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Abstract

A novel technique of coupling near-field evanescent waves by means of variable
period subwavelength gratings (1.2 pm and 1.0 pm), using a 1.55 pum infrared
semiconductor laser is presented for the use of an optical MEMS accelerometer. The
subwavelength gratings were fabricated on both glass and silicon substrates respectively.

Optical simulation of the subwavelength gratings was carried out to obtain the
maximum coupling efficiency of the two subwavelength gratings; the grating thickness,
grating width, and the grating separation were optimized. This was performed for both
silicon and glass substrates.

The simulations were used to determine the total system noise, including the noise
generated from the germanium photodiode, sensitivity, and displacement detection
resolution of the coupled subwavelength grating MEMS accelerometer. The coupled
gratings were utilized as optical readout accelerometers.

The spring/proof mass silicon accelerometer was fabricated using a four mask
process, in which the structure was completed using two deep reactive ion etching
(DRIE) processes. The designed serpentine spring styles determine the sensitivity of the
accelerometer; when the springs are made longer or shorter, thicker or thinner, this

directly attributes to the sensitivity of the device.
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To test function of the example of the devices, the accelerometer is placed on a
platform, which permits displacement normal to the plane of the grating. The 1.550 pm
infrared laser is incident on the coupled subwavelength grating accelerometer device and
the output intensity is measured using a geranium photodiode. As the platform is
displaced, the grating separation between the two gratings changes and causes the output
intensity to change. Using the coupled subwavelength grating simulations as a reference
to the output intensity change with respect to gap, the mechanical and coupling sensitivity

properties of as it relates to acceleration is presented.
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Chapter 1

Introduction

1.1 Overview of Gratings and Subwavelength Gratings

Gratings are optical elements with properties of dispersing and diffracting light.
There are many types of diffraction gratings, which are specified by their geometry,
material, efficiency behavior, fabrication type, and their application [1]. Additionally,
these types are classified as either amplitude or phase gratings [2]. Amplitude gratings
are made by patterning and or etching a material on top of a substrate, thus affecting only
the amplitude of the incident source. Phase gratings are etched into the substrate and
influence the phase of the incident wave. Diffraction is observed by reflecting from a
reflection grating or by passing through a transmission grating. Typically, reflection
gratings are coated with a metal layer in which the incident source is reflected from the
grating and transmission grating allows the incident source to pass through the medium.

Selecting a grating is application specific, wherein, the grating efficiency and
grating wavelength are common characteristics for grating selection. The grating
efficiency is related to the grating shape, incidence angle, and the material properties.
The grating wavelength or grating period is the co-contributor to the desired diffraction,
the other being the incident wavelength. Diffraction from a grating is visibly seen when

the grating period is greater than the wavelength of the illuminating source. This type of



diffraction is known as Fraunhofer diffraction, as illustrated in Figure 1-1. The first
grating was created using 50 hairs elongated between two screws with a grating period of
250,000 nm, and was later modified by Joseph von Fraunhofer with metal wire wound
about the screws. Fraunhofer’s diffraction grating was used to measure the wavelength

of the dark absorption lines of the solar spectrum [3, 4].
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Figure 1-1: Diffraction from a grating

Subwavelength (SW) gratings are spaced, diffractive or reflective optical
elements that have a grating wavelength shorter than the incident illumination source.
The near field region contains useful non propagating spatial information that
information can be retrieved, demodulated, and re-propagated into the visible far field
region by coupling it with a second SW grating which has a different grating period.

When the period of a grating is below the wavelength of incident source it is considered
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SW. These SW gratings do not exhibit any higher diffraction orders and the near field
(NF) region where non-propagating evanescent waves (EW) are parallel to the grating
surface exist are often filtered out as noise [5]. This diffraction is known as Fresnel
diffraction. Since the mid 1960’s, these exponentially decreasing EWs have commanded
the attention of researchers [6].

