repeatedly heated on hotplate for every
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20 Sec. A sum of 1 minute under VHF environment will fully release the SiO,

beneath the capacitive paddle.

After the release process, the NEMS switches are checked under the
scanning electron microscope (SEM). The SEM photo in Figure 3-3 shows a
clean release process and the residues could be considered as acceptable. The
surface of the substrate has not been attacked, and the two Si contact surfaces
remain smooth and unaffected by the fabrication processes. The metal wire
and contact with SINW are well survived. No stiction or deflection could be
found for SiNWs, and the paddle, which is formed by single crystal Si,

remains free standing above the substrate.

3.4 Electrical Measurement

The device is then measured in air ambient with Agilent BI1500A
semiconductor device analyzer. Figure 3-4 shows the I-V plots of the
fabricated U-shaped NEMS switch. Since it operates as a two-terminal switch,
the voltage is applied between the U-shaped structure and the substrate. The
voltage is swept from 0-3 V, with no compliance set for the current. The
measured off current is around 10 pA, which is equivalent to the noise level of

the measurement setup.

The first pull-in occurs at 1.81 V, causing the current to rapidly increase to
0.1 pA. Based on the applied voltage step of 10 mV, this abrupt switching
slope is smaller than 4 mV/decade. This represents an ideal on/off current
characteristic, where the sub-threshold slope is substantially lower than the

theoretical limit of CMOS devices (60 mV/decade), and it also provides a
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voltage range in which the off current is always limited to the noise level. The
current continues to increase rapidly to 3 pA, which is quite common in Si-Si
contact. The on state current also indicates the resistance of the current loop
mainly comes from the contact, which should be in the range of few hundreds

of kQ.

—o— 1st Sweep
—o—2rd Sweep

3nd Sweep
—v— 4th Sweep
5th Sweep
Sw Pull-in Current
eep voltage(V) ratio
1 1.81 595
2 1.31 392
3 1.55 1320
4 0.78 22
5 1.21 11603
1 M 1
2 3
Voltage (V)

Figure 3-4 1-V characteristic of the device shown in Figure 3-3 for the first
five switching cycles. The current ratio indicates the change in current that
occurs within 10 mV of the pull-in voltage.

Hence, taking into consideration of our initial measurement results, our
proposed U-shaped NEMS switch can be considered to be very attractive for
low power applications due to its nearly zero leakage current and abrupt
switching characteristics. It has a well-defined off-state range and the low

pull-in voltage indicating its good compatibility with modern CMOS devices.

The following switching cycles also show a good turn-on switching

behavior. The on/off state current maintains at the same level for every cycle.
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The average pull-in voltage is 1.12 V. The pull-in voltage varies in a wide
range of about 1 V. A possible reason for such pull-in voltage variation is the
charging effect on the native oxide that has grown on the contact surface.
During the electrical measurement, charges can be stored on these surfaces
and an additional electrostatic force is formed to decrease the initial gap even
the bias is removed. It also explains the reason why the first pull-in voltage is

much larger than all the following sweeps after it.

Such kind of phenomenon cannot be avoided after VHF releasing for Si-Si
contact working in ambient air condition. Joule heating caused by the current
passing through the contact and SiNWs will make the condition even worse.
Quickly encapsulating the devices into vacuum may help to reduce the effect
but a thin layer of SiO; is still possible to grow on the surface during the wafer
transfer. However, adding process to cover the contact with metal before
release would largely improve the performance of the U-shaped NEMS switch,
as it could avoid the charging issue and provide a much lower contact

resistance.

However, we also observed that the nearly zero off current characteristics
of the U-shaped NEMS switch start to deteriorate after five switching cycles
(Figure 3-5). As the current going through the SiNW increase to 3 pA, the
nanowire suffers from an accumulative Joule heating effect after taking into
consideration of its extremely small cross-section area. The oxide insulating
layer beneath the SINW would be physically damaged and eventually become

welded in ambient air.
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The device manages to operate for 12 cycles before no switching behavior
is observed. Several techniques may help to improve endurance. Current
limitation can be applied to the devices by introducing a series resistor.
Replacing insulation layer with high melting point and strong hardness

material is also promising to enhance the reliability of the device.

Current (A)

1 2 3
Voltage (V)

Figure 3-5 I-V characteristic of the device, with deterioration in off-state
current during the 6 to 8 switching cycles.

After measurement, the failed devices are checked again in the SEM. In
Figure 3-6, we can clearly see that the SINW is welded and touched the
substrate, but the paddle together with the contact area still reminds suspended
above the substrate. We suspect the current through the SINWs after physical
contact may soften the SiNW, causing the device collapsed and further

melting on the substrate.
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Figure 3-6 SINWs NEMS switch welded on substrate, scale bar: 2 um

For summary, the dual SiNWs based U-shaped NEMS switch shows
excellent results in terms of lowering down the actuation voltage. We take
advantage of the high electrostatic force generated from the large capacitive
paddle and high flexibility from the single crystal SINWs. The device shows
great potential on the voltage compatibility with modern CMOS circuit.
Further amendment with better insulting layer and contact material is possible
so as to achieve a higher reliability and performance. Furthermore, both
CMOS compatibility and ultra-low power consumption provide better

integration with different kinds of devices.

3.5 Suggestion for Performance Improvement

During the design, simulation and measurement of U-shaped NEMS switch,
we found that it is an effective structure to achieve a mechanical switch with
1V actuation voltage. The major drawback of this preliminary study lays into
its reliability. The SINWs based devices lack good endurance and stable pull-

in voltage.
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The possible performance improvement aims for a highly reliable device.
The actuator design should remain similar to achieve its low pull-in voltage.
Single crystal silicon is still used as the structural material. Reliability of the
devices should be enhanced with the following two ways, to avoid current
directly passing through the SiNW and use metal as contact material.
Therefore, instead of using two-terminal devices, the proposed new device
would separate the actuation terminals and signal terminals as shown in Figure

3-7.

VDD

Silicon Nanowire

Signal OUT

Signal IN

Figure 3-7 A schematic illustration of the U-shaped NEMS switch with metal
contact.

A piece of metal structure for contact is attached to the head of the paddle
and insulated with the actuation terminal by dielectric material. When bias
voltage is applied between top actuation electrode and substrate actuation
electrode, the nanowire will bend down by the electrostatic force. The contact

electrodes will touch first, with a smaller gap than two actuation electrodes.
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The signal would pass through the source terminal, the top contact electrode,

and the drain terminal when actuation voltage is higher than the pull-in voltage.
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Figure 3-8 Process flow of Metal based SINWs Switches, the cross-section is
made along the white dash line above.

The proposed process flow is shown in Figure 3-9 using metal contact. The
process begins with formation of silicon U-shaped structure includes
implantation, silicon etching and thermal oxidation. Then a 100 nm LPCVD

Si0, will be deposited for silicon nanowire protection. Two steps of SiO;
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etching are performed at various places for material lands on silicon layer. The
ALD AlLO; layer will be deposited to act as the globe insulation and paddle
insulation. Al,O; is an insulation material with high melting point (2,072 °C)
and is also resisting to VHF. Metal would be patterned as source and drain
terminals above the Al,Os layer. After the Al,Os layer etching, the sacrificial
oxide layer will be formed with dimple on contact, and the dimple is used to
ensure physical contact only happen in the dimple area. The top metal

electrode is then patterned, followed by VHF release.

7127/2013 ‘ mag |mode| HV ‘ WD | spot| ———— 10 ym ———

11:22:49 AM |8000x| SE |5.00kV[5.3mm| 3.0

Figure 3-9 A released U-Shaped SINW NEMS switch with metal contact

The above-mentioned process flow is an 8-mask process to leverage both
stress-free Si structure layer and metal contact. A test run of this process has

been conducted, the SEM of a released device can be found in Figure 3-9.
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However, the electrical measurement shows the devices have a small leakage
current between different terminals because of poor quality of the thin
dielectric layer. The insulation is achieved by having a thin layer of dielectric
material for a vertically actuated switch, any defect or fabrication errors will
lead to a considerable amount of leakage current. Furthermore, residual stress
on wafer usual result a curved wafer. Once the wafer under process is slightly
curved, either the possibility of misalignment error increases or the further
lithography process will be rejected by the stepper machine. Moreover, since
the structural material is still Si, the pull-in voltage instability may still exist as
the formation of the native oxide layer cannot be avoided. The above issues
become hurdles which prevent us to come up with sound data. Hence we
changed our design and optimization goal from making a low-driven voltage
NEMS switches to NEMS switches with excellent reliability, while we still
emphasize on CMOS compatible and simple fabrication process design. The

further research effort and outcome will be described in the next chapter.
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Chapter 4  All Metal Based NEMS Switches

Electrostatically actuated N/MEMS switches have been attracting attention
for their excellent switching properties including zero-leakage current, abrupt
switch behavior and potential to operate at high temperature [34, 191-197].
These unique properties make NEMS switch a strong candidate for ultra-low
power electronics and harsh environment IC. As discussed in Chapter 1,
research efforts so far face major challenges while scaling down the device
dimensions, including high pull-in voltage, high contact resistance, limited
reliability, poor process yield, and high process temperature. All these issues

have a profound impact on implementing the NEMS switch technology.

