A MEMS DUAL VERTICAL ELECTROMETER AND ELECTRIC FIELD-MILL

THESIS

George C. Underwood, Second Lieutenant, USAF
AFIT-ENG-MS-19-M-063

DEPARTMENT OF THE AIR FORCE
AIR UNIVERSITY

AIR FORCE INSTITUTE OF TECHNOLOGY

Wright-Patterson Air Force Base, Ohio

DISTRIBUTION STATEMENT A.
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.



The views expressed in this thesis are those of the author and do not reflect the official
policy or position of the United States Air Force, Department of Defense, or the United
States Government. This material is declared a work of the U.S. Government and is not
subject to copyright protection in the United States.



AFIT-ENG-MS-19-M-063

A MEMS DUAL VERTICAL ELECTROMETER AND ELECTRIC FIELD-MILL

THESIS

Presented to the Faculty
Department of Electrical and Computer Engineering
Graduate School of Engineering and Management
Air Force Institute of Technology
Air University
Air Education and Training Command
In Partial Fulfillment of the Requirements for the

Degree of Master of Science

George C. Underwood, B.S.E.E.

Second Lieutenant, USAF

March 2019

DISTRIBUTION STATEMENT A.
APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED.



AFIT-ENG-MS-19-M-063

A MEMS DUAL VERTICAL ELECTROMETER AND ELECTRIC FIELD-MILL

THESIS

George C. Underwood, B.S.E.E.

Second Lieutenant, USAF

Committee Membership:

Maj. Tod V. Laurvick, PhD
Chair

Dr. Hengky Chandrahalim, PhD
Member

Dr. Frank Kenneth Hopkins, PhD
Member



AFIT-ENG-MS-19-M-063
Abstract

Presented is the first iteration of a Microelectromechanical System (MEMS) dual
vertical electrometer and electric field-mill (EFM). The device uses a resonating structure
as a variable capacitor that converts the presence of a charge or field into an electric signal.
Previous MEMS electrometers are lateral electrometers with laterally spaced electrodes
that resonate tangentially with respect to each other. Vertical electrometers, as the name
suggests, have vertically spaced electrodes that resonate transversely with respect to each
other. The non-tangential movement reduces damping in the system. Both types
demonstrate comparable performance, but the vertical electrometer does so at a fraction of
the size. In addition, vertical electrometers can efficiently operate as an electric field
sensor. The electric field sensor simulations did not compare as well to other MEMS
electric field sensors. However, the dual nature of this device makes it appealing. These
devices can be used in missiles and satellites to monitor charge buildup in electronic
components and the atmosphere [11]. Future iterations can improve these devices and give

way to inexpensive, high-resolution electrostatic charge and field sensors.
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A MEMS DUAL VERTICAL ELECTROMETER AND ELECTRIC FIELD-MILL

I. Introduction

Microelectromechanical systems (MEMS) show potential for creating extremely
sensitive charge sensors. These sensors, or electrometers, are used in mass spectrometry,
for the detection of bio-analyte and aerosol particles, for the measurement of ionization
radiation, in space exploration, in quantum computing, and in scanning tunneling
microscopy[1]-[3]. Commercially, electrometers can sense a minimum equivalent charge
of 5000 electrons [4]. MEMS electrometers have demonstrated detection of 6 electrons at
room temperature and atmospheric pressure [3], [5], [6]. Other technologies have been
used to detect charges smaller than one electron such as the single electron tunneling
transistor. One such transistor resolved an equivalent charge of 1.9 x 10 electrons [1].
However, the sensing temperature was 4.2 Kelvin, which is too low for nearly all practical
applications.

There exists a demand for more sensitive, more accurate charge detection at room
temperature. For example, electrometers are used to measure the charge on large particles
such as viruses. With the capability of detecting 15 electrons, these charge-detection
electrometers could be used for DNA analysis [2]. Moreover, gas-detector electrometers
could be used for car exhaust monitoring with a 500-electron resolution [4]. These

applications cannot be realized with present commercial electrometers. MEMS



electrometers can provide an inexpensive solution to these applications. They are smaller
than commercial electrometers and can be mass produced, they are made with inexpensive
materials such as silicon, and they can be implemented with microelectronics more easily.

Previously reported MEMS electrometers are variable capacitors that convert a
presence of a charge into an electric signal [2]-[4], [7]-[9]. The amplitude of the signal is
linearly proportional to the charge. The use of mechanical variable capacitance is used in
several sensing applications including pressure sensors, gyroscopes, accelerometers, and
Electric field-mills (EFMs).

EFMs are the most prevalent devices used for quantifying electric fields today. They
are superior to solid state sensors because of their long-term stability. They are used in
weather applications for measuring atmospheric electric fields [10]. They are also used in
the aviation industry to monitor electro-static build-up in missiles and satellites and thus
prevent discharge [11]. EFMs can also be used as a non-contacting electrostatic voltmeter
(ESV) given the correct feedback control [2]. EFMs detect electric fields by creating a
variable capacitance between the source and the detector. However, EFM applications are
limited by their size, power consumption, and relatively high cost [11]. MEMS can be a
solution to all of these technology needs.

In general, there are two types of MEMS EFMs (as demonstrated by Riehl et al. [2]),
ones that are made of vertically spaced electrodes and those that are made of laterally
spaced electrodes. The difference between the two is discussed in Section 2.5. The main
advantage of the vertically spaced EFM to the laterally spaced devices is that they create a
less damped system. Less damping leads to less power needed in the system, which can

lead to smaller feed-through voltage noise and more sensitive sensors.
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MEMS electrometers, on the other hand, have only been demonstrated with laterally
spaced electrodes. These devices suffer from high damping due to squeeze-film damping
(Section 2.6.3). However, vertically spaced electrometers can reduce damping effects.

This work develops a theoretical model for the charge response of a vertically spaced
MEMS electrometer. Physical devices were fabricated using the PolyMUMPs foundry
process. They serve as a proof of concept behind the theory. Their ability to measure
electric fields was also characterized. Uniquely, nonlinearities were created in the device
to modulate the electric field signal to the second harmonic of the actuation voltage. The
next chapter reviews important concepts for designing MEMS electrostatic charge and field

SENSOrs.



Il. Literature Review

2.1 Chapter Overview

This chapter introduces essential concepts for the design of electrometers and electric
field sensors. Noise is a limiting factor for any sensitive sensor. For example, to detect 1uV
with a voltmeter, the noise floor would need to be smaller than 1uV. Any signal below the
noise floor cannot be distinguished from the noise. MEMS resonators have been used to
make extremely sensitive electrometers and electric field sensors. Riehl et al. developed
the first MEMS electrometer in 2003 [2], [7]. This chapter presents the detection methods
and fundamental theories of his electrometers and electric field sensors, as this research is
mostly based off of his work. Then, discussed are important mechanical concepts for
MEMS resonators. Finally, limitations and improvements of previous MEMS

electrometers and electric field sensors are discussed.

2.2 Variable Capacitor Based MEMS Electrostatic Charge and Field Sensors

In 1785, Charles Coulomb reported that electrostatic charges exert a force on each other
using a torsion balance, which he invented [4]. What he created was the first instrument
that could quantify charge. In the early twentieth century, Millikan quantified the charge
of a single electron by using an oil drop experiment [1]. In that experiment, he charged an
oil drop and measured how strong an applied electric field had to be to prevent it from
falling. By doing this several times with oil droplets of different charges, he was able to
quantify the charge of a single electron. It wasn’t until 1932 that Ross Gunn, at the Naval
Research Laboratory, invented the first variable capacitor electrometer, known as a

vibrating reed electrometer [4]. The variable capacitance was created by semicylindrical



electrodes, two stationary ones and two on a rotating shaft. Gunn was able to quantify a
minimum charge of 4 fC (24,000 electrons) using this system. Since his invention, variable
capacitance was the most common method used for measuring charge until the emergence
of solid-state sensors. However, in more recent years, researchers demonstrated low cost,
high-resolution MEMS electrometers [1]. The first MEMS electrometer was created by
Riehl et al. [2], [7]. Their electrometer is discussed in more detail in Section 2.4.

Riehl et al. also demonstrated a MEMS electric field-mill (EFM) [2]. EFMs are
superior to solid state sensors because of their long-term stability. EFMs can also be used
as a non-contacting electrostatic voltmeter (ESV) given the correct feedback control [2].
ESVs measure potential by creating a variable capacitance between the source voltage and
the detector. Loconto developed the first known MEMS EFM/ESV in 1993 [4]. He
demonstrated a resolution of 10 mV at an electrode distance of 6 pum. Sections 2.4 and 2.5
describe, in more detail, the electrometer and EFMs developed by Riehl et al. Before
reviewing these devices, the different noise sources in electrometer and EFM systems need

to be understood.

2.3 Noise Analysis

There is some disagreement in literature on the exact definition of an electrometer [4].
This research follows the definition used by Keithley Instruments, a leading manufacturer
of dc-electrical-measurement systems. Their definition of an electrometer is an instrument
that incorporates all of the multimeter functions plus a coulometer mode and is
characterized by high input impedance and high resolution [4]. The multimeter functions

are voltage, current and resistance measurements. A coulometer measures charge. The



instrument developed in this research may be more accurately described as a coulometer
with an EFM mode since it is only analyzed for measuring charge and electric field.
However, the device can be used for the other electrometer functions.

A block diagram of an electrometer is shown in I.Figure 1. It consists of a shunt resistor
followed by a fixed gain stage. Typically, Riis very large (> 1 GQ). The high impeadance
allows for a large IR voltage drop across the resistor which is practical for low current
measurements, such as measuring charge, large resistances, or voltages from a high source

impedance [4].

[, Q;
— +0 —O +
C +
V,- R,‘ - AV; Va:fqu
— =ARI,
—0 o— AQ/C,

Figure 1. A block diagram of a basic electrometer (borrowed from [4]).

To measure charge, the input resistance should be as high as possible to allow the
capacitor C; to hold a charge long enough to make a measurement. An electrometer in
coulometer mode can be represented by replacing R;i with an open switch as shown in
Figure 2. It should be noted that the circuit in Figure 2 is the basis of the electrometer in
this research. The switch is used to ground the input node. Still, with an open switch, there
is some leakage current across the capacitor. The leakage current creates a sensitivity limit
for the charge sensor as well as a source of noise. However, before reviewing limitations

due to leakage current, thermal noise needs to be considered as well.



- C; +
Vi |S\ —== AV V,=AQ/C,

—

Figure 2. Block diagram of a basic electrometer in coulometer mode (borrowed

from [4]).

2.3.1 Thermal Noise
Random thermal motion of electrons create noise in electronic circuits. The thermal

voltage and current noise of a resistor with a resistance value of R are listed below [4]:

72 = 4kTRAf )
o 4kTAf.
n R (2)

These expressions are represented as the variance of the noise where k is Boltzmann’s
constant T is absolute temperature, and Af is the bandwidth of the measurement. Typically,

noise is represented by the variance divided by the bandwidth as shown in Equations (3)

and (4):
ﬁ—’% = 4kTR
Af (3)
T, 4kT
Af R (4)

These representations are known as the spectral densities and are constant for white noise

voltages [4]. Noise is also commonly represented as the square root of Equations (3) and

(4). Therefore, noise is referred as some quantity per root Hertz (e.g. %).