There has been wide-ranging research of gratings and particularly, SW gratings.
This research includes studying light propagation in singly and doubly periodic planar
waveguides [7], high efficiency input coupling using surface corrugations [8], and
analysis of thin film waveguides with groove structures [9] to name a few. Gupta and
Peng were the first researchers to demonstrate evanescent wave coupling by fabricating
SW gratings using interference beam lithography on a glass substrate [10]. Gupta and
Peng only compared the diffraction angles from the evanescent coupling and made
inferred speculation about the output intensity.

Our research focus is placed on maximizing the output intensity for implementing
this technique on a microelectro-mechanical systems (MEMS) accelerometer. This
technique will be able to detect highly sensitive, detecting nanometer displacement

movements.

1.2 Goal and Objective

In this research near field EW coupling using two SW gratings with different
grating periods, creates a larger effective grating period that propagates diffraction orders
with grating gap dependent intensities in the far field region will be discussed for
assembling and testing a novel MEMS accelerometer. As MEMS accelerometers are

further miniaturized, their range of motion is minimized and detecting this sub-nanometer
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displacement requires a highly sensitive measurement technique, which can be realized
with this coupled grating method. The design of the envisioned accelerometer consist of
two chips: a glass chip with 1.2 pum SW gratings etched into the glass using reactive ion
etching (RIE) and having a thin gold bond frame outside the grating area, and a silicon
chip having a suspended spring/proof mass structure with 1.0 SW gratings etched into the
silicon by deep reactive ion etching (DRIE), and also having a thin gold bond frame.
This sensor operates in the NF region where EWs exist. In this region, EW coupling
from both SW gratings produces far field (FF) diffraction, where output intensity is a
function of change in grating separation between the coupled SW gratings and will
correlate displacement versus output intensity exhibited by the accelerometer shown in

Figure 1-2.
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Figure 1-2: Coupled SW grating accelerometer schematic
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The proposed optical MEMS accelerometer is advantageous over other
accelerometer types in its flexibility and ease of fabrication towards creating a robust
sensor, the minimal external disturbances (temperature, electro-magnetic interference,
capacitance, etc.) which prevent interference in acceleration measurements, and EW
coupling in the near field promoting high sensitivity. Additionally, optical sensing has
the potential for high speed readout.

This research explores fabrication of SW gratings with different grating periods to
demonstrate the EW coupling concept. This involves placing two SW gratings within the
near field region where the non-propagating EWs are coupled and propagated into the far

field where visible diffraction orders can be observed show, as represented in Figure 1-3.
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Figure 1-3: Illustration of a single SW grating and coupled SW gratings (a) plane wave
source incident on a single SW grating, exhibiting non-propagating EWs and the
transmitted 0™ order (b) plane wave source incident on a single SW grating, in which the
EWs are re-coupled by the secondary SW gratings exhibiting higher diffraction orders

The physical SW grating dimensions (etch depth, grating width, sidewall angle)
will be investigated for optimal coupling efficiency. Furthermore, real-time applications

for using coupled SW gratings for MEMS sensors would be another research effort.
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The goal of fabricating and etching SW gratings into silicon and glass substrates
for the purpose of coupling the exponentially decaying EWs into propagating waves
visible in the far field is essential to realizing the envisioned accelerometer. This would
be accomplished by (a) simulating the effects of single SW gratings, determining the
optimum grating thickness of both substrates for maximum coupling efficiency, and
coupling the optimum thickness SW gratings with variable grating separations, (b) using
nano-lithographic methods for fabricating SW gratings on silicon and glass substrates, (c)
controlling the bonding parameters to successfully bond the silicon and glass substrates
with gratings to demonstrate the EW coupling concept, and (d) implementing the entire

coupled SW gratings proof of concept into a MEMS accelerometer is seen in Figure 1-4.
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Figure 1-4: 3D Coventorware model of the coupled SW grating accelerometer



The specific goals of this research are detailed in the following objectives:

(a) To use OptiWave™ FDTD software package to compute the electromagnetic
(EM) field components — To obtain the maximum output intensity in the 1% diffraction
order, simulations that reflect the desired output need to be performed.

