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Abstract

In this work a micro-electro- mechanical system (MEMYS) is proposed for radio
frequency (RF) switching applications. MEMS devices outperform the traditionally used
solid-state devices in areas such as isolation, insertionloss, and linearity. However, micro
switches suffer from high actuation voltage, lifetime limitations, and high packaging cost.
A novel micro switch design that incorporates embedded charge in a cantilever structure
can, in principle, enable low-voltage operation. This was the primary motivation for this
studly.

The experiments in this investigation explored charge injection and retention in a
tri-layer oxide/nitride/oxide (ONO) stack capacitor. High-field injection was used to
place charge within the dielectric stack. Capacitance-voltage (C-V) measurements were
performed to quantify the effective amount of charge stored. The stability of the trapped
charge was studied using elevated temperatures, indicating a room-temperature storage
lifetime of several years.

A fabrication process for a free-standing film stack membrane was aso
developed. The process was designed to be post-charge-injection, and therefore was
required to adhere to low thermal budget constrains. A masking process for deep
reactiveion etching (DRIE) was established using a thick photoresist process (AZ 9260,
trr=10pum). The fully released ONO stack proved to be mechanically robust: no damage

to diaphragms was observed during subsequent processing and handling.
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CHAPTER ONE: INTRODUCTION

1.1 Introduction

This work introduces a concept, which can address the needs of the
telecommunication industry and has a potential to advance other fields such as alternative
energy sources. The concept is based on the nonvolatile memory technology where
charge is embedded into a dielectric film stack using a high electric field. An electret film
is created as a result of this charge injection. The electret film is then released to form a
freestanding beam, whose position is controlled with integrated metal electrodes. Such a
structure is a member of a group of devices known as microelectromechanical system
(MEMS). The primary focus of this work is on radio frequency (RF) switching
applications. The proposed design may outperform existing technologies in areas such as
actuation voltage and packaging cost. This work provides background information on the
subject of RF switches, MEMS, the nonvolatile memory technology and electrets. This is
followed by a discussion of design and fabrication of microstructure and is accompanied

by experimental results.

1.2 RF MEMS in Telecommunication

The financial news journal “Microwaves & RF” reports on a study conducted by a
German-based firm Wicht Technologies Consulting [1]. The study predicts a large
market growth for radio frequency microelectromechanical systems (RF MEMS) that will

reach more than $1 billion by 2007. Some of the applications of RF MEMS include third



generation mobile phones, global positioning systems, and wireless local area networks.
One specific application example for RFE MEMS is in satellites and radar systems, where
they are used in directional antennas. RF switches in conjunction with delay line banks
allow steering of the radiated beam of electro-magnetic energy with no need to physically
move the antenna. This is accomplished by introducing phase shifts in the signal path to
individual radiating elements in an antenna array. The phase shifts provide constructive
interference in the desired direction and destructive interference in all other directions. In
such systems, RF switches are used to select delay lines corresponding to various degrees
of phase shift at the carrier frequency. For example, Figurel.l shows a three-bit phase
shifter, based on 45°90°/180° set of delay networks, which allow phase shifts of 0°, 45°,

90°, 135°,225°,270° and 315°, depending on the combination of the bits used [2].

LY ¥ 3

Antennas \

v

— 40 1

w2

in2
Delay network l

r\C<I

\ ] [/
T Individual bit

Figure 1.1: Signal transmission diagram: (a) system level view of phased-array
antennas (b) switched-line implementation [2].



This approach is more reliable and more cost effective compared to a mechanical
antenna. More importantly, it allows for rapid time division multiplexing, which is
essential in many multi-user systems including cellular networks.

Other types of phase shifters are constructed using solid-state devices such as PIN
diodes and FETs. They offer good performance at frequencies up to around 5-20 GHz
and switching time as low as 1 ns depending on the size of the device and the required RF
power handling. However, at higher frequencies around 30-100 GHz their performance
degrades due to signal losses in the solid-state devices [3]. Also, the fabrication cost of
PIN and FET designs is high due to the need for compound semiconductors such as GaAs
and InP. The use of compound semiconductors also complicates integration with other
system components, driving the cost higher.

Compared to conventional solid-state solutions, RF MEMS structures offer
performance benefits such as lower insertion loss, higher isolation, lower power
consumption and higher linearity. In addition, they have a potential for integration and
miniaturization into microsystems, and monolithic processing of MEMS and electronics
on silicon substrate could lead to further cost reduction. Therefore, RF MEMS
technology has been investigated as a viable replacement for solid-state components.

The insertion loss represents the amount of signal lost when the switch is turned
on. Usually, the insertion loss increases with frequency due to the skin effect. The degree
to which skin effect affects signal transmission depends on the frequency, permeability,
and conductivity of a medium. At low frequencies the entire cross-sectional area of a
conductor is used and no skin effect is present. As frequency increases, the center of the

medium results in higher impedance causing greater flow of carries through the perimeter



of the medium [4]. Isolation is a measure of RF signal leakage for an open switch.
Higher magnitude of the isolation parameter is desirable. Linearity is also an issue for
solid-state devices, and it can be approximately two times lower compared to RF
microswitches. Microswitches are intrinsically more linear than solid states devices due
to their passive nature combined with ‘on’ and ‘off” operation. Linearity is simply a
measure of how well the frequency content of the output signal resembles that of the
input signal, and it is represented by the third order intercept point (IP3) [5]. Higher

values of IP3 signify better linearity.

1.3 Performance Comparison of FET, PIN Diode and RF MEMS

PIN diodes [6-7], have a relatively low insertion loss compared to FETs [8], but
they consume more power and cannot be readily integrated with other electronics.
MESFETs use less power but they are expensive to fabricate. Furthermore, their
performance declines at high frequencies as a result of high insertion loss and very low
isolation. Table 1.1 provides a general overview of the performance parameters related to

RF MEMS, PIN diode, and FET switches.

RF MEMS | PIN FET
Voltage (V) 20-80 +3-5 3-5
Current (mA) 0 3-20 0
Power Consumption (mW)* 0.05-0.1 5-100 0.05-0.1
Switch time 1-300 ps 1-100 ns 1-100 ns
Cutoff frequency (THz) 20-80 1-4 0.5-2
Isolation (1-10)GHz Very High High Medium
Isolation (10-40)GHz Very High Medium Low
Isolation (60-100)GHz High Medium None
Insertion loss (1-100Ghz) (dB) | .05-.2 0.3-1.2 0.4-2.5
IP3(dBm) +66-80 +27-45 +27-45

Table 1.1: Comparison between properties of FET, PIN diode and MEMS RF switches [ 9].



Table 1.1 points out the high actuation potential, in the range of 20 to 80 V DC, for
electrostatically actuated MEMS devices. This is a major obstacle, since additional high-
voltage circuitry and a power source are required to operate these devices. However,
from Table 1.1 it is also apparent that MEMS switches offer superior performance
compared to solid-state devices in the areas of loss, isolation, IP3, and bandwidth.
Therefore, fabricating MEMS switches with lower actuation potentials is an area of

intensive research.

1.4 MEMS Technology Background

In 1959 Feynman introduced a new field of study known as system
miniaturization. He concluded that the laws of physics do not limit miniaturization;
rather, it was our ability to create miniature systems that was the limiting factor [10].
That decade Smith’s discovery of the piezoresistance effect in germanium and silicon
resulted in the fabrication of piezoresistive sensors for stress, strain, and pressure analysis
[11]. In 1966 H.C. Nathanson and his colleagues were the first to monolithically integrate
micromechanical structures with electronics using a silicon-based process [12].

Currently, a variety of sensors and actuators are available employing a number of
actuation mechanisms. The most common mechanisms are piezoelectric, electrostatic,
thermal, and electromagnetic. These methods are found in applications related to the
automotive, medical, biotechnological, ink jet printing, magnetic data storage, digital
image projection, and telecommunication industries. Each method has certain advantages
and disadvantages, which determine its suitability for specific applications. The following

section offers an overview of each actuation technique. The primary focus is on the



electrostatic method, and it will become apparent that it is best suited for switching of RF

signals.

1.4.1 Electromagnetic Actuation

Electromagnetic actuation is based on the Lorentz force. By applying current
through a long wire, which has been wound many times into a tightly packed coil, a
magnetic field is established that is perpendicular to the plane of the wire loop as shown
in Figure 1.2. Due to the magnetic field, the ferromagnetic cantilever and the rest of the
structure become magnetized and the air gap between them is reduced. This provides a
closed path for the magnetic flux to travel and lowers the beam. Once the current is

turned off, the spring constant of the beam restores it to its original position.

Figure 1.2: A cross section of electromagnetic actuator demonstrating the effect of magnetic flux.

Figure 1.3 shows a top view of a micro-electromagnetic switch. The three circular
structures are pancake electromagnetic coils. The long and wide rectangular structure is a
ferromagnetic cantilever beam, and the two squares are contact pads. The
electromagnetic actuators offer large force and displacement. These electromagnetic

actuators can produce forces into the milli Newton range, depending on the coil current.



Figure 1. 3: Electromagnetic microswitch [13].

1.4.2 Thermal Actuation

There are various types of thermal actuators the most common of which are shape
memory alloys (SMA) and bimorphs. The shape memory alloys are materials that have
the ability to return to a predetermined shape when heated. They can be deformed when
cooled. SMA materials like NiTi, CuZnAl, and CuAINi experience two phases known as
martensite and austenite in their solid state (see Figure 1.4). The martensite phase occurs
at lower temperature. In that phase, the material becomes twinned and can be easily
deformed. When the material is heated up, it transitions to the austenite phase. The atoms
rearrange themselves to reach the minimum energy state and eventually lead to a shape
change on a macroscopic scale. For most shape memory alloys a temperature change of

only about 10°C to 20°C initiates the atomic rearrangement [14].
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Figure 1.4: The martensite and austenite phases [15].

The bimorph effect is caused by thermal expansion of two materials. When the
two materials are heated they expand laterally and unevenly due the mismatch in their
linear coefficients of expansion. Since they are fused at their interface, elongation will
induce a gradient stress across the bi-layer. As a result of the stress in the bi-layer the
structure will bend. Once the temperature returns to its initial value, the beam returns to
the equilibrium position. Bimorph actuators typically produce high actuation forces and
appreciable deflection. Figure 1.5 shows an example of the bimorph valve made of nickel

and silicon.
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Figure 1.5: Cross section view of a bimorph valve at close and open position [16].

1.4.3 Piezoelectric Actuation

Piezoelectric devices convert mechanical force into induced voltage and vice
versus. The piezoelectric effect occurs in certain dielectric crystals such as quartz.
Quartz in its equilibrium state has no potential difference. Once pressure is applied to the
crystal, its unit cell gets distorted as shown in the Figure 1.6. The distortion induces an
electric polarization, and as a result all unit cells become electric dipoles creating a
potential difference across a particular face of the crystal. The advantage of piezoelectric
materials is that they directly convert mechanical forces such as pressure or vibration into

electrical signals. Also, their response time is measured on the order of microseconds.
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Figure 1.6: Piezoelectric Crystal Relaxed and under Compression [17].

There are typically used in situation involving dynamic strains of an oscillatory nature
like micromotors, pumps and acoustic sensors. Piezoelectric devices usually made of

exotic material like lead zirconate titanate (PZT) or lead magnesium niobate (PMN).

IDT electrodes

unimorpha actuator

transmission
substrate lines

Figurel. 7: An example of piezoelectric microswitch [18].
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1.4.4 Electrostatic Actuation

Electrostatic actuation is based on Coulomb’s law of attraction between positive
and negative charges. Consider a parallel plate capacitor with two constrained metal

plates.
r Z
d I/ i

Figure 1.8: Parallel-plate capacitor.

Based on these assumptions, the capacitance in Figure 1.8 is defined as

C =

(1.1)

<|Q

“
d

where Q represents the charge magnitude on each plate, V' is the potential difference, ¢ is
the permitivity of the dielectric in the space between the plates, d is the distance
separating the plates, and 4 is the area of each plate. The electrostatic energy U stored in
the capacitor is defined as

U=%CV2 (1.2)

The force between the two plates is governed by Eq.1.3.

_ou
0z

F= (1.3)

where F' denotes the electrostatic force between the two parallel plates, and the potential

energy is differentiated with respect to the motion in the z direction. Substituting Eq. 1.1
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and Eq.1.2 into Eq.1.3, an expression for the force can be derived for this system, as

shown in Eq. 1.4.

2
F=8AV2
2z

(1.4)
This equation applies only if the gap between the two plates is much smaller than the area
of the two plates, such that the fringing fields can be ignored. Also, it is assumed that the
electric field is constant.

Various design geometries of electrostatic actuators are possible, such as
cantilevers [19], motors [20], and comb drives [21]. Their popularity stems from their
low power consumption, fast response, and ability to be integrated with solid-state
devices. One example of an electrostatic actuator is a three terminal microswitch shown
in Figure 1.9. The cantilever is made of metal and is connected to the source pad. Signal
is passed from source to drain once the switch is lowered, and the contact tip touches the

drain. The gate pad controls the motion of the beam [19].

Gafe
- Pad
Drain SDLI Iica
Pad Pad

Comél:nc‘r

Tip Beamn

Crain Gate Source

Figure 1.9: A top view and cross section view of an electrostatic Switch [19].

12



1.4.5 Summary of the Actuation Mechanisms

Currently, microswitch designs implement electrostatic [19], thermal [22],
electromagnetic [13] and piezoelectric [23] actuation mechanisms. However, electrostatic
actuation is the most prevalent technique at present time. This is due to its low power
consumption, which is approximately zero at steady state conditions, as well as small
electrode size and short switching time. Table 1.2 summarizes some of the important

performance aspects of these different actuation mechanisms.

Voltage Current Switching | Power Size

(V) (mA) time (us) | (mW)
Electrostatic 20-80 0 0 1-200 Small
Thermal 3-5 5-100 0-200 300-10,000 | Large
Magnetostatic | 3-5 20-150 0-100 300-1,000 Medium
Piezoelectric 3-20 0 0 50-500 Medium

Table 1.2: Performance summary of different actuation mechanisms [ 9].

For example, thermal actuators are capable of large deflections. Their performance is
based on how quickly they can heat up and cool down. Therefore, heat dissipation limits
their response time. Typical speeds range between 1 kHz and 10 kHz. They are also
power inefficient due to Joule heating [24].

Piezoelectric actuators are capable of response time in the range of low MHz,
which is comparable to electrostatic devices [25]. Unfortunately, they offer very small
displacement. For example, a high stress of 35 MPa generates a strain of only about 0.1%
[18]. Also, in most cases they require deposition of exotic ceramics such as lead-
zirconate-titanate, which raises manufacturing costs.

Electromagnetic actuators are capable of generating large forces, but they cannot
be easily miniaturized. Also, they are power inefficient compared to electrostatic devices.

Manufacturing of electromagnetic actuators is more complicated due to the structure of
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the magnetic windings and the metallic core. As in case of piezoelectric films,
ferromagnetic materials are not commonly used in IC integrated circuits, which

contributes to higher fabrication cost.

1.5 Electrostatic Microswitches

Electrostatic microswitches are categorized by the type of signal coupling and by
their configuration in a circuit. There are two types of signal coupling: capacitive and
resistive. A resistive switch, also referred to as DC-contact switch [3], operates via direct
metal-to-metal contact. It consists of two discontinuous signal lines and a movable
cantilever beam. The cantilever has a metal contact that closes the circuit when it is
lowered (refer to Figure 1.10). The ohmic contact between the metals allows direct
current (DC) as well as high frequency signals to pass. Broadband signal capability is a
great advantage of this technology. The shortcomings include limited lifetime of metal
contacts. Figure 1.10 shows an example of a resistive RF microswitch designed and

manufactured by Motorola.