The thermal noise of a field-effect transistor (FET) can be represented as a voltage-
noise source (v;,) and a current-noise source (i,,) at the input of the device (Figure 3). The

thermal noise spectral densities of the FET are [4]:

— = 4kT ——

Af 30m (3)
b = 2ql, + 4kT 2 (2nf)2C2
Af s 3g,, G ) Cgs (6)

where g,, is the transconductance of the FET, C,; is the gate-to-source capacitance, and I,
is the gate current. The current-noise spectral density contains two terms. The first, 2q1,,

is the shot noise in the gate current of the FET. The second term is the input-referred

thermal noise in the transistor channel [4].

Figure 3. Noise representation of an FET transistor (borrowed from [4]).

2.3.2 Leakage

As mentioned before, a charge sensor ideally has an infinitely high input impedance so
that charge can be held indefinitely on a capacitor. This gives an infinite amount of time to
make a measurement and results in a high-resolution device. However, even with an open
switch, a leakage current will be present across the capacitor.

Consider the input node of an electrometer shown in Figure 4. The leakage current is

represented by the DC current source I, with a leakage resistance Ri. The equilibrium



voltage of this circuit is veq = Rili. If this voltage exceeds the input range of the initial
amplifier stage, the circuit cannot be operated without a switch [4]. The equilibrium voltage
also creates an equilibrium charge equal to Qeq = RiliCi. Measuring charges much smaller
than this is an extremely difficult task. For instance, to measure one electron from an
equilibrium charge of one million electrons, measurement instruments would need to
resolve one part per million in voltage. Also, the time required to make a measurement is

limited by the time constant t = RC [4].

‘DV;

Figure 4. A linear model of electrometer input leakage (borrowed from [4]).

If a switch is used to set the input charge to zero, then the equilibrium voltage is of no
concern [4]. However, leakage current will build up a charge over time. If the leakage
current is comparable to the charge to be measured divided by the time to measure it, this
presents a resolution limit [4].

In addition to creating measurement limitations for electrometers, leakage current paths
also introduce noise to the system. Thermal noise from resistors and shot noise from other
components inject charge noise onto the input of the electrometer [4]. Equation (1) gives

the thermal noise of a resistor. The shot noise is represented by



af = 20k ()
where It is the DC current creating the shot noise [4]. If the leakage time constant is much
smaller than the time taken to make a measurement, then the worst-case scenario can be
made that all of the leakage current noise is integrated to the input capacitor of the

electrometer [4]. The resultant charge noise is

_ 1 [i,2

anzzn_ 7 Af

(8)

where fs is the sampling frequency [4]. The expression in Equation (8) assumes that one is
only interested in the difference between two consecutive samples. If one is interested in
the absolute charge noise, then it is assumed that the shot noise comes into equilibrium

with the input resistance [4]. The resultant RMS noise is

_ i ’1
Qsn = Rililsn = |5 aLRC. (9)

Minimizing R; and I; is crucial for making highly sensitive charge sensors. This can be
done by surrounding the input of the device with a good insulator such as silicon dioxide

or silicon nitride [4].

2.3.3 Flicker Noise

Flicker noise, or 1/f noise, is a dominant noise source in low-frequency circuits [4]. All
transistors have some 1/f noise. The 1/f noise of a FET can be modeled using the same
noise model in Figure 3. Equations (10) and (11) give the spectral noise densities of the

circuit:

10



Uny K (10)

Af  WLCoxf
Ly Am*CLKISf (11)
Af 9%

W and L are the width and length of the transistor channel, Ip is the drain current, and Cgs
is the gate-to-source capacitance. K;, K, and a depend on the fabrication process for the
FET. The 1/f noise takes the shape of the frequency dependent signal shown in Figure 5.
The frequency at which the I/f and thermal-noise sources are equal is called the 1/f noise
corner. Measuring the signal at a higher frequency than the noise corner frequency
significantly reduces noise effects.

. &
log v, /A

T

log f, F;J,Ef
Figure 5. A conceptual plot of input-referred spectral-noise of a transistor as a
function of frequency. f, represents the 1/f noise corner of the transistor (borrowed

from [4]).

2.3.4 KT/C Noise
Capacitors create no thermal noise, which is why they are often used in low-noise
circuits [4]. However, purely capacitive circuits build up charge over time and create large

voltage drops [4]. Usually a switch is used to bias the voltage back to zero. Adding a switch

11



(as in the coulometer in Figure 2) creates thermal noise from the on resistance of the switch.
This thermal noise is called KT/C noise [4].

The voltage-noise variance of the on-resistance is given in Equation (1). When the
switch is opened, some of the voltage-noise will still be present on the capacitor and has a
variance of

_ kT 12
A (12)

C
In an electrometer, we are interested in the residual charge built up on the capacitor from

the voltage noise. The variance of the residual charge is given by [4]

0, = kTC. (13)

2.3.5 Brownian Noise

The mechanical equivalent of thermal noise is Brownian noise. Random thermal
motion creates a displacement variance in mechanical elements [4]. This random motion
is prevalent in high-resolution displacement sensors, such as accelerometers, and sets a
lower bound for detection [4]. The spectral density of displacement-noise in a lumped
spring-mass-damper system at resonance is given by [4]

X2 kT (14)

Af  wf?h
where b is the damping coefficient.
This research utilizes suspended vibrating mass structures to modulate electrical
signals. The peak amplitude vibration is in the order of micrometers. The Brownian noise
in this system is in the order of pico-meters and does not create a significant resolution

limit [4].
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2.3.6 Noise Mixing
The device in this research contains a time varying capacitor. For any circuit with time
varying components, the way in which noise is modulated needs to be considered [4].

Noise mixing is present in voltage amplifier feedback circuits as shown in Figure 6 [4].

Vn

Figure 6. Example noise model of a feedback system (borrowed from [4]).

The amplifier amplifies the input voltage, v;, to the output voltage, v,. The circuit contains
three impedance sources: Z; the input impedance, Z,, the parasitic impedance, and Z¢ the
impedance of the feedback path. The amplifier also contains a generic noise generator v,,.
The gain of the circuit is

o _Z%
v Zi (15)

If either Z; or Z; varies at a frequency f,, then a DC input voltage will generate a
component of the output voltage at f,. Also, the noise voltage will create a component of
v, at the same frequency. The response of the circuit to the amplifier noise is referred as
the noise transfer function (NTF) and is given by [4]

v = Yo _ 4+ ZillZy
Uy Zillz, (16)
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If the signal is analyzed at the modulation frequency, then the way 1/f noise is up-mixed to
the detection frequency needs to be considered. All feedback circuits suffer from 1/f noise.

However, consider the open loop voltage amplifier shown in Figure 7. The gain of the
circuit is given by [4]

@:A Zp

V; Zi +Zp (17)

Any variation in Zi will create a component of v, at the frequency of the variation.
However, the NTF of the circuit is simply A [4]. So, no low frequency noise is up-mixed

to the modulation frequency.

Vi
v LT A >
Z,

Figure 7. Open loop voltage amplifier (borrowed from [4]).

2.3.7 Feedthrough

For many MEMS applications, structures need to be actuated by electrical signals. The
actuation signal can be coupled to the sense node of the instrument through parasitic
capacitances. This coupling is unwanted because it interferes with the signal to be detected.
This type of interference is known as feedthrough.

As an example, consider the generic sensing circuit of Figure 2.8. Here, v, is the AC
drive signal used to actuate the sensor, typically on the order of 1 Vp, [4]. v is the signal

to be sensed, C, is the feedthrough capacitance, and C; is the sense capacitance.

14



C.
vy @ P —

Figure 8. Feedthrough voltage circuit (borrowed from [4]).

The feed-through voltage at the sense node, vy, is equal to the capacitor-voltage-divider
equation [4]:

Cx
C,+C, (18)

vf=vd

Typical values for C, are in pico-farads, and C, in femto-farads [4]. These values would
yield a feedthrough signal of 1 mVyp, which would be catastrophic on the performance of
the sensor.

The feedthrough voltage can be reduced by differential sensing. Consider the circuit in
Figure 9. Here, we assume that the signal to be measured is on v, and v,_ is used as a
reference, or that the two nodes are equal and opposite in voltage. In this case, the value of
interest is the difference between the two nodes. This would result in a feedthrough signal
equal to [4]

Cer G (19)
Cor + Cry  “Co_ +Cy

vf=vd
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C..
V. O——dl —0 V,,

Figure 9. Feed through voltage circuit with differential sensing (borrowed from

[4]).

We can typically assume that Cg is much larger than C,, and that C,, and C,_ are well
matched. If the mismatch between the two feedthrough capacitors are expressed as

Cs_ =Csy (1469 (20)
then the feedthrough signal can be written as [4]

|611Cx (21)
C,

|vr| = lval

The feedthrough signal can be further reduced by implementing differential actuation
[4]. This refers to actuating a mechanical structure with equal and opposite waveforms, one
on each side. Adding differential actuation to differential sensing results in the circuit
shown in Figure 10. The resultant feedthrough signal is further reduced to

C 22
o] = lval 2164115 22
N

where &2 is the mismatch between the upper and lower feedthrough capacitances [4]. If all
of the feedthrough capacitances match within 1%, then the original 1 mV signal will be

reduced to 100 nV.
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Figure 10. Feed through voltage circuit with differential sensing and driving

(borrowed from [4]).

Still, another technique can be implemented to reduce feedthrough by separating the
drive signal from the sense signal in frequency or phase. It is often advantageous to create
nonlinearities in an electrical, mechanical system so that the signal is generated at a
harmonic of the drive frequency [4]. This is referred to as harmonic sensing. A narrow
band detector can amplify the signal at the harmonic of the drive frequency, completely
filtering out the feedthrough [4]. However, in real-world systems, some of the drive signal
is distorted and appears at the harmonic frequency. Let’s say we drive a system with an
AC voltage, vy, at a frequency f, and we detect the signal at 2f. The distortion would be

defined as [4]
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1Da(2/)]
HD; = ———.

TG (23)
If this method is added to the two previous, the feedthrough is further reduced to

¢ 24
[v7] = val £ 16,116, - HD;. (24)
N

It is not difficult to obtain an HD value of .001 with a function generator [4]. The
combination of these three techniques (with the previous example values) would reduce a

1 mV feedthrough voltage to 100 pV [4].

2.4 Riehl’s Electrometer

In 2003, Riehl et al. created a MEMS variable capacitor electrometer [2], [4], [7]. The
electrometer was able to detect charges orders of magnitude smaller than the best
commercial electrometers. Also, the detection was done at room temperature and
atmospheric pressure. Then, in 2008, Lee et al. created a MEMS electrometer that could
detect an equivalent charge of 6 electrons [3], [5], [6]. His electrometer was made using
the same method as Riehl’s. Both MEMS electrometers were fabricated using the SOI-
MUMPS foundry fabrication process. This requires the devices to be fabricated on a
Silicon-On-Insulator (SOI) wafer.

Figure 11 shows a simple schematic of Riehl’s electrometer. It is created from a

resonating structure that is differentially actuated on both sides by comb-drives.
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Figure 11. Top view of a simple schematic of a MEMS electrometer (borrowed

from [6]).