(b) Fabricate and etch SW gratings using into the glass and silicon substrates — From
the simulation results, SW gratings with specific dimensions have to be fabricated

(c) Use various analytical methods to measure, characterize, and obtain images of the
SW gratings — to verify the simulated and fabricated grating dimensions for data
comparison.

(d) Chip level assembly and testing of an accelerometer device — The glass and
silicon chips have to be assembled to complete the accelerometer device. Configure a

testing setup to determine the acceleration displacement from the change output intensity.

1.3 Dissertation Organization

A brief overview of SW gratings and evanescent wave generation followed by
processing techniques and characterization of EW coupling for SW gratings is presented
in detail.

In Chapter 2 a detailed background study on accelerometers, the current state-of-
the-art of other optical accelerometer devices, the theoretical complex electric field where
EWs are generated from a single SW grating is presented in detail. Additionally, using a
communication theory approach, the EW grating modulation of the two SW gratings is
illustrated.

In Chapter 3, EW coupling was simulated using OptiWave™ where the

simulation parameters and optimum coupling efficiency from the coupled SW gratings,
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and the mechanical characteristics of the spring/proof mass accelerometer membrane are
discussed in detail. Also, SW grating fabrication methods are presented, where analysis
methods to determine the SW grating dimensions are shown.

Chapter 4 presents in detail the designed masks for the coupled SW grating
accelerometer, and the process flow and fabrication of the coupled SW grating MEMS
accelerometer is presented.

In Chapter 5, total system signal and noise analysis results are presented.
Additionally, the accelerometer test apparatus and physical testing of the coupled SW
grating optical MEMS accelerometer is defined. As a force is applied to the sensor, the
grating gap is changed, resulting in a related diffraction light intensity. This chapter will
present simulated, calculated, and measured values as it relates to determining the
acceleration of the device.

Chapter 6 concludes the research work by summarizing the results of the coupled
SW grating accelerometer and providing suggestions for future use of this novel sensitive

sensing technique.



Chapter 2

Background

2.1 Introduction

The overall objective of this research is to simulate, design, and fabricate a
MEMS accelerometer. This section provides an overview of what accelerometers are and
the existing MEMS accelerometer types. Also, the sensitivity, noise, and sensing gap
parameters of different commercial MEMS accelerometers are highlighted, which are the
parameters that the proposed accelerometer will be compared to.

An accelerometer is a device that measures acceleration forces. These forces can
be static, like the force of gravity acting on a fixed object, or dynamic. These
accelerometers are used for protection in seismic trembles, detection in automobile airbag
deployment, and as part of everyday life in our electronic devices and video games. In
measuring acceleration, knowing the intended application, desired g-force detection,
sensitivity, and various other factors are necessary in selecting the proper accelerometer.

There are many types of sensing methods for MEMS accelerometers, which
include piezoelectric [6], capacitive [11], piezoresistive [12], tunneling [13],
electromagnetic [14], and optical [15], of which capacitive and piezoelectric are the most
common. While capacitive and piezoelectric sensing are commonly used, the drawbacks
of these techniques include cross-coupling capacitance sensor and temperature sensitivity