DC contact

*. Pull-down
Substrate electrode

Substrate

Figure 1.10: Resistive RF Micro Switch [27].
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A capacitive switch has a dielectric material and an air gap separating the
cantilever and the bottom electrode. The air gap varies as the beam is actuated, which
leads to changes in the capacitance between the signal line and the bottom electrode. In a
shunt configuration, a large capacitance shunts the signal to ground at high frequencies
while a small capacitance allows most of the signal to pass. The advantage of the
capacitive switch is longer device lifetime, since there is no contact surface degradation.
Capacitive switches can last five to ten times longer then resistive switches [4,8], but they
lack low frequency capability. Figure 1.11 shows an example of a capacitive switch

designed by Goldsmith et al [28].
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Figure 1.11: Cross section and top view of a capacitive RF Micro Switch [28].
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Either a resistive or a capacitive microswitch can be connected in a shunt or in a
series configuration with the signal line. As illustrated in Figure 1.12, in the series
configuration the switch needs to be ‘on’ for the signal to pass, and in the shunt
configuration the switch needs to be ‘off” for the signal to pass. Figure 1.10 shows an

example of the series configuration and Figure 1.11 illustrates the shunt configuration.

—|

S
%

Series Configuration Shunt Configuration o _:; o

Figure 1.12: Two possible configurations of a microswitch with a circuit

1.6 Challenges of MEMS

MEMS devices such as the electrostatic microswitch offer many benefits
including no static power consumption, low signal losses and small size (compared to
the currently used solid-state devices). Their primary drawback is the need for high
actuation voltage. Other challenges include life cycle, packaging, and final unit
manufacturing cost. Lifetimes of MEMS switches are shorter compared to solid-state
devices, which can withstand over 100 billions cycles. In case of resistive switches an
abrupt failure occurs after about 10 million cycles for hot switching (assuming 40mA
signal current) and nearly 100 millions cycles for cold switching [26]. Hot switching
refers to opening and closing of a switch with a signal passing through the contact and

often through a specified load. Cold switching refers to switching without any signal
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applied to the electrodes. The major failure mechanism for resistive switches is the
degradation of the contacts. The contacts become pitted and harden due to the impact
force during switching. Also, environmental contamination of the contacts reduces their
performance. Some capacitive switches have exceeded a 1 billion-cycle mark [4]. In case
of a capacitive switch, stiction is the major failure mechanism. Stiction is the undesirable
tendency of small parts to adhere to one another. There are several causes for this
unwanted adhesion including contamination, friction, Coulombic attraction, capillary
action, and van der Waals forces. Also, charge injection into the dielectric, which can
occur during the operation of a capacitive switch, is a problem. Depending on the
polarity of the injected charge, the beam can either stick or result in an increased
actuation voltage. Packaging and unit price are the greatest challenges of today’s MEMS
technology. Even if the device processing cost is low, the packaging can account for 60%
to 90% of the total cost of a MEMS product [6]. Currently, MEMS packaging is done
using epoxy glass, glass-to-glass anodic bonding or gold-to-gold bonding. A drawback of
the epoxy glass is the outgassing of the sealing material. Another problem is the high
temperature of 300-400°C required for the sealing process, which can affect microswitch

properties and cause a premature device failure [4].

1.7 Motivation

The proposed electrostatic microswitch offers a possible solution to the issues of
high actuation voltage and device packaging by utilizing embedded charge technology
and self-packaging of the device. Using embedding charge to create electrets in MEMS is

not a new idea, but creating electrets by applying the same technology used to
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fabricatenonvolatile memory is quite novel, and it offers endless possibilities for RF
switches and other MEMS applications. As mentioned earlier, an electret is a device
which can retain electric charge for some amount of time.

The primary difference between the proposed design and the current designs for
electrostatic RF microswitch is the charged cantilever. The charge embedded in the
cantilever allows control of the deflection of the beam by an external voltage. When a
voltage is applied between electrodes, the beam becomes attracted toward the lower
electrode and closes the switch gap with the contact, allowing a signal to pass through.
By reversing the polarity, the beam will repel the charged cantilever opening the switch

(Refer to Figure 1.13).

Figure 1.13: MEMS switch based on embedded charge concept using a bi-layer film
stack for the cantilever.

The benefits of this device address some of the issues related to MEMS
technology. For instance, by using standard CMOS fabrication materials such as SiO, and
SixNy integration and low cost manufacturing are possible. Also, the device is designed
to be self-packaged within a hermetically sealed chamber created during fabrication. The

embedded charge switch also offers good control over the beam position, which mitigates
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the effects of stiction. Most importantly, the device will actuate at lower voltages

compared to the present day MEMS devices.

1.8 Thesis Overview

This thesis consists of four main parts: background, theory of the design,
manufacturing of the device and study of high field charge injection. Chapter 1 examines
current designs of microswitches. It explains the motivation for the work presented here.
Topics such as electrets and nonvolatile memory devices are described in Chapter 2.
Also, background information about charge transport mechanisms is provided in this
chapter.

Chapter 3 provides the results of the high field charge injection experiments.
Chapter 4 focuses on the theoretical analysis of the performance of the electret device.
Chapter 5 presents processing details related to the fabrication and the final testing of the
device. Chapter 6 concludes this work, summarizes the key findings, and provides

recommendations for future work.
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CHAPTER TWO: CHARGE WITHIN INSULATORS

2.1 Introduction

The proposed design of the RF microswitch is comprised of a free-standing
electret. The electret is created with oxide and nitride film stack employing the same
charge embedding technique, which is commonly used in fabrication of nonvolatile
memory devices. In the following chapter some background information is provided on
electrets, nonvolatile memory technology, and charge transport mechanisms to facilitate
better understanding of the design, fabrication, and operation of the proposed RF

microswitch.

2.2 Electrets

Dielectric materials, which retain electric charge for a period of time are referred
to as electrets [1]. One of the early applications of electrets was in audio microphones.
Currently, a variety of materials are available for creating electrets and they address a
broad range of applications. A few examples include a polymer electret, a photo-sensitive
electret, and a piezo-ceramic electret. Some of the typical applications of electrets
include converting mechanical motion into electricity [1], which is the principle used in
audio microphones and will likely find use in nano-scale energy harvesting devices.
Other areas where electrets have been used with considerable success include filtering of
contaminates [2], lubrication, protective coatings, or as a sealing material [3]. They are

also found in the biomedical industry [4].
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The first electrets were demonstrated in 1919 by Eguchi [5]. They were produced
by melting a mixture of carnauba wax, rosin, and bee’s wax and cooling it under a static
electric field until it solidified. Such electrets were shown to retain the charge at their
initial value (10” -10™* C/m?) for three years [5]. Eguchi’s technique of making electrets
is referred to as thermal heating. This process offers great stability not only on the surface
but throughout the bulk of the dielectric, and can be even applied to some non-polar
materials like Teflon. The drawbacks of this method are non-uniformity of the lateral
charge distribution and the charging speed. There are other techniques of charging and
polarizing of organic and inorganic dielectric materials such as contact electrification,
which occurs when two dielectrics in contact with each other are in motion relative to
each other. Rubbing of two plastic rods is an example of contact electrification. The
charging occurs due to electron transfer from one insulator to another. This technique of
charging is not popular due to the lack of accurate reproducibility.

Isothermal charging is yet another technique, that depends on electron discharge
through an air gap, commonly known as corona charging. The advantages of this method
lie in simplicity of the set up and the charging speed. The primary drawback is a large

lateral non-uniformity if a special grid electrode is not used.
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Figure 2.1: Schematic representing corona charging system

Another charging method is based on electron beam injection. As an electron beam
strikes the surface, the electrons penetrate the material while scattering within the sample.
During the penetration secondary (SE) and backscatter (BS) electrons are generated as
shown in Figure 2.2. The secondary electrons exhibit a relatively small energy of 50eV
[6]. Some of the secondary electrons escape from the sample and some are trapped close
to the surface while all of the backscatter electrons escape from the sample. Due to
scattering, the primary electrons (PE) slow down enough to become trapped, resulting in
a negatively charged dielectric. The electron beam technique offers a reasonable degree
of control over the lateral charge distribution by controlling the energy of the injected
electrons via the applied electric potential. Both electron beam and isothermal charging

are some of the most popular techniques used for producing electrets [7].
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Figure 2.2: Illustration of electron penetration within 1000A of oxide film using Casino v 2.42

program. The e-beam potential was 1kV, and the beam diameter was 1nm.

2.3 Nonvolatile Memory

The first nonvolatile memory device, which was based on metal-oxide-metal-

oxide-semiconductor (MIMIS) configuration, was proposed by Kahng and Sze in 1967

[8]. The initial oxide was very thin (less than 50A) to allow direct tunneling of electrons

from the silicon substrate into the floating gate. The electrons then remained on the
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floating gate, since they were insulated by a second, much thicker oxide layer (Figure
2.3). When the potential was removed from the control gate, the field within the thin

oxide was too small for back tunneling to occur, and therefore electrons were trapped.

Tloating control gate

gate

A
L__L’%—Jcﬁ—mped si

Figure 2.3: MIMS device

Unfortunately, pinholes in the thin oxide layer, which were unavoidable due to the
manufacturing limitations at the time, led to charge leakage. This major obstacle was
solved by Frohman-Bentchkowsky in 1971 where a thicker oxide and a polysilicon
replaced the tunneling oxide and the metal floating gate (Figure 2.4). Instead of direct
tunneling, avalanche injection mechanism, which will be explained in section 2.4,
allowed charge to be trapped in the polysilicon floating gate. Changing the state of the

device was possible using the control gate [9].

control gate

floating N — - . /,/_|

Si0,

i e G

Figure 2.4: Floating gate nonvolatile memory device [10].

Almost concurrently another device using a metal-nitride-oxide-semiconductor
(MNOS) configuration, was introduced by Wegner [10]. It was made of thin oxide and
nitride films, and a metal gate (Figure 2.5). The nitride and oxide-nitride interface

contain many trapping centers where charge can be captured and retained. Even if the
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oxide proved to be leaky, some charge would remain due to the deep traps in the oxide-
nitride interface and the nitride film.
gate
S\0p . Bl

L

Si

Figure 2.5: Cross section of a MNOS device [10].

Additional development led to the design of a polysilicon-oxide-nitride-oxide-silicon
(SONOS) device (refer to Figure 2.6). The additional oxide layer prevented charge
injection into nitride during the erasing step. The SONOS device also offers higher trap
charge density compared to the MONS device due to its oxide-nitride-oxide stack and its
interfaces. It also provided pinhole coverage, which might be present in the thin nitride
layer. With the additional interface between the top oxide and the nitride, thinner nitride
films were possible, which allowed lowering of the operational voltage for the SONOS
device [11].
ONO

G triple
' dielectric

T p-substrate T

Figure 2.6: Cross section of a SONOS device. Tunneling oxide thickness (Xor) 2 nm, storage nitride
(X\) 4.5nm and blocking oxide (Xogp) 5.5Snm. Injection voltage of 10V and erasing voltage -9V [11].
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2.4 Charge Transport Mechanisms

In an ideal insulator the conduction of the film is assumed to be zero. However,
in reality given high enough electric field and/or temperature, a finite carrier current is
present. The current in a given material depends on the dominant conduction mechanism
present at given conditions as well as on the properties of the film. Figure 2.7 presents a
plot of current density versus temperature for three different films (Si0,, Al,O3, Si3Ny) at
a constant electric field. From this plot the transport mechanism at different temperatures
can be determined. In the case of Si3Ny4, there are three regions of current conduction. J1
region is due to Frankel-Pool emission, J2 is due to the tunnel emission such as Fowler-
Nordheim tunneling, and J3 is due to ohmic conduction [9]. Similarly, Al,Os film
illustrates three regions of current conduction similar to SisNy4 Finally, SiO, film shows
some conductivity, which is lower by many orders of magnitude compared to either SisNy

or ALO; films.
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Figure 2.7: Current vs. temperature relationship for various dielectrics ( SiO,,
ALO;, SizNy) [9].
At room temperature and high electric field, Frankel-Poole emission transport

mechanism dominates in silicon nitride film [9]. The expression representing Frankel-

Pool emission is defined in Eq. 2.1.

J~Eexp{kiT((Db ~ JqE 7z, )} @.1)

where J is the current density, @, is the energy barrier of the trap, E is the electric field, ¢;
is the permittivity of the insulator, 7 is the absolute temperature, & is Bolzmann’s
constant, and ¢ is the charge of a single electron. As Eq. 2.1 demonstrates, the current
density is associated with thermionic emission and a field-induced barrier lowering of the

trap sites [12]. A trapped charge with a sufficient amount of energy can overcome the
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energy barrier of the trap site and jump into the conduction band, where it can drift due to
an electric field. However, once it loses energy it can become trapped again. Figure 2.8

illustrates how a trapped charge propagates through the film.

Figure 2.8: Illustration of Frankel-Pool emission where field-induced barrier
lowering allows thermally energized charger to escape.

Another transport mechanisms present in Si3N4 film is charge-hopping conduction
also referred to as ohmic conduction. It dominates at moderate to high temperatures and
at low electric fields. The current flow is due to thermal excitation of charges, which hop
from one trap site to the next. The current density depends on the density of defect states
and their energy distribution. If the localized states are at the band tail states, the ohmic

conduction mechanism follows the expression below [13].

- E
J~E exp(—a] (2.2)
kT

where E, is the activation energy for electron excitation. Figure 2.9 depicts the charge-

hopping transport mechanism, where trap sites are located close to the conduction band.
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Figure 2.9: Illustration of charge hopping conduction where trap sites are
close to the conduction band.

In case of Si0O, film, the main charge transport mechanism is by charge injection.
This is a result of the wide bandgap of 9 eV and low trap charge density found in SiO;
compared to SizsNy film. There are two types of mechanisms that can feasibly provide
charge transport through SiO,. One is based on quantum mechanical tunneling, and the
other one is based on hot electron injection.

The main tunneling mechanisms are Fowler-Nordheim tunneling and direct
tunneling. Fowler-Nordheim tunneling dominates at high electric fields and low
temperatures. High electric field introduced at the electrodes results in stretching of the
bandgap of the dielectric. The stretching distorts the bandgap into a triangular barrier
effectively producing a much smaller gap thickness. This is represented as tr in Figure
2.10. The stretching of the bandgap allows charge to tunnel into the conduction band of
the film. Once in the conduction band, the charge gets swept by the electric field.
Variablet,y represents the undisturbed oxide band gap thickness, and @3 represents the

energy barrier.
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Figure 2.10: (a) equilibrium state (b) Fowler- Nordheim tunneling

The following expressions characterize the Fowler-Nordheim tunneling mechanism [14]

J=aE’ exp[%} (2.3a)
_ 3(m/m*) (2.3 b)
8¢, '
B = Sz “23’”;% (2.3¢)
q

where / is Planck’s constant, 7 = 2— , m* is the effective mass of an electron in the band
Vs

gap, m the electron rest mass, ¢ is the chare of a single electron, @, is the energy barrier
at the injecting interface, and E is the electric field applied across the dielectrics.
Assuming @, -3.80 eV and m/m* =0.26 for SiO, film, the values for a and f are

1.57x10°° A/V? and 257 MV/cm respectively [15].
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The direct tunneling dominates for low gate voltages and very thin films. In direct
tunneling, the charge tunnels directly through full oxide thickness into the empty state in
the following material. Figure 2.11 illustrates charge tunneling from conduction band of

silicon into the conduction band of silicon nitride.

Si Oxide’ SizNy
— | >

Figure 2.11: Direct Tunneling through thin SiO,.

Hot carrier injection appears in floating gate nonvolatile memory devices, and it is
observed in short channel MOSFETs. It can also affect bipolar transistors and diodes.
The hot carriers ( a.k.a. avalanche injection) enable charge injection across as much as
1000 A of gate oxide [16]. The injection process begins with production of the hot
carriers. It is accomplished by driving a MOS capacitor into deep depletion by applying a
high frequency AC signal, to prevent minority carriers from following (refer to Figure
2.12 (d)). As the amplitude of the AC signal increases, so does the band bending at the
silicon interface. When the electric field intensity at the silicon interface becomes
sufficiently high, avalanche breakdown occurs. At that point the carries have a sufficient
amount of kinetic energy to cause impact ionization. A plasma of electron-hole pairs is

created, where a small number of the minority carriers have enough energy to surmount

33



the interfacial energy barrier and get injected into the oxide. Figure 2.12 illustrates the

cycle of charge injection using an AC signal [16].

Field 1n Oxide

ey

time

/.
=

Figure 2.12: Diagram illustrating principles of avalanche injection: (a) voltage applied onto the gate
at different stages of avalanch injeciton (b) band diagram at the initial state T=0, (c¢) band bending
due to electric field at T;, (d) creation of a electron-hole pair and charge injection at T,. Reprint of
Nicollian and Brews [16].