The middle of the structure is made of alternating stationary and mechanical fingers. As
the body resonates at a frequency f, the capacitance between the middle fingers varies at a
frequency 2f. A charge inputed on the top stationary fingers will induce a voltage at 2f
(charge is only inputted on the top electrodes so that differential sensing can be
implemented by subtracting the voltage signal of the bottom electrodes from the sense
signal). The difference in frequency between the drive and sense voltage reduces feed-
through voltage noise. The induced voltage is equal to [2]

_°
(@) +C, (25)

V() =
where Q is the input charge, Cy,(t) is the variable capacitance between the center fingers,
and C, is the parasitic capacitance between the sense node and ground. It can be shown

that the RMS voltage component of the output at the frequency 2f is

2

V@ef) = Q— (X)

2v2(C, + C,)° 9 (26)
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were C, is the stationary capacitance of the variable capacitor, X is the max displacement
of the resonator, and g is the initial gap between the sense combs. The resolution of the
electrometer is defined as the derivative of the output RMS voltage with respect to the input
charge given by [6]

Cs z

X
ST+ G) <§> | 27)

It turns out that for a given X and g, the charge resolution is at a maximum whenever
C, is equal to Cs [6]. The designs of these electrometers limit C,, as much as possible to

achieve maximum resolution.

2.5 Riehl’s E-field Sensor

Along with the electrometer, Riehl et al. also created MEMS electric-field mills
(EFMs) [2], [4]. He demonstrated two sensing techniques: one with laterally spaced
electrodes and the other with transversely spaced electrodes (depicted in Figure 12). Both
methods were created using comb drive actuators and with two sets of electrodes. One set
IS stationary sense electrodes, and the other is mechanical shutters that are free to oscillate
in one direction. Also, both techniques utilized differential drive and sense feedthrough
cancelation methods, as discussed in Section 2.3.7. However, neither used harmonic

sensing.
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(a) (b)
Figure 12. A depiction of Vertically spaced electrodes (a), and laterally spaced

electrodes (b) (borrowed from [2]).

An applied electric field will induce a proportional charge on the sense electrodes. The
induced charge is also proportional to the capacitance between the e-field source and sense
electrodes. The shutter, while in oscillation, periodically shields and exposes the sense
electrodes to the source, creating periodically changing charge or current. In a simple case,
the change in capacitance can be expressed as the effective exposed area of the sense
electrodes. The current will then be equal to [2]

. dQ 5| dA
P T (28)
where &, is the permittivity of free space, |E| is the magnitude of the electric field, and A

is the effective area.

2.6 Mechanics

Lateral comb drive resonators electrostatically actuate the device in this research. A
typical configuration for the comb drive actuator is shown in Figure 13 (a). There are a pair
of combs on the left and right side of a moveable plate. A split dual folded-flexure

suspension suspends the plate. When an AC voltage with a DC bias is applied between the
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combs, the plate is actuated in a direction parallel to the comb fingers. The resonator can
be represented by a mass-spring-damper system (Figure 13 (b)) with an equation of motion
given by [12]

mxX +cx + kx = F, (29)

Here, F, is the electrostatic force on mass m, b is the damping coefficient, k is the spring

stiffness of the suspension and, x is the displacement of the mass.

2.6.1 Actuation

The electrostatic force on the left and right combs are F,; = n%tVl2 and F,, = n%t

VTZ
respectively, where n is the number of comb finger pairs on one side, ¢ is the permittivity
of free space, t is the thickness of the fingers, g is the interfinger gap, and V; and V;. are the

left and right side actuation voltages respectively. If V; =V, + V, sin wt and V. is equal

but 180 degrees out of phase, the combined electric force will be

et et
F,=F,—F, = nE(Vb + V, sin wt)? — nE(Vb — V, sinwt)?

et et (30)
= 4nEVbVa sinwt = F, sinwt where F, = 4nEVbVa.

Vy, V,, and w denote the amplitudes of DC and AC voltage and angular frequency

respectively.
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(b)

Figure 13. (a) shows a typical comb drive resonator that is differentially actuated.

(b) shows an equivalent mass-spring-damper system of (a).

Substituting Equation (30) into (29) and solving the linear steady-state solution for x
gives [12]
X = Xo sin(wt — ¢) 31)

where
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xg = 0 !
"k JA-02+ (2/Q)2

|k
wp = | (32)

¢ =tan™?!

Q
Q(1—-0?)
Vmk

and Q = -

represent the vibration amplitude, the frequency ratio, the natural frequency, the phase, and
the quality factor respectively.

The proceeding solution for the displacement can be used to obtain the current for i,
(Figure 13), which is equal to the sum of i; and i,.. Since the capacitances on the left and
right combs are given by

et(l—x) et(l+x)
n—_ =/ -~ =

C,=2 and C, = 2n

(33)
where [ is the initial overlap of the comb fingers, the charge accumulated on each side are

Q =GV, and @, = G V.

(34)
Here, charge changes with respect to time which induces currents
TG T e T W ar TV ae T ax T e (35)

where x is the velocity of the mass, and
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dc, dv, dc, dv,

L T TS (36)

Adding Equations (35) and (36) gives
dc, | dv,
=L+ =—- Vr)ax + (G - Cr)d_t
2net
= —(2V, sin wt) ne Xow cos(wt — ¢)
4net )
- ( Xo sin(wt — d))) V,w cos wt 37)
4net
= — %I@xow[sin(a)t) cos(wt — ¢)
4net

+ cos(wt) sin(wt — ¢)] = — TVawa sin(Rwt — ¢)

Combining the first Equation of (32) with (37) gives
4net v Fy Q in(2wt — )
e — siIn(Zwt — .

g “k " JT-02)?+(Q/Q)? (38)

Now adding F, from Equation (30) leads to
(4net>2 V.2V, Q n(20t — )
— w SIn(Zwt — .
g/ kT JT-0T+(@/Q)? (39)

The resulting solution is a signal at twice the frequency of the drive voltage frequency,
meaning harmonic sensing can be used. The amplitude of that signal is at a maximum when

the mass is at resonance (i.e., Q = 1 for Q > 1). The value of that amplitude is

(4nst)2 V2V, _ (4n£t)2 V2V,
g Kk on g c ' (40)
Plotting the current amplitude with respect to frequency will give the frequency response

of the device. The experiment setup for this is discussed in Chapter 3. It is important to
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note that the current amplitude at resonance is sensitive to the damping coefficient c.

Therefore, the device could be used as a gas pressure sensor as well.

2.6.2 Suspension

The structural suspension of a MEMS resonator is a critical design parameter. The
resonant frequency of the resonator is dependent on the spring constant of the suspension,
and it needs to be designed in such a way to minimize out of plane motion. One successful
suspension structure is the split dual folded-flexure suspension first demonstrated in

MEMS by Tang (Figure 14) [4].

~WwW

.
| . :

Anchor

(a) (b)

Figure 14. Folded-flexure suspensions: (a) Basic double-folded-flexure

suspension, (b) Split dual folded-flexure suspension [4].

This design was shown to have a primary resonant frequency that was five times smaller
than any other in-plane mode [4]. The primary spring constant in the x-direction, k., is

given by [4]
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2Ehw?3
ey =—73 (41)

where E is the Young’s modulus, & is the thickness of the structure, w is the width of the
beam, and L is its length. All of the structures in this research were designed with this
suspension. Nonlinear spring stiffening becomes significant when the displacement
exceeds ten percent of the beam length [4]. Careful consideration was made so that the

displacement does not exceed that threshold.

2.6.3 Damping

A restoring force, damping, resists the movement of a body through a fluid. The force
is equal to the velocity of the body times a damping coefficient c (as seen in Equation (29)).
For MEMS structures, there are two major models for damping: Squeeze film damping and
Couette flow or slide-film damping.

Squeeze film damping occurs between two parallel plates that move in a direction
perpendicular to each other (Figure 15 (a)). With an array of n plates with area A, width z,
and initial gap y; the damping coefficient due to squeeze-film damping will be equal to

7Az?

Csq = MU y3 (42)

where u is 18.5 pPa:-s, the viscosity of air [13]. Couette flow models the damping of two
parallel plates that move transversely with respect to each other (Figure 15 (b)). The

damping coefficient due to Couette flow is equal to [13]

A

Cef =NU ; (43)
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By adding Equations (42) and (43), we can estimate the damping coefficient of the system.
For the device in this research, Couette flow is the dominant force of damping (as in the

majority of micromachined devices that move transversely with respect to the substrate).

(a)
o *y ;
(b)

Figure 15. Depictions of squeeze film damping (a) and slide film damping (b)

(borrowed from [13]).

2.7 Conclusion

Tables 1 and 2 give a short survey of several MEMS e-field sensors and electrometers.
Some of these devices are force based electrometers. They have added advantages over
variable capacitor sensors in that they are smaller, not as affected by damping, and the
charge resolution is not dependent on parasitic capacitance. However, they are not as

sensitive.
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From studying the difference between Riehl’s lateral and vertical EFM, the vertical
EFM has a smaller damping coefficient even with a much greater mass. Granted, the lateral
EFM is affected by both squeeze film and slide film damping (not just slide film) since a
backside release was not done on these devices; but given the much smaller mass, the
smaller quality factor, and Equations (38) and (39), I conclude that squeeze film damping
has a harsher damping effect. So, to reduce damping effects, this research asks the question,
“what if we create a vertical electrometer.”

This research also tests the vertical electrometer’s ability to measure an electric field.
The uniqueness between our EFM and others is that ours utilizes harmonic sensing instead
of differential sensing.

Also, another disadvantage of previous devices is that they utilized a microforming
fabrication techniques on SOI wafers. SOI wafers are much more expensive than, standard
silicon wafers. This research uses a proven, well established, and cost-effective
micromachining technique using standard silicon wafers.

All of the sources of noise need to be considered for designing electrostatic charge and
field sensors. Among the most sensitive are variable capacitor MEMS devices. These
devices suffer greatly from access size and damping. Vertically transverse MEMS devices
tend to be less damped than laterally transverse MEMS. This research developed a method
for utilizing a vertically traverse configuration to detect charge. The next section develops
the methodology for creating and testing these devices, as well as it develops the

mathematical theory of their response to electrostatics.
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Table 1. Review of MEMS Electrometers

Charge Transduction Functional | Fabrication Temp-
Reference | sensing type principle materials technology erature Pressure | Resolution
NEMS Magnetomotive
torsional actuation and 1E-6
[14] resonator detection SOl EBL 42K < mTorr eHz¥ "
NEMS Magnetomotive
translational actuation and 70
[15] resonator detection SOl EBL + RIE 42K 1.3 Torr e Hz'”?
Electrical/optical
actuation and
NEMS optical
translational interferometer Mechanical <10°® 8E-4
[16] resonator detection Graphene exfoliating 300K Torr e Hz'¥?
Electrostatic
NEMS actuation and
translational tunneling 0.97E-6
[17] resonator detection SWINT NEMS + SET 50 mK - e Hz'”?
MEMS Electrostatic Bulk
translational actuation and Micromachining
[18] resonator detection SOl (MEMSCAP) 300 K 4 mTorr 41C
MEMS Electrostatic Bulk
translational actuation and Micromachining
[19] resonator detection SOl (MUMPS) 300 K 40 mTorr | 21fC
MEMS Electrostatic Bulk
translational actuation and Micromachining
[20] resonator detection SOl (MUMPS) 300 K - 0.84 fC
MEMS weakly | Electrostatic
coupled actuation and Surface
[21] resonator detection SOl Micromachining | 300 K 20 mTorr | 1.269 fC
Electrostatic Surface
MEMS actuation and Micromachining Ambient 28e @
[2] vibrating-reed detection SOl (ModMEMS) 300 K (air) 0.3 Hz
Electrostatic Bulk
MEMS actuation and Micromachining Ambient 524
[22] vibrating-reed | detection SOl (MEMSCAP) 300 K (air) e Hz'2
Electrostatic Bulk
MEMS actuation and Micromachining Ambient
[3] vibrating-reed | detection SOl (MEMSCAP) 300 K (air) 6eHz
Electrostatic Bulk
MEMS actuation and Micromachining Ambient
[9] vibrating-reed detection SOl (ThELMA) 300 K (air) 23 e HzY?
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Table 2. Review of MEMS Electric Field Sensors