and power consumption for the piezoresistive sensor [16]. While most accelerometer
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sensors today can boast the use of MEMS technology, sharing the advantage of sensor
miniaturization, the coupled SW grating MEMS accelerometer sensor proposed in this
research has a significant advantage over the other types. While the piezoresistive sensor
is easily damaged when dropped, as reported by Li and Shemansky Jr. [17], the proposed
coupled SW grating accelerometer has the design flexibility to minimize device failure
from shock. Also, the coupled SW grating is completely resistant to electromagnetic
interference, which is a drawback of the capacitive accelerometer. A description of the
various types of accelerometers and how they measure acceleration is in Table 2-1.
Accelerometers have had tremendous growth in the past twenty years. Measuring
seismic activity, navigation systems, and most popular, the automobile industry for air
bag deployment and tilt suspension systems are just a few of their applications [18, 19].
Most successfully, in March 2008, Nintendo Inc. achieved a 73 percent increase in net
sales and 47.7 percent increase in income from the previous fiscal year with the addition
of the accelerometer based Nintendo Wii gaming console controllers [20, 21]. Similarly,
net sales of Apple’s iPhone and related products and services were $419 million and $1
billion in the third quarter and first nine months of 2008. Similarly, the iPhone handset
unit sales totaled 717,000 and 4.7 million during the third quarter and first nine months of
2008, respectively [22]. As the scale of technology continues to get smaller, cutting edge
research remains highly competitive and the demand for newer, simpler, and more novel
sensors like the proposed EW coupling concept are likely to contribute to this
technological advancement. More recently, MEMS company iSuppli Corp. reported
MEMS accelerometers and gyroscopes used for e-books and slate tablets like the iPad

will bring in $105 million in 2014, compared to only $3 million in 2009 [23].
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To measure the gap displacement and gravity force (g-force) acceleration, this
research has chosen an optical sensing method for a surface micromachined MEMS
accelerometer. This approach aims to demonstrate near field EW coupling using two SW
gratings with different grating periods to create a larger effective grating period that will
result in propagating diffraction orders into the far field region. Optical modeling of this
approach is presented later to obtain the optimum grating thickness, output intensity per
change in grating separation, and the optimum coupling efficiency between the variable

period SW gratings.

Table 2-1: Accelerometer types and their operation.

Author Accelerometer Accelerometer Operation

Type

Has resistive material properties that change under physical
[13, 24] Piezoresistive | pressure, thus changing the internal resistance of the material
which is measured

Induced current change between tunneling tip and electrode,
[13] Tunneling inducing a change in tunneling current and converted into
acceleration

Mutual coupling of two planar coils in which the rate of change

[14] Electromagnetic of current and the distance between the two coils is detected

A piezoelectric material attached to the proof mass, in which an
[6] Piezoelectric applied force transduces piezoelectric material to a voltage and
then to acceleration

Has a spring and proof mass configuration where gap changes
[11] Capacitive between the two parallel plates capacitors are converted into
acceleration

Uses a Mach Zender or Michelson Interferometer setup which
[15] Optical measures light intensity with a photodiode or light collecting
source which is converted to acceleration

MEMS cantilever beam with a proof mass on the end of the
[25] MEMS beam. Beam deflection is transduced from light intensity to
acceleration
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Optical sensors are used for various functions which include earthquake/seismic
activity detection, displacement detection, acceleration measurement, motion detection,
and as transducers. Commonalities of these sensors are their high sensitivity designs and
their sensing function shown in Table 2-2. The differences in the various types of optical
sensors lie in their sensing function, which directly relates to their sensitivity. There are
grating methods, spring and proof mass, waveguide, doubled clamped beams, and Fabry
Perot methods that are used for sensing. Currently, there are no published results of EW
coupling being used for an accelerometer. Preliminary investigation and calculations
shows that the novel coupled SW grating method proposed in this research will prove the
sensitivity of this sensor to be comparable to the other highly sensitive optical sensors

and has the potential to demonstrate a greater enhanced sensitivity.
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Table 2-2: Accelerometer types and their sensing parameters

Sensing

Author Sensor Type Optical type Function Sensitivity
. Seismic
[26] Optical ulaser encoder Activity 6.4 nug
Optical Fiber Bragg Acceleration 2-12.5
p ng
[27] grating
Spring/proof
[28] Optical mass with Acceleration 3.3 nm/g
optical filter
. Deformable Motion
[29] Optical arating detection 10fm/ VHz > 1kHz
. Deformable Sub-A in [
[30] Optical grating plane motion 0.0me/ Hz
. Deformable NEMS
[31] Optical arating transducer 160fm/ VHz at 1Hz
. Proof mass & Vibratory [
[32] Optical Interferometeric | acceleration 40ng/ Hz
Optical Mechanical
[33] Optical waveguide Resoqator 40fm/ VvHz
Motion
. Diffraction .
[34] Optical orating Acoustic 2.08A/ VHz
. Diffraction .
. 16 uA t 250 kH
[35] Optical orating Displacement 1 A/nma z
ptica eam isplacement ) m/ +/
30 Optical NEMS B Displ 0.055p Hz
ptica nife Edge isplacement Opm/+/
36 Optical Knife Ed Displ 1.0p Hz
. Motion
[15] Optical Fabry-Perot Detection 100nm/g
. Fiber Bragg .
[37] Optical orating Acceleration 1.0mg / VHz
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2.1.1 Subwavelength Gratings