The low process yield problem is especially important: without a stable
fabrication process, research works are limited to demonstrating only a few
key features of a single device. It is problematic to accumulate more
knowledge to solve other issues with NEMS switches without a well-
established process. As a result, there is no systematical study of NEMS

switches so far.

Chapter 3 presents a SINW based vertically actuated NEMS switch, the
innovative device structure helps the NEMS switch to reach pull-in voltage of
~1V for the first time. In the meantime, the yield and reliability of the pure Si
based NEMS switch is not ideal. We learned that Si is not a suitable contact
material, and thus to improve contact reliability and reduce contact resistance,

metal-to-metal contact seems to be an inevitable choice. Recall the discussion
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in section 2.2, contact materials are preferred to be high hardness and high
melting temperature. Conventional conductive materials used in MEMS and
CMOS fabrication like Al and Cu are not suitable. Thus, new material
development needs to be addressed. The overall objective of this chapter is to
develop a NEMS switches which covers the low temperature CMOS
compatible process, metal-to-metal contact, low contact resistance, good
process yield and capability of harsh environment operation. In chapter 4 and
chapter 5, the development of all metal based NEMS switch would take

consideration of these notable requirements and merits at the same time.

Two applications of NEMS switches are the primary motivations of the
work in this chapter. The first one is the NEMS-CMOS integration. To build
NEMS switch above the CMOS transistor, low temperature process must be
used. Thus, current semiconductor based NEMS switches are not suitable
since high temperature process is involved. Secondly, for high temperature
application, using all metal based NEMS switches other than semiconductor
based NEMS switches could largely reduce the resistance of the whole circuit.

More detailed discussion is provided in section 4.1 and section 4.2 separately.

The major effort of this chapter lays on applying new material as well as
developing new processes. We present a single mask, CMOS compatible
process for all-metal-based NEMS switch, targeting to be used in NEMS-
CMOS integration applications as well as NEMS-only logic circuits. Various
electrical measurements under room temperature will demonstrate the superb
performance of the fabricated devices. In the meantime, high temperature

operation is also included to demonstrate the reliability of the NEMS switch.
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Systematic study with a large number of devices characterized will be
delivered in chapter 5, focusing on devices dimension optimization and failure

analysis.

4.1 All-Metal-Based Laterally Actuated Switches for NEMS-

CMOS integration

It would be difficult for NEMS switches to totally replace CMOS
transistors in high performance ICs, since NEMS switches have a lower
operating frequency due to their large mechanical delay. To avoid the low
speed NEMS switches slowing down the circuit and fully utilize their zero
leakage properties, several applications proposed for NEMS-CMOS
integration has been reviewed in Section 1.6. By using NEMS switches to
replace speed insensitive elements in FPGA [128, 198-201], power gating [21-
23] and SRAM [27, 28, 202], it would largely reduce the power consumption

of the whole NEMS-CMOS IC.

Therefore, directly fabricating NEMS switches on top of the CMOS layer
(Figure 4-1) would be a realistic and cost-effective technique to realize hybrid
NEMS-CMOS circuit [203, 204]. The semiconductor industry has developed
air gap back end process [205] which is most suitable for the NEMS-CMOS

hybrid circuit.

The following requirements should be fulfilled to enforce NEMS-CMOS
integration: 1) The NEMS switches should be realized by a low temperature
CMOS-compatible process for the ease of implementing the process in a

modern CMOS foundry; ii) A simple process is desired; especially when it can
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leverage the existing metallization process; iii) The topography of the device
should be small, to ensure the easy realization of devices with multiple layers

stacking and wafer level encapsulation.

NEMS swite

Metal interconnection
Transistor

Figure 4-1 Schematic of building laterally actuated NEMS switches above
CMOS. The NEMS switches are fabricated after transistor and interconnection
process for NEMS-CMOS integration.

By far, most of the NEMS switches are not suitable for the NEMS-CMOS
integration. Many reports lack demonstration of repeatable on/off switch
behavior [187, 206, 207]. All-metal based NEMS switches seem to be a
reasonable choice to align with post-CMOS process. The deposition method
for metal is low temperature and it provides very low resistivity compared to

semiconductor material.

In this study, laterally actuated switches are chosen because they can be
fabricated with a single mask process, with all terminals formed in a single
etching step. As shown in Figure 4-2, Gate, drain and source terminals are all

in the same plane, with sufficient voltage applied between gate and source
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terminal, the beam will bend in plane and make a physical contact to the drain
terminal. In comparison, vertically actuated mechanical switches need 4~8
masks, multiple deposition and etching steps to assemble all terminals layer by
layer. For three-dimensional integration, laterally actuated NEMS switches
appear to have a much smaller topography, so that another layer of devices can
be conveniently stacked on the existing device layer with a sacrificial layer

and vias in between [25, 199, 208-211].

13(;3 | &oB

Figure 4-2 The schematic drawing of a laterally actuated all metal NEMS
switch.

Si0, anchor

On the other hand, laterally actuated switches have one drawback compared
to the vertically actuated switches. Recall equation (2-6), the pull-in voltage
V,iare highly sensitive to the beam width ¢, and gap g. To achieve a small V,;
both beam width and gap should be small. In vertically actuated switches,
these two values are decided by the film thickness, which can be easily scaled
down to sub-100 nm. In laterally actuated switches, both parameters are
controlled by the lithography, which means that it is much more difficult to
scale them down. Thus, in this chapter, we put more focus on developing an
all metal based NEMS switch with high reliability, which is fabricated by a

CMOS compatible process with high process yield. The pull-in voltage is
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limited by the lithography tool and we believe low pull-in voltage can be

achieved with advanced lithography.

Since only one deposition step is involved in the laterally actuated switch
fabrication, metallic material is most favorable for its low process temperature
and low resistivity. As most of the device failures happen in the contact area,
including welding, material transfer, delamination, and destruction [36],
metals of high hardness and high melting point are commonly used, such as
ruthenium [154, 155, 212, 213], tungsten [40, 109, 214]. As a result,
molybdenum (Mo), with high melting temperature of 2623°C and relatively
high hardness, is selected as the structural material in this study. Among the
high melting temperature metals, Mo has a low thermal expansion coefficient,
and thus the mechanical deformation of the released structure would be less
significant over a wide range of operation temperature. The processes for Mo

deposition and dry etching are CMOS compatible.

The most critical step in the laterally actuated switches fabrication is the
formation of actuation gap. A sub 100nm width is needed to obtain a suitable
pull-in voltage. Further scaling down the device dimension requires an even
smaller gap. Meanwhile, the etched sidewall has to be vertical and smooth in
order to achieve larger contact surface area. Extremely clean surface is wanted,
because contamination between contact surfaces could cause high contact
resistance and localized heat flux fusing the contact. The existing metal
etching process normally has a low aspect ratio and lacks a thorough cleaning
method. Last but not the least, the metal thin film should be thick enough to

limit the deformation within a reasonable level. To address these concerns, the
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fabrication process described in the section 4.3 using the single Damascene
process concept is able to provide the NEMS switches with a clean, smooth,

high aspect ratio metallic contact surface.

4.2 The Desire of High Temperature NEMS Switches

Besides using the all metal based NEMS switch for NEMS-CMOS
integration, we are also targeting the devices can be operated under high
temperature. The operating temperature of IC made by conventional bulk
CMOS technology is not more than 150°C due to its intrinsic limitation. Logic
devices capable of working beyond 300 °C are extremely desired for several
rugged electronics applications such as automotive and aerospace equipment,
oil and gas drilling [215]. Wide band gap material including silicon carbide
(SiC) could be a possible solution, [216] however existing SiC based transistor
is still constrained by large-size, high-threshold voltage and temperature
dependent leakage current, which makes SiC difficult to be developed in
large-scale IC [196]. On the other hand, N/MEMS contact switches are
attractive alternatives for low-power logic operation at high temperature.[217-

223]

In an electrostatically actuated three terminals NEMS switch, the movable
structure experiences electrostatic forces controlled by gate terminal. Other
than the conducting path established by pull-in, all the terminals are separated
by dielectric material or air gap. Although vacuum tunneling currents and
Brownian motion displacement currents still exist, the thickness of the
dielectric material or air gap in NEMS switch is significantly larger than the

leakage path in modern CMOS transistors, so that the leakage current is
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negligible even at high temperature. As long as the structural and contact
materials maintain its electrical and mechanical properties, the devices will be
functional as designed even in high temperature environment. However,
challenges still remain for recently reported N/MEMS switches[224, 225].
Most of the mechanical switches with good reliability are still in MEMS

domain and high temperature operation is rarely demonstrated.