2.5 Charges within the Dielectrics

Presence of trap sites within dielectric films is caused by many factors such as
film properties and processing conditions. Understanding the origin of trap sites is

important in selecting the specific technology for a given application.

2.5.1 Charge in Silicon Nitride

Silicon nitride (Si3N4) possesses excellent properties for charge trapping. It has

amphoteric traps [17], which means that both types of charges have an equal probability
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of being present in the film. The traps are distributed across the entire dielectric. As a
result, silicon nitride provides a large capture cross section for both types of charge. The
approximate value of dangling bond concentration in CVD nitride film is ~10" cm™ [18].
A benefit of SizNy is that it is impermeable to mobile ions, such as sodium.

Traps in silicon nitride are formed during the deposition process and are attributed to
dangling bonds and bandgap states in the film. Deposition parameters such as
temperature have a significant effect on the concentration of hydrogen in the film.
Hydrogen effectively passivates dangling bonds lowering the trap site density. CVD films
deposited at higher temperatures (above 900 °C) show 4%-10% concentration of =SiH
units, whereas films deposited at lower temperatures can contain up to 30% of chemically

bonded hydrogen [19].

2.5.2 Charge in Silicon Dioxide

The density of trap sites within silicon dioxide depends on fabrication of the film.
Films deposited at low temperatures using LPCVD process are of lower quality and
lower density. They have a higher number of traps due to their amorphous structure and
therefore more defects such as dangling bonds. Thermally grown SiO; is of higher quality
compared to a deposited film; however, it too contains some defects. They are caused by
thermal processes present in IC fabrication and by imperfections of the silicon crystal,
which cause defects in thermal SiO,. These and other effects contribute to charge
trapping in the SiO, There are four types of charges present in SiO; films: fixed charge

Oy, mobile charge O,,, oxide trapped charge O, and interface trap charge Q.

35



o O @©) .
o« o O e X —~_»° sio,

@ ® O

@ \»\G) o* ++. ©
I---gI .h"l'h.i- I-.-*I 5“"&;- I-.-*I

L"‘& b?H’ 1‘-‘;{ 4]1‘."1:1&. b?H' 1‘-*4: ﬁjt I|J..

‘.”1 "| 1‘.”1 "| 1‘.”'.

Figure 2.13: Charge and their location for silicon dioxide film. (a) fixed charge, (b) mobile charge, (c)
interface trapped charge, (d) oxide trapped charge, Reprint after Deal[20].

The fixed charge is generally positive, and it is located approximately 30A away
from the Si-Si0; interface. As the name indicates the fixed charge cannot be altered with
applied potential. It is created primarily due to structural defects in the oxide layer. The
charge density depends on processing conditions such as oxidation ambient, temperature,
cooling conditions, and silicon orientation. Figure 2.14 illustrates the inverse relationship
between the final oxidation temperature and the fixed charge density. Higher
temperatures result in lower charge density. It is also possible to reduce the charge at
lower temperature by annealing the oxide wafer in a nitrogen or argon ambient. The

fixed charge density is in the range of 1x10"" to 9x10"'cm™[21].
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Figure 2.14: “Deal triangle”, plot of heat treatment and its effect on reducing Q[21].

Mobile charge results from ionic impurities such as Na+, Li+, K+ and possibly
H+. Another source of mobile charges is heavy metal impurities. They are located at
either the metal-SiO, interface or at the SiO,-substrate interface and when electric field is

present these ions drift. This drift occurs because the ions are mobile in relatively low
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temperatures. The following experiment preformed by Yon et al. illustrates mobile
charge distribution within 5400A of oxide before and after temperature bias stress. An
etch-off technique was used to determine charge density at different thickness. Figure
2.15 (a) illustrates the final charge distribution within the oxide. To confirm results an
electrical test was performed. Figure 2.15(b) shows the C-V plot of the oxide before and

after the temperature bias stress. The charge density was ~1x10'? cm™ [22].
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Figure 2.15: (a) Sodium profile within oxide, (b) C-V curve illustrating the before
and after bias-temperature drift [22].
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Interface-trapped charges are at the boundary of the substrate and SiO, They are
a result of structural defects such as interruptions at an interface of two materials and
bond breaking processes such as radiation and oxidation. The polarity of the charge can
vary with gate bias and their energy levels are distributed throughout the band gap.
Figure 2.16 illustrates a distribution of interface-trapped charge density over the energy
spectrum of thermally grown SiO; on (111) and (100) silicon substrate. The interface
states above the midgap are considered to be acceptor-like, since they are negative when
filled with electrons and neutral when empty. On the other hand, donor-like interface
states are neutral when filled with electrons and positive when empty [23]. Also a much
higher interface-trapped charge density is observed closer to the conduction and valance

bands. Typical interface trap charge densities are in the range of 10'°to 10'2 cm™ [24].
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Figure 2.16: Distribution of interface trapped charge density over the energy
spectrum of thermally grown SiO, on (111) and (100) Si substrate[23].
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Oxide-trapped charge is found in the bulk of the SiO,, and it can either be positive
or negative. The most common sources of oxide-trapped charge are hot electron or hole
injection, ionizing radiation, or Fowler-Nordheim tunneling. In addition, ion implantation
can also lead to oxide-trapped charge [25]. Another source of charge in the bulk oxide is
attributed to H,O. Traps related to H;O molecules are present in all thermally grown
SiO; films. The traps are neutral during and after the oxide growth and they cannot be
detected until electron injection. Injected electrons initiate a chemical reaction by

breaking H,O, which produces negatively charged centers and hydrogen [26].

2.6 C-V Measurements

Capacitance-Voltage (C-V) measurements are common for characterizing charge
within MOS and MOS-like structures. C-V measurements work by applying a DC gate
voltage with a superimposed small AC signal of varying frequency. The DC gate voltage
changes slowly to obtain a continuous curve showing regions of accumulation, depletion,
and inversion. The charge variation due to the AC signal gives rise to a measurable
capacitance, as given in Eq. 2.4, where QO represents the semiconductor charge, V

represents gate voltage, and C represents the capacitance.

__99
T (2.4)

Accumulation region (Figure 2.17) for the n-type metal-oxide-semiconductor
capacitor (MOS-C) occurs when a positive voltage is applied to the gate. The positive
polarity causes majority carriers to be attracted toward the gate. Due to the presence of

dielectric the carriers accumulate at the Si-SiO, interface. In the accumulation region the
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capacitance is constant and represents the oxide capacitance Cpax from which thickness
of the film can be extracted.

A depletion region results when the gate voltage in the n-type MOS-C moves
toward negative values. The negatively biased gate electrostatically repels majority
carriers from the silicon interface. The carrier-depleted area creates another capacitor.
As a result, there are two capacitors in series, one due to the oxide and another one due to
the depletion layer in the substrate. As the voltage decreases further, the depletion zone
penetrates more deeply into the semiconductor, decreasing the total capacitance.

As the gate voltage decreases beyond the threshold voltage of the n-type MOS-C,
there is an accumulation of minority carriers at the Si-SiO; interface creating an inversion
layer. In this stage, at low frequencies the total capacitance is the same as in the
accumulation region, but at high frequencies the relatively sluggish generation-
recombination of minority carries will not be able to respond to the fast varying AC

signal, and the depletion region remains fixed at its maximum thickness.
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Figure 2.17: C-V curve example for n-type MOS-C.
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Chax can be obtained from the C-V curve in Figure 2.17, or it can be calculated

using Eq. 2.5. If the dielectric is silicon oxide, the C,,4 1S
C =22 (2.5)

where C,, is the oxide capacitance (F/cm?), g, 1s the permitivity of the oxide film, and ¢

1s the thickness of the dielectric. If there is more then one dielectric film, C,,., 1S a series

combination of capacitances made of individual dielectric layers as shown in Eq. 2.6:

-1

1 1
C =|—+ 2.6
max [C C J ( )

ox other

where Comer represents the capacitance due to the other film. C,;, is the combination of
Chaxand Cyep, capacitance:
CmaxC €]
C. =|—xdr (2.7)
Cmax + Cdep

where Cyg, 1s the depletion capacitance in the semiconductor, which in turn is defined as:

g
Cdep W

dep

N

(2.8)

where ¢, is the permitivity of the substrate, while Wy, is the substrate depletion width,

which can be calculated using Eq. 2.9. Eq. 2.9 represents the maximum depletion width

for any given doping concentration N.

(2.9)

In the above equation ¢, is the Fermi potential of the substrate. In case of an n-type

doped substrate ¢, is:
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kT N
¢, = —71n(n—d} (2.10a)

1

and in case of a p-type doped substrate ¢, is:

kT . (N
P z—ln[ j (2.10b)
qg \n

1

where Boltzman’s constant k =1.38x10% J/K, T is the temperature in degrees Kelvin,
g=1.606*10"" C is the charge of an electron, N, and Ny are the doping concentrations of
the substrate, and n~= 10'° ¢m™ is the carrier concentration in intrinsic semiconductor at
the room temperature.

Flatband voltage V3 is the external voltage applied to cancel the built-in potential
of the MOS capacitor. As a result, all energy bands are flat and the total potential of the
system is zero. It is defined by a work function difference, fixed charge O, mobile charge
On, oxide trapped charge Q,, and interface trap charge Q;. The fixed charge and the
interface trap charge are fixed in space and are close to the Si-SiO, boundary. The mobile
charge and the oxide trap charge may be distributed anywhere within the oxide.

Qf —7Q0[ _7/Qm _Qit
C C C C

ox ox ox ox

Vig =@, — 2.11)

where y represents charge distribution within insulator. The distribution of the charge in

the proximity to the semiconductor is important, since it will affect the flatband voltage
value. For example, charge that is closer to the silicon will result in a greater flatband

voltage shift [27]. Hence, y is defined as:
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me [;J p(x)dx

ox

J.:x p(x)dx

y= (2.12)

where p(x) is the mobile charge or the oxide trapped charge per unit volume, x
represents the distance from the gate metal-oxide interface down to the substrate, and 7,
is the oxide thickness [27]. When y =1 the charge is at the Si-SiO; interface, and when
y =0 the charge is at the gate-SiO; interface. Flatband voltage also takes into account

the work function difference ¢,,;, which is defined in terms of the work functions of the

bulk material and the gate material. The work function is a measure of the energy

between Fermi level and vacuum level.

Dris = Dotk — Pate (2.13)

In case of MOS-C, the value for ¢ by material 1S the Fermi potential that is calculated using
equations 2.10(a) or 2.10(b), depending on the type of doping. The values for @eate material
for various materials are listed in Table 1.1 in the appendix [28].

Another way of obtaining the flatband voltage is by calculating the flatband
capacitance and extracting the voltage from the C-V curve. The flatband capacitance Crp
is defined as:

COX CFBS

) (COX + CFBS) (214)

FB

where Cox is the oxide capacitance, and Cprs 1s the flat band capacitance of the
depletion region in the substrate. Cpps is defined as:

&
_ °s
CFBS -,

(2.15)
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where g, is the permittivity of the substrate material, and A is the Debye’s length, which

is in turn given as:

kT 1/2
&
i—( ) j (2.16)

where k7 is a constant and its value at room temperature is 4.046x10™' J, g is the electron
charge 1.60219x10™"° C, and N, represents doping of the substrate. This method is widely

used due to its simplicity [29].

2.7 Charge Distribution within Multi-Layer Insulators

According to Bu et al. [30] a thin nitride layer and a blocking oxide layer provide
trap charge storage at their interface. Yang et al. [18] studied the silicon nitride layer as
the charge storage layer. Roy’s and White’s paper [31] concentrates on modeling of
charge trapping within the nitride layer of ONO device, which is the dominant charge
trapping center in this case. The actual charge distribution within a given ONO device
will vary depending on processing parameters, the film stack thicknesses, and the charge
injection technique.

The two commonly used methods to determine the trap charge distribution within
oxide or any other dielectric are etch-off and IV photoemission. With the etch-off
technique, the remaining film is measured for traps or impurities at each etch step. Also,
with this technique charged area can be distinguished visually. An experiment by
Nicollian et al. found that the oxide etch rate in buffered HF is slightly slower for charged

oxide compared to uncharged oxide [32]. The drawback is a possible removal of the
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charge region during the decremented etches. Another problem lies in depositing a new
gate after the etch step to perform electrical measurements. Metal can penetrate 20A into
the oxide possibly perturbing the trap charge region. Also, possible misalignment of the
new gate will lead to inaccurate results.

IV photoemission is based on photons exciting electrons, either in silicon or
metal, which then drift through SiO,. As the frequency of the incident light increases, a
critical frequency is reached at which the valence electrons have enough energy to
overcome the energy barrier of SiO,. These electrons drift toward the gate or bulk
silicon, depending on the polarity of the potential applied to the gate, creating a
photocurrent that is measured with an external circuit. The IV photoemission technique
is more accurate and nondestructive compared to the etch-off method. Also, it can
provide information about the energy barrier between different materials as well as their
band gap energy [32]. Another technique used to measure charge distribution is thermal
pulse method. The equivalent electret voltage is measured immediately after a heat pulse
is applied. The heat wave propagates through different layers of the dielectric while
contributing to the equivalent voltage. The charge distribution is derived from this
voltage [18]. Yet another technique is the Faraday cup method, which makes it possible
to study the dynamics of film charging. It is also used to determine the total charge within
an electret [19]. This technique might be helpful in determining the total charge within

the released structure.
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CHAPTER THREE: HIGH FIELD CHARGE INJECTION

3.1 Introduction

Chapter 2 introduced a few techniques of trapping charge within dielectric
materials. In the following section the focus will be on charge injection using a high
electric field applied through a metal electrode and a semiconducting substrate. Based on
the initial work, this technique proved to be feasible and most promising. The
experiments presented here will provide a better understanding of this technique and its

effectiveness in charging an oxide-nitride-oxide (ONO) stack.

3.2 Tool Setup

The test setup used for C-V characterization consisted of: a Keithley 595
Quasistatic C-V Meter, Keithley 590 C-V Analyzer, and a Keithley 230 Programmable
Voltage Manager as shown in Figure 3.1. Also, a temperature controller was connected to
the chuck. The system specifications and its block diagram are listed in appendix B. In
addition, Figure 3.1 also shows the setup for film breakdown analysis, which consisted of

a HP 4145B parameter analyzer.
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Figure 3.1: I-V and C-V instrumentation located at RIT.

The test setup for high field charge injection consisted of a Tektronix 370
programmable curve tracer and a probe station. Signal cables from the curve tracer were
affixed to the chuck on which wafers were placed and probed. The tool specifications are
listed in appendix B. An oscilloscope was implemented for an accurate measurement of

the applied potential.

Figure 3.2: High-field charg njection setup located at RIT.
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3.3 Thin-Film Characteristics

Preliminary work did not demonstrate successful charge retention of capacitors
made of oxide-nitride film stack after high field charge injection. The failure was
attributed to poor quality of the silicon nitride film. Typical dielectric strength of a silicon
nitride film is on the order of 6 - 10x10° V/cm [1]. In an article by Takahiro [2], who
studied various properties of silicon nitride film by varying the ammonia gas flow in a
LPCVD system, it was demonstrated that a 10:1 ratio of ammonia (NHj3) to
dichlorosilane (SiH,Cl,) produces a high quality stoichiometric silicon nitride film. The
composition of silicon nitride was also correlated to the index of refraction. The
refractive index of stoichiometric silicon nitride is 1.987, but as the ratio of NHj to
SiH,Cl, decreases the refractive index and the leakage current of the insulator increase
[2]. Since silicon nitride fabricated in preliminary studies exhibited high leakage current,
a new recipe was developed for silicon nitride films with reduced SiH,Cl, flow. To
investigate the leakage of the new film, a current vs. voltage (I-V) measurement was
performed. A 6“ LPCVD system was used with the following gas flows; NH; of
50sccm, and SiH,Cl, of 4sccm. This was followed by evaporation and pattering of
aluminum, and finally the removal of the nitride film from the backside of the wafer. The
thickness of the silicon nitride film was 770A. Figure 3.3 shows two I-V measurements
performed on the same capacitor fabricated using the new silicon nitride recipe, with an

area of 1x107 cm?>.
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Figure 3.3: Breakdown plots of silicon nitride film of 770A thick deposited using a 50sccm of NH;
and 4sccm of SiH,Cl,. Run 1 illustrates partial breakdown at ~85V. Run 2 illustrates a catastrophic
breakdown at ~ 5V of the same capacitor.