E-field Transduction Functional | Fabrication Tempe
Reference | sensing type principle materials technology -rature | Pressure | Resolution
Electrostatic
[23] actuation and Surface
Vertical EFM detection - Micromachining 300 K <mTorr 1600 V/m
Thermal actuation Surface
[11] and electrostatic Micromachining Ambient
Vertical EFM detection Poly-silicon | (PolyMUMPs) - (air) 101.7 VIm
Electrostatic Surface
[10] actuation and Micromachining Ambient
Vertical EFM detection Poly-silicon | (PolyMUMPs) 300 K (air) 100 V/m
Electrostatic Bulk
[24] actuation and Micromachining Ambient
Lateral EFM detection SOl (SOIMUMPs) 300 K (air) 50 V/m
Electrostatic
[25] actuation and Bulk Ambient
Lateral EFM detection SOl Micromachining 300 K (air) -
Electrostatic Surface
[2] actuation and Micromachining Ambient
Vertical EFM detection SOl (ModMEMS) 300 K (air) 4900 V/m
Electrostatic Surface
[2] actuation and Micromachining Ambient
Lateral EFM detection SOl (ModMEMS) 300 K (air) 630 V/m
Electrostatic Surface
[26] actuation and Micromachining Ambient 4VIm
Vertical EFM detection Poly-silicon | (iMEMS) 300 K (air) Hz2
Optically
tracked
mechanical
[27] displacement
of a spring- Passive actuation
suspended and optical Surface Ambient 100 V/m
seismic mass detection SOl Micromachining 300 K (air) Hz?
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I11. Theory and Methodology

3.1 Chapter Overview

This research developed a dual sensor that can function as an electrometer and as an
electric field mill (EFM). The device was fabricated by MEMSCAP using the PolyMUMPs
process. It is made up of a layer of stationary bottom, sense electrodes and a layer of
mechanical, grounded electrodes. Both layers are patterned into a grill structure with four-
micrometer wide electrodes and four micrometer wide gaps between each one. The two
layers are perfectly misaligned so that none of the electrodes overlap each other (Figure

16).

(a) (b)
Figure 16. (a) shows a simple 3D model of the dual sensor design. (b) shows the

cross section of (a).

This chapter lays out the methodology of testing these devices. First, electromechanical
tests were performed to optimize the displacement and actuation voltages used. Then, the
electrometer mode was tested. A charge was induced through a test capacitor at the sense

node. If the test capacitance is much smaller than the capacitance of the device, then the
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charge on the sense node will be equal to the voltage at the input of the test capacitor times
its capacitance. Finally, the EFS mode was tested. An electric field was created from a
source electrode that is placed a known distance above the device. The induced electric
field is normal to the device and proportional to the voltage on the test electrode. This
chapter also derives the theoretical models of the responsivities for each mode, and it

develops noise models for both.

3.2 Fabrication
The device was fabricated by MEMSCAP using the PolyMUMPs foundry process
(Figure 17). The PolyMUMPs process creates three highly doped, poly-silicon layers; two

are mechanical device layers.

Poly0 Poly1 Poly2 Metal
Nitride 1* Oxide 2™ Oxide

Figure 17. A cross section view showing all seven layers of the PolyMUMPs Process

[28].

PolyMUMPs is an eight-mask process. First, 0.6 micrometers of silicon nitride is
deposited on a standard n-type (100) silicon wafer. The nitride layer is a good insulator and

reduces leakage current. Next, the first polysilicon layer (poly-0) is deposited and patterned
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using lithography and plasma etching. The poly-0 layer is 0.5 micrometers thick. Then a
2-micrometer thick buffer oxide layer is deposited on top of the poly-0. Lithography and
reactive-ion etching are used to create 0.75 micrometer deep dimples into the oxide. The
dimples prevent stiction of the second polysilicon layer to the substrate. Then, the oxide
layer is patterned to create anchors for the next poly-silicon layer to either the nitride or
poly-0. Next, 2 micrometers of poly-silicon (poly-1) is deposited over the oxide, doped,
and then lithographically etched using plasma processing. Following the poly-1 etch, the
second buffer oxide layer (0.75 micrometers thick) is deposited onto the wafer. This layer
is patterned twice: the first creates anchors to the poly-1 layer and the second to the nitride
or poly-0 layer. Then the last poly-silicon layer (poly-2) is deposited, doped, and patterned.
The layer is 1.5 micrometers thick. Finally, 0.5 micrometers of gold is deposited and
patterned using lift-off. The gold layer is used for probing, bonding, and electrical routing.
At the end of the process, the wafer is coated with photoresist and diced. The devices were
released in the AFIT cleanroom. This required a 4 min HF buffer oxide etch followed by a
critical point dry.

The device was designed to create a large variation in capacitance with a resonant
frequency that exceeds the 1/f noise corner of the JFET buffer. JFETs typically have a noise
corner around 100 Hz. The device has a calculated resonant frequency of 16.65 kHz, well
above the noise corner. Calculated parameter values are shown in Table 3. The variation
in capacitance was highly overestimated during device design because fringing capacitance

was ignored. Table 3.1 shows a realistic estimation
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Table 3. Design Parameters of Electrometer/EFM

Calculated value based on design
Parameter ; i
dimensions
Mechanical part film thickness (um) 2
Suspension beam length Is (um) 135
Suspension beam width ws (Um) 3
Spring constant (folded beam in N/m) 6.13
Structure mass (j1Q) 0.56
Resonant Frequency (kHz) 16.65
Drive comb gap gd (Lm) 3
Number of drive combs (each side) ng 40
DC Voltage (V) 80
AC Voltage (Vpp) 16
dC/dx of drive combs (each side, in F/m) 9.44E-10
Sense electrode gap g (um) 2
Sense electrode length Is (um) 150
Number of sense electrodes ns (each side) 70
Displacement amplitude X (um) 4
Damping Coefficient (N-s/m) 1.14E-6
Quality Factor 51.28
Calculated value based on design
Parameter i i
dimensions

Maximum Capacitance Cmax (between sense
electrodes and mechanical mass in pF, each 0.186
side)
Static capacitance Co + Cro (betw_een sense 0.25 (simulated)
electrodes and mechanical mass in pF)
Change in fringing capacitance ACt (between
sense electrodes and mechanical mass in pF, -0.155 (simulated)
each side)
Change in total capacitance AC (between
sense electrodes and mechanical mass in pF, 0.033 (simulated)
each side)

3.3 Electromechanical Characterization

Several electromechanical factors needed to be measured. These factors help determine

the optimal voltage settings to actuate the multimeter. One of the factors is the dependence
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on maximum displacement (at resonance) with respect to drive voltage. This response,
theoretically, is linear. However, spring stiffening will cause the response to be nonlinear
at larger displacements. The device under test (DOT) was designed to operate within the
linear region; which for a folded beam suspension is 10 percent of the beam length [4]. In
our case, the beam length is 135 micrometers, and the optimal displacement is 4
micrometers, so there were no observed nonlinearities. Other factors are the air gap
distance between the top electrodes and bottom, and the width of each electrode. The
electrodes are designed to be 4 micrometers wide, but the width ultimately decreases during
fabrication [9]. These dimensions were measured with a 3D microscope. Finally, the
frequency response and quality factor were measured.

Figure 18 shows the experimental setup for testing the electromechanical
characterization. The DOT is electrostatically actuated using a push-pull technique. This is
done by applying two anti-phase AC signals, one on each side of the comb-drive resonator.
Each side is also superimposed with the same DC bias. As discussed in Section 2.6.1, the

current 13 has a resonant amplitude equal to

(dc>2 vbva: (dc)z VbV a? (44)
dx k Wn' = dx c

at twice the frequency of the actuation voltage. Inthe above Equation, % is the capacitance

sensitivity, V, is the amplitude of the two AC voltage signals, V,, is the DC bias voltage, Q
is the quality factor, w,, is the resonant frequency, k is the effective spring constant, and c¢

is the damping coefficient.
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Vde+Vac Vde-Vac

Figure 18. Experimental setup for mechanical characterization.

V., Vy, Q, wy, and k are all either known or can be calculated from the frequency response.
Z—i should theoretically equal 9.44E-10 F/m (according to Equation (40)). This value cannot
be assumed, because the drive comb gaps and overlaps will differ from the designed
dimensions due to the reduction in line width [9]. However, Z—i can be calculated from

Equation (44), or it can be estimated based on measurements. We have done both in this
experiment.

The above analysis will hold as long as the quality factor is much larger than one (Q >
> 1). If not (i.e.,, Q < 10), the resonant frequency, w,, will be related to the natural

resonance, w,, by the relation [29]:

1 k
Wr= Wy /1 ~ 07 where w,, = \/% (45)

and m is the effective mass of the system. Then, the magnitude of 13 at resonance would

equal
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1\2

1\2

(dC)ZVbVaZ =502 _<dc>2VbVa2 =507

dx) k" 1) " \ax) e {1 (46)
Q2 Q2

and the same calculations can be made to solve for the electromechanical characteristics.

3.4 Electrometer Sensitivity Analysis

The electrometers in this research utilize harmonic sensing to reduce the noise of the
feed-through signal. The electrometer does this by modulating the charge voltage between
the grounded resonator and the sense electrodes to even harmonics of the drive signal. A
lock-in amplifier was used to measure the RMS voltage at the second harmonic of the
output. This section derives the equation for the second harmonic voltage of the resonator.

The electrometer is differentially actuated in the x-direction by comb drive actuators.
The resonating part is made up of several grounded electrodes. Each one of the electrodes
is surrounded by a bottom electrode as seen in Figure 19 (c) and (d). We examined the

voltage response of one of these electrodes to derive the charge conversion gain.
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Figure 19. This figure shows conceptual pictures of the variable capacitor. (a)

shows a simplified circuit where C, is the lumped up parasitic capacitances, C, is the

variable capacitor, and Q is the charge that induces the sense voltage V;. (b) is a
block diagram of the same circuit. (c) is a 2D model of one electrode. (d) is a 3D

model of (c) [30].

Figure 19 (a) shows a simplified circuit representation of the electrometer, where Cp
is the parasitic capacitance, and Cy is the variable capacitor. The charge, Q, is applied to
the input node of the device resulting in an AC voltage, Vi, due to the variable capacitance.
A block diagram representation of this circuit is shown in Figure 19 (b) with the transfer

function

_Vix) _ 1
H) ==~ =

€oLx(t)
g

where C(x) = +Co +C, and x(t) =

(47)
|X sin(wt)].