Gratings are optical elements with properties of diffracting light into specific
wavelengths. The grating period (grating wavelength) and the wavelength of the
illuminating source both determine the direction of the diffracted beams. Diffraction
from a grating is visible when the grating period is greater than the wavelength of the
illuminating source. This type of diffraction is known as Fraunhofer diffraction. The
Fraunhofer diffraction grating equation is used to determine the diffraction angle € of the
higher diffraction orders m where A is the monochromatic wavelength and A is the
grating period.

mA = A'sin (0) — 0 = sin” (mA/ 1) (1)

There are many types of diffraction gratings: holographic, blazed, concave,
sinusoidal, triangular, transmission, and several others which are specified by their
geometry, material, efficiency behavior, fabrication type, and their usage [38].
Additionally, these types are classified as either amplitude or phase gratings [38]. There
are many complexities in classifying the grating types, wherein amplitude gratings are
made by patterning and or etching a material on top of a substrate, thus affecting only the
amplitude of the incident source, whereas phase gratings are etched into the substrate and
influence the phase of the incident wave.

In the case where the wavelength of the incident monochromatic light is larger
than the grating period, there is no real solution for 6 in the grating equation and
propagating waves are not transmitted in the far field (there is no diffraction). Periodic
structures with features smaller than the wavelength of the illuminating light, defined as

subwavelength gratings, create a non-propagating electromagnetic field near their surface
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called evanescent waves (EWs). These EWs are not detectable by traditional optics
because the energy decays exponentially to a negligible level within a micrometer from
the grating surface. This diffraction is known as Fresnel diffraction. Although SW
gratings do not produce visible waves, the EWs from these structures have been intensely
studied and many applications have been reported using the EW field to leverage new
optical effects. Some of the applications include high efficiency light emitting diodes
[39], transmission color filters [40] and resonant transmission of infra-red [41] and THz
radiation [42] for communication. Recently, the propagation and enhanced transmission
of EWs using sub-wavelength gratings has gained paramount importance. This stems
from the fact that the near-field EWs have been exploited in biosensing [43], guided
optics [44], optic fiber couplers [45], apertureless microscopy [46, 47], and
nanoelectromechanical devices [30]. It was Keeler, et al. who demonstrated the use of
near field optical effects of nanostructured SW gratings for a very sensitive
micromachined accelerometer [29].

A MEMS based accelerometer has been envisioned for sensing acceleration using
two SW gratings. As previously mentioned, EWs are not detectable by traditional optics.
However, if a second periodic structure is brought into close proximity (~ 0.6 pm) to the
first grating, re-propagation of the evanescent energy into propagating waves can be
accomplished. Importantly, the efficiency of the energy coupling is highly dependent
upon the spacing between the gratings. The two SW gratings in close proximity each

have different grating periods which creates an effective grating period,

I/Aeff = |1/A1 - 1//\2‘ (2)
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where A and A, are the different grating periods, and A is the effective grating period.
When the gratings are far apart propagating waves are not observed, because there is
effectively no coupling in the near field region. However, when the gratings are closer
together the output intensity of the coupled EWs varies with subtle grating separation
changes, making this new coupling method ideal for sub-nanometer displacement

detection.
2.2 Theoretical Grating Analysis

2.2.1 Evanescent Wave Generation From a SW Grating

The optical configuration and analysis of a monochromatic plane wave source
incident upon a grating is illustrated in the following. A plane wave propagating in the
+Z direction incident on an amplitude grating at z = 0 is described as Ay exp(-j(2n/A)t in
the time domain. In the phasor notation, the normally monochromatic plane wave is

expressed as
E, (z) = Ajexp™ 3)
where k=2m/A (A is the light wavelength) and E(.(z) is simplified to be Ay at z=0.
The Fraunhofer diffraction grating equation below is used to determine the

diffraction angle @ of the higher diffraction orders m where A is the monochromatic

wavelength and A is the grating period.