The breakdown of a low temperature oxide (LTO) film was also investigated
(Figure 3.4). Using the standard SMFL recipe (refer to appendix A for details) in a 6”
LPCVD system, LTO was deposited on a wafer. This was followed by evaporation and
pattering of aluminum, and finally the removal of oxide from the backside. The thickness
of the silicon dioxide film was measured as 730A and the area of the capacitor was

1.5x10 cm?. In literature, dielectric strength of an oxide film is on the order of IMV/cm

up to 10MV/cm and its resistivity on the order of 10'°-10"7 Qcm[3].
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Figure 3.4: Breakdown plots of LTO film of 730A deposited using the standard SMFL recipe. Run 1
illustrates partial breakdown at ~85V. 1I-V plot of Run 2 illustrates increased in leakage current
resulting eventually in catastrophic breakdown at ~90 V.

Discussion:

The silicon nitride breakdown (Figure 3.3) shows constant current from OV up to
40V. The region between 40V and 85V shows Fowler-Nordheim tunneling and a partial
breakdown is measured above 85V [4]. The LTO breakdown (Figure 3.4) illustrates a
constant current up to 40V. Above 40V the plot illustrates a region, where trap assisted
tunneling [5] and possibly other mechanisms contribute to the current conduction. Above
85V a soft breakdown is present resulting in partial breakdown of the film [6]. Neither
Figure 3.3 nor Figure 3.4 shows a hard breakdown of the dielectrics, since the first
voltage sweep did not result in a catastrophic failure of the films. Therefore, actual
dielectric strength cannot be determined from these figures. Fowler-Nordheim tunneling
and thermionic emission processes exhibit a field dependent resistivity, however the low-

field (ohmic) resistivity of both oxide and nitride films can be utilized for film analysis.
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In case of the oxide film the resitivity in the 20V-30V range is approximately
3.5x10"°Qcm, which is two orders of magnitude lower compared to cited values 10"
10"Qcem [3]. In case of silicon nitride the measured resistivity is approximately
4x10"Qcm in the 0V-40V range, again two orders of magnitude lower compared to the
reported values 10'°-10"7Qcm [2]. Effectively, the films in Figure 3.3 and Figure 3.4
show a somewhat leaky behavior. The failure to reach a catastrophic breakdown is
attributed to the current leakage, which protects the films from destructive breakdown,
even at fields higher than reported breakdown values. The quality of the films has a
direct influence on the charge injection process, and the capability of retaining the

injected charge.

3.4 Capacitance — Voltage Analysis

In the following section, analysis of an uncharged ONO stack capacitor using the
C-V characterization system is described. Also, the amount of fixed charge within the
tri-layer film stack was measured.

Sample Preparation:

An n-type wafer with 5x10'* cm™ doping was scribed and RCA cleaned before
deposition. All the dielectric films were deposited in the 6” LPCVD system. Using the
standard SMFL LTO recipe, the oxide film was deposited for 4 min. The deposition time
for the SMFL stoichiometric nitride was 27 min. For LTO the edges were thicker than
the center with approximately 38% full-range-uniformity (FRU). Eq. 3.1 was used to
calculate the FRU for all film thicknesses and etch rates.

M _ —M .
FRU =—&t% T *100 @a3.1)
M _ +M

max min
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For the nitride film, the FRU was about 5%. The first layer of LTO averaged
520A in thickness. The average thickness for the nitride layer was 508A. The second
LTO layer averaged 450A. A micron of Al was then evaporated using the CHA
Evaporator. The ONO was stripped from the backside of the wafer to achieve an
electrical contact. This was done by coating the device side of the wafer with a
photoresist and submerging it into buffered HF. Using SMFL nitride 4” recipe on the
Lam 490 for 30 sec the nitride layer was etched off. This was then followed by another
Imin buffered HF dip. The resist was stripped using acetone followed with a spin, rinse
and dry. A new coating of photoresist was applied, so it could be exposed on the GCA
using the CVTEST mask. Next, the wafer was developed. Both coating and developing
were done using program 1 on the SVG track, and the aluminum was wet etched until the
pattern was clearly visible. After the aluminum etch, the resist was stripped off using
acetone followed by a spin rinse and dry. Details regarding the recipes are listed in
appendix A.

Procedure:

The C-V measurements were done using a test setup with the following
parameters: AC signal at 100KHz, steps size of 20mV, delay of 200msec and 70msec.
The voltage was swept from -10V to 10V and from 10V to -10V.

Results:
Positive and negative sweeps with 200ms delay per measurement are plotted in

Figure 3.5. Figure 3.6 shows the same sweeps with a 70ms delay.
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Figure 3.5: Positive and negative sweep with 200ms bias delay for C-V measurement

using a tri-layer film stack of 520A oxide, 5084 nitride and 450A oxide.
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Figure 3.6: Positive and negative sweep with 70ms bias delay for C-V measurement
using a tri-layer film stack of 520A oxide, 508A nitride and 450A oxide. The hysteresis is

attributed to the presence of interface charge.
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Discussion:

All four curves show average flatband voltage of 2.3V. To measure the flatband
voltage flatband capacitance was determined from equations 2.14, 2.15 and 2.16. The
shift is caused by the presence of fixed charge (). The fixed charge is positive and it is
located within 30A from the Si-SiO, interface. The magnitude of the charge is

represented by equation 3.2
Qf = (¢Wl9 - VFB )Cmax (3.2)

where Vpp is the measured flatband voltage and C,,. is the maximum capacitance.
Knowing the approximate values of these parameters, Oy is determined to be about
4x10"'em™.

Both Figure 3.5 and Figure 3.6 show some hysteresis in the C-V curves, but it is
more pronounced in Figure 3.6. The hysteresis is related to the presence of interface
charge, and to minimize this effect the sweeps should be performed at a slow rate to
maintain steady state conditions [7]. To determine the value of the interface charge
density more measurements are required utilizing the quasi-static method [8].

Figure 3.5 and Figure 3.6 also show a variation of C,,;, value. The variation is a
consequence of sweeping the DC voltage too fast during the high frequency
measurements. As the DC voltage sweeps from the positive to the negative bias and into
the inversion region, the minority carriers are too slow to follow. Since the system needs
to reach charge neutrality, donors ionize and the depletion width becomes wider than in
thermal equilibrium, creating what is referred to as a deep depletion region. To reduce
this effect one can sweep very slowly, allowing the system to reach equilibrium, but this

dramatically increases the duration of the measurement, and could influence time
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dependent experiments. Another option is to perform C-V measurements for n-type
wafers sweeping the voltage from negative to positive (inversion to accumulation) [8].
By sweeping from the negative potential, the Cp, value would be closer to that of

thermal equilibrium.

3.5 Mobile Ion Charge Density

Chapter 2 discussed the origins and types of charge within the nitride and oxide
films. This experiment focused on determining if mobile charge was present within the
ONO film stack and its magnitude. Bias temperature stress method was used in
conjunction with Eq. 3.3 to determine charge density of the mobile ions, where AVgz
represents the potential difference between the two experimentally determined C-V
curves [8].

0, =-AV,,C 3.3)

Procedure:

An n-type wafer of 1x10"” ¢cm™ doping was scribed and RCA cleaned before
growing dry oxide in a 6-inch Bruce furnace following standard SMFL recipe 512. Due
to some issues with the tube in the 6-inch LPCVD system, the nitride film was deposited
in a 4-inch LPCVD tool for 17 min. The LTO film was also deposited in the 6-inch
LPCVD system following SMFL LTO recipe for 10 min. The thickness of each layer
was: 1039A for dry oxide, 560A for SizN4, and 480A for LTO. Next, lum of Al was
evaporated using the CHA Evaporator. For electrical contact the tri-layer was striped
from the backside of the wafer. This was done using an oxide recipe on Drytek Quad 482

RIE system to remove the oxide layers and using SMFL nitride 4-inch recipe on 490 Lam
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for 30 sec to remove the nitride layer. Photoresist was dispensed onto Al layer, then
exposed on GCA using the CVTEST mask and then developed. Both coating and
developing were done using program 1 on the SVG track. Next, aluminum was wet-
etched until a clear pattern was visible. After the Al etch, the resist was stripped using
acetone followed by a spin, rinse and dry. The wafer was cleaved into pieces for charge
analysis. Details regarding the recipes are listed in appendix A.

Using the setup in Figure 3.1 the device was biased as shown in Figure 3.7 while
the temperature of the chuck was increased to 200°C. After 7 min, the heating element
was turned off to allow cooling of the chuck while the DC bias was applied to the
capacitor. Once the temperature of the chuck dropped to 35°C the C-V test was
performed. The polarity of the tested capacitor was reversed and the same thermal stress

steps followed to obtain the second C-V curve.

30V

Tri-layer Tri-layer

i& i 30V

(@ (b)
Figure 3.7: Polarity diagrams of the capacitor used in mobile ions experiment with (a) positive bias
(accumulation mode), and (b) negative bias (inversion mode).

Results:
Figure 3.8 presents the effects of the thermal stress experiment on a capacitor

under positive and negative bias. The measured voltage shift between the two curves was
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1V, which is approximately equivalent to 10''cm™ of charge. The apparent change in

Cmax 18 attributed to inconsistence in the backside contact, which was not metallized.
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Figure 3.8: Plot of C-V curves representing voltage shift caused by presence of
mobile ions within the tri-layer film stack.

Discussion:

The observed shift is most likely caused by the presence of mobile ions within the
dry oxide, which is the layer closest to the substrate. This is because the nitride is
effective in blocking mobile ions, and if any ions are within the LTO layer they have a
much smaller influence on the C-V measurements. The 1V shift is minimal compared to
the total injected charge acquired through high electric field injection. Therefore, the

influence of mobile ions is neglected in following experiments.

3.6 High Electric Field Charge Injection

The effects of different charging signals on an ONO film stack are described in

the following section. Initial and final C-V curves were recorded and plotted for analysis.
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Throughout this study, the most effective charge injection process was determined. Also,
a general understanding of the charging characteristics of the film stack was gained.
Procedure:

Utilizing the same wafer as in section 3.4, initial C-V curves were plotted and
stored. Next, the wafer was charged using various input signals. For all charge
injections, backside of the wafer was grounded. Also, the physical dimensions of the
capacitors used for the measurements were 1x10° um®. Once a given die was charged,
the C-V traces were generated. By monitoring the flatband voltage shift in the C-V
curve, the optimal charging potential was determined for the ONO devices.

Results:

Figure 3.9 shows a voltage shift when a negative DC bias was applied. The
maximum voltage applied was -116V, causing voltage shift of about 12V. Figure 3.10
demonstrates charge injection done by applying a positive DC bias. The maximum
voltage shift measured was 25V when 100V was applied. Also, at 120V stretching of
the C-V curve took place, which is visible in Figure 3.10. A 120Hz rectified sinusoidal
signal of positive polarity was used to charge the ONO capacitor dots. At 120V the
maximum voltage shift of 38V was measured, as shown in Figure 3.11. Figure 3.11 also

shows C-V curve stretching as well as a decrease in voltage shift.
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Figure 3.9: Plot of C-V curves showing flat band voltage shift due to charge inject with various
negative DC biases.

3.00E-10
2.50E-10
£ 2.00E-10 1
[}]
g —=—initial
S 1.50E-10
3 I I gg I —=DC 80V
[«
8 100E10 —+—DC 100V
/ ——DC 120V
5.00E-11
0.00E+00 -
5 0 5 10 15 20 25 30 35
Voltage (V)

Figure 3.10: Plot of C-V curves showing flat band voltage shift due to charge inject with various
positive DC bias where DC 120V C-V curve illustrates stretching as well as a decrease in voltage
shift.
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Figure 3.11: Plot of C-V curves showing flat band voltage shift due to charge inject using a positive
rectified AC signal of various amplitudes, where Rec. AC 120V and Rec AC 140 V C-V curves
illustrate stretching as well as a decrease in voltage shift.

It is also worth mentioning that the same experiment was performed on a p-type wafer.
The experiment showed lower voltage shifts compared to the n-type wafer. Also, the
positive rectified AC signal produced highest voltage shifts for the p-type wafer. A

summary of these results is presented in Table 3.1.

Max Voltage Shift

N-type P-type
Negative DC 12Vat-116V | 10 V at -140V
Positive DC 25V at 100V | 19 V at 140V
Positive AC 38 Vat 120V | 27 V at 160V

Table 3.1: Summary of the charge injection results for n and p type wafers.

Discussion:
Throughout the experiments, various degrees of charge injection into the ONO

stack were measured. Also, stretching of the C-V curves at higher potential was observed.
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Those curves do not show a catastrophic breakdown, however with a further increase in
the potential, evidence of permanent physical damage becomes clearly visible, as shown

in Figure 3.12.

Figure 3.12: Summary of the charge injection results for n and p type wafers.

The maximum observed voltage shift was 38V, and it was charged with a rectified
sinusoidal signal of positive polarity. From these results, it appears that the rectified
sinusoidal signal provides highest voltage shift compared to DC bias of positive polarity.
The possible reason for higher proficiency in charge injection for rectified sinusoidal
signal is charge relaxation. Every half cycle the amplitude of the signal drops to zero
during which the injected charge redistributes it self spatially within the tri-layer. It is
possible that during DC bias the charge build up can occur, limiting further charge
injection. More experiments are needed to better understand this phenomenon.

A higher voltage shift was observed when a positive DC polarity was applied as
opposed to a negative DC polarity. The difference in voltage shift between the negative
DC voltage and the positive DC voltage could be attributed to charge distribution within
the tri-layer stack capacitor. All the C-V curves show a positive voltage shift which is
attributed to negative charge injection into the ONO stack. Therefore at positive bias,
electrons are injected from the substrate and at negative bias the electrons are injected

from the gate. Assuming that charge is trapped at the first oxide-nitride interface and
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knowing that the interface closer to the substrate will have greater effect on the C-V
measurements, it is reasonable to conclude that capacitor charged with a positive bias
would have a greater voltage shift. To illustrate the significance of this effect, Eq. 2.11 is
used. The oxide trap charge, which is assumed to be a uniform sheet of charge, is likely

to be located at one of the two interfaces. The magnitude of trapped charge is much

greater than the fixed charge density, interface charge, mobile charge, andg, , and
consequently these can be ignored in this calculation, which simplifies Eq. 2.11 to:
0,
Vig ==V C : 3.4

ox
where v represents the location of trap charges and is derived from the tri-layer film
thicknesses as shown in Figure 3.13. The possible values of y include 0.7 for the positive

DC bias, and 0.3 in the case of negative DC bias.

Metal =
P ————————— y=0.15
ond Oxide ¥=030
. Nitride v=0.70
Oxide v=0.85
______________ y=1
Substrate

Figure 3.13: y represents the centroid of charge for a film stack of 520A oxide, 508A
nitride, 450A oxide. In this case, four possible locations are indicated.

Considering the voltage shift of 26V obtained at 100V (refer to Figure 3.10) and
voltage shift obtained at -100V (refer to Figure 3.9) and y factors from Figure 3.13 ,

approximate charge densities are calculated and presented in Table 3.2 for comparison.
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Tri-layer of 520A oxide, 508A nitride, 450A oxide

Y Sheet charge density | ¥ Sheet charge density
Positive Bias | 0.70 | 6.38e12 e/cm” 0.85 |5.22e12 e/cm’
Negative Bias | 0.30 | 2.80e12 e/cm® 0.15 |5.69¢12 e/cm’

Table 3.2: Charge density at possible locations within tri-layer film stack.

The sheet charge densities calculated using y factors of 0.7 and 0.3 are of different
values. Since voltage of the same magnitude was applied in each case, it is expected that
the injected charge would be of similar magnitude. By adjusting the y factor it was found
that approximately same sheet charge density could be present within 170A of the first
oxide layer. Unfortunately, without another technique to measure either the total charge
density or the charge distribution within the tri-layer film stack, the charge densities in
Table 3.2 are only representative possibilities.