Intuitively, material with high melting point is used for high temperature
NEMS switches. The silicon carbide (SiC) based NEMS switch has been
proven for its functionality at 500 °C[192, 194], however the method of
fabricating of such devices is rather complicated and not cost effective.
Compared to SiC, all metal-based NEMS switch would be much easier to be
implemented into the conventional CMOS process. Several materials with
high melting point, which could be suitable for high temperature NEMS
switches application, have been used extensively in modern CMOS and
MEMS manufacture, including tungsten[81], tantalum, ruthenium[116] and
Mo. The existing back-end process developed for CMOS process can be
refined and evolved into process for making all metal NEMS switches.
Furthermore, the contact resistance of all metal NEMS switch would be
significantly lower than semiconductor based NEMS switches, i.e., the Si or
SiC based NEMS switches [226-228]. One more advantage with all metal-
based switches is the same material can be used for active devices and

electrical interconnection, so that the integration effort is significantly reduced.
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4.3 Fabrication Process

In this work, we report laterally actuated Mo NEMS switch fabricated by a
single deep ultraviolet (UV) photolithography mask so that this new approach

can overcome the common drawback of the laterally actuated NEMS switch.

A schematic drawing of three-terminal NEMS switch can be found in
Figure 4-2, where a movable beam is fixed at its both ends, acting as the
source terminal, and two fixed drain terminals are anchored besides the middle
of the beam on both sides. Four gate terminals surround the rest of the beam.
When sufficient voltage is applied across two gate terminals (same side) and
the beam, balanced electrostatic force from two gate electrodes accelerates the
movable beam toward the fixed drain terminal on one side and the switch is
turned on by forming a physical contact between source beam and drain
terminal. Reducing certain dimensions of the device, especially reducing the
beam width and actuation gap, leads to lower actuation voltage. Beam width
and actuation gap need to be defined as sub-100 nm features for ~10V
actuation voltage. Expensive lithography tools capable of defining sub-100nm
features are available in the industry, but typically not in university research

labs.

In the process described below, a 200 nm mask is used to successfully
define a 100nm metal-to-metal gap. Unlike conventional process designed for
laterally actuated NEMS switches, the active parts of the switches are defined
by filling metal into a silicon dioxide mold. Two main targets are achieved

using this method: a clean contact surface and a reduced actuation gap.
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Figure 4-3 (a) The white dash line indicates the cross-section used in the
following figures (b) Si02 RIE forming the trench (c) Wet etch reducing the
oxide fin thickness (d) 300nm Mo PVD (e) 500nm HDP CVD SiO2 ()
Si02 CMP (g) Mo RIE (h) VHF release
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The process starts from a Si wafer with 1 um silicon dioxide layer. Deep
UV photolithography using 200 nm critical dimension mask defines the oxide
features. The cross-section depicted for the whole process is cut across the
middle of a fixed-fixed beam as shown in Figure 4-3 (a). The oxide layer is
etched for 400 nm with reactive-ion etching (RIE) (Figure 4-3 (b)). The
etching depth of oxide is controlled by time, which defines the depth of the
mold and also determines the thickness of the beam in further steps. As a
result, 600 nm oxide is left on the bottom of the oxide trench for insulation
purpose. At this step, an oxide fin is formed, which will serve as a mold for
metal structures as well as the sacrificial layer. After photoresist strip, the
surface is cleaned with Piranha solution, and then the oxide fin is measured
under SEM to have an 87° sidewall angle. Then wet etching is performed in
1:25 DHF to reduce the oxide fin thickness to 50nm from each side at
Inm/Sec etching rate. (Figure 4-3 (c)). A clean surface is prepared for the
metal deposition afterward. Then a 300nm Mo layer has been deposited on
oxide by PVD with 20% sidewall coverage, which leaves 60nm Mo layer on
the sidewall (Figure 4-3 (d)), followed by 500 nm high-density plasma
chemical vapor deposition (HDP CVD) SiO; to fill all the trenches (Figure 4-3
(e)). A SiO, chemical mechanical polishing (CMP) process is performed to
expose the top MO layer. The whole wafer has been examined under SEM to
check the outcome of CMP, even the smallest top Mo feature has been

uncovered.
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Figure 4-4 the cross-section view of process for all-metal-based NEMS
Switch.

The remained oxide is used to protect the structural layer beneath (Figure
4-3 (f)). As we can observe, the oxide mold feature has been reversely
transferred to the top oxide protecting layer, where it will serve as the hard
mask for metal etch. Afterward, 300 nm Mo etching is done by RIE, to ensure
the exposed top Mo layer is removed and only bottom Mo structural layer is
left (Figure 4-3 (g)). Thus, the actuation gap and insulation between terminals
are formed at the same time. The devices are finally released by VHF system
(Figure 4-3 (h)). All processes are under 400 °C. A cross-section view of the
whole process is provided in Figure 4-4. At the DHF etching step, when the
minimum lithography dimension is used for both gap and beam width,
decreased oxide fin thickness helps to reduce the pull-in voltage. Meanwhile,
adding extra layer of SiO; on the sidewall achieves similar effect. However,
reducing the oxide fin thickness seems to be a better choice, as the metal beam
width is increased at the same time. Wider beam provides better thermal

conductivity to quickly conduct the heat generated in the contact area. It has a
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higher resonant frequency and switching speed. It is also more resistant to the

beam to gate pull-in failure.

The differences between the proposed process above and conventional
process (as described in section 1.5.3) are shown in Table 4-1. SiO, insulation
layer and Mo structural layer are used in both cases. Although a few more
steps are added, the proposed process shifts the formation of contact surface
from Mo etching to deposition. The contact surface is not exposed until VHF
release, which ensures etching residual do not contaminate the surface. The
back end process in CMOS foundry could adapt this process easily with

conventional dual-Damascene process.

Table 4-1 Process Differences between this work and conventional work

Item This work Conventional process

SiO, CVD> SiO; Etching
> MoPVD > SiO, CVD SiO, CVD » Mo PVD
Process
Sequence > SiO, CMP » Mo Etching & Mo Etching > VHF
> VHF

SEM photos are taken during critical fabrication steps. Figure 4-5 shows
the oxide fin after wet etching with 100 nm thickness and straight sidewall
profile. As mentioned, the sidewall of the oxide fin before the wet etching is
measured as 87°, which can be converted to 1:20 aspect ratio. Considering the
height of the oxide fin of 400 nm, the minimum oxide thickness after wet

etching is 40 nm.
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Figure 4-5 SEM photo of devices near the contact region after wet etch,

However, the oxide pattern is close to the limits of the photolithography
machine in the first place, and the edge of the oxide fin is not 100% consistent
and smooth. After a few attempts with different etching duration, we conclude
that 100 nm oxide fin is the minimum thickness we can achieve with a

uniform output of fin thickness.

Figure 4-6 shows the fully-covered oxide layer and large grains on the
surface after Mo PVD. Metal deposition usually results in a rough surface like
this. In vertically actuated N/MEMS switches, this surface will be used as one
of the contact surface. Due to the surface roughness, only a small fraction of
the apparent contact area is in physical touch when two surfaces are brought
into contact. Therefore, the contact resistance of the N/MEMS switches is
largely limited by the asperities on this surface. Fortunately, in the process,

this rough surface with large grain is not used as contact surface.
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Figure 4-6 SEM photo of devices near the contact region after Mo deposition

Figure 4-7 shows Mo on top of the oxide fin can be successfully exposed
after the oxide CMP step across the whole wafer. The CMP duration is
designed to be over polished to make sure even the smallest features are
consistently resolved. The extra CMP time do not have the impact of the final
outcome of the devices as the two materials uncovered on the surface so far

will be both removed in the future steps.

Figure 4-7 SEM photo of devices near the contact region after oxide CMP
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Figure 4-8 shows after the top Mo layer etching, the upper edge of the
oxide fin is exposed. We can see the very thin Mo sidewall through the gap
between oxide fin and top oxide hard mask. The oxide hard mask is still

remained to protect the 300 nm wide beam in the middle of the SEM.

§

T‘op of thq 8
oxide fin

Figure 4-8 SEM photos of devices near the contact region after Mo RIE

Figure 4-9 shows a released fixed-fixed beam device. As large features are
still being anchored on the substrate by the insulation SiO, beneath, no visible
bending can be observed in this SEM. The VHF process results in a very

uniform release and no attack on Mo by VHF can be found.
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Figure 4-9 SEM photo of whole device after release.

Figure 4-10 shows the zoomed-in view of the contact area. When a released
NEMS switch is focused under the SEM, chargers from the electron gun
accumulate on the metal. As the charges are not evenly disturbed, a potential
difference is presented between different terminals. With adequate
electrostatic force generated by the chargers, the beam is usually attracted to

one of the drain terminal.
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) .
Fiqu—ﬁxed Beam

Figure 4-10 SEM photo of Fixed-fixed beam pull-in by electron charging.

The cantilever test structure (Figure 4-11) shows the Mo sidewall on the
edges of the bottom Mo layer is almost etched away. This cantilever has a
width of 300nm, which is the minimum width result from this process,
although the wet etching process decreases the gap width, it also extends the
beam width at the same time. The smooth Mo sidewall profile is shown in

Figure 4-11, where no visible grain can be found compared to Figure 4-6.

Figure 4-11 SEM photo of test structure of a single beam.
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One alternative process to produce Mo beams via oxide mold is to directly
CMP Mo layer after the Mo deposition process. In such way, a few depositing
and etching steps can be saved. However, there is no existing Mo CMP
process developed. Especially when Mo is directly on SiO,, where the
adhesion between Mo and SiO, is poor. As shown in Figure 4-12, the Mo
layer has been peeled off from the bottom oxide layer after a short CMP time.
Adding an adhesive layer between Mo and oxide is also dangerous as the
physical contact happens on that interface, so careful material selection is
needed. As a result, we use SiO, CMP instead to form a hard mask layer
above the Mo layer. Although the resultant top edge of the Mo structure layer
is rough, it is not the critical contact surface and it should not have a large

impact on the device performance.