€, IS the permittivity of free space and g is the gap between the two electrodes. The area
between the two electrodes is equal to the length L times the displacement x(t) plus a

constant area (represented by the dark color red in Figure 19 (d)). The constant area induces
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a static capacitance denoted by C,. The displacement is sinusoidal with an amplitude x.
Since both positive and negative displacement increases the area, the variable capacitance

is related to the absolute value of the displacement. Substituting x(t) and rearranging

results in
__ €oLX|sin(wt)| _ €oLx . Cpod
C(t) = S — + Cpo = p (Isin(wt)| + —EOM). (48)
If we assign the variables C,,,, and a as
LX Cpod Cpo
Criax = 2= and a = 222 = 22
max g €oLX Cmax (49)

the transfer function, with respect to time, will be equal to

1

H(t) = Cax (Isin(wt)| + a)’ (50)

Equation (47) shows that the output voltage divided by the input charge is equal to the
transfer function. It is also true that the derivative of the voltage taken with respect to Q is

equal to the transfer function. This derivative is equal to the responsivity of the sensor
(denoted as Z—Z). To find the responsivity at the second harmonic of the output voltage, we
perform a Fourier series expansion on Equation (50):

H(t) = % + Y1 a, cos(nt) + b,sin(nt) where a, =

2 rtotP 2mnt (51)
7 fto H(t) CoS (T) dt.

Here, when n is equal to two, a,, is equal to the change in amplitude per charge at the
second harmonic. Since H(t) is an even function, the sin product in the summation can be

ignored. Solving for a,, gives [30]
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w m/w cosQwt)dt 2w m/w cosQwt)dt 2 7 cos(2T)dt _

a, =

TCmax ~ T/ |sin(wt)|+a o TTCmax ° 0 sin(wt)+a - TCmax "0 sin(t)+a
(2 _4_ (4a?-2) tan_l(\/az—l)) (52)
TCmax arn Vaz-1 '

The integral was solved empirically, and the numerical results agree with MATLAB
calculations for small values in a. When a is large (i.e. o > 5E4) Equation (52) becomes
unstable. The actual measurement taken is the RMS value of the second harmonic, which

is

AV;rms V2 < (4a? — 2)tan ' (Va2 — 1)>
= 2am — 4 — .

aqQ - TCnax a?—1 (53)

This result does not consider the fringing capacitance between the top and bottom
electrodes. To compensate, we add a correction to Equation (53) [30].

(4a?-2)tan"*(Va2-1)
Vaz-1

dT’i rms __ \/7
aQ T(Cmax+ACF)

Cpo +Cf0
Cmax+ACy (54)

(Zan — 4 — ) where a =

Cro is the initial value of the fringing capacitance (when x is equal to zero) and ACy is the
change in fringing capacitance. These two values were simulated in COMSOL. Equation
(54) assumes that the change in fringing capacitance is linear with respect to x (same as the

overlap capacitance). This assumption was made from initial simulations.

3.5 Electrometer Noise Analysis
The dominant noise sources in the electrometer circuit are in-band noise sources. In-
band noise is generated at the sense frequency, as oposed to up-mixed noise that is

generated at a lower frequency then up-mixed to the sense frequency. The significant noise
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sources in the electrometer are the in-band thermal noise of resistors and transistors, 1/f
noise of transistors, and the up-mixed shot noise at the input of the buffer [4].

Figure 20 shows the noise model of the electrometer. R, represents the parasitic wiring
noise between the variable capacitor and the input of the buffer. The resistance induces a
thermal noise represented by v,,,.. The gains of the buffer and the gain stage in the circuit

are represented by A, and A, respectively. The input referred voltage noise of each are

represented by v,,;, and ;.

Figure 20. Noise model of the Electrometer [4].

The in-band variance of the circuit is calculated from the spectral densities of these noise

sources as [4]

[ B B
ni f f f c (55)

where f, is the detection bandwidth of the lock-in amplifier. The in-band charge noise is
found by dividing Equation (55) by (54), the charge conversion gain of the electrometer,
and the gain of the circuit, A, A, [4].

2

N2, — (@)_2 ﬁ_ﬁr_kﬁnb Ung f
T \dQ Af T Af T OAf AZ|C (56)
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We also considered up-mixed noise from gate current shot noise represented by z,,;,.

The charge noise generated by the gate current is given in Equation (8) and below as [4]

QZ _ 1 Z‘I‘Lbz
M Amef, Af (57)

The up-mixed voltage noise is equal to Equation (57) times the gain of the circuit and the

charge conversion gain [4].

1 1,2 /don°
=2 mb_ (*70 2 42
T Y (dQ) Apg (58)

The resolution of the electrometer is given by the square root of the sum of Equations (56)

and (57) as listed below [4]:

~ |y 2wz vE, 4 Ung 1 Ty’
Qn—ﬁ%) E-I_Af AfAzlfc antf, Af (59)

The square root of the sum of Equations (55) and (58) give the total RMS output noise

voltage of the system [4]:

_ Vhr _2 AZ _2 1 Tnbz d‘ﬁi 2A2A2
e l<_f+_f) ar |48+ Zfsv(%) b45: (60)

3.6 Experimental Setup of Electrometer

We used an SR830 lock-in amplifier to measure the output voltage of the MEMS
resonator. An Agilent 33250A function generator and two wideband power amplifiers were
used to actuate the MEMS device. The amplifiers outputted AC signals that were 180
degrees out of phase from each other and coupled to a DC bias. The values of the actuation

frequency, AC amplitude, and DC bias were all chosen from the electromechanical tests
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described in Section 3.3 and are shown in Table 3. We used the output of the Agilent
33250A as the lock-in reference frequency. The lock-in amplifier amplifies the output
signal and uses phase sensitive demodulation to measure the second harmonic component
of the signal. The SR830 also supplied the test voltage, v;, from one of its AUX voltage
outputs on the back of the machine (not shown in Figure 21). The test voltage was coupled
to the sense node through a test capacitor, C;. A DC voltage on the test capacitor will induce
a DC charge on the sense node by the relation Q = V,C;. A step function is used as the test
voltage, where each step is larger than the last. The output of the electrometer is
proportional to the charge induced by the relation given in Equation (54).

Wideband Power
Amplifier

Agilent 33220A
ST S— ™ . ;, /\

......

nn
AAAAA

Figure 21. Experimental Setup for testing the electrometer mode.

The device itself was placed in a ceramic package and wire bonded to external
connections. While testing, the package was placed inside a metal Faraday cage with

external connections. This reduces noise sources from the surrounding environment.
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3.7 Electric Field-Mill Sensitivity Analysis
In the EFM, the electric field is modulated into an AC signal. This is done with two
sets of electrodes (Figure 22). The first is a set of stationary sense electrodes, and the second

is grounded shutters that periodically shield and expose the sense electrodes.

IENRE

-l—_-----

] [ | | ] | ] I
R
l I l l

Figure 22. Cross section of the shutter and sense electrodes while in EFS mode.

The electric field (EF) induces a charge that is proportional to the EF and the exposed area
of the sense electrodes. Since the area, therefore the charge, changes with respect to time,
a current is induced and is equal to [2]

do; dA 61
=Tl e D

where Q;, &, |E|, and A are the induced charge, permittivity of free space, perpendicular
EF, and the exposed area of the sense electrodes respectively. It is assumed that the EF is
perpendicular to the sense electrodes. This is a reasonable assumption since the source
electrode will be kept far from the DOT (in the order of hundreds of micrometers).

The exposed area is a function of the shutter displacement by the relation

A=nL(w —|x|) (62)
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where n is the number of sense electrodes, L is their length, w is their width, and || is the
absolute value of the shutter displacement. % can also be written as Z—;‘%. Solving Z—i and

substituting it into Equation (61) yields

x dx (63)
I = —g|EInL ——.
S 80' |n ledt
Since x = x,sin(wt), the induced current will be

&lEnlwx, sin(wt) cos(wt)  &|E|nLwx, sin(2wt)
| sin(wt)| - 2| sin(wt)]

s =

__mK|E|sinQwt) (64)

| sin(wt)]

where K = gynlLfx,.

The current signal is analyzed with a lock-in amplifier. First, the lock-in amplifier
converts the current into a voltage with an amplification of A;. Then, it measures the rms
amplitude of the 2w component of the voltage signal. Here, w is the reference frequency
of the lock-in amplifier, which is the same frequency of the drive voltage used to actuate
the DOT. A Fourier series expansion was done on Equation (64). The rms amplitude of the

2w component is

_ 82K (65)
Iy =——IE|

The electric field responsivity of the DOT can then be expressed as

dv;,  dig dv,  dig _8\/§KA (66)
d|E| d|E|di; d|E|"9 3 9

That is, for every volt-meter increase in electric field, the RMS output voltage will increase

8v2K
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3.8 Electrostatic Field-Mill Noise Analysis

Just like the electrometer, we need to consider the in-band noise in the EFM circuit
(Figure 24). These are created by the thermal noise of the feedback resistor, ©,,., and the
1/f noise of both the trans resistance amplifier (TRA) and gain stage, v,,; and v,

respectively.

Figure 23. Noise model of EFS (Borrowed from [4]).

We also need to consider up-mixed noise, as discussed in Section 2.3.6. To analyze the up-

mixed noise, we compare Figure 6 and Figure 23, then make the following substitutions

[4]:

Z; = ! Z, = !
LTsC, P sC,
(67)
Zf = Rf Vo =V
which gives the noise transfer function [4]
NTF =1+ s(C, + C,)Ry. (68)
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Here C, is the change in capacitance between the source and the detector. Using Equation
(62) and the value of x, the variable capacitance can be written as

_ &nlw  gnlLx,|sin(wt)] (69)
Isd Isd

e

where g4 1S the source to detector gap. Substituting Equation (69) into (68) and isolating

the time varying components gives the NTF of the up-mixed noise, which is

RregnLxg|sin(wt)| (70)

NTE, = —s
“ YIsd

The 2w component is calculated from a Fourier series expansion and has a magnitude of

4 Rreqnlx
NTE, = w—-L2"2
31 Isa (71)

given the parameters in table 3.1 and an Ry = 1kQ, NTE, is equal to 4.3x10®. This means
that for every DC volt at the input of the TRA, there will be 4.3x10° volts at the output
sense frequency. Since the in-band noise has an NTF of nearly unity, the up-mixed noise
can be ignored. The total noise in the system is the added noise of the in-band sources times
the gain of the amplifier. The noise spectral density is [4]

=2

777% 2 Un1 ﬁr%r 171212 (72)

ar = (a5 Tar Tar]
To find the EF resolution of the system, we multiply Equation (72) by the measurement
bandwidth £, take the square root, and divide by the EF voltage gain from Equation (66)

and get [4]

v, (73)




3.9 Experimental setup of EFM

The experimental setup of the EFM (Figure 24) is very similar to the Electrometer
shown in (Figure 21). One difference is that the test voltage is connected to a source
electrode a known distance, g, above the EFM. The test voltage induces an electric field
equal to v¢/g and perpendicular to the DOT. Data collection is done in the exact same way

as the EFS. Test voltages were supplied to the test capacitor in a step pattern.

Agilent 33220A Wideband Power
- Amplifier

(LY S— (7

Be o oEEE

S AR O
T 0 8 ad o]

TREWE <

[ o_‘ o 'n ;1 e h . : ‘7__7_ [
m 5 e — Vi = Vg —D,
SR 830 SN R
v;

Figure 24. Electrical setup for testing the EFM.

Like the electrometer, the device was placed in a ceramic package and wire bonded to
external connections. A brass lid topped the package and is used as the source electrode.
Glass spacers prevent charging of the ceramic package, and everything is held together by

electric tape. The package was also placed in a Faraday cage for this experiment.
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3.10 Summary

This chapter presented the theoretical models of the device modes based on design
dimensions. Also, test setups were thoroughly discussed. There are a lot of noise
considerations, both internal and external. The internal noise was characterized and
measured. External noise is reduced as much as possible. Chapter four presents the results

of these test setups.
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IV. Results

4.1 Chapter Overview

Chapter four presents the results of this research. These include simulations and
physical data. The next section gives the simulated mechanical, electrometer, and EFM
results. Then the section after presents the physical data. Neither an electric field nor charge
was detected during experimentation. Instead, an analysis of why no signal was detected is
given. Chapter 5 gives an analysis of the results and compares the theory to the simulations

and physical data.