The experiments also showed a maximum voltage shift at a certain charging bias
level; any further increase in the bias resulted in a decrease in the voltage shift and
stretching of the C-V curves. This occurs when the electric field across an oxide film
increases beyond 6MV/cm and Fowler-Nordheim injection takes place [9]. Refer to
Figure 3.14 for visual aid. It is proposed that highly energetic electrons are created which
overcome the oxide bandgap and produce electron-hole pairs by impact ionization. Some
of the injected electrons progress to the opposite electrode, some are captured by trap
sites, and the rest recombine with generated holes. The remaining generated holes move
towards the cathode where they get captured near the Si-SO, interface [9]. The holes
trapped at the Si-SiO; interface add to the net charge and cause a voltage shift as well as

C-V curve stretching.
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Figure 3.14: Band diagram of a possible process taking place during charge injection [9].

3.7 Charging of Thick Dielectric Films

According to the literature, various types of tunneling mechanisms contribute to

charge injection into nonvolatile memory devices such as silicon-oxide-nitride-oxide-

silicon (SONOS) [10-11].

The initial design focused on the tri-layer with oxide, nitride,

and oxide films each 500A thick; charge trapping was successful, possibly due to the

tunneling mechanisms through the oxide layer and thermal emission through the nitride

layer [12]. The maximum measured voltage shift was 45.5 V, charged using a rectified

AC ssignal of 114 V.
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Figure 3.15: C-V plot showing maximum voltage shift for ONO tri-layer stack of ~5004/500 A/500A.
Charged using a rectified AC signal of 114 V which measured voltage shift of 45.5 V.

It was determined that a membrane made of a thicker film stack offered greater
strength and minimized the total stress of the released device (refer to section 5.2 for
details). In a new design with a much thicker ONO film stack the field assisted tunneling
mechanism is no longer applicable, being limited to thinner oxide films [13].  This led
to an experiment to determine the feasibility of injecting charge into 1000A oxide film

using the available equipment.

Sample preparation:
One piece of a wafer with a film stack consisting of 1039A of dry oxide, 560A of
Si3Ny, and 480A of LTO was utilized for this study. Processing details are provided in

procedure in Section 3.5.

_ BT

LTO
SizNy
Dry Oxide

Figure 3.16: Capacitor made film stack consisting of 1039A of dry
oxide, 560A of SizN,, and 480A of LTO.
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Procedure:

Using the setup for C-V characterization, the initial curves were captured for four
capacitors. The capacitors were then charged at 140V, 160V, 180V, and 200V using a
rectified AC signal. The charged devices were measured again with the same C-V setup.
Results:

At 140V only a 5.5V shift was recorded. A shift of 17V was measured at 160 V,
and the maximum shift of 33V was observed at 180V, as shown in Figure 3.17. At 200V

a catastrophic breakdown occurred in the capacitor.
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Figure 3.17: C-V plot showing maximum voltage shift for ONO tri-layer stack of 1039A/560A/480A.
Charged using a rectified AC signal of 180 V which measured voltage shift of 33 V.

Discussion:

This experiment has shown the feasibility of charge injection into much thicker
oxide films. The possible charge transport mechanisms for a 1000A oxide film are trap-

assisted tunneling [13] and charge hopping [14].
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The 33V shift is lower compared to the 45.5V shift in the case of the thinner ONO
stack, but this could be attributed to the relative distance of the trapped charges from the
Si and SiO, interface. As mentioned in Chapter 2, C-V measurements are more
influenced by the charge located closer to the interface between the semiconductor and

the insulator.

3.8 Retention of Charge

Lifetime of the trapped charge within electrets is one of the key parameters in
device characterization. The electret charge lifetime is defined as charge decay over time
and is approximated by an exponential relationship in the following equation.

%)

q=49.¢ 3.5)
where 7 is the relaxation time constant, ¢ is the elapsed time, g, the initial charge, and ¢
the charge at time ¢. The relaxation time constant of electrets can range from 1 year to
10° years, depending on the kind of material and the method used to charge the film. For
a Teflon FEP electret, 1 is on the order of 50 to 200 years [15].

Procedure:

Another piece of the wafer with the 1039A / 560A / 480A film stack was used for
this study. The complete manufacturing process of the wafer is described in Section 3.5.
After high field injection, three sets of C-V measurement were made.

To determine the lifetime constant Eq. 3.5 is utilized. By considering charge ¢
and ¢, measured at time #; and ¢, and assuming the constant temperature during all

measurements Eq.3.6 was derived.
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(3.6)

By rearranging Eq. 3.6 and substituting the ¢; and ¢, for Vgp; and Vg, since charge is

directly proportional to C,,.x 4Vrpthe final equation is:

VFBI w
—=e T 3.7)
VFB2

Using Eq 3.7 lifetime constant is derived

s _bTh (3.8)

Results:
All collected data points were normalized and are plotted in Figure 3.18. The
voltage shifts were extracted from the C-V curves and were used to determine the

lifetime constant at room temperature by employing Eq 3.8.
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Figure 3.18: Charge retention within the ONO stack, shown by plotting the
normalized voltage shift vs. time.
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Discussion:

The extrapolated lifetime was approximately 18,000 hours, as derived from the
values in Figure 3.18. Two years is a relatively short period for charge retention
compared to other studies conducted with similar film stacks. For example Figure 3.19
demonstrates decay of four dual layer stacks made of oxide-nitride films and single oxide

film, all charged using an isothermal process [16].

I[sothermal Charge Decay
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Figure 3.19: Normalized charge decay of oxide and oxide-nitride film. The nitride film thickness
was 150nm for all four samples. Dry oxide thickness for AMJ2-1 was 150nm and AMJ2-2 was
250nm. Wet oxide thinness for AMJ2-3 was 250nm and for AMJ2-4 was 500nm. The surface
potential was measured every 30 min at 300°C. None of the oxide-nitride film stacks showed any
charge decay, effectively demonstrating high charge retention even at elevated temperatures. The
decay curve observed corresponds to a single layer of oxide [16].

3.9 Thermal Detrapping

Experiments were performed to investigate the energetic distribution of the trap

sites within the ONO stack. The trap site depth is characterized by its activation energy.
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Since the charge loss is dependent on temperature through an Arrhenius relationship, the

activation energy can be represented as follows:

a

-E
R(T) = Roe( “ j 3.9)

In this equation, E, is the activation energy, k is the Boltzmann’s constant, T is the
temperature in degrees Kelvin, R, is the frequency factor, and R(T) is the rate constant at
a given temperature, which in this case corresponds to the thermal relaxation of trapped
charge.

Procedure:

A capacitor with film stack consisting of 1039A of dry oxide, 560A of SiN and
480A of LTO was utilized for this study. The complete manufacturing process of the
wafer is described in Section 3.5. A C-V measurement was taken before and after
charging of the capacitor. The chuck used for voltage shift measurements has a heater,
which was used to elevate the temperature of the wafer in increments of 10°C up to 320°C
at intervals of 3 min. The wafer was C-V tested during each 3 min warm-up period.
From the C-V curves voltage shift were determined.

To derive the rate constant, Eq. 3.7 was rewritten into Eq. 3.10 where 7(7) is

temperature dependent variable and A4t is constant.

At
% _ e(r(T)j (3.10)

FB2

Ea
By substituting 7(7") with 7,e*” into Eq.3.10 and the final equation is derived

E,
h{hJ = ge( i ] (3.11)

FB2 [
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Table 3. 3: Data points collected through thermal relaxation of a charged tri-layer capacitor
experiment. Vg obtained from C-V curves during incremental increase in temperature.

Result:

Temperature Veg
(%) W)
20 20.40
130 21.2
140 21
150 20.44
160 19.89
170 18.97
180 18.25
190 17.34
200 15.62
210 14
220 11.27
230 10.6

Table 3.3 presents data points obtained from thermal relaxation experiment. Data points

B1

v
from Table 3.3 are plotted in terms of ln(LJ and é in Figure 3.20. A straight line

FB?2

was fitted through the plotted points with a slope of 0.6eV, which corresponds to the

activation energy.
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Figure 3.20: Plot of the rate constant vs 1/KT used to determine the activation

energy. Data points plotted for 130°C to 230°C.
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Discussion:

It is assumed that the potential applied during C-V measurements has a minimal
impact on the activation energy measurements. This is based on previous high electric
field charge injection experiments, which showed no charge injection when 25V was
applied. Based on data points in Table 3.3, approximately 50% of the total charge was
lost between 130°C and 230°C, which exhibits an activation energy of 0.6 eV. It is also
quite possible for trapped charges to exist at deep energy levels, which could be
experimentally determined at higher temperatures. This experiment was limited to 240°C;
however, once the system cooled down to room temperature the final C-V measurement
was taken and is plotted in Figure 3.21, which reveals a voltage shift of approximately

5.7V after incremental heating of the sample up to 320°C.
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Figure 3.21: C-V measurement of tri-layer at the beginning of the experiment, after high field charge
injection, and after cooling down to room temperature from 320°C. All the C-V curves were
performed at room temperature.
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Interestingly one kind of defect found in floating gate non-volatile semiconductor
memory (NVSM) devices has activation energy of 0.6eV. This defect is related to
leakage of charge by oxide-hopping conduction [17]; it is expected that a hopping
mechanism is operative within the studied film stack. More experiments are required to
fully understand energetic distribution of other possible types of defects that might be
present within ONO film stack. For optimal charge retention performance, the
detrapping activation energy must be higher; NVSM devices exhibit a thermal activation

energy of 1.4eV [17] which is associated with a thermal emission mechanism.

3.10 Summary

This work shows a successful charge injection and charge retention within the
ONO film stack capacitors. The highest voltage shift of 45.5V was achieved with film
stack on the order of 500 A each. A film stack on the order of 1000A/ 500A/ 500A LTO
produced a 33V shift. Presence of mobile charge and fixed charge were measured, and
the effective density was an order of magnitude smaller than the charge injected using a
high electric filed. In addition, the lifetime of the trapped charge was estimated to be
18,000 hours, and demonstrated a thermal activation energy of 0.6eV. More
measurements, such as total charge and space charge distribution, are required to properly
characterize the ONO device.

By knowing a total charge density or embedded charge distribution within tri-
layer film stack and with help of the model which will be described in Chapter 4, one can
estimate the actuation voltage for a given device. Chapter 4 also offers insight into the

operation of the device.
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CHAPTER FOUR: DESIGN AND MODELING OF

EMBEDDED CHARGE MICROSWITCH

4.1 Theory of Operation

The ultimate goal of RF microswitch research is to produce devices that are
small, lightweight, and low cost, while still offering a high level of electrical and
mechanical performance. They need to be compatible with standard integrated circuit
(IC) fabrication technology, self packaged, and most importantly be able to operate
from typical IC power supplies, which are in the range of 3-5 volts. This chapter
provides the theoretical background for designing RF microswitches that meet these
demands.

The main component of the proposed RF microswitch design is an electret
cantilever. An electret can be created by applying a high electric field to a stack of two
different dielectrics: SiO, and SiyNy in this work. As discussed in Chapter 3, the
electric field causes charge injection and the charge remains trapped at the interface
between the two insulators and/or in the nitride film. Once charged and sealed, the
cantilever is actuated by an external voltage applied to the electrodes. Figure 4.1 shows

a schematic of the proposed device.
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Signal line

Figure 4.1: MEMS switch based on embedded charge concept using a tri-layer
film stack for the cantilever.

4.2 One-Dimensional Model

The modeled system is a simplified representation of the embedded charge
microswitch shown in Figure 4.1, and it facilitates the analysis of the electrostatic
properties and the effect of the embedded charge on the system. Also, an analogy
between the derived model and a typical parallel plate capacitor model is shown to better
illustrate the advantages of the embedded charge.

A simplified representation of the embedded charge design is presented in Figure
4.2, where the top and bottom plates are metal electrodes of opposite polarity with a thin
sheet of positive charge positioned in between. The two electrode planes are fixed in

space while the sheet charge is free to move in the z direction. To simplify calculations,

80



the electric field is assumed to be constant in the x-y plane, fringing effects are ignored,
and the sheet of charge is assumed to have a uniform charge distribution. Also, free

space permittivity is assumed for the dielectric materials.

Figure 4.2: Parallel plate capacitor with embedded charge.

The dashed rectangles in Figure 4.2, labeled as Ey ( E-field upper ) and E; (E-
field lower) represent the total electric field in those regions, where Er represents the E-
field component due to the voltage applied across the metal electrodes. Es is the E-field
component due to the sheet charge plane. By superposition, the electric fields in the
regions above and below the charge plane, Ey and E respectively, are given below.
Ey =Ep +(-Eg) 4.1)

E, =E, +E, 4.2)

Using a Gaussian surface, the electric field associated with the plane of sheet charge is

calculated as
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E =", 4.3)
2¢,

where p represents the sheet charge density and &, free space permittivity. Another way of
expressing the electrostatic conditions in the structure is with the potential drop between
the metal electrodes. By Kirchhoftf’s voltage law, the sum of the potentials in regions Ey

and £} is equal to the external potential, V, applied across the two electrodes.

V=Ez+E,(d-2) “4.4)
where z is the displacement variable. Combing Eq. 4.1, Eq. 4.2 and Eq. 4.3, and
substituting into Eq.4.4 yields:

V= 2i(d ~22)+ E,(d) 4.5)

&y

Rewriting Eq. 4.5 gives the expression for Eg:

E, = l[V + ﬁ[z - 1)} (4.6)
d & 2

Finally, the force acting on the charge plane can be expressed in terms of electric field

and sheet charge density.

F
= E.p 4.7)
Combing Eq. 4.6 and Eq.4.7, Eq. 4.8 is obtained, which represents the total force exerted

on the charge plane as a function of position.

Ap Yo, d
F="Hly+L| =
d ( +6‘0 (Z 2D 4.8)

To illustrate the advantages of the embedded charge parallel plate capacitor a

comparison is made with a typical parallel plate capacitor (refer to Chapter 1). The
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comparison looks at the plane displacement vs. the applied voltage. To enable such
comparison a spring force is added to both Eq. 4.8 and Eq. 1.4 resulting in equation 4.9

which represent the embedded charge capacitor and equation 4.10 which represents the

d\ Ap yo, d
F=kz-%|=2P\p 2|, 2
(Z 2j d( +so(z 2)) @)

V2Ae
F=kz= TZO (4.10)

where k is the spring constant which represents mechanical properties such as Young's

standard capacitor

Modulus, the moment of inertia, and the length of the beam. The specific value of the
spring constant is related to the boundary conditions for a given cantilever design and
force distribution applied to the beam [1]. For these calculations the spring constant (k)

was taken to be 1 Nm, used in both relationships given in Eq. 4.9 and 4.10.

Cross sections of two capacitors (1-D models with and without embedded charge)
are presented in Figure 4.3. The diagrams include the mechanical restoring force
represented by springs connected to the movable plates. In this arrangement, the bottom
plate is stationary while the top plate is free to move. In case of the embedded charge
capacitor both bottom and top electrodes are stationary while the middle plate moves.
For both capacitors the initial gap between the moving planes and the metal electrodes is

given by distance (d/2).
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Figure 4.3: Physical representation of the two parallel plate capacitors with and
without embedded charge.

The parameters used for the purpose of comparison are listed in Table 1.
Parameter p is the sheet charge density is equivalent to 1.31x10'? cm™, which is a
reasonable value compared to an as-deposited fix charge density of ~ 10'' cm™ (refer to
Chapter 2) or compared to charge density of ~ 7x10'? cm™ (refer to Chapter 3) obtained
from the charge injection experiments within the ONO film stack. The designed area for
the capacitor plate is A= 2.5x10 cm” representing the area of a cantilever of following

size: 0.5um wide and Sum long.