Figure 4-12 SEM photo of Mo peeled off from oxide
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Figure 4-13 SEM photo of zoom-in view on the contact, field of view: 600nm
by 600 nm

The roughness has great impact on the performance and reliability of the
switch. A very rough surface means a large amount of current passing through
a very limited number of contact points, which could cause welding and
failure of the device. Figure 4-13 shows a zoom-in view of the contact surface.
Compared to the coarse surface with metal gain shown in the Figure 4-6, it
only shows a minimum roughness. The surface topology of the metal contact
surface is transferred from the oxide mold, therefore, the effective contact
points can be increased. Details on the contact resistance measurement will be

presented in the later section.

On the other hand, a very smooth surface provides more contact area
between the beam and drain. Extremely smooth surface is also undesirable, as
it increases the surface interaction forces, which could cause the switch to stay

in contact even after the gate voltage is removed.
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Figure 4-14 SEM photo of zoom-in view on the contact with direct Mo etch.
field of view: 4 um by 4 um

In contrast, Figure 4-14 shows a test structure made by Mo direct etching.
The beam width and gap width are the same as the process introduced above,
the structure is fabricated by a simple Mo deposition and Mo etching. The
etching surface shows a very high roughness as well as a much lower aspect
ratio. Moreover, the etching residual is difficult to be removed as strong

chemicals cannot be used with metal exposure.
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4.4 Electrical Measurement with Limited Current

The pull-in voltage of NEMS switch can be roughly calculated by equation

derived under the parallel plate assumption:

256Et3g3,
Vi = ’— 4-1
pt 27&4L% @1

where V,,; is the pull-in voltage, E is a Young’s module of Mo (329 GPa), t
the width of the beam, g5 is the gap between the gate and fixed-fixed beam
(as show in Figure 4-15), g, is the permittivity of vacuum, and Lg is the length

of the beam.

Figure 4-15 (a) The schematic drawing of an all metal NEMS contact switch.
Inset: cross-section view of the device near contact region, the edge is defined
by the red line in main figure. gpp is the gap between beam to drain terminal,
gcp 18 the gap between beam to gate terminal

The wet etching process can reduce the gap but at the same time it will
broaden the trench which will increase the width of the beam. As the process

decreases the designed actuation gap g;p from 250 nm to 150 nm, the beam
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width extends with 100 nm as 50 nm etching has been done on both sides of
the beam. The pull-in voltage versus g, i.€., oxide fin thickness, is plotted

on Figure 4-16 with different initial trench width cases.

The beginning point of the process is on the right side of the plot at 250 nm.
For 200 nm trench beam width case, the pull-in voltage does not change a lot
from 250 nm to 150 nm. When g;p is 100 nm, the pull-in voltage is further
reduced to 5V. Further reducing oxide fin to 30 nm could scale down the pull-
in voltage to 1V. For a wider beam, this method appears to be more effective,
for instants, the 400nm width trench case. The pull-in voltage is reduced from

24V to 16V after 100nm reduction on oxide fin thickness.

W—550nm I w=400nm -
40+ xtende Initial /"/
trench rench -
g /,,//600 nm
S %0
= T, 500 NM
S 20/ ey //
> T 400 nm
= -~ 300 nm
g 10+ ]
200 nm
0 =

0 50 100 150 200 250
Oxide fin thickness g, (nm)

Figure 4-16 The Pull-in voltage of devices with 200nm, 300nm, 400nm,
500nm and 600nm initial oxide trench. The voltage varies with oxide fin
thickness, which reduced by the wet etch process. The voltages projected to
the 150nm oxide fin thickness for different initial trench width are 7.2V,
11.1V, 15.6V, 20.4V and 25.8V. Measured average pull-in voltage is plotted
with the same color for varies trench width cases.

After the devices are released in VHF, they are loaded into a vacuum wafer
probing system (Cascade Microtech, PMV200, as shown in Figure 4-17) at a

high level of vacuum (5.4E-6 mbar). The devices were carefully characterized
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and measured by a semiconductor parameter analyzer (Agilent Technology,

B1500A).

Figure 4-17 The measurement setup with vacuum chamber

The setup has a noise level of 10pA (Figure 4-18) and an average open
circuit current at 3.3 pA measured with test structure. All the devices tested
are connected with the same configuration. The source terminal is connected
to the ground state. Two gate terminals on the same side of a beam are
connected together, when a voltage is applied to actuate the beam (Figure 4-15,
V,). A constant drain voltage of 1V is applied to detect the on/off state (Figure
4-15, V). The currents through all the terminals are monitored and have a

limit of 10 nA to avoid excessive current melting its contact.
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Figure 4-18 Noise level measurement

All tested devices in this chapter have the same beam length of 28 um, ggp
of 150nm and gpp of 100nm. Two gate terminals on the same side of the
beam have a width of 13.4 um. The width of drain terminal is 1um and the
gap between gate and drain terminals is 100 nm. As described in the earlier
section, 100 nm gap between different terminals is the smallest value we can

achieve so far.

A few devices are tested at room temperature to obtain the pull in and pull
out voltage by voltage sweep on gate terminals. The devices with 300nm,
400nm, 500nm, 600nm and 700nm beam width (200nm~600nm initial trench
width) show average measured pull-in voltage of 8.1V, 11.9V, 15.7V, 21.4V
and 25.6V (Figure 4-16). The measured pull-in voltage has good agreement to

value derived by the analytical model except for the smallest width case.
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Figure 4-19 Double side I-V sweep for a NEMS switch with dimension: ggz=
150nm gpp= 100nm, w = 600nm, Lz = 28 pm. Current displace in the figures
uses absolute value.

One typical I-V sweep is shown in Figure 4-19. The tested device has an
initial trench of 500nm, after the wet etch process, the width of the beam is
extended to 600nm. I-V sweep is performed from 0 to 30V and a reserve
sweep of 30-0V is also performed to exam the hysteresis behavior. The device
is suddenly turned on at 21.3V, and the drain current is changed straightly
from the noise level to the current compliance. For reserved sweep from 30V
to OV, the device is pulled-out at 19.2V, and drain current jumps directly from
current compliance to noise level. The gate current is below noise level all
time. Similar abrupt switching behavior can also be observed from other

devices tested.

4.5 FElectrical Measurement with High Current

Device with Lz=28um, =700 nm and ggz=150 nm is measured for high
contact current as well as contact resistance. It is first tested for double side I-
V sweep with 500 nA current compliance. General NEMS switch behaviors,

including abrupt switching, zero off-state current and hysteresis behavior can
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be found in Figure 4-20. The pull-in voltage of this device is recorded at

27.8V.

Figure 4-20 I-V sweep with 500nA current compliance.
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The contact resistance of this device is also measured with 0.1V constant

voltage at the drain terminal. The current compliance is removed and a cycling

test is performed to monitor the contact resistance change over different cycles.

Figure 4-21 shows in the initial cycle, the contact resistance is around 2.5 kQ

with 28.5 V gate bias, indicating a good metal to metal contact.

Current (A)

Figure 4-21 First cycle to obtain contact resistance.

L1 (L {30 __
F o U i >
' [.] Drain Current :
1 /\ Gate Current fe)]
——— Gate Voltage 415 S
3 )
i >
: o &
] ©
g { O
AN s
2.25 2.30 2.35 2.40

Time (s)

89



All Metal Based NEMS Switches

Figure 4-22 reflects the contact resistance measured at every cycle. For the
first 100 cycles, the gate voltage is set to be 28.5 V, the same as the

measurement in Figure 4-21.
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Figure 4-22 Contact resistance change over the cycling test.

The contact resistance gradually increases and suddenly drops in the 56th
cycle, and again the resistance increases afterward. This large change over

different cycles indicates the effective contact surface varies over the cycles.

Then the gate voltage is increased to 29.5V and 30.5V. A lager gate voltage
seems to help to stabilize the contact resistance. It has an initial drop after

voltage increases, and later it stays at 5~20kQ.

After increasing the voltage to 31.5V, the beam collapse on the gate
terminal, causing gate to beam shortage which cannot be recovered afterward.
The measurement indicates that a higher gate voltage helps to stabilize the
contact resistance, but further improvement should be done by proper surface

coating.
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Figure 4-23 Electrical tests for a fixed-fixed beam device with dimension of
Lg=28pum, =700 nm and gsz=150 nm Cycling test with 1mA current applied
on drain terminal.

Afterward, higher current handling in the drain terminal is tested, and an
exceptionally high current of 1 mA is applied with a 5s interval. The device
shows a stable electrical performance in Figure 4-23 with an on/off ratio of

108,

4.6 High Temperature Measurement

Then the devices are heated to 300 °C in vacuum chamber and kept for half
an hour till the temperature is stabilized for high temperature test. The smallest
device with 300nm beam width (Lp=28pum, =300 nm and gz=150 nm) is

used to obtain the endurance data.

The cycling test is performed with the following method. The devices will
be set to on-state and off-state repeatedly by pulling in and releasing the beam.