4.2 Simulation Results

This section gives the simulated results done in COMSOL and MATLAB. First, a mode
analysis was done in COMSOL to find the resonant frequency of the primary mode. Then
COMSOL was used to simulate the variable capacitance between two vertically spaced
electrodes. Finally, the variable capacitance between a source electrode and a vertical EFM

was simulated in COMSOL. We used MATLARB to analyze the results of the simulations.

4.2.1 Mechanical Simulations

For this simulation, we made a simplified CAD model of the structure in Error!
Reference source not found.. Then we used it in COMSOL to simulate the primary mode
of the DOT. Figure 26 shows the result of the mode analysis. The resulting resonant

frequency was 16499 Hz. This value agrees with the theoretical given in Table 3.
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Scanning mode:XY 2l

Image size[pixels]:1024X1024
Image size[pm]: 1280x1282
Objective lens:MPLFLN10
Zoom:1X

Figure 25. Image of the device under test.

Eigenfrequency=16499 Surface: Total displacement (pm)

Hm

Figure 26. The primary mode of the DOT with a resonant frequency of 16.5 kHz.
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4.2.2 Electrometer Simulations

Simulations were done in COMSOL to characterize the capacitance between vertically
transverse electrodes. Figure 27 (a) and (b) show a cross section of a simple case simulation
consisting of five top electrodes and four bottom ones. The bottom electrodes are all
electrically connected with a potential of one volt, and the middle top electrode (indicated
by the arrow) is electrically isolated from all the others with a potential of zero. This was
done in order to simulate the capacitance of a single electrode. We multiplied the result by
n to simulate the effect of n electrodes.

The top electrodes had a sinusoidal displacement with an amplitude of four microns.
Figure 27 (c) shows the time-dependent capacitance between the single top electrode and
the bottom ones. The peak capacitance is around 2.45 fC, and the trough is 2.15 fC. Ideally,
if there were no fringe capacitance, the trough would be equal to the static capacitance. To
get a better picture of the effect of the fringing capacitance, the ideal capacitance and the
static capacitance were subtracted from the total in MATLAB (results are shown in Figure
27 (d)). It Appears that the fringing capacitance creates a scalar capacitance of the ideal
with an opposite sign. This is not good, because it induces a voltage signal that partially

jams the one we are interested in.
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Figure 27. (a) shows the structure created in COMSOL for the simulation with

zero displacement. (b) shows the same structure that was displaced 4 microns. (c)
shows the time-depended capacitance between the electrode indicated by the
arrow and the red electrodes. Warm colors represent areas with higher voltage

and cool colors lower voltage.

4.2.3 E-Field Simulations
The same structure of Figure 27 was used to simulate the EFM mode of the device. The

variable capacitance between one of the 100 um long bottom electrodes and a 100 by 200
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pm source electrode, 7 um above, was simulated and is shown in Figure 28. The simulated
capacitance is much smaller than the expected capacitance (shown in Figure 29). The
expected value has a peak capacitance of 0.5 fC while the simulated peak capacitance is
only 0.0634 fC. The difference is due to partial shielding by the grounded shutters. Figure
30 shows how most of the electric field lines do not make it through the shutters; rather
they are absorbed by them. This is an effect that was unintended. It would be better to have
a larger variance in capacitance because it would create a more sensitive device. The partial

shielding minimizes the overall variance.

<1017 Simulated Capacitance
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Figure 28. The simulated capacitance between one sense finger and an e-field

emitting source electrode.
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Figure 29. Expected capacitance value for simulation.

Figure 30. The result of the COMSOL simulation showing electrostatic field lines

emitting from the source electrode.
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4.3 Electromechanical Results

As discussed in Section 3.3, the dimensions of the device were measured with a 3D

microscope. The results of those measurements are shown in Table 4.1. The resonating

electrodes were not flat as initially intended. Instead, they had a step height structure shown

in Figure 31. This defect does not affect the electric field measurements of the sensor;

however, it does affect the electrometer charge measurements. Another defect is that the

alignment of the second polysilicon layer was not directly centered over the first, creating

an initial overlap of the sense and resonating electrodes. A third defect was that the

resonating electrodes were not as wide as designed. The effects of all of these defects are

analyzed in the next chapter.

Scanning mode:XYZ fine scan
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Figure 31. (a) is a 3D microscope image of the device showing unlevel top

electrodes and (b) is a 2d cross section of (a).
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Another defect was the width of the beam suspensions. They were 0.5 microns smaller
than they were designed to be, which decreases the spring constant as well as the resonant

frequency.

—1 1) R—)

AFIT-SEM

Figure 32. SEM image of the beam suspension. The beam width is shown to be

around 2.5 microns.

4.3.1 Mechanical Measurements

The technique discussed in Chapters Two and Three for measuring the mechanical
frequency response did not produce a strong enough signal for analysis. This was because
the ground electrode was not placed symmetrically even between the two drive combs, so
the feed-through noise was not canceled out. Instead, another technique had to be used to
measure the frequency response of the DOT.

To produce a detectable signal, the sense electrodes had to be used as a capacitive pick-
off. This is a conventional technique used in MEMS resonators for measuring the
frequency response [9]. Figure 33 shows the setup for this measurement. It is similar to the

setup in Figure 18 except a current preamplifier is used. The input to the preamplifier is a
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transimpedance amplifier that converts the sense current into a voltage and applies a bias
voltage, V;, to the sense node. Then the voltage signal is amplified and detected by the lock-
in amplifier. Similar to the discussion in Section 2.6.1, a periodic change in capacitance,
C,, between the grounded shutter and sense electrodes induces a periodic change in charge,
Q,, based on the relation

Qs(t) = C5()Vs. (74)
The time-varying charge is measured as a current

dQs, dC;  dCidx __ dC (75)

e e i

where x is the velocity of the shutter. It can be seen, from the geometry of the device, that
the capacitance between the sense electrodes and the shutter will vary at twice the
frequency of the displacement. Therefore, a lock-in amplifier was used to measure the 2f
component of the signal, where f is the frequency used to actuate the shutter. The signal
amplitude is directly proportional to the resonator’s amplitude of motion.

Figure 34 (a) shows the measured frequency response of the DOT. The resonant
frequency of the device was 12.62 kHz with a quality factor equal to 22.54. Assuming that
the mass of the structure is equal to the theoretical value, the remaining motional

coefficients were calculated and are shown in Table 4.

Voltage
Amplifier

1 180 degrees
phase shifter

Current Voltage
Pre-amplifier Mixer

Figure 33. Frequency response measurement setup.
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Figure 34. The figure above shows the frequency response of the resonator. (a)
shows the RMS voltage measured by the lock-in amplifier with respect to
frequency (with a gain of 500 thousand). (b) shows the same response normalized
to an amplitude of 1. Curser marks highlight the peak of the response at the
resonant frequency and the half -3db frequencies. The -3db frequencies are used

to calculate the quality factor.



Table 4. Mechanical Values

Calculated
value
Parameter based on Actual Value

design

dimensions
Actuation DC Voltage (V) 80 80
Actuation ACVoltage (V) 7 8
Sense Voltage V; (V) 2.5 2.5
Signal Amplification 500 k 500 k
Mechanical part film thickness (um) 2 2
Suspension beam length Is (um) 135 135
Suspension beam width ws (um) 3 2.5
Spring constant (folded beam in N/m) 6.13 3.55
Structure mass (J1g) 0.56 0.56
Resonant Frequency (kHz) 16.65 12.62
Drive comb gap gd (um) 3 35
Number of drive combs (each side) ng 40 40
dC/dx of drive combs (F/m) 9.44E-10 7.55E-10
Sense electrode gap g (um) 2 1.4 (Average)
Resonating electrode length Ic (um) 150 150
Resonating electrode width we (um) 4 3.33
Resonating electrode overlap ol (um) 0 1
l\_Iumber of sense electrodes n (each 70 20
side)
Displacement amplitude X (um) 4 3.3E-6
Damping Coefficient (N-s/m) 1.19E-6 1.98E-6
Quality Factor 51.28 22.54
Maximum Capacitance Cmax (between
sense electrodes and mechanical mass 0.186 0.22
in pF)
Static capacitance Co (between sense 0.01 0.01
electrodes and mechanical mass in pF) ' '
Change in fringing capacitance Cs
(between sense electrodes and -0.155 (Not measured)
mechanical mass in pF)
Change in total capacitance AC
(between sense electrodes and 0.033 (Not Measured)

mechanical mass in pF)
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4.4 Electrometer Results

Several attempts were made to measure a charge with our system with no success. It
was determined that the input impedance of our electrometer was too low. The required
input impedance for an electrometer is greater than 1 GQ [4]; ours was around 800 K. Any
charge that was at the input of the device was quickly swept away across the low resistance.
Essentially, the input resistance acted like a pull-down resistor that forced the input node
to have zero potential. A short somewhere in the system most likely caused the low

resistance.

4.5 Electric Field Sensor Results

This experiment also resulted in no signal detected. An electric field was emitted from
a brass electrode, 500 um above the device. Voltages up to 200 V were supplied to the
source electrode relative to the device structure, and still, no signal was detected. Using the
simulated results and the theory developed in Chapter three, the device induced a current
signal at the second harmonic with an amplitude of 8.77E-10 A. Then, that current was
amplified by 500,000 with a current pre-amplifier and measured with the lock-in amplifier.
If the simulations are accurate, the signal was 3.1E-04 Vims. The noise floor of the system
was 1.07E-04 Vims. We did not detect a signal because of two possibilities. One, the
theoretical resolution is most likely not the actual, so the electric field was not large enough
to produce a signal. Two, there may have been an alternate current path to ground

somewhere in the system.
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4.6 Conclusion

This chapter presented the simulated and actual results of this research. The simulated
and actual resonant frequencies differed by almost 4 Hz. Chapter 5 discusses why that is.
No signal was detected for either mode of the device. The most likely reason why the
electrometer did not detect a charge is because the input impedance was too low. The EFM
did not detect an electric field for possibly two reasons: one, the theoretical resolution is
most likely not the actual; and two, there may have been an alternate current path to ground.
Still, we were able to use the simulation results to make predictions on the performance of

the device. This is done in the next chapter.
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V. Analysis

5.1 Chapter Overview

The previous chapter presented the simulation results as well as the experimental
results. This chapter goes in depth with analysis. The only physical data analyzed was the
mechanical results of Section 4.3. We used that data to justify the simulation results. Then
the simulations are used to predict the responsivity for both modes of the device
(electrometer and EFM). Finally, we compared the theory developed in Chapter Three to
these predictions. Section 5.2 analyzes the mechanical data collected. The next two sections

analyze what can be inferred from our electrometer and EFM simulations.

5.2 Mechanical Results Analysis

In this section, the data collected in Section 4.3 is analyzed. First, the frequency
response of the actual device is compared to the simulated results and the theory. Then the
device deformations are analyzed to predict the effect on the responsivity of the two sensor
modes. Then we compare the voltage signal output to the variable capacitance simulation

of Section 4.2.2.