mA = sin(0) — 0 = sin” (%j (4)

When the wavelength of the incident monochromatic light is larger than the

periodic grating wavelength, there is no real solution for 8 and propagating waves are not
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transmitted in the far field, yet, exponentially decreasing EWs exist in the near field.

At z = 0, where the plane wave is incident on the grating, the transmittance function of a
sinusoidal amplitude grating is

t; (x) =1+bcos(K;x) (5)

where b; represents the grating modulation depth and grating wave number is

K (= 21/A,, A, is the grating period). The field after the grating, at plane z = 0" is given

by
E,, (x)=Ag[1+bjcos(K;x)] (6)
The plane wave spectrum of the field at z = 0" is represented in the spatial

frequency domain and found by taking the inverse Fourier transform of equation (6) [48].
Po. (k) = [ Eq. (x) x expik,x) dx

Agb

=A,d(k, )+ (kK )+ A°2b1 3(k,+K,) (7

The resulting inverse Fourier transform in equation (7) represents the total
spectrum of the sinusoidal grating propagating in specific directions. The complex
exponential function exp (-jk,z) details how plane waves propagate with a wave vector

(ke, ky, k), in which
k=x(ick2)” (8)

[49]. Thus, the propagation of the plane wave spectrum is found to be

Agb, Agb,

F, (k, )=A,8(k, )+ 2205 (k, K, )+ 8(kX+K1)Xexp{ijz[(kz-kxz)m}} )
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Herein, the complex electric field is determined by taking the Fourier transform of

equation (9)

E,(x.2)=[ F, (k) * exp(k,x) dk,

=Aoexp(—jkz)+A%blexp[irjz(kz—Kl2 )1/2} x exp(-K;x)
(10)
+A%blexp[irjz(k2-Kl2 )1/2} x exp(jK;x)

For the case of A; <A (K; > k), choosing the negative solution of equation (8),

which allows only the solution with a decaying real exponential, equation (10) can be re-

written as:

00

E, (x2)=[ F, (k) * exp(dk,x) dk,

—00

=Aoexp(-jkz)+AL‘DIexp[-z(Kl2 S )1/2} x exp(-K x)
’ (an

+ A;bl exp[-z(Kl2 K )1/2} x exp(jK;x)

This describes waves propagating parallel to the grating substrate in the +x

direction with wavenumber K, and exponentially decay in the z-direction [48].

2.2.2 EW Coupling From Two Different Period SW Gratings

The plane wave analysis shown in the previous section derived the evanescent
wave properties for the case of a single SW grating where A; < A. Now, we present
further analysis for two coupled SW gratings with different grating periods, A; and A,.

Similar to equation (5), the transmittance function of the second SW grating is

t, (x)=1+b,cos(K,x) (12)
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where b, represents the second grating modulation depth and K, represents the second
grating wave number (27/A,, where A; is the second grating period). Equation (13) is the
plane wave spectrum of the field at z= 0" found by multiplying equation (3) by equation

(12) and taking the inverse Fourier transform.
Py.. (k) = [ [Eg(0)  t5 (x) ]  exp(jk,x)dx

Agb

Ao_bz[

= A (I, )+ S8l K, )43 (K, +K ) [+ B (1 K 48 (1, 4K )

2002 (5K (K, 1K, ) [0+ (K, 1K) [+ e (KoK )]0k (€, K0) T (13)