With the pull-in voltage obtained at room temperature, the on-state gate
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voltage is set to be 9V. For every 5.2s, the gate terminals are applied with a
voltage at 9V to pull in the beam. The drain terminal is kept with a bias

voltage of 1V.
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Figure 4-24 (a) First 25s of cycling test at 300 °C, (b) zoom-in view from
8.1s to 8.3s of the cycling test. Current displace in the figures uses absolute
value.

The gate voltage will be held for 120ms and totally 10 data points of
measured current are recorded from every terminal. Then the gate voltage is
set to OV and the elastic restoring force pulls back the NEMS switch.

Approximately 2.6s after the pull-in, another off-state measurement would be
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performed; similarly 10 data points are monitored when the gate voltage is OV.
The drain voltage would remain at 1V in this case. The on-state drain current
should hit the current compliance, indicating a good mechanical contact. All
the other currents recorded should be below noise level, as they are off-state
drain current or gate current. Figure 4-24 shows data recorded in the first few

cycles.
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Figure 4-25 Cycling test data of drain current recorded at 300 °C.

Since testing is significantly slow at ~5 second per on/off cycle, only
20,000 cycles can be practically captured. The whole measurement lasts for
more than 28 hours. Every point of data is carefully examined to check the on
state and off state drain current. As shown in Figure 4-25, the off-state drain
current is kept at a noise level below 10pA and with an average of 2.8 pA

(absolute current value is used to calculate the average number).

In Figure 4-26 and Figure 4-27, either on-state or off-state, the gate current

is kept at the noise level, while there is a subtle difference between on-state
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gate current and off-state gate current. The average on-state gate current is 5.0

pA, and the off-state gate current is 2.7 pA.
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Figure 4-26 Cycling test data of on state gate current recorded at 300 °C.

It suggests a minor leakage current between gate terminal and source
terminal may exist. Since all the data is very close to the noise level, we could

not determine the accurate tunneling current.
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Figure 4-27 Cycling test data of off state gate current recorded at 300 °C.

The on-state current hits the 10nA compliance during the first 10,000
cycles. In the second half the cycling test, the drain current appears to have
data points smaller than 10nA, which indicates the contact is degraded after

10,000 cycles. High contact resistance can be expected in these cycles.
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This phenomenon does not happen in every cycle. 11.8% of the 10,000
cycles appears to have at least one data point cannot hit the current compliance.
It suggests the contact surface experience material transfer or deformation
throughout the cycling test. The gate voltage applied during the cycling test is
not high enough to form a low resistance contact when the contact surface is
not smooth. However, for each cycle, the on-state current is still several orders

larger than off-state current.

After 20,000 cycles, an I-V sweep is performed for the device, the data can
be found in Figure 4-28. The device still holds its noise-level off-state current,

in drain terminal and gate terminals. The subthreshold swing is only

2.5mV/dec.
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Figure 4-28 I-V sweep performed after cycling test at 300 °C. Current displace
in the figures uses absolute value. Drain terminal voltage is 1V during this

measurement.

The I-V sweep also shows the device cannot reach the current compliance
right after pull-in, so that a slightly higher voltage is needed for better contact.
This behavior is also consistent with the low on-state drain current in the

second half of the cycling test. However, the device still keeps the critical
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properties for NEMS switch after 20,000 cycles of high temperature cycling
testing. Two possible ways to obtain stable and low contact resistance devices
are using harder material such as tungsten to prevent contact degradation or

introducing compliant contact to increase effective contact surface area.

Similar cycling test has also been performed at room temperature for the
devices with same dimensions and also from the same wafer. The purpose of
the test is to compare the leakage current between room temperature and high

temperature.
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Figure 4-29 Cycling test data of drain current recorded at room temperature.

Thus 1500 cycles have been performed. The off-state drain current (Figure
4-29), on-state gate current (Figure 4-30 (a)), off-state gate current (Figure
4-30 (b)) are measured. The average off-state current is very close to 300 °C

measurement of 3.4 pA, 8.1pA and 3.5pA, respectively.
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Figure 4-30 Cycling test data of (a) on state gate current, (b) off state gate
current recorded for room temperature.

The leakage current data indicate off-state current will not be influenced by
the temperature up to 300 °C. We also notice this device appears to have high
contact resistance phenomenon at around 1000 cycles which indicates device

reliability might be better at higher temperature.

This phenomenon possibly comes from the following two points: 300 °C is
not high enough to obviously affect the mechanical properties of the NEMS
switches, while the moisture and contaminations absorbed on the contact
surface before measurement can be gradually removed during the high
temperature testing process, under continuously baking at 300 °C. As a result,
the NEMS switches with cleaner contact surface have shown better

performance at 300 °C than at room temperature.

A few devices are also examined in the SEM after they cycled until a low
on-state drain current level (<10 nA), but the contact surface in these devices
remains smooth (Figure 4-31). We suspect the defect on contact surface is

smaller than the resolution of SEM, and more refined tools like transmission
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electron microscopy may help to reveal the reason of large contact resistance

during cycling.

— JEOL 12/4/2013
x75,000 5.0kv LED WD 10.1mm 16:13:49

Figure 4-31 Drain contact area after cycling test, the beam is attracted by
electron charging to another side

4.7 Conclusion

An all Mo based NEMS switch has been fabricated using a one mask
process. The Damascene-like process is designed to ensure a clean, high
aspect ratio, metal-to-metal mechanical contact. With no polymer or any other
etching residual existing on the etching surface, the electrical performance is

largely enhanced.

The I-V sweep has been done for devices with different width. The

measured pull-in voltages fit with analytic prediction. The devices show an
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abrupt switching behavior with 10® on/off ratio. The contact resistance is
recorded at 2.5 kQ. Very high current of 1 mA is able to pass through the very
limited contact area. Cycling test at 300 °C and room temperature for the
smallest width devices is performed to examine the endurance of the device.
The devices work reliably for 28 hours, 20,000 cycles at 300 °C vacuum

environment without failure and measurable leakage current.

Although metal based NEMS switch shows clear advantages of low contact
resistance and low temperature process, due to the difficulties of fabrication,
only limited reports have been published. Table 4-2 shows the comparison of
recent reported metal based NEMS switch. Our Mo-based devices show not
only great advantages in high reliability and low contact resistance, it is also

the only reported case working under high temperature.

Table 4-2 Comparison of metal based NEMS switch

Reference | Contact material | Cycles | Contact Resistance Operating temperature
[119] TiN 500 No record Room temperature
[206] TiN-W 20 No record Room temperature
[204] Pt 8 10 MQ Room temperature
[229] TiN 9 ~100 MQ Room temperature
[230] W 20 ~ 100 MQ Room temperature

This work Mo >20,000 2.5kQ 300 °C
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Chapter 5 Dimension Optimization of All

Metal Based NEMS Switches

As discussed in the section 1.6, the implements of N/MEMS rely on
multiple devices working at the same time. Therefore, the process yield is
extremely important for N/MEMS switches. Unfortunately, yield of processes
has not been addressed by recent studies [112, 228, 231]. Most of the studies
only show the performance of a single device. The only data reported for the
yield of NEMS switches in [213] is merely 1.5%. Lack of stable fabrication
process becomes the major hurdle of accumulating more knowledge on NEMS

switches.

In this chapter, the pull-in voltage and process yield of the prototype
devices discussed in chapter 4 has been studied with various dimensions.
Totally 800 switches have been characterized. With the help of Damascene-
like process established in the last chapter, device optimization can be carried
out. The pull-in voltages are measured and compared to the FEM modeling as
well as analytical solution. The deviation between measured voltage and
estimated value are identified. It also includes a basic method for NEMS
switch designers to quickly identify the pull-in voltage. By examining the
dimensions with close to 100% yield, optimizations are performed with a
general rule of high process successful rate deducted. The failure mode of
other dimensions is also concluded for future references. With this knowledge,

future designs of NEMS switches can avoid the common failures.
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5.1 Dimensions

Statistical measurements of pull-in voltage and process yield has been
carried out by measuring 800 devices, which includes 500 fixed-fixed beam
NEMS switches (50 different dimensions) and 300 cantilever beam switches
(30 different dimension). The dimensions we focus on are mainly the length of
beam Lp, the width of the beam ¢, and the gap the switches ggp and gpp as

shown in Figure 5-1.
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Figure 5-1 Schematic drawing of a fixed-fixed beam switch and a cantilever
switch

These 800 devices are picked from 5 different chips across the same wafer.
Every chip contains two devices with identical dimension. Only two most
important factors, beam length and beam thickness vary, while other

parameters are fixed.