Constant Value Units
P 1.85x107 C/em®
D 1x10™* cm

& 8.85x107* F/cm
A 2.5x10 cm’

Table 4.1: Values used in equations 4.9 and 4.10

The plot in Figure 4.4 shows the relationships between the applied voltage and the
displacement of the movable planes. As illustrated in Figure 4.3, the initial position of
the planes is z=0 and when the plane contacts the negative electrode the position is d/2,

which in this case is 0.5 pm.
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Figure 4.4: Comparison of embedded charge and conventional parallel plate capacitor

The displacement vs. applied voltage relationship is quadratic for a conventional
capacitor plot. For a given electrode voltage, the attractive force between the plates is
increased as the distance is reduced, and at 1/3 the way down the quadratic nature of this
relationship overcomes the mechanical restoring force and the beam snaps down. The
snap-down occurs approximately at 42V for the conventional capacitor and is represented
by a dotted line in Figure 4.4. On the other hand, the embedded charge structure
demonstrates actuation of 4V and a linear relationship between the applied voltage and
the displacement. The 4V of actuation potential could be reduced even further with
larger embedded charge density, however with a further increase in trap charge density
the beam will no longer operate in the linear mode. To illustrate how the variation in
embedded charge density within a capacitor affects actuation voltage, a relationship
between the injected charge and applied voltage is plotted in Figure 4.5. The curve was
plotted using the parameters listed in Table 4.1, assuming displacement of beam to the

lower electrode.
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Figure 4.5: Relationship between injected charge density and the actuation voltage
for device parameters noted in Table 4.1.

A dashed line in Figure 4.5 marks two different modes of operation of the
embedded charge capacitor. The curve to the left of the dashed line illustrates the linear
mode. The curve represents the potential required to lower the beam to the bottom
electrode for a given charge density. The linear mode of operation can be utilized in a
variety of analog circuit applications which need high frequency variable capacitors.
Some of the examples include voltage-controlled oscillators, band select filters, and many
other tuned microwave circuits. The curve to the right of the dashed line represents the
up/down switched mode of operation, in which the beam is either at the upper or the
lower electrode even if no potential is applied. To move the beam to the opposite
electrode, a potential of appropriate polarity is required, in this case a negative voltage as
shown in Figure 4.5. Note, that as charge density increases, higher potential is required
to snap the beam to the opposite electrode. Applications for the up/down switched mode

of operation could be found in digital circuits due to its binary behavior. In addition,
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eliminating static power dissipation and reducing dynamic power dissipation are
important design considerations in digital design, which can be satisfied by the switch

with a higher injected charge density.

By rewriting Eq. 4.9 one could better illustrate the behavior of the embedded

charge capacitor. Equation 4.11 shows two expressions.

2
£ AP —k(z—ij+££V:O 4.11)
&,d 2 d

The expression%V includes the applied voltage and the sheet charge terms and is

2

constant. The expression (A’O 7 —kJ(z—%] includes the sheet charge and the spring
€

constant of the beam. Both terms in this expression are dependent on the beam’s
displacement. Also, the two terms indicate the mode of operation for a given device. In
the linear mode the spring constant is of a greater magnitude compared to the charge

density, which assures beam control at any position.

2
AP" <o
de,

In the switch mode the sheet charge density term is greater than the spring constant, and
the spring constant has little effect on the displacement of the beam. As a result the beam

moves abruptly, either in up or down, depending on the applied voltage polarity.

Ap’
de,
When both terms are equal, in theory the beam can be located anywhere and it will

k>0

remain in that location. However, in reality such equilibrium is impossible to maintain,

and the beam would be either at the upper or lower electrode.
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4.3 Summary

The model presented in this section provides some insight on the operation and
performance of the RF microswitch. The parameters used in the model were based on a
preliminary design of an RF microswitch; final device dimensions will depend on
specific fabrication details which will be described in Chapter 5. Chapter 5 also will
provide information on thickness variation and total stress of the films used in the final

device.

Reference

1. F.P. Beer and E.R. Johnston,” Mechanics of Materials”, Second Edition McGraw-Hill,
New York, 1992, pg 486-525
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CHAPTER FIVE: FABRICATION OF THE ELECTRET

MEMBRANE

5.1 Introduction

Applications of electrets in MEMS have been found primarily in microphones.
Some are constructed by spinning a thin layer of Teflon [1-2] or polytetrafluoroethylene
(nano-PTFE) polymer [3] on an appropriate substrate; some use Mylar foil attached by an
adhesive polymer to the device framework [4]. All of the above processes require
additional materials, fabrication steps, and tools to create a microphone structure. By
using common IC fabrication materials like SiO, and Si3N4, the production of electrets
can be made more economical. Also, a design with multiple layers of Si0, and Si3Ny4 has
a potential for much higher charger storage capacity compared to the conventional
electrets.

The discussion will now focus on the fabrication of the cantilever for the RF
microswitch. The proposed design consists of a tri-layer membrane, made of oxide,
nitride and oxide (ONO) films. The membrane has injected charge and is suspended over
the etched-through silicon substrate. Figure 5.1 shows the final structure with a probe,
which would be used for testing. Note, that the figure is not drawn to scale, since
thickness of the membrane is about a thousand times less then the silicon substrate or the

probe diameter.
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Ground Plane

Figure 5.1: Membrane Design where the membrane is composed of oxide-nitride-oxide film stack.

5.2 Membrane Fabrication

The goal of these processing experiments was to develop relatively simple
method of fabricating a tri-layer membrane as a starting point for analysis which could be
further optimization into a microswitch. In the following section, the results of the
processing experiments and the corresponding discussions, as well as detailed
descriptions of the structure fabrication steps are presented.

5.2.2 Processing Development
A) Masking Layer

In order to selectively etch through about 500um of silicon substrate, a masking
layer is needed. There are numerous materials, which could be utilized as a masking
layer; however photoresist offers some important benefits. Specifically, by using a
photoresist as a masking layer a number of processing steps can be eliminated. In
addition it offers design process flexibility and protection from deep reactive ion etch
(DRIE).

According to Stanford Nanofabrication staff, selectivity ratio of resist to silicon is

75:1 and photoresist etches at about 250-600A/min, depending on the post-exposure
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treatment. Thick resist of about 7um or more is recommended for etching through a
500um thick silicon wafer [5].

In this experiment AZ 9260 photoresist was used, which can provide a coat of up
to 17 pm thick. Using recommendations from the data sheet the first masking layers
were processed with the following parameters: soft bake time of 2 min at 110°C,
exposure dose 1500mJ/cm” and develop time of 2 min. Baking temperature of 110°C
proved to be too high causing the surface of the photoresist to become rough, as it is
show in Figure 5.2. Based on these observations, the soft bake temperature was lowered
to 90°C. The exposed wafers were under-developed, and as a result the exposed resist did
not clear completely. It was determined that the optimal develop time is 4 to 5 minutes.
Figure 5.3, shows a successful pattern transfer. The bright area is the silicon surface and
the gray region is the 10um thick resist. Curing of the resist presented yet another issue

due to non-uniform cure.
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Figure 5. 2: Burned resist Figure 5.3: Successful pattern transfer

After the first DRIE run, the wafer revealed a pattern of cracks across a wafer, which
corresponded to a non-uniform heat transfer from the hotplate. In the subsequent runs the
wafers were baked in Hereaus oven for 30 min at 125°C with good results. The final
recipe of this process is included in appendix A. It should be mentioned that the resist

thickness before curing is approximately 10um, but after 30 min of cure, the film
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thickness is reduced to about 8um. This thickness proved to be sufficient to withstand

etch-through of a silicon wafer using the DRIE process.

B) Thin Film Stress Investigation

Stress is always present in thin films, even if no external load is applied. Stress in
a film can be either compressive or tensile. The compressive stress elongates the film
parallel to the substrate causing the substrate to buckle. The tensile stress contracts the

film at the substrate causing substrate to the curve inwards.

Film )
Film
Substrate Substrate
Figure 5.4: (a) Tensile stress (b) Compressive stress

The total stress comprises of external stress, thermal stress and intrinsic stress.

Ol = O oy T, +0,, (5.1)

total
External stress refers to the external pressure applied to the film, which can be the result
of being in contact with another film. The thermal stress results from the difference in
coefficients of thermal expansion between the film and the substrate. Films which are
prepared at an elevated temperature and then cooled to the room temperature will be

thermally stressed. The thermal stress can be represented by Eq. 5.2 [6],

(a,—a,)*AT*E,

l—vf

o, (T)= (5.2)
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where « and « are linear coefficients of thermal expansion for the substrate and the

film, AT represents the temperature difference between the process temperature and
room temperature, Er is Young’s modulus of the film and v¢ the Poisson’s ratio of the
film.

The intrinsic stress is much more complicated to represent since it can be affected
by numerous factors such as film thickness, deposition rate, deposition temperature,
ambient pressure, method of film deposition, type of substrate, thermal cycling, etc. As
an example, Chen et al. [7] show effects of thermal cycling on intrinsic stress in silicon
dioxide. In this paper, the SiO; film is relaxed through thermal cycles. After completing
a thermal cycle the net change of thermal stress should be zero. However, that was not
always the case observed due to the intrinsic stress. This finding is consistent with the
literature [8] where stress of oxide film can vary from tensile to compressive depending
on the process conditions.

Several models that explain the origin of the intrinsic stress have been proposed,
but there is no closed-form quantitative model. Therefore, to design a membrane with
minimal stress, the mechanical properties of the ONO stack need to be investigated
experimentally.

The initial design of the tri-layer called for a thickness of 500A for each layer.
The actual deposited thicknesses were LTO 566A, SiN 604A, and LTO 638A. The wafer
was patterned with masking photoresist and etched in the STS DRIE system. The etch
process was terminated after just 375 cycles due to the rupture of the membranes which
were partially released. The recipe details are available in appendix A. The photograph

in Figure 5.5 shows examples of a burst membrane and a structure that was not
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completely released. The premature rupture could be caused by the stress present within

the tri-layer combined with over-etching of the ONO stack.

Figure 5.5: Backside of a wafer after deep silicon etch (a) partially released structure (b) not yet
released structure.

Subsequently an experiment was designed to determine the minimal stress conditions
and assure greater film strength by varying thicknesses of the tri-layer films. The design
was reduced to a single-nitride thickness and three different oxide thicknesses. The

design matrix is displayed in Table 5.1.

Film Stack | First Oxide Nitride Second Oxide
1 1000 A 500 A 1000 A
2 1500 A 500 A 1500 A
3 2000 A 500 A 2000 A
Table 5.1: Design matrix for different film stack.
Procedure:

Fifteen, n-type, 100mm wafers of <100> orientation had initial stress measured
using the Tencor P-2 profilometer tool. Also, the thickness of the wafers was measured
using a micrometer. The wafers were RCA cleaned before dry oxide was grown in Bruce

furnace tube 4 at RIT. The wafers were divided into three groups according to oxide
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thicknesses: 1000 A, 1500 A, and 2000 A. Process parameters are available in the

appendix A. The oxide thickness was measured using patter in figure 5.6

Figure 5.6: Pattern 3 layout for ellipsometry.

The oxide layer on the backside of the wafers was etched using the Drytek Quad (refer to
appendix A oxide etch recipe). Stress measurements followed after oxide removal from
the backside. The LPCVD system at RIT was not available during this experiment;
wafers were sent to the Cornell Nanofabrication facility for stoichiometric silicon nitride
deposition (see appendix A for deposition recipe). Following nitride deposition, the
monitor wafers were measured to determine the film thickness and the index of refraction
of the film. Before measuring stress, the nitride film was removed from the backside of
the wafers using the Lam 490 (refer to appendix A nitride etch recipe). Stress was
measured on all the wafers. The wafers were then RCA cleaned and LTO-oxide films
were deposited in the LPCVD tool, followed by repeating the same procedure for
obtaining thickness, index of refraction, and stress measurements.
Results:

All measurements are documented in Tables 5.2 and 5.3. Multiple measurements
were performed, and the average value is reported for dry oxide group, as shown in Table
5.2. Thickness and index of refraction for nitride and LTO films were measured from

monitor wafers. Table 5.3 presents the stress data. The film stress was measured on the
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multi-layer device wafers as well as on the monitor wafers. Eq. 5.3 was used to determine

full-range-uniformities (FRU) for all film thicknesses and etch rates.

. . Mmax B Mmin %k
Full — Range — Uniformity M. M. 100 (5.3)
Dry Oxide Nitride LTO

Wafers Thick | FRU Index | Thick | FRU Index | Thick | FRU Index
1D A) A) A)
1-2 1008 | 2.88% 146 | 348 |+£2% 203 944 |31 % 1.55
8-10 1554 | 2.19% 1.46 | 372 | +2% 2.03 | 1109 | 37 % 1.48
5-7 1769 | 1.70% 146 | 374 |+£2.7% [2.03 | X X X

Table 5.2: Summary of the thicknesses of oxide, nitride and LTO films.

Stress measured on multi- layer | Stress measured on
device wafers (MPa) monitor wafers (MPa)
Wafers | Oxide Si,Ny LTO M-S,iN, | M-LTO
1-2 -297 -1 -121 1191 -268
8-10 -276 -98 -147 N/A N/A
5-7 -270 -121 N/A N/A N/A

Table 5.3: Summary of stress measurements, where oxides are compressive and silicon nitride is
highly tensile. Oxide, Si\Ny, LTO columns represent stress measured on the device wafers after
deposition of each film. M-Si,N, and M-LTO columns show stress of Si,N, and LTO film which were
deposited on the plane silicon wafer with the device wafers.

Discussion:

The tabulated results show that dry oxide and low temperature oxide are
compressive, while the stoichiometric silicon nitride is highly tensile. Also, Table 5.3
shows an inversely proportional relationship of stress in the dry oxide to its thickness. In
the case of the oxide-nitride film stack, the compressive stress increased with the initial
oxide thickness, since the same silicon nitride film was deposited on all of the wafers.
Another interesting observation gathered from the table is the difference between the
monitor film stress and the film stress measured on the multi-layer film wafers. It shows
that nitride on silicon is of higher tensile stress than nitride on silicon dioxide, and that

oxide on nitride appears to be less stressed than oxide on silicon substrate. The trends
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observed from this experiment indicate that either thinner silicon dioxide films (top &
bottom) are needed to reduce the compressive stress, or a thicker silicon nitride film is
needed to increase the tensile stress within the tri-layer film stack. Since a thinner film
stack is not acceptable due to its fragile nature, a thicker silicon nitride film is applied in

subsequent experiments.

C) Etching of Silicon

There are many possibilities for the removal of silicon, however a constraint on
the proposed process is that it must not damage or remove the tri-layer, or alter its charge
trapping and charge retention properties. One of more popular ways to etch silicon is by
potassium hydroxide (KOH) solution; its popularity stems from low tooling cost. In
addition, KOH solution etches preferentially along specific crystal planes, allowing a
highly directional etch. The key shortcoming of this method is that it does not offer
sufficiently high selectivity of etching silicon over oxide. Also possible diffusion of
potassium, a mobile ion, into tri-layer dielectrics would prove to be devastating to the
device. Therefore, the KOH process is not suitable for device release.

Reactive ion etch (RIE) is commonly used in the industry for removal of poly-
silicon as well as other films. Plasma is required in this technique, since most of the
gases used to etch thin films do not react spontaneously with those materials. Plasma
assists the creation of reactive species; the species then diffuse down to the surface of the
material where they are adsorbed and react with the material, forming a volatile product.
Next, the reacted product leaves the material by desorption and diffusion. Figure 5.7

shows the complete reaction mechanism of RIE process.
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Figure 5.7: Complete reaction mechanism of RIE process [9].

Fluorine and chlorine based gases work effectively for Si etching. The drawback
of using choloro-fluoro-carbon gases is the potential for polymer deposition, which
hinders the etching. However, at a certain concentration of oxygen the polymerization is
eliminated, and a high etch rate can be sustained, but at the cost of higher removal rate of
the photoresist.

A more advanced technique for silicon removal is deep reactive ion etching
(DRIE). This technique is specifically used for high-aspect-ratio dry etches and it utilizes
an inductively coupled high density plasma source. The DRIE tool is designed to
generate high density plasma without bombarding the substrate with highly energetic and
potentially damaging ions. Also, the system operates in the molecular flow pressure
regime, which reduces the number of ion collisions and effectively improves
directionality of the ion flux. A popular process utilizing DRIE is the Bosch process,
which involves repeated exposure of etchant plasma (SFe) alternated with passivation
plasma (C4F3g) [5]; consequently the etch is very directional. During the passivation step,

a polymer is deposited which protects the silicon sidewalls during the etch step. To

98



improve directionality of the etch step, a bias is applied to the substrate. The drawback of
this process is the scalloping predominately observed at the top of trenches [5].