J’_

By multiplying equation (13) by the free space propagator, exp(-jk,z), where
k, = +sqrt(k*-k,%), computing for the EM fields at plane z, and by taking the Fourier

transform, the propagation of the plane wave spectrum is found to be

E, (x2)=[ By (k)  exp(k,x) dk,

Ab exp(jxK, )><exp[ijz(k2 K, )1/2 }
=A, [exp(—jzkZ )J +071

1/2
+exp -jxK Xexp[ zt k2 }

1/2
exp jXK Xexp[ J

+exp(—ij )Xexp[ ir(k2 2)1/2}

Agb,

exp[ jX(Kl.;_Kz)]xexp{i jz[kz—(KlJer)zT/z}
cexp[ ¢ (K, K, )]xexp{i jz[kz—(KlJer)z]m}
+ jz[kz-(Kl-Kz)z]l/z}

{
+ exp[x (K, K, )< exp{i jz[kz-(-Kl+Kz)2]m}

(14)
+ exp[jx(K1 K, )] Xexp
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For the case where | K;- K| <k, K; >k, and K, > k only the first term and the last
terms of equation (14) denote propagating waves in the z, the last two terms are estimated
to be the diffracted waves from a the two coupled SW gratings. The other terms denote
evanescently decreasing waves in the z direction. The next section will use a model from

communication theory to illustrate the EW coupling of the two period SW gratings.

2.2.3 EW Coupling by the Communication Theory Approach

When we take the continuous Fourier transform of a signal wave grating, the
grating may be represented by the decomposition into a summation of sine and cosine
gratings. For a sinusoidal signal, we obtain two unit delta functions in the spatial
frequency domain at the frequency of the sinusoidal grating. The two SW gratings
(K1, K,) with different grating periods are represented in the spatial frequency domain by
two different impulse functions as shown in Figure 2-1 (a, b). When the convolution of
the spatial frequency components K; and K, are taken, frequency components at
(-Ki-K»), (-Ky), (-K»), (-K;+K»), (0), (Ki-K»), (K2), (K1), and (K;+K,) are produced.
These components are identical to those in the plane wave spectrum of the field in
equation (14). Using the model from communication theory, a low pass filter (LPF) is
denoted by the bounded box in Figure 2-1 (b) which filters spatial frequencies outside the
region. The spatial frequencies (-K;+K;) and (K;-K,) may be allowed within the LPF
region and propagates in free space as illustrated in Figure 2-1 (c). When the two grating
periods are each sub-wavelength, real propagating diffraction angles can be produced by
a pair of such gratings using this method.

The convolution of the two gratings in the spatial domain is the physical coupling

of the two gratings, placing them in close proximity. The image in Figure 2-1 (a) shows
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the concept of the coupled gratings as they are directly on top of each other. The unit
delta functions of the two SW gratings shown in Figure 2-1 (b) are convolved and the
different K; and K, spatial frequency components are seen in Figure 2-1 (c). Also, the
magnitude shown above the delta function components are scaled proportional to the
scaling in equation (14). These represent the output intensity of the coupled EWs. The
analytical and visual representation through communication theory of EW coupling
conceptually shows that this is a plausible technique for the envisioned MEMS
accelerometer. To further support the claim of EW coupling and determine the effects of
varied grating thicknesses and spacing, finite difference time domain (FDTD) [50] based

simulation results will be presented to in the next section.
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Figure 2-1: (a) Coupled gratings drawn to scale (blue-1.2 um, yellow-1.0 pm)
illustrating the 6.0 um effective grating (b) Two sinusoidal gratings (K1 and K2) in the
time domain and their Fourier transform spatial frequency components surrounded by
the LPF region (c) Convolved frequency domain of grating-modulated waves showing
coupling (-K1+K2 and K1-K2) in the LPF region
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Chapter 3

Optical and Mechanical Simulation of Accelerometer Components

3.1 Background Finite Difference Time Domain (FDTD)

Optical simulation of the SW gratings was carried out using OptiWave ™
software package based on finite difference time domain (FDTD) numerical modeling