Table 5-1 Design Parameter
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Quantity Design Value
Beam length, Lg 28 pm, 32 pm, 40 pm, 60 pm, 100 um
F ixgj;qued Beam width, ¢ 300 nm, 400 nm, 500 nm, 600 nm, 700 nm
Gap, (gcs, gpB) (150 nm,100 nm), (200 nm,150 nm)
Beam length, Lp 12 ym, 14 pm, 16 um, 20 pm, 30 pm, 50 pm
cantilever Beam width, ¢ 300 nm, 400 nm, 500 nm, 600 nm, 700 nm
Gap, (gps, g6B) (150 nm,100 nm)

All parameter combinations shown in Table 5-1 are studied. Furthermore,
for the fixed-fixed beam, two addition parameters, the actuation gap, ggs, and
the contact gap, gpp, are also studied with two combinations. The selection of
these dimensions is based on the following considerations. The beam length
and beam thickness should cover a wide range. However, more dimensions of
the shorter beam length are studied, as the very long beam is expected to have
some stiction on the contact due to their low spring constants. The gap of the
devices doesn’t include a lot of combinations as usually it is decided by the

critical dimension of the photolithography tool.

5.2 Pull-In Voltage

Before electrical measurement, analytical solution and finite element
modeling are performed to estimate the pull-in voltage for each dimension.

With simple parallel-plate model, pull-in voltage of NEMS switch in vacuum

8k 3
Vpi — eff9cB (5-1)
27¢gLgw
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where w is the thickness of the beam. g, is the permittivity of the vacuum. k.
is the effective spring constant of the beam, which is related to beam type and
the electrostatic force distribution along the beam. For a more accurate k. we
consider the drain voltage is normally much smaller than the gate voltage,
with no electrostatics force from drain terminal contributed to the pull-in. For
fixed-fixed beam cases, the electrostatic force is missing in the middle of the

beam. Thereby, the effective spring constant of the fixed-fixed beam is given

by:
- 4Ewt3 (52)
II T L Ls — Lo)
where E is the Young’s module of Mo.
The pull-in voltage of fixed-fixed beam is given by:
32Et3g;
Vpi — . gGB (5_3)
27¢ggLgLp(Lp — L)

Similarly, for cantilever case, we consider no electrostatic force at the tip of

the beam:

- 2Ewt3 (54)
T 15 (4Lg — Lg)
The pull-in voltage is given by:
V.. = 16Et3gép (5-5)
pt 27eql%Lg(4Lg — Lg)
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Figure 5-2 (a) 2D simulation of a fixed-fixed beam NEMS switch. (b) 3D
simulation of a fixed-fixed beam NEMS switch.

Notice the structure layer thickness has been cancelled during the
calculation, therefore it does not have an impact on the pull-in voltage in this
model. There are a lot of assumptions for the parallel-plate model: considering
the beam has a linear spring constant, a piston-like motion where the pull-in
always occurs when deformation reaches one-third of the actuation gap;
Furthermore, no fringing field is taken into account. 2D and 3D FEM
modeling are performed for higher accuracy, using COMSOL Multiphysics
tool [189] as shown in Figure 5-2. During the simulation, a voltage difference

is applied between the two gate electrode and the beam. The voltage is
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increased from OV to calculate the deformation of the switch at each voltage,
until a voltage where no converged solution can be found. At this voltage, the

beam collapsed on the drain terminal, and we call it pull-in voltage.

The 2D model covers a very wide range of dimension, and we only did 3D
simulations of the dimensions shown in Table II. The simulation sweeps the
voltage from a smaller guessed value until convergence failure near the pull-in,
and then this voltage is recorded as pull-in voltage. The simulation generally
takes quite a lot of computational cost, as one 2D simulation takes a few
minutes and 3D simulation needs few tens of minutes using a state-of-art

workstation.

The simulation results have been plotted in Figure 5-3, Figure 5-4 and
Figure 5-5. Figure 5-3 is fixed-fixed beam device with gps=100 nm, g¢z=150
nm. Figure 5-4 is also fixed-fixed beam device, but with gpz=150 nm,
g65=200 nm, Figure 5-5 is the cantilever device with gpp=100 nm, gz=150
nm. The 3D simulation results are typically 10% lower than the 2D simulation,
which is most likely caused by the fringing field out-of-plane. Although so
many assumptions are applied to the analytical solution, it appears that by
simply adding a constant coefficient to equation (5-3) and (5-5), the analytical

solution would fit the 2D simulation very well.
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Pull-in Voltage (V)

Beam Length (um)

© Measurement Data e 2D Simulation
> 3D Simulation —— Analytical Solution

Figure 5-3 Pull-in voltage summary of fixed-fixed beam devices with ggp =
150 nm, and gpp = 100 nm, with beam length Lz, beam width 7 varies.
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Pull-in Voltage (V)

Beam Length (um)

® Measurement Data e 2D Simulation
> 3D Simulation Analytical Solution

Figure 5-4 Pull-in voltage summary of fixed-fixed beam devices with ggz = 200
nm, and gpg = 150 nm, with beam length Lz, beam width ¢ varies.
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Figure 5-5 Pull-in voltage summary of cantilever beam devices with ggz = 150
nm, and gpp = 100 nm, with beam length Lz, beam width 7 varies.
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For fixed-fixed beam:

Vo—a 32Et3g3p (5-6)
P a 27¢g0LgLg(Lp — Lg)

For cantilever beam:

16Et3g3
Vi = a - Jab (5-7)
27€0LGLB(4LB - LG)

By assigning ary = 1.26 and a. = 1.4, the deviation between analytical
solution and 2D simulation is only +2% for fixed-fixed beam and +4.5% for
cantilever across the whole simulation range. For 3D simulation cases,
assigning asr = 1.2 and a, = 1.3, the deviation is still up to 10% in some
cases. The accuracy of the analytical model is higher when Lp/f is smaller than
70, with +4% for fixed-fixed beam and +5% for cantilevers. Although the
equation is constrained to a limited range, it is still acceptable as very high
beam length to width ratio is not desired in actual design, which will be

discussed later.

With the prediction of the pull-in voltage, 800 devices are measured
individually in vacuum. The procedures are as follows: an I-V sweep starts
from OV with a 0.1V step. 10 nA compliance is given to each terminal.
Current from every terminal is monitored. Once pull-in phenomenon is
observed, the I-V sweep would be terminated manually, and typically the
device would be overdriven for 1V. Based on the measurement, we can

classify the 800 measurements into 6 different categories below:
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1. Repeatable devices: after the I-V sweep, a repeatable device
shows beam current and drain current in the opposite direction. The
gate current keeps at noise level as shown in Figure 5-6 (a). A quick
cycling test for a few tens of cycles shown in Figure 5-6 (b) verifies the
repeatability.

il. Gate to beam pull-in: in I-V sweep, the gate current raises at
the same time with the beam current or drain current shown in Figure
5-6 (¢), and no cycling behavior can be observed in these devices.

iil. Secondary pull-in: in the I-V sweep, the devices behave like the
repeatable devices at first, but it quickly shows gate to beam pull-in
right after the first pull-in as shown in Figure 5-6 (d).

iv. Stiction: in I-V sweep, the signal is identical to the repeatable
devices shown in Figure 5-6 (e). But in the following cycling
measurement and I-V sweep as shown in Figure 5-6 (f), the device has a
constant current between drain and beam even with OV gate voltage.

V. Short circuit: in I-V sweep, the drain current and beam current
appear from the beginning of the sweep.

Vi. No signal: even after very large voltage overdrive, there is no

current observed in any of the terminals.

Detail causes of the failure will be discussed later. We focus on the pull-in
voltage analysis first. In the above 6 cases, pull-in voltage can be obtained
from case 1 to case 4. All pull-in voltage data have been plotted in Figure 5-3,
Figure 5-4 and Figure 5-5, the number besides the measurement data show the

quantity of the data.
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Figure 5-6 (a) I-V curve of a repeatable device (b) cycling measurement of a
repeatable device. (c) [-V curve of a gate to beam pull-in device. (d) I-V curve
of a device to secondary pull-in. (e) First round I-V curve of a device with
stiction (f) Second round I-V curve of a device with stiction

Generally the measured pull-in voltages for fixed-fixed beam NEMS
switches are smaller than simulation when beam length is smaller than 60 pm.
In Figure 4-11, an extra sidewall exists on every edge, which will induce an
extra electrostatic force. On the other hand, when the beam length is larger

than 60 um, the pull-in voltage is much higher than expected.
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Figure 5-7 (a) The phase pattern of the fixed-fixed beams. (b) Beam deflection
of a 60 um fixed-fixed beam. (¢) The phase pattern of cantilever beams (d)
beam deflection of a 50 um cantilever.

The test structure is examined under a holographic microscope (Lyncee Tec,
DHM-R2200). The phase pattern can be found in Figure 5-7(a). For a 60 pm
fixed-fixed beam, the maximum deflection in the middle is about 220nm as
shown in Figure 5-7 (b), therefore, the effective capacitance between gate

terminal and beam terminal is much smaller.

For cantilever case, the problem become severe (Figure 5-7 (c)): the test
structure has a deflection of more than 300 nm at the point which is 12 um
from the anchor as shown in Figure 5-7 (d). As a result, only the first 12 pm
near the anchor is effectively used for electrostatic actuation, and thus the
mean value of the pull-in voltage does not decrease when the beam length

increases from 12 pum to 50 um. The pull-in voltage cover quite a wide range
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as the beam deflection varies across different positions of the wafer. We do
observe that some devices have drain to beam contact even when the beam
length is very long, which indicates that in some area the bending is much

smaller.