5.2.1 Resonant Frequency

The mode analysis in COMSOL nearly predicted the exact resonant frequency as the
theoretical (Section 4.2.1). However, the actual device had a smaller resonant frequency.
The theoretical resonant frequency is 16.65 kHz while the actual was measured at 12.62
kHz (Section 4.3.1). The difference is from a reduction in the suspension beam width. The
suspension beams were designed to be 3 pum wide. Scanning electron microscope

measurements show that the beam widths are only 2.5 um (Figure 32). Using Equation
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(41) and (32), the theoretical resonant frequency of the device with a 2.5 um suspension

beam width is 12.669 kHz, much closer to the actual measurement.

5.2.2 Effects of Defects

As mentioned in Chapter 4, the top electrodes were not completely flat. Rather they
had a geometry similar to the one in Figure 35. They have a u-shape and are thinner than
designed. The overlapping area capacitance was simulated in MATLAB. The results were

compared to the ideal case for both the electrometer mode and the EFM mode.

Width - w
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Figure 35. Illustration of defects.

While in electrometer mode, the capacitance of interest is between the top electrodes
and the bottom electrodes. Simulations were done in MATLAB characterizing one
electrode with a length of 200 microns. The results are shown in Figure 36. We transformed
the capacitances into the frequency domain with a fast Fourier transform and recorded the
second harmonic amplitudes of each. The amplitude of the real case is smaller than the
ideal. So, the sensitivity of the device will be lower than the ideal case. However, they do

not differ by much.
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Figure 36. (a) shows the time domain capacitance between one top electrode and
one bottom. (b) shows the capacitance in the frequency domain. Results are shown

for both the ideal electrode and deformed.

In the case of the EFM, the capacitance of interest is between the bottom electrodes
and a source electrode far above the device. The unlevel top electrodes do not affect the
EFM measurements. However, their smaller widths do. The electric field emitting
electrode was simulated 600 microns over the device. The results comparing the ideal

capacitance to the capacitance with defects is shown in Figure 37. The frequency domain
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transformation shows that the defects do have a negative effect on the performance of the

device. However, the effect is not very significant.
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Figure 37. (a) shows the time domain capacitance between one bottom electrode
and a source electrode 600 microns away. (b) shows the capacitance in the

frequency domain. Results are shown for both the ideal electrode and deformed.

5.2.3 Mechanical Voltage Signal at Resonance Compared to Simulations
Section 4.2.2 presented the COMSOL simulation of the capacitance between a single
top electrode and an array of bottom electrodes, all with lengths of 100 micrometers. The

simulated gap between the two sets of electrodes was two micrometers. We used the
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simulation to estimate the capacitance between 70 vertically spaced electrodes with lengths
of 150 micrometers and a vertical gap of 1.4 micrometers. The 1.4-micrometer gap is near
the average gap distance between the two sets of electrodes. Our MATLAB model utilized
this estimation to simulate the current output of our device at resonance and with a sense
voltage of 2.5 volts. The MATLAB simulation imitates the actual data collected and
presented in Section 4.3. As mentioned before, a current preamplifier converted the signal
into an equivalent voltage with amplification of 500 thousand. Then a lock-in amplifier
measured the RMS voltage at the second harmonic of the signal output. Figure 38 shows

the MATLAB simulation of the output signal.

35 X 103 Amplitude Spectrum of Simulated Output Voltage
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Figure 38. This figure shows the amplitude spectrum of the simulated voltage signal

at resonance. A voltage of 2.5 V chosen as the sense voltage.

The second harmonic component of the signal has an amplitude of 3.078 mVms. The

amplitude is comparable to the actual value, which is 2.962 mVms (Figure 34).
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5.3 Electrometer Results Analysis

Unfortunately, we were unable to detect a charge with our device. The input impedance
wasn’t high enough to hold a charge. Still, we can use the variable capacitance simulations
to predict the responsivity of our device. This is done in the next section. The following

section compares the theory developed to the simulated results.

5.3.1 Simulated Electrometer Charge Conversion Gain

Since the capacitance simulation between the top and bottom electrodes agrees with
the actual results, we can use them to predict the charge resolution of our device. This
prediction assumes that our device has a high input impedance and can hold a charge long
enough to measure.

The responsivity is defined as the increase in voltage amplitude output per charge input.
Figure 39 shows the Spectral density of the response. The simulation was made assuming
a parasitic capacitance of 155 pC. We are only interested in the 2.55 kHz component of the
response since that is the frequency measured by the lock-in amplifier. The predicted

response of our device is 8.608-10° V/C.
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Figure 39. The figure above shows the amplitude spectrum of the simulated

electrometer responsivity.

5.3.2 Electrometer Theory Compared to Simulations

Including the method above, there are two other ways to approximate the responsivity

of the device. One is by using MATLAB to solve the integral

2 j‘rcos(ZT) dt
TT(Crax + ACr) ) sin(r) +a (76)
0

MATLAB solves the integral using global adaptive quadrature and default error tolerances.

Another way to solve the integral is by approximating it as

2 ( (4a? — 2)tan (Va2 — 1))
2am — 4 — .

T(Crax + ACy) aZ — 1 (77)
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20570 the total static capacitance divided by
Cmax+ACy

In Equations (76) and (77), « is equal to
the change in capacitance (see Section 3.4).

To test the concordance between the three approximations, we did a 2-to-the-4 factorial
analysis. Meaning, we chose four controllable variables: the number of sense fingers,
length of each finger, the gap between sense fingers and the resonator, and the parasitic

capacitance; and chose two levels for each. The levels were chosen at the extreme low and

high values. The aliases used are 1 and 2 and are assigned as shown in Table 5.

Table 5. Alias Structure for Factorial Analysis of Electrometer Responsivity Prediction

Number of
Alias Fingers Length (um) Gap (um) Cp (nF)
1 1 10 0.5 6
2 1000 1000 3 1000

The result of the analysis is shown in Table 6. The values of Responsivity 1-3 correspond
to the three methods of approximation. COMSOL simulation, MATLAB solution to

Equation (76), and Equation (77). Also listed is the Alpha value for each combination of

Cp0+Cf0

factors (a =
Cmax+ACf

).
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Table 6. 2* Factorial Analysis for Electrometer Responsivity Prediction
Number

of Responsivity  Responsivity — Responsivity
Fingers Length Gap Cp 1 2 3 Alpha

1 1 1 1 1.65E+06 1.45E+06 1.51E+06 4.88E+4
1 1 1 2 5.94E+01 5.22E+01 -3.86E+07 8.13E+6
1 1 2 1 2.75E+05 2.42E+05 0 2.93E+5
1 1 2 2 9.89E+00 8.70E+00 1.85E+09 4.88E+7
1 2 1 1 1.60E+08 1.40E+08 1.40E+08 4.95E+2
1 2 1 2 5.93E+03 5.22E+03 3.01E+03 8.13E+4
1 2 2 1 2.73E+07 2.40E+07 2.40E+07 2.93E+3
1 2 2 2 9.89E+02 8.70E+02 0 4.88E+5
2 1 1 1 1.14E+09 9.98E+08 9.98E+08 5.82E+1
2 1 1 2 5.92E+04 5.21E+04 5.21E+04 8.14E+3
2 1 2 1 2.57E+08 2.26E+08 2.26E+08 3.02E+2
2 1 2 2 9.89E+03 8.69E+03 9.04E+03 4.88E+4
2 2 1 1 5.89E+08 5.14E+08 5.14E+08 7.62E+0
2 2 1 2 4.95E+06 4.35E+06 4.35E+06 8.85E+1
2 2 2 1 2.09E+09 1.83E+09 1.83E+09 1.01E+1
2 2 2 2 9.59E+05 8.43E+05 8.43E+05 4.95E+2

To test for concordance, we used Lin’s concordance correlation coefficient (ccc) [31].
Which, for two sets of corresponding data, is divined as

285y

53 +38) +(2—7)° (78)

Where s% and s are the variances of the two datasets, X and y are the means for each, and
Syy IS the covariance between the two sets. The coefficient can range between -1 and 1.
Values of £1 denote perfect concordance and discordance; a value of zero denotes its
complete absence [31]. The ccc between responsivity 1 and 2 is 0.989. This tells us that
the two data sets are nearly the same.

In Table 6, Responsivity 3 has some outlier values. These appear to correspond with
large alpha values. To investigate, the integral part of Equation (76) was plotted with

respect to alpha. Figure 40 gives the result of the plot. The blue line shows the MATLAB
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numeric solution to the integral, and the red line shows the solution of the integral when

approximated with Equation (77). Equation (77) becomes unstable with large alpha values.

This occurrence is of no great concern while designing these devices because a large alpha

value also means low responsivity. These devices are designed with a large responsivity.
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Figure 40. Solution to the integral in Equation (76) with respect to the alpha value.

The blue line shows the MATLAB numeric solution to the integral, and the red line

shows the solution of the integral when approximated with Equation (77).

If the outliers, corresponding to alpha values greater than 5E4, are removed from the

data set, the ccc between responsivity 1 and 3 is 0.988, Which is close to perfect

concordance.
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5.4 EFM Results Analysis

Unlike the electrometer, the mechanical data does not relate to the capacitance of
interest for the EFM. Instead, we are interested in the capacitance between the sense node
and a source electrode far above the device. This capacitance was never recorded. All we
have to go off of are the simulated results. There is no physical data to disprove or prove
the simulations. But since the capacitance simulations for the electrometer agreed with the
actual results, then the EFM simulations are most likely accurate. We used the simulations

to predict the responsivity of our device and compared them to the theory.

5.4.1 Simulated EFM Responsivity

The capacitance simulations of Section 4.2.3 and the theory developed in Chapter 3
were both used to predict the responsivity of our device. The simulation shows the
capacitance of one electrode 100 um long and a source electrode 7um away. The results
were multiplied by the number of sense fingers, and then they were multiplied by the ratio
of the actual length to the simulated length, and they were divided by the ratio of actual
gap to the simulated gap. These multiplications gave an estimate of the actual capacitance.
Then we followed the theory developed in Chapter three to estimate the responsivity of the
device. The resulting amplitude spectrum is shown in Figure 5.6. The second harmonic
portion of the spectrum has an amplitude of 2.189E-15. This means that for every V/m
increase in electric field, the EFM signal will increase 2.189E-15 amps. Given the noise
floor at 3.026E-10 V, the device would theoretically be able to detect a minimum electric

field equal to 138.25 kV/m.
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Figure 41. The figure above gives the simulated results for responsivity of the EFM

mode.

5.4.2 EFM Theory Compared to Simulations

The theory did not consider the partial shielding of the top electrodes while stationary.
This lowered the overall change in capacitance at the sense node and decreased the
responsivity. The responsivity model was updated to account for this change and is denoted

as

di 8v2 (79)

where AC is the maximum minus the minimum capacitance of the variable capacitor, f is
the resonant frequency, and g is the distance between the source voltage and the sense

electrodes.
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To validate the equation, a two-factor simulation was done. We chose two settings of
the controllable factors: the number of sense electrodes and the length of each. The factors
were set at 1 and 1000 for the number of fingers, and 10 um and 1000 um for the length.
The result of the factor experiment is shown in Table 7. Responsivity 1 gives the MATLAB
estimate, and responsivity 2 gives the estimates calculated from Equation (79). The two
sets of numbers have a Lin’s concordance correlation coefficient of 0.98. This means the
two sets of numbers are statistically similar.