XeF; is another dry etch process that offers high selectivity with respect to oxide,
nitride, Al, and hard baked photoresist films [10]. It is isotropic in nature, and requires
no plasma, since even at room temperature the XeF, readily reacts with Si according to
the following reaction: 2XeF, +Si —2Xe + SiF4. The drawbacks of the XeF, etch
process are related to surface roughness of etched silicon and formation of HF if water is
presents. Hydrofluoric acid etches oxide and can reduce the extremely high selectivity
between silicon and the oxide layer.

Three different etch techniques are investigated in the following section: RIE,
DRIE, and XeF, etch. Selectivity and uniformity results are presented, as they are of
primary importance for the properties of the proposed structure.

Procedure:

Three, n-type 100mm wafers of <100> orientation were used. The wafers were
RCA cleaned before LTO was deposited in 67 LPCVD system for 16 min. The oxide
thickness was measured using the Nanometrics® Nanospec; the average thickness was
1386A with FRU of 28% (see Eq. 5.3). Next, the wafers were coated with 1um of
Shipley photoresist (program 1 on SVG track). The wafers were then exposed using the
Karl Suss MA-150 with an exposure dose of 43mJ/cm®. Figure 5.8 shows the design of
the backside mask. Half of the mask was covered with a non-transparent film, so the

removal rate of the oxide layer could be accurately monitored in the experiment.
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Figure 5.8: Mask design used for RIE, DRIE, XeF, etch characterization.

The wafers were then developed using SVG program 1. After patterning the photoresist,
a 3 min buffered HF dip was performed, followed with a rinse, spin, and dry, which left
bare silicon on the backside and patterned oxide on the front of the wafers. The resist
layer was then removed using an oxygen plasma in the Branson 3200 asher. A new coat
of AZ 9260 masking photoresist followed on the front side of the wafers using a standard
masking recipe. There was approximately 25um of misalignment in the y-direction
between the patterned oxide and the masking resist pattern, which allowed monitoring of
the selectivity of oxide and silicon. The total open area in the mask was 1394mm?;
approximately 230mm? of that was bare silicon and 1164mm? was the oxide.

After patterning and curing of the masking resist one of the wafers were sent to
Xactix® for a XeF; isotropic etch; the wafers were measured upon return. The second
wafer was etched at RIT using the STS MESC Multiplex ICP tool [5]; the wafer was
etched for 25 cycles. The third wafer was also etched at RIT using the Lam 490
following SMFL polysilicon recipe (3min, SF¢ plasma) using a 6-inch wafer adapter to

accommodate 4-inch wafers. The details for all recipes are included in the appendix A.
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To measure the selectivity between oxide and silicon the masking resist was
stripped off in the Branson 3200 asher, followed by an acetone soak to remove any
remaining resist, then a DI water spin-rinse and dry. The oxide thickness was measured
using the Nanospec™. 1In the case of the etched silicon, the step height was measured
using the Tencor® P-2 profilometer.

Results:

Figures 5.9 and 5.10 show the quality of XeF, and DRIE etch. XeF; etch is

isotropic in nature and in Figure 5.9 a small arrow indicates a sidewall etch. Both

techniques show rough etched surface at the bottom of the etch window.
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Figure 5.9: Wafer etched using XeF, at Xactix where the arrow indicates the sidewall
etch. Image taken with 10x objective.

Figure 5.10: Wafer etched on STS DRIE system at RIT. Image taken with 20x objective.
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Figure 5.11 presents the information on the location and the amount of the oxide
removed during XeF, DRIE and RIE etch obtained by subtracting the final thickness

from the initial measurement of the oxide film in units of A.

(a) (b) ©)

Figure 5.11: Amount of oxide removed in angstroms for (a)XeF2 etch, (b) DRI E process, and (¢) RIE
process

(©)

Figure 5.12: Amount of silicon removed (um) for (a)XeF2 etch, (b) DRIE porcess, and (c¢) RIE
process

Figure 5.12 shows how much silicon was removed in units of microns. In case of
XeF,, the etch rate FRU i1s 40%. For silicon, the edge of the wafer is etched faster than
the center. In the STS system, the FRU of etch rate is 2.6%. The FUR of RIE process is

5%, with a higher etch rate observed near the edge of the wafer.

Xactix system STS Lam 490
Silicon | LTO Silicon | LTO Silicon | LTO
Avg. Removed (um) 98.38 | 0.0844 | 40.60 | 0.0883 | 1.892 | 0.0810
Full Range Uniformity | 40% 17% 2.6% 12% 5% 7%
Etch Rate (um/min) 1.968 | 0.0017 | 7.495 |0.0164 | 0.631 | 0.027

Selectivity of Si to . . .
LTO 1165:1 458:1 23:1

Table 5.4: Summary of Results for different silicon etch systems.
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The values for uniformity, selectivity, and etch rates are summarized in Table 5.4 for
Lam 490, STS system, and XeF, etch. Note that the resist selectivity was not included
due to insufficient sampling.

Discussion:

The above experiment demonstrated that XeF, offers the highest selectivity out of
the three techniques that were investigated. However, a fairly high non-uniformity and
slow etch rate of the XeF, etch might not be suitable for the silicon release. The STS
system offers higher etch rate and better uniformity, but selectivity with respect to the
oxide is much lower compared to the XeF; etch.

In the current experiment the total silicon area exposed to the various etching
processes was 230mm?”. The total wafer area with devices would be 1394mm’, thus
loading effects may need to be considered. Loading effects result from the depletion of
etching gas at the surface of the etched film, consequently lowering the etch rate and
affecting the uniformity of the process. Some of the factors that can influence this
include: total surface area exposed to the etching gas, recombination of the etching gas,
and the gas-pumping rate. In summary, both XeF, and DRIE techniques appear to be

suitable for removal of the remaining silicon.

D) Deep Reactive Ion Etch

Part of the process development involved investigation of two DRIE systems; one
located at Eastman Kodak Company at the MEMS research facility in Rochester NY, and
one located at RIT. Two wafers were used for this study; one of the wafers had ONO

stack of ~500A/500A/500A, and the second wafer was bare silicon. Both wafers had a
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photoresist masking layer applied. The ONO wafer underwent a partial etch in the RIT
STS system, followed by additional etching in the Kodak system. The bare silicon wafer
(for process development) was patterned and etched using only the Kodak system.

An initial examination indicated a dome-like structure in the partially etched
regions, approaching the ONO stack. Figure 5.13 shows the top view of the partially
etched region. The center of the dome was about 18-30um higher than the edge within
each etched square. Both wafers were then mounted on the 6-inch carriers and etched at
Kodak. The etching process was iterative, where the etch was interrupted and wafers

were examined frequently throughout the process.

Figure 5.13: Pre-existing dome shape of an etch window created by the RIT etch process.

Results:

The bare silicon wafer was cross-sectioned through an etch window and
photographed for analysis as shown in Figure 5.14. At the bottom of the etched region,
features resembling a grassy surface are visible. In addition, a thin layer of about 1000A
of polymer was measured. There are also blotch-like defects close to the top of the etch
window. An enlarged image of these defects is shown in Figure 5.15. The dark region is

the polymer and the rough region is the etched silicon on the sidewall.
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Figure 5.14: Cross sectioned etch window after DRIE.

27 -FEB- 83

Figure 5.15: Magnified view of the marked region from Figure 5.14.

As the etch window deepens the deposition and etch mechanisms change [11]. In
the beginning of the process the aspect ratio is small and the etch appears more isotropic,
creating rough sidewalls. As the etch progresses, the ratio of depth to width increases,
and the ion bombardment of the sidewalls diminishes. As a result, there is a polymer
buildup either on top creating a bottleneck, or in the bottom of the etch window in the
form of grass-like structures. Adjusting the process for different aspect ratios can

eliminate these surface features [11].
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Next, the partially etched silicon wafer was etched further toward the frontside
ONO film stack. Figure 5.16 illustrates the etch pattern of the ONO wafer. It is apparent
that the initial dome shape can be eliminated by adjusting the etch process. This is a very
important observation for preventing the overetching of the tri-layer film. No grass

features were present during this run, but unfortunately a radial non-uniformity was not

eliminated as shown in Figure 5.16.

Figure 5.16: ONO stack after DRIE etched at Eastman Kodak. Image taken (a) at the center of the
wafer, (b) midway, and (c) at the edge of the wafer.

E) The Effect of Etching on Charge Retention

The purpose of this experiment was to determine feasibility of charging up a
device before release of the tri-layer membranes. Such capability would simplify
processing by eliminating some of the fabrication steps. Unfortunately, due to limited
use of the DRIE system, only RIE and XeF; etches were investigated.

Procedure and results for RIE experiment:

N-type wafer had tri-layer films deposited with the 6” LPCVD system, using a
standard SMFL LTO recipe and SMFL stoichiometric nitride recipe. This wafer had the
tri-layer striped from the back side using DryTeck for etching LTO films and Lam 490
for etching silicon nitride film. Wafer’s tri-layer thicknesses were LTO 520A,

stoichiometric silicon nitride 508A, and the second layer LTO 450A. Next, aluminum
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evaporation and pattering created ONO capacitors. Details regarding the processing of
the ONO capacitors are provided in section 3.4. The capacitors were charged and an
initial C-V curve was obtained. The wafer was then processed in Lam 490 using poly-
silicon recipe for successive time periods of 2.5min, 3min, and another 3min. The poly-
silicon recipe is provided in appendix A.

After each etch, C-V measurements were taken. Figure 5.177 shows a summary
of the C-V measurements. The charge loss observed in Figure 5.177 after first 2.5 min
was 12% and 17% after 5.5 min. Any further measurements were not possible due to
degradation of the aluminum gates during the plasma etch. However, from the available
data the lifetime constant was approximated to be 35 min, which means that after 35 min
63% of the embedded charge would be lost and only 22pum of silicon would be etched
away. Using the same recipe a dummy wafer with thermal strips attached to it was
processed for duration of 1 min, 3 min, and 4 min to measure the temperature of the

wafer. After one minute the temperature was 53°C, and after 3 min the temperature

stabilized at 83°C.
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Figure 5.17: Charge retention during silicon etch in Lam 490 system.
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Procedure and Results for XeF, Experiment:

An N-type wafer was used for this experiment. The first dielectric layer was
soaked for 100 min. The nitride layer was deposited in a 4-inch LPCVD for 17 min. The
third dielectric layer was deposited using a standard SMFL LTO recipe in a 6-inch
LPCVD for 10 min. Thicknesses of the ONO tri-layers were 1039A for dry oxide, 560A
for stoichiometric silicon nitride, and 480A for LTO. Refer to appendix A for recipe
details. Wafer had the tri-layer stripped from the backside using DryTek for etching LTO
films and Lam 490 for etching the silicon nitride film. The wafer backside was coated
with masking layer and partially etched using DRIE for 300 cycles (refer to appendix A
for recipe). The backside was ashed for 10 sec in Lam 490 to remove any polymer that
might have formed on the bottom of the vias during DRIE, which might prevent XeF,
etch. Next, an aluminum film was evaporated and patterned on the front side of the wafer
using the inverse pattern of the one used to pattern the masking layer. Blanket aluminum
was evaporated on the backside of the wafer. Acetone was used to remove photoresist
from the front of the wafer. Next, the capacitors were charged followed by a removal of
all the metal using a wet etch process. The wafer was dried using compressed air and
then sent to Xactix to be etched by XeF, The wafer was etched using the recipe

summarized in Table 5.5.

Process parameters

Cycle 30 sec XeF,etch,
7 sec pump down

Pressure 800 mtorr

Temperature | 35 C

Time 440 min

Table 5.5: Parameters used for XeF, etch at Xactix of a partially etched wafer.
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After 160min, the first membrane was cleared and it did not rupture. The etching
was resumed in an attempt to clear most of the membranes, and then the wafer was sent
back to RIT. Unfortunately, only a very thin silicon grid remained of the wafer. The
measured selectivity for this run was 250:1 oxide to silicon. The low selectivity during
the XeF, etch was attributed to the presence of water, which resulted from the rinse after
the aluminum etch combined with insufficient drying. The resulting removal of substrate
material could have been caused by the etching of the polymer passivation layer, using an
oxygen ash, prior to the XeF, etch. The removal of the passivation layer from the
sidewalls would effectively increase the etch surface area and decrease the etch rate.
Also, a significant amount of silicon remaining after DRIE would interfere with the
isotropic etch. The lesson learned from these experiments is that charging before
releasing the tri-layer membrane may not be an effective technique. Consequently,

charging of the released tri-layer was considered in the subsequent experiments.
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5.2.3 Fabrication and Release of a Charged Membrane

The following section will describe fabrication and testing of the final device. The
fabrication process was design based on the knowledge gained from the above process
experiments as well as from the high field charge injection experiments.

Procedure:

A lightly doped n-type wafer was scribed, profiled (Tencor P-2) and RCA cleaned
before dry oxide was grown. The nitride layer deposition followed using the 4-inch
LPCVD for 17 min. The third dielectric layer was deposited using a standard SMFL
LTO recipe in a 6-inch LPCVD for 10 min. The measured thicknesses of the tri-layer
films were oxide 1024A, nitride 570A, and LTO 1017A. Each time a film was deposited
the backside of the wafer was stripped and film stress was measured. This was done
using an oxide recipe on Drytek Quad 482 RIE system, SMFL nitride 4-inch recipe on

490 Lam for 30sec and Tencor P-2 profilometer.

Tri-layer

Si

Figure 5.18: Silicon wafer after tri-layer deposition and etch of the backside.

The wafer was then coated and patterned with AZ926 masking resist, followed
with a deep substrate etch using the STS DRIE system for 300 cycles. An optical
microscope was used to approximately determine the etch depth. At the center of the
wafer etch depth measured as 350 um and about 420 um near the edge. The initial wafer

thickness was ~550um.
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Si

Mask

Figure 5.19: Partial etch of the silicon substrate using DRIE.

Aluminum was evaporated using the CHA evaporator. Photoresist was applied
using a manual spinner. The wafer was then baked in Hereaus oven to reduce the solvent
content of the resist at a temperature of 80°C for 5 min. Next, the wafer was exposed on
Karl Suss contact aligner and developed by hand. At this point, the wafer was wet etched
to transfer pattern to the Al layer. Next, DRIE was performed using the Kodak system;
the recipe details are provided in appendix A. The wafer was monitored throughout the

etch process, and the etch was terminated after the first few membranes were released.

Photoresist _
Al Al

Tri-layer

Si

Mask

Figure 5.20: Fully etch substrate with metal gate.
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Figure 5.21: Image of the actual wafer with released membranes.

Figure 5.21 shows the wafer after the removal of silicon. Only devices at the
edge of the wafer were released, and none of them ruptured. The wafer had the resist
stripped in an acetone bath, and then a blanket of aluminum was evaporated onto the
backside. With the patterned Al on the front and blanket Al on the back the wafer was

cleaved into smaller subsections in preparation for high field charge injection.

Tri-layer

Figure 5.22: Cross section view of the released membrane ready for charge injection.

A rectified AC signal with amplitude of 100V to 180V was used to charge the devices.
To avoid damage to the membranes the probe tip was lowered on the part of aluminum
pad supported by the silicon substrate. A detailed map of the sample was produced to

keep a record of charge injection parameters. Aluminum was then removed by dipping
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the pieces into a wet etch bath for 20min, followed with a rinse in DI water and drying
with compressed air. This did not remove all water, and the pieces were left to air dry

overnight prior to testing.

Si

Injected charge

Figure 5.23: Charged and free standing membranes.

The testing of the charged device is based on a simple electrostatic principle,
which states that charges within an electric field will be attracted toward the electrode of

opposite polarity, as illustrated in Figure 5.24.

Figure 5.24: Test set up for the final examination of the charged in a freestanding
tri-layer film stack.

The first attempt was to actuate the complete membrane structure, but its large
size made it difficult to test. By breaking the membrane, the remaining suspended pieces
were much easier to test according to the method illustrated in Figure 5.24. They were
place between two probes, where one of the probes was grounded while the second one

had a positive or negative DC bias applied.
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Results and Discussion:

Summary of the stress measurements of the device wafer are provided in Table
5.6. All measurements were taken on the device wafer after each film deposition. The
total stress of this structure was found to be 57MPa compared to the tri-layer film stack
(1008A/348A/944A), which measured -121MPa. The reduction in total stress within the

structure is attributed to the thicker nitride film.