The deflection is induced by the stress gradient of the film deposited. We
found even after thermal annealing, excimer laser annealing and Ar plasma
treating, no uniform control effect on the deflection is achieved. Nonetheless,
if we can maintain the film thickness and keep scaling down all the other
dimensions, the deformation can be confined to an acceptable level. Fixed-
fixed beam with less than 40 um beam length is preferable. For cantilever, the
length should be smaller than 3 pm when targeting to achieve tip bending of

less than 50 nm.

5.3 Failure Mode and Process Yield

Next, we will exam the failure mode and process yield for different
dimensions. The devices have been grouped as Figure 5-3, Figure 5-4 and
Figure 5-5. The statistic on failure mode is mainly based on electrical
measurement. For the above mentioned failure mode, it is difficult to be
confirmed in the SEM directly, as a beam to gate shortage normally leads to

device melting.

114



Chapter 5

=

2NWwhONROO

Y

.......

A

0 Reeaets  eletetel  pleletetedt  retelees 9 NN afatatatet
35
15580
CHX KK
Pa%%%%"

N

o
%
= 9%,
X

-
SNWROAIONOOO

e 4 '
Y, 14X X}
"0‘ 0’0”’4

Sotagerele!

£3585)

L0058

1505050

£ ERRRRX]

2N
=
3
[
0
=
3
w
N
=
3
'S
o
=
3
(=]
o
b=
3
—
o
o
=
3

[]
N
S
S
>
3

11 111
10060 1R
8 um 32 pum t 42(,;g1nm 60 pm 100 pm 28um 32 um%ﬁo pm 100 um

=

SNWARION®OOO

YY) Repeatable NN Gate to Beam
LN stiction EEHE Secondary Pull-in

N
%/ [N No Signal REEE% Short Circuit

28pym  32pm 40pm 60 pm 100 pm
t=700 nm

Figure 5-8 Failure analysis of fixed-fixed beam devices with ggz = 150 nm,
and gpp = 100 nm, with beam length Lz (x-axis), beam width ¢ varies. Number
on y-axis indicate the count of different failure mode.

First, failure mode of fixed-fixed beam with ggz = 150 nm, and gpg = 100
nm is plotted on Figure 5-8. The devices generally show very good
repeatability with the beam width of £~~500 nm and beam length of Lz<40 pm.
Six groups of devices have a 100% process yield of repeatability with 60

devices measured.

Overall, the predominant failure mode is a gate to beam pull-in, in which
the beam cannot withstand the excessive electrostatic force and collapse on the
gate terminal, after the beam touches the drain. Two possible gate to beam

pull-in methods are shown in Figure 5-9.
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Figure 5-9 Gate to beam pull-in devices

Meanwhile, the secondary pull-in effect can be treated as a special case of
gate to beam pull-in, as after a successful drain to beam touch, a small extra

voltage makes the beam collapse on the gate.

A few stiction cases can also be observed when the beam is too long, in
which the elastic force is not high enough to detach the beam from the drain
terminal. The stiction mode is good for non-volatile memory application, but
we fail to observe consistent stiction phenomena in all switches of certain
dimensions, which means that the Van de Waal force on the contact surface
varies from device to device. Thus, a wider drain terminal should be used for

non-volatile memory devices.

Another major failure mode in this group is short circuit, it is
understandable that very long and thin beams will touch the other terminal

when the stress is high. However, the 300 nm wide beam group has a lot of
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short circuit devices. The main reason is that the etching step between Figure
4-3 (f) and Figure 4-3 (g) cannot fully etch away unwanted Mo, because the
lithography condition is a bit different in the case of 100nm wide gap and
300nm wide beam. This problem can be easily avoided by adding etching time
in logic circuit application, where the devices have similar gap and beam
width. The similar reason why some devices in that group have no signal when
the gap opens on the actuation side, is that the beam is fixed on the other side

caused by incomplete etching.
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Figure 5-10 Counts of repeatable device versus beam length to width ratio
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Most failures are closely related to the stiffness of the beam. The effective
spring constant is antiproportional to (Lp/t) *3. The process yield drops
quickly with Lp/t >70 as shown in Figure 5-10. As mentioned, in the
fabrication process after the oxide mold is prepared, decreasing or increasing
the oxide fin thickness has the similar effects on reducing the pull-in voltage.
Reducing the oxide fin thickness is more favorable, as it will also decrease the

beam length to width ratio and improve the device yield as shown above.
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Figure 5-11 Failure analysis of fixed-fixed beam devices with ggg = 200 nm
and gpg = 150 nm, with beam length Lz (x-axis), beam width t varies. Number
on y-axis indicate the count of different failure mode.

For fixed-fixed beam with ggz = 200 nm and gpg = 150 nm shown in
Figure 5-11, the dominant failure mode is the gate to beam pull-in. Even the
devices with high spring constant (small length/width ratio) face nearly 100%
collapse on the gate terminal. Compared to the previous group, all the
dimensions are the same except for the gap width. The ggp to gpp ratio is 1.33
compared to 1.5 in the previous case. Therefore, the difference between
actuation gap and contact gap is a very sensitive factor for device yield, and

maintaining a 1.5 ratio is a reasonable requirement.

Larger ggp to gpp ratio may further guarantee no gate-to-beam pull-in. As
gpp 1s usually defined by the smallest dimension available, the actuation gap

will expand accordingly causing an unwanted pull-in voltage increase.
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Figure 5-12 Failure analysis of cantilever beam devices with ggg = 150 nm,
and gpg = 100 nm, with beam length Lz (x-axis), beam width t varies. Number
on y-axis indicate the count of different failure mode.

Lastly, for the cantilever shown in Figure 5-12, compared with the pull-in
voltage figure (Figure 5-5), suffers severe bending and the curvature varies
from device to device. From the measurement, most devices experience a
direct beam to gate touch. As shown in Figure 5-13, no overlap between drain
terminal and beam exists, thus the gate-to-beam pull-in is inevitable when high
stress gradient presents. As discussed in the last section, the cantilever devices
will have better control of bending when a beam length is further scaled down

and the metal thickness is remained unchanged at the same time.
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Figure 5-13 Cantilever in NEMS switch with severe bending.

5.4 Conclusion

This chapter provides a few references to identify the dimension of NEMS
switches, and to ensure the devices have a desired pull-in voltage, less stress

issue, and high process yield.

1. This chapter begins with an analytical solution developed to estimate
the pull-in voltage, +2% deviation compared with FEM is achieved.

2. The deformation of the metal film needs to be carefully considered.
Lack of methods to eliminate the stress gradient, the only effective way

is to maintain the metal film thickness and reduce the beam length
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simultaneously. For 300 nm thick Mo film, maximum length of fixed-
fixed beam and cantilever is 40 um and 3 pm respectively.

. For certain critical dimension and pull-in voltage, a low beam length to
width ratio is required to obtain a high process yield, where Lp/t should
be less than 70

The actuation gap to contact gap ratio is also critical and should be no

smaller than 1.5.
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Chapter 6  Conclusions

6.1 Contributions of This Works

This thesis aims to solve the challenges that CMOS technology are facing
today — the increasing needs of computational ability versus the management
of power consumption. The growing demands on logic devices working in a
harsh environment and ultra-low power application also reveal the limitation
of state-of-art ICs. To achieve that end, N/'MEMS switch technology that has

zero-state leakage current and abrupt switch behavior is investigated.

In this work, design consideration and prototype devices of N/MEMS
switches are demonstrated. In particular, based on the existing works, two
major hurdles of the NEMS switch technology towards their miniaturization

are studied: high pull-in voltage and low process yield.
The key contributions of this work are summarized, as follows:

The dual SINWs based U-shaped NEMS switch shows superior outcome in
terms of low actuation voltage. We take advantage of the high electrostatic
force generated by the large capacitive paddle and high flexibility from the
single crystal SINWs. For the first time, electrostatic actuated NEMS switches

achieve a ~1V pull-in voltage.

To further extend the range of application, an all Mo based NEMS switch
has been fabricated. The goal of developing this kind of device is to achieve

the following requirements simultaneously: low temperature CMOS
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compatible process, limited mask layer used, sound reliability, low contact
resistance, ~100nm metal-to-metal gap, high temperature operation capability
and high process yield. Studies so far can only accomplish one or two

characteristics among them.

The objective is fully realized. Thanks to the all metal structural material,
the process temperature is successfully controlled under 400 °C. The
Damascene-like process provides a clean, high aspect ratio and metal-to-metal

contact surface by using only one single mask.

I-V sweep tests done for devices with different width show good
performance of abrupt switching behavior with 10° on/off ratio. Contact
resistance of the device has been measured as 2.5 kQ. 1 mA current can safely
pass through the contact area. Cycling tests at 300 °C and room temperature
for the smallest width devices are performed to examine the endurance of the
device. The devices work reliably for 28 hours, 20,000 cycles at 300 °C

vacuum environment without failure.

Statistical study of the all metal based NEMS switches is carried afterward,
several dimensions with 100% process yield are identified. The basic design
rules to obtain high process yield devices are determined. For certain critical
dimension and pull-in voltage, a low beam length to width ratio is desirable to
obtain a very high process yield, where Lp/t <70 is preferred. The actuation

gap to contact gap ratio is also critical and should be no smaller than 1.5.
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6.2 Future Directions

6.2.1 Further scaling

As the statistical study shown in chapter 5, even the devices with very high
beam length/beam width ratio need around 3V pull-in voltage, further scaling

of the dimension is critical to implement the NEMS switch technology.