Table 7. 22 Factorial Analysis for EFM Responsivity Prediction

Number of Length Responsivity ~ Responsivity
Fingers 1 2

1 1 2.10E-18 1.77E-18

1 2 2.10E-16 1.77E-16

2 1 2.10E-15 1.77E-15

2 2 2.10E-13 1.77E-13

5.5 Chapter Summary

This chapter analyzed the results of chapter four. The theory, simulations, and the data
collected for the frequency response all agreed. This gave us the confidence to use the
simulations to predict the responsivity of the device in electrometer mode. The responsivity
was estimated to be 8.608-10° V/C. The theoretical model, for the responsivity, shows good
comparison with the simulations. In the case of the EFM simulations, we had no physical
data to verify those. However, we still used them to estimate the responsivity while in EFM
mode. We estimated a responsivity of 2.189E-15 A/(V/m). The theoretical model for this

also compares well to the simulations.
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V1. Conclusion and Recommendations

6.1 Chapter Overview

This research gave the first iteration of a dual Vertical electrometer and EFM.
Theoretical models were developed in Chapter three, simulations and results were given in
Chapter four, and a thorough analysis was done in Chapter Five. This chapter makes
ultimate conclusions for this iteration, gives recommendations for future iterations, and

suggests future research.

6.2 Conclusion

For the first time, a dual electrometer and EFM device was developed. Also, for the
first time, a vertical electrometer was developed, and a unique geometry for modulating an
electric field is demonstrated. Both modes failed to detect a signal. However, much can be
inferred from this iteration of devices. The next two sections conclude the discoveries for

each mode.

6.2.1 Electrometer

The electrometer in this research was not able to measure charge. The input impedance
was too low, around 800 kQ. Still, we were able to extract useful information from the
frequency response data.

The frequency response signal was generated by the variable capacitance of the
vertically spaced electrodes. The peak output voltage occurred at 12.62 kHz with a
measured voltage amplitude of 2.962 mVms. The simulated output voltage was 3.078
MVms. The two amplitudes are comparable and give us the confidence to use the

simulations for estimating the electrometer responsivity. With a parasitic capacitance of
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155 pF the predicted responsivity of the electrometer is 8.608 - 10° V/C. This tells us that
for every Coulomb of charge on the sense electrode, there will be an increase of 861 kV in
the output signal peak voltage.

The response of the electrometer is comparable to the MEMS electrometer created by
Lee et al. [3]. They tested laterally spaced electrometers. One of their electrometers had a
sense capacitance equal to 0.372 pF; which is close to the peak capacitance of 0.3556 pF
for our electrometer (although, theirs was much bigger and more than twice the surface
area). Their device had a responsivity of 1.96 - 10° V/C, slightly greater than ours. They
also used lower drive voltages. They had a DC voltage of 30 VV and AC voltage of 10 volts
peak compared to our 80 and 8 respectively. However, their device had 100 drive comb
fingers on each side, while ours only had 40. Given 100 drive comb fingers with minimally
added mass, our devices could operate at 30V DC and 10V AC and still obtain the same
displacement, close to 3.3 pum.

The main advantage of the vertical electrometers over the lateral is that they are lighter
and create less damped systems. Our electrometer only weighs 0.56 pg and had a damping
coefficient of 1.98 uN-s/m. Lee’s weighed 4.8 ug with a damping coefficient of 31 uN-s/m.
Also, vertical electrometers can obtain nearly the same responsivity with a fraction of the
total surface area when compared to lateral electrometers. This is advantageous in the
microelectronics industry because twice as many devices can be made per fabrication run.

There are positive and negative aspects for both types of devices. In general, vertical
electrometers are less damped weigh less and take up less space. However, they have larger
displacements and still require large actuation voltages. The advantages of lateral

electrometers are they do not suffer from stiction, they have small displacements, the
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fringing fields are minimal, and they do not add as much unnecessary static capacitance.
The disadvantages are they are large, heavily damped, and they have a limit on how far

they can displace.

6.2.2 EFM

This research developed a unique way to detect an electric field. Most other MEMS
electrometers utilize differential sensing to reduce feedthrough noise. This devise reduced
feedthrough utilizing harmonic sensing. We designed the device to have nonlinearities that
separated the sense signal from the feedthrough noise. This research developed a
theoretical model for the output signal and confirmed it with simulations. Despite constant
attempts, no electric field data was recorded. The failure is most likely due to the sensitivity
of the device. Another likely reason could have been that there was an alternant current
path to ground reducing the signal. Still, we were able to use the simulation results to
predict the responsivity of the device. Based on the simulations, the responsivity is 2.189
PA/KV m,

A similar device, created by Peng et al. [32], was also created using PolyMUMPSs. Their
device was a vertical EFM that utilized differential sensing. They were able to achieve a
responsivity of 19.5 pA/kV m™! with an overlapping area of 2.24E-7 m?. The device of this
research had an overlapping area equal to 4.2E-8 m?. The ratio of responsivity between
their device and ours is 8.9, and the ratio between the two areas is 5.33. Comparing these
two numbers tells us that their device is more efficient than ours.

The advantage of the device of this research is that it utilizes harmonic sensing.

Harmonic sensing has a greater potential to create less noise in a system. A disadvantage
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is that our device was less efficient than others, meaning it created less variability in

capacitance per square area when compared to other devices.

6.3 Recommendations

Breach the nitride layer and form a contact with the substrate — The substrate of the
device needs to be grounded. Otherwise, it will build up a charge and create a
potential between itself and the grounded shutter. The voltage difference will
eventually get large enough to pull the shutter into the substrate and cause stiction.
After that, the only way to un-stick the shutter is by moving it with a probe tip. The
devices in this research did not have a breached nitride layer, so the only way to
ground the substrate in the package was by soldering it to the package base.
However, if the nitride layer was breached and a contact was made to the substrate,
then normal nonconductive crystal bond could be used to attach the die to the
package, and the substrate can be grounded to one of the pins of the package.

Place Contacts near the edge of the die — Figure 25 shows the device with contacts
placed near it. This was done to reduce parasitic capacitance between the sense
node, ground, and the left and right drive combs. Doing this created an issue,
however. When wire bonding between the contact and the package pin, the wire
would droop and touch the substrate. Then, everything was shorted when the device
was tested. To fix this, after every bond, the wire had to be shaped using tweezers
so that it wouldn’t touch the substrate. But, if the contacts were routed to the edge
of the die, then the bonds could be made without risk of touching the substrate

(Figure 42).
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Figure 42. A depiction of a side contact vs. a center one. The side contact is

less likely to form a connection with the edge of the chip.

Create more dimples in the structure — These devices were plagued with stiction.
The devices would get stuck to the substrate, and the only way to get them unstuck
was with a probe tip. If more dimples were used, however, then the devices could
be un-stuck be simply shaking them. A dimple is depicted in Figure 43. It forms a
narrow point beneath the structure so that the dimple, instead of the entire shutter,

contacts the substrate reducing the force of stiction.

Figure 43. A depiction of having dimples vs. no dimples.

Figure 44. An SEM image showing stiction of the device.
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Ground the restraining pillars/ get rid of them — For this research, we designed
restraining pillars that formed over the mechanical polysilicon layer (Figure 45).
The pillars were designed to prevent any out-of-plane motion. Just like the
ungrounded substrate, the pillars would build-up a charge, pull-in the shutter, and
it would become stuck. To prevent this, the restraining pillars would have to be
grounded,; either to the substrate or through routing to a ground contact. Another
alternative is to get rid of the pillars. The suspension beams used for these devices
are designed to prevent out of plane motion. The devices with the pillars were not
tested. See Appendix 1 for the entire layout of the chip with different designs for

the device.

Figure 45. SEM image of pillar used for preventing out of plane motion.

Line routing with gold — It is always advantageous to line the electrical routing with
gold. It lowers the resistance of the routing and generates cleaner signals.
Unfortunately, that was not done in this research, but it should be implemented in

future iterations.
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6.4 Future Work

Variable fringe capacitor — The electrometer mode was not very sensitive because
the fringing capacitance created a negative scaler of the signal of interest, which
was the signal induced by the overlapping area capacitance. The fringing
capacitance cannot be reduced. But what if a system was created that only utilized
fringing capacitance to modulate a charge signal? The system can look like the one
in Figure 46. The top electrode will displace and nearly overlap the bottom
electrode, so no overlapping area capacitance is implemented into the system. This

will create a variable capacitance with a larger delta value.

3

I I

Figure 46. The figure above shows the path of displacement for the grounded

electrode in a fringe capacitor. The electrode starts in the center, moves distance 1,

then 2, then three, and repeats with a sinusoidal velocity.

Create a low noise system — We were only able to complete one iteration of this
research because of time restraints. In the next iteration, we would create a detection
system with less noise. This would require low noise voltage generators, a well

calibrated lock-in amplifier, and low noise voltage buffers and other circuit
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components. It would also be better to use a circuit board instead of a breadboard.
Also, the voltage generator and lock-in amplifier should be operated using battery
power to reduce wall power noise. In addition, low noise coaxial cables should be
used, and the whole experiment should be placed in a metal box.

Implement MEMS CMOS fabrication process — External coaxial cables and wires
created a large parasitic capacitance in the experiment and greatly limited the
sensitivity of the electrometer mode of the device. All of the additional parasitics
can be reduced, however, if a voltage buffer was fabricated on-chip with the device.
A MEMS first CMOS fabrication process would be perfect for this application. The
only parasitics that affect the sensitivity are coupled to the voltage node before the
input of the buffer. All of the parasitics after do not limit the sensitivity [33].

Add a partial backside etch to the fabrication process — The parasitic can be further
reduced by adding a partial back side etch to the fabrication process. This etches
away all of the grounded silicon substrate beneath the sense electrodes. Without the
etch, the highly dialectic silicon nitride creates a high parasitic capacitance between
the sense electrodes and the substrate. This etch can be done at the end of the
standard PolyMUMPs process. The backside of the die would need to be patterned
with photoresist, and then the silicon substrate can be selectively etched away with
KOH. Silicon nitride is a natural buffer layer that is not etched by KOH. Etching
away the nitride layer beneath the device will also be beneficial by greatly reducing
slide film damping.

Vacuum Packaging — Damping effects can be further reduced by packaging the
device inside a vacuum. Several common techniques can be used to do this.
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However, implementing surface micromachining, a back-side substrate removal,
and vacuum packaging is a difficult task. The easiest way to do that would be to

use a flip-chip vacuum packaging technique.

6.5 Chapter Summary

This research developed a MEMS vertical electrometer with an EFM mode. All other
MEMS electrometers are lateral electrometers with laterally spaced electrodes. Both types
demonstrate comparable performance, but the vertical electrometer does so at a fraction of
the size of lateral electrometers. Also, the vertical electrometer can easily have an electric
field sensor mode. The electric field sensor did not compare as well to other MEMS electric
field sensors. However, the dual nature of this device makes it appealing. The devices can
be used in missiles and satellites to monitor charge buildup in electrical components and
the atmosphere [11]. They were created using inexpensive materials and common
fabrication techniques.

This iteration developed the theory behind the devices and fabricated non-working
devices. The electrometer mode did not work because the input impedance was too low to
hold a charge. The EFM mode failed to work because the electrical signal was too small.
To fix this, simply a larger device needs to be fabricated that can produce a large enough
electric field signal. Future iterations should heed to the recommendations in this chapter
to create a working device. If so, then the electrostatic sensors can be made cheaper and

smaller than common sensors used today.
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Appendix
The picture below shows the full 1 cm by 1 cm die layout that was created using
PolyMUMPs. The only two working devices on the entire die are circled in red. The large

devices on the left may have worked if the pillars were not used.
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