Thickness Stress

(A) (MPa)
Si-Oxide 1024 -370
Si,N, 570 +91
Si-LTO 1017 +57

Table 5.6: Summary of stress measurements of the final device.

During the charge injection step some of the membranes ruptured. The ruptures
were result of catastrophic breakdowns, which only took place in the areas where the
patterned aluminum was present on top of released membranes as shown in Figure 5.25.
Catastrophic breakdown occurred around 160V, where a capacitor of similar film stack
(SiO, 10394, SisN, 560A SiO; 480A) ruptured at 200V. The premature breakdown of
the released devices might be caused by over etching of the tri-layer film stack during
silicon substrate etch. C-V measurements demonstrated that the membranes were
successfully charged.  Although measurements were not taken directly on the
freestanding membranes, measurements were taken on adjacent regions where aluminum
overlapped the unreleased tri-layer. Before & after C-V curves indicated a voltage shift

of 5V.
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Figure 5.25: Catastrophic breakdown of the released tri-layer of the ONO stack at ~180V (a) before
charging (b) after charge injection.

The pictures in Figure 5.26 were extracted from a movie recording of the device
testing. The test consisted of applying a potential difference between the two probes. The
horizontal distance between the two probes was approximately 50um. The applied
potential ranged from OV to 180V. At 180V a movement was recorded. The membrane
subsection moved towards the positively charge probe suggesting the presence of trapped
electrons. Due to the restoring spring force, it returned to its original position when the
potential was reduced to OV. Next, a negative potential was applied. Unfortunately, at
about -180V the spring moved towards the probe with a negative polarity. The test was
repeated for an uncharged film and other charged devices at different voltages, and they

all behaved in the same manner.
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Figure 5.26: (a) Subsection of a membrane placed within the electric field moved towards positive
bias, (b) With electric field off it retract to its original position.

5.3 Summary

The final testing of the device did not support the presence of charge within the
released ONO stack. Various factors could have contributed to such an outcome. It is
possible that the injected charge was neutralized due presence of water [12], or the high
field charge injection was not as effective in injecting charge into the membrane.

Detailed reasons are discussed further in Chapter 6.
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CHAPTER SIX: CONCLUSION

6.1 Summary

The ultimate goal of embedded charge RF microswitch research is to produce
actuators that are of low cost and are able to operate in the range of 3-5 volts. The most
important component of the described RF microswitch design is the embedded charge
cantilever. This investigation focused on a freestanding electret for this application.
The research was divided into three phases. Phase one dealt with studying of charge
injection and possibility of long term retention of the injected charge within multilayer
dielectrics (refer to Chapter 3 for details). Phase two looked into the physics of the
device (refer to Chapter 4 for details). Phase three focused on the fabrication and
charging of a freestanding thin-film membrane (refer to Chapter 5.2.3).

Electrical analysis of the oxide-nitride-oxide (ONO) film stack capacitors was
performed, and the following observations were noted. Experiments showed successful
charge trapping within the thicker ONO film stack. The highest voltage shift of 45.5V
was achieved with film stack on the order of 500 A each. A film stack on the order of
1000A/ 500A/ 500A LTO produced a 33V shift. Presence of mobile charge and fixed
charge were measured, and the effective density was an order of magnitude lower than
the estimated charge injected using a high electric field. In addition, the room-
temperature lifetime of the trapped charge was estimated to be 18,000 hours, with charge
leakage characterized by a thermal activation energy of 0.6eV. Details of this

investigation are provided in Chapter 3.
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Theoretical analyses of the embedded charge microswitch offered deeper
understanding of the device. A simplified one-dimensional model was used to study the
relationships between actuation voltage, sheet charge density, and cantilever
displacement. The analysis did show the possibility of building a low actuation voltage
device with appropriate sheet charge density. Refer to Chapter 4 for details.

The fabrication process was successful in creating a free-standing membrane.
Deep reactive ion etch (DRIE) was the most effective process for removing silicon, and
10um of AZ 9260 photoresist proved to be a sufficient masking layer for DRIE. The
1000A / 500A / 500A stack showed a high degree of mechanical strength, and no
released diaphragms broke during further processing and handling. Also, a substantial
force was required to rupture the ONO stack for testing. Unfortunately, the final testing
of the device did not conclusively support the presence of charge within the released
ONO stack. Refer to Chapter 5 for details.

Various factors could have contributed to such an outcome. One possible factor
could have been related to charge injection. Once a device is released, high electric field
charge injection is performed. Since the membrane was released, the charging occurred
through a metal layer, tri-layer, and another metal layer. All previous work related to
charge injection was done on a silicon substrate, where C-V characterization allowed for
monitoring of the density of charge trapped within a capacitor. With the silicon substrate
removed, there was no accurate way to determine the presence of charge within ONO
film stack. Therefore, one can only speculate the amount of charge injected into the

device.
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Another possible explanation is related to water presence within the film stack.
After the charge injection, the metal is removed using a wet etch followed by rinsing in
deionized water. Compressed air could not remove all water and the sample was left to
air dry. It is possible that water could have diffused through the released aluminum-free

surface and discharged the device [1].

6.2 Suggestions for Future Experiments

One of the future experiments could focus on further improvement in quality of
the silicon oxide and silicon nitride films. It’s been shown that, the number of trap sites
within the oxide film could be reduced. Experiments involving high temperature anneals
in presence of various ambient gases suggest that such improvements are possible for
silicon oxide films [2-3]. Also, deposition at higher temperatures or post-deposition
annealing could improve quality of the silicon nitride films by reducing the number of

hydrogen bonds [4-5].

Another experiment could focus on charge retention during release of the tri-layer
film stack. The study would investigate the effects of long-term exposure of a charged
device to a plasma etch with or without annealing prior to the etch. In experiments which
have been done to similar devices, a charged device which was annealed showed no
charge loss even at an elevated temperature [6]. The study would include experiments to
determine how DRIE system affects charge retention. Also, XeF, etch would be revisited
in this study to see if one could reduce presents of water by using doped polysilicon
instead of aluminum. To further limit device exposure to water, a chemical surface

treatment such as an HMDS vapor prime could be investigated [7].
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Additional measurements to quantify the total charge and space charge
distribution are required to properly characterize the ONO device. Many methods exist
to obtain these measurements, and were discussed in Chapter 2. Also, in Chapter 2
various techniques for creating electret films were mentioned. In this work, only the high
field charge injection method was investigated. However, corona charging might also be

an effective technique worth investigating further [10].

6.3 Concluding Remarks

The research presented here focused on developing a charged thin-film membrane
comprised of an oxide/nitride/oxide (ONO) tri-layer dielectric stack. The fabricated
membrane represents the cantilever within a microswitch, and it contains injected charge,
which aids in controlling the deflection with an externally applied voltage. In this work
all three phases of the described research were completed and the initial results look
promising. However, further work is required to successfully merge charge injection
technology with the structure release process to fabricate a fully functional microswitch.

A multi-layer insulator structure with trapped charge may be a viable approach for
making microswitches and could also be used in other applications that benefit from a
lower actuation voltage. Hopefully, the lessons learned in this investigation will provide

insight for future research.
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Appendix A: Processing Recipes

Process Etch of Nitride Film
Tool Lam 490 RIE
RF Power 130 W
Pressure 375 mtorr
SF¢ Flow 70 sccm
He Flow 5 sccm
Gap 1 cm
Process Etch of Oxide Film
Tool Drytek 482 RIE
RF Power 300 W
Pressure 70 mtorr
CHF; Flow 70 sccm
0O, Flow 5 scem
Process Etch of Poly-Si Film
Tool Lam 490 RIE
RF Power 140 W
Pressure 325 mtorr
SF6 Flow 150 sccm
02 Flow 45 sccm
Gap 1.25 cm
Process XeF, Etch of Silicon at Xactix
Etch Step Pump Step
Gas XeF, 0
Pressure 800 mTorr 800 mTorr
Time 30 sec 7 sec
Process Etch of Silicon Substrate
Tool Kodak STS
Deposition Step | Etch Step
Flow C,Fg 85 scem SF4 130 scem
Coil Power 600 W 600 W
Platen Power | 0 W 12W
Pressure 18-20mTorr 29-32mTorr
Etch Time 8 sec 12 sec
Process Etch of Silicon Substrate
Tool RIT STS MESC Multiplex ICP
Deposition Step | Etch Step
Flow C,4Fg 85scem SF4 130 scem
Coil Power 600 W 600 W
Platen Power | 0 W 15W
Pressure SmTorr SmTorr
Etch Time 7 sec 13 sec
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Process Deposition of LTO
Tool 6 inch LPCVD
Temperature | Zone 1 Zone 2 Zone 3

405 °C 425 °C 425 °C
Gas Flow O, 96 sccm

SiH,4 80 sccm
Pressure 300 mtorr
Process Deposition of Nitride
Tool 6 inch LPCVD
Temperature | Zone 1 Zone 2 Zone 3

800 °C 800 °C 800 °C
Gas Flow SiH,Cl, 4 sccm

NH; 50 sccm
Pressure 300 mtorr
Process Deposition of Nitride
Tool 4 inch LPCVD
Temperature | Zone 1 Zone 2 Zone 3

790°C 800 °C 810 °C
Gas Flow SiH,Cl, 50 sccm

NH; 500 sccm
Pressure 300 mtorr
Process | Deposition of Dry Oxide
Tool Bruce Furnace 4
512 SMFL 1000A dry Ox Temp. | Gas Flow
STEP description time (°O) (Ipm)
0 Bout out 0 25 5N,
1 Start :00:01 | 800 10 N,
2 Push In 112 800 10 N,
3 Stabilize 20 800 10 N,
4 Ramp Up :20 1000 50,
5 Stabilize :05 1000 50,
6 Soak 2:25 1000 10 O,
7 N, Purge :05 25 15N,
8 Ramp Down :35 25 10 N,

Total time 4:17
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Process | Deposition of Dry Oxide
Tool Bruce Furnace 4
508 SMFL 500A dry Ox Temp. | Gas Flow
STEP | description time (°O) (Ipm)
0 Bout out 0 25 5N,
1 Start :00:01 | 800 10N,
2 Push In 12 800 10 N,
3 Stabilize :20 800 10 N,
4 Ramp Up :20 1000 50,
5 Stabilize :05 1000 50,
6 Soak 45 1000 10 O,
7 N, Purge :05 25 15N,
8 Ramp Down :35 25 10 N,
Total time 2:34

Process | Masking Layer for DRIE

Steps

1 Prime the wafer using SVG recipe 1

2 Dispense a quarter size puddle of AZ 9260

3 Spin the wafer at 500 RPM 5 sec and 1500 RPM 45 sec

4 Bake the wafer at 90°C for 2 min on hotplate

5 Expose the wafer on Suss MA 150 Aligner: 90 sec which is about 1500mJ/cm?2 using soft
contact

6 Develop wafer with CD 26 developer for 4 min

7 Bake the wafer on the top plate of the Hereaus oven for 30 min at 125°C
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Appendix B: Tool Specifications

Keithley C-V characterization station

High Frequency Capacitance 100kHz

Range Resolution Accuracy Noise

200 pF 10 fF 0.7+0.05 180 {F

2 nF 100fF 0.9+0.5 1800fF

High Frequency Capacitance 1IMHz

200 pF 10 fF 0.9+0.05 200 fF

2 nF 100fF 1.4+0.5 400 {F

Quasistatic capacitance

200 pF 10 fF 1+0.1 0.12%rdg +0.13pF
100mV/StepV +0.1pF

2nf 100 {F 0.8+0.2 0.09%rdg +0.13pF
100mV/StepV +0.1pF

Voltage source

voltage p-p noise resolution

<20V 150 pv 10mV

>20V to 120V 250 pv 100mV

Maximum sweep span |Vgrart-Vsrop|:40V

Maximum output current: £2mA

Sweep Step Voltage Selections: 10mV,20mV,50mV,100mV

DC output Resistance: <10Q

Oulpit To 580 Output Cutput
590 5951 W’{_
:> CV Analyzer k’"mﬂ To500 Inpu (Remote INput| inour @
- prep Coupler F"—E-F—"
Extornal Extarnal F, Chuck
Trigger Blas To 100K/ 1M
Input Input 505 Fraquency
Ialar Salect
051 7051 Input
Meter Meter inout Ribbon
Compiets proy Catie
Output _l V-Source Output Hi
595 Output J 230-1
Quasistatic 7051 owpa| VYOltage Dighad
CV Meter Le Source Vo
Port
=T ﬁ
7007 Cabies & '
Software
QO >{ Computer {User
Kaithley Supphed)

Figure 1 Block diagram of CV setup
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Semiconductor Parameter Analyzer Model HP 4145B

Maximum capacitive load: 1000 pl*
E£MU Voltage Range, Resolution and Accuracy

[ Voltage Ramge [ Aecuracy™ Mas, Cuareat
| 1Y Lmi 40.1%+ LOmy+0 xlg) 100,
| Al Imi +[0.1%420mY D) Bl
| <100V Smi (0194 50m = 4w 2k

®lgew 18 SML cuiipul currant in EMpS.

SMU Current Range, Resalution and Accuracy

Currant Range | Resolutien Accarmy'? Mz Vahage
2O = 5lmi
=100m 1004 (0,354 [0k b kvl 404> I0ma
210wk 10wk 0,38~ | Dk + 200V}
o 100k Lk £l13% ] ah= 200k
=100k 100nA =(0.3% + 1 00nd~Inkix\o)
=10h 10rk =|0.3% - 1 0nd+ 2pA < V) 100 2208
= 10004 Il ol 05« 1 nk b Mool
< 100mA 1K «I0 5= 100z 1 2pAxva)
2 10ed, 10ipa, +f 1%+ 15pk+ H00RAx )
< 10003, | +{1%Hiph = M08 K

b Tn:&uummmuuam white
=50 4, rasalulteon in curént manilee mode

1. Accuracy specificalions &e given a5 % of ronding or satting wakuee + % ol ranga
1. Acouracy boberances ape Specited &l 25°C 5%, after & 410 minube warm-up tima, with ALTO
CaL or and apeched al thi raar panel connector lemrmiels refenandad 0 SMU commen, Tok-
Brandces Brs Soubked |04 the axlanded 1pmperalure rangs of 1070 10 407G,
SMU Yoltage/Current Compliance
Maximum voltage compliance; X} ¥V, 40 V. or 100 ¥V, depending on
Lhe OuTPUT CUTTERT Tdnge.
Maximum currenl compliance: 20 mA, 50w, or 100 mA, depend-
ing on the oulput vollage range.
Compliance setling resolution: same as current and voltage out-
pul/measurement resulution, Maximum current compliance resolu-
tion, however. is 530 pA.
Compllance accuracy: voltage cumpliance accuracy is the same as
wiltape outputmeasurement accuracy, Currenl compliance acoura-
¢y is current output/messarement aceuracy + (1% of range + 10
pA).

Tektronix 370 programmable curve tracer

Range 16 V S0V 400 V 2000 V
Max Peak Current 10 A 2 A 0.4 A 0.05 A
Peak Current Pulsed 20 A 4 A 0.8 A 0.1 A
Min. Series Res.(£2) 0.26 6.4 160 20 K
Max.Series Res.(Q2) 800 20K 500 K 12.5M

Collector/Emitter Current

Measurement range is 100 nA/div (1 nA resolution) to 2 A/div for collector
current and 100 pA/div (1pA resolution) to 2 mA for emitter current.

Collector/Base/Emitter Voltage

Measurement range is 5 mV/div (50uV resolution) to 500 V/div for the
collator and SmV/div (50uV resolution) to 2V/div for base emitter voltage.
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Appendix C: Approximate contact potential
of materials to intrinsic silicon

Material b,
Ag -0.4
Au -0.3
Cu 0.0
Ni +0.15
Al +0.6
Mg +1.35
Degenerate p* polysilicon —-0.56
Degenerate n* polysilicon +0.56
Extrinsic Si ~
Intrinsic Si 0

1The values given for metals and polycrystalline silicon are
only approximate. Accurate values are difficult to obtain,
and, in fact, different measuring techniques can yield val-
ues which differ by a large fraction of 1 V.
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