In chapter 4, we have discussed the detailed process flow for the all-metal
NEMS switches. The critical dimension of the mask used for the current batch
of devices is 200 nm, with wet etching to reduce the pull-in voltage, and the
minimum actuation gap can be achieved is 100 nm. To further scale down the
device dimension, the only way is to use the lithographic tool with better

resolution.

Another aspect of device scaling-down is the thickness of the metal layer,
as discussed in Chapter 4 and Chapter 5, to keep the metal layer with certain
thickness will help to confine the deformation the beam. In that sense, the
process of forming the oxide fin needs to be optimized. Considering the fin
thickness is scaling down but the fin height needs to be maintained, the aspect
ratio of oxide fin needs to be increased. Thus, higher aspect ratio oxide etching

process needs to be developed.

The effect of scaling-down will also be changed if the metal layer thickness
w keeps constant. A few properties shown in Table 2-2 need to be altered.
However, the pull-in voltage is still scaling down with the same factor and the

switching speed will also increase accordingly. Thus, these two most
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important aspects of NEMS switches can still be favored from the smaller

device dimension. The detailed scaling properties can be found in Table 6-1.

The all-metal-based NEMS switch developed in chapter 4 and chapter 5 has
drawback of high pull-in voltage compared to the U-shaped SiNW switch
introduced in chapter 3. For laterally actuated NEMS switch, the pull-in
voltage is largely limited by the minimal feature size of the process. While
further scaling down the dimensions can not only achieve a NEMS switch
with similar operating voltage as CMOS transistor, but can largely improve

the performance of speed and energy consumption as well.

Table 6-1 The scaling properties of N/MEMS technology with constant w

Switch parameter Scaling Factor
Spring Constant, k 1
Mass, m 1/U?
Pull-In Voltage, V,; 1/U
Speed U
Device Density U’
Switching Energy 1/U?

6.2.2 Devices with different functions

The operation of N/MEMS switches is based on the control of three

different forces: the electrostatic force, the spring restoring force and the
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adhesion force. For device targeting on logic function. The spring restoring
forces are designed to be larger than the adhesion force. By changing the
dimension of the contact surface, the adhesion forces will overcome the spring
restoring force. Once the physical contact is formed, the on state will remain
even after the electrostatic force is removed. Therefore, memory devices like
NVM and one time programmable memory can be realized by simply modify

the layout without fabrication process change.

With the robust NEMS switch process developed, there is quite a lot of

space to demonstrate devices with different functions within the same chip.

Furthermore, the U-shaped SINW NEMS switches are also capable of
monolithically fabrication with SiNW transistors. The process of U-shaped
SiINW NEMS switch starts with SOI wafer, followed by SINW formation,
doping, dielectric material formation and metallization. The similar sequence
has been used for SiNW transistors fabrication[232]. Therefore, NEMS-
CMOS integration can be achieved by fabricating SINW NEMS switches and

SiNW transistors at the same time.

6.2.3 Encapsulation

Any N/MEMS device needs proper packaging to protect the devices. For
N/MEMS switches, it is important to provide a clean environment for the
operation. Vacuum level encapsulation is more favored as it ensures the
contact surface would not be oxidized over the time. Removing air also
increases the speed of the switches as the air damping is eliminated from the

surroundings.
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Figure 6-1 Proposed Process flow for wafer level encapsulated NEMS
switch

A possible process flow for wafer level encapsulated NEMS switches is
shown in Figure 6-1. An extra layer of AIN is added on NEMS switches for
insulation. After fabrication of laterally actuated NEMS switches, the metal
structure is buried with SiO; for the encapsulation. The top SiO, is planarized
by CMP, following by RIE to define the active area. A 500 nm AIN layer is
deposited by PVD and pattern for releasing hole. The devices are then released
by VHF. The sealing is conducted by 1 pm SiO, deposition. Lastly, the metal

pad is opened for Al interconnection.
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Figure 6-2 SEM image of an encapsulated NEMS switch

A test run of encapsulation process has been conducted. Figure 6-2
depicted a sealed fixed-fixed beam switch. No obvious deformation is found
on the sealing roof. All release holes are successfully sealed. The cross-section
of the cavity containing the movable beam is shown in Figure 6-3.
Unfortunately, since the cavity is cut by FIB, a thick gallium layer in
deposited inside the surface of the cavity, and buried the thin Mo layer inside.
However, we still can clearly recognize the SiO,/AIN roof supports adequate

room of the NEMS switches operation.

AIN 1nsolation

Figure 6-3 Cross-section of an encapsulated NEMS switch
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Appendix

Appendix I: Process Flow of U-Shaped NEMS

Switches
1 Laser Mark
2 Cleaning: SC 1+ 1kW Megasonic + Quick Dump Rinser +

DHF(1:200)-120s + Isopropyl Alcohol Dry

3 Implantation: BF2, 1E14, 15keV, Tilt 7, Twist 22

4 | Annealing: Implant activation (1050 °C ,30sec)

5 | Lithography: 3200 A with BARC; Dose = 54; Focus = 0.15
6 Critical dimension measurement

7 | Etching Si: 80 sec

8 | Photoresist strip (O, + N, at 250°C)

9 | Cleaning: Piranha 10 minutes

10 | Cleaning: DHF 1:100, 10s

11 | Deposition: 400 nm PECVD SiO,

12 | Lithography: 5500A without BARC; Dose = 30; Focus =0
13 | Etching SiO,: stop on Si
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14 | Photoresist strip (O, + N; at 250°C)

15 | Cleaning: Piranha 10 minutes

16 | Deposition: Argon sputtering (15 secs) + 250A-TaN + 7.5kA - Al
17 | Lithography: 2 um with BARC; Dose = 36; Focus = -0.2

18 | Etching metal: 7.5kA - Al+ 250A-TaN+ In-situ Photoresist strip
19 | Photoresist strip (O, + N; at 250°C)

20 | Metal sintering: 420 °C , 30 minutes
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Appendix II: Process Flow of All Metal Based

NEMS Switches

1 Laser Mark

2 Cleaning: SC 1 + 1kW Megasonic + Quick Dump Rinser +
DHF(1:200)-120s + Isopropyl Alcohol Dry

3 Deposition: 1 um PECVD SiO,

4 | Lithography: 3200 A with BARC; Dose = 52; Focus = 0

5 | Etching SiO;: 48s

6 | Photoresist strip (O, + N, at 250°C)

7 | Cleaning: Piranha 5 minutes

8 | Wet etching: DHF 1:7, 50s

9 | Cleaning: Piranha 5 minutes

10 | Deposition: PVD 300 nm Mo

11 | Deposition: NH3 treatment + HDP PECVD 500 nm SiO;

12 | CMP: CMP SiO; stop on MO

13 | Etching Mo: 55s
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Appendix III: Process Flow of Encapsulated

All Metal Based NEMS Switches

1 Laser Mark

2 Cleaning: SC 1 + 1kW Megasonic + Quick Dump Rinser +

DHF(1:200)-120s + Isopropyl Alcohol Dry

3 Deposition: 1 um PVD AIN

4 | Deposition: 1 um PECVD SiO,

5 | Lithography: 3200 A with BARC; Dose = 52; Focus = 0

6 | Etching SiO;: 48s

7 | Photoresist strip (O, + N at 250°C)

8 | Cleaning: Piranha 5 minutes

9 | Wet etching: DHF 1:7, 50s

10 | Cleaning: Piranha 5 minutes

11 | Deposition: PVD 300 nm Mo

12 | Deposition: NH3 treatment + HDP PECVD 500 nm SiO;

13 | CMP: CMP SiO; stop on MO
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14 | Etching Mo: 55s

15 | Deposition: HDP PECVD 800 nm SiO,

16 | CMP: CMP SiO; 500 nm

17 | Lithography: 1 um with BARC; Dose = 32; Focus = 0
18 | Etching SiO,: Stop on Mo

19 | Photoresist strip (O, + N; at 250°C)

20 | Cleaning: Post etching polymer removal

21 | Deposition: PVD 500 nm AIN

22 | Deposition: PECVD 50 nm SiO,

23 | Lithography: 1 pm with BARC; Dose = 32; Focus = 0
24 | Etching SiO,: Stop on AIN

25 | Etching AIN: Stop on SiO;

26 | Photoresist strip (O, + N, at 250°C)

27 | Cleaning: Post etching polymer removal

28 | Release: VHF for 15 minutes

29 | Deposition: PECVD 1 um SiO;,

30 | Lithography: 1 um with BARC; Dose = 32; Focus =0
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31 | Etching SiO,: Stop on AIN

32 | Etching AIN: Stop on Mo

33 | Photoresist strip (O, + N; at 250°C)

34 | Cleaning: Post etching polymer removal

35 | Deposition: PVD 500 nm Al

36 | Lithography: 1 um with BARC; Dose = 32; Focus =0
37 | Etching metal: 7500 nm Al + In-situ Photoresist strip
38 | Photoresist strip (O, + N; at 250°C)

39 | Cleaning: Post etching polymer removal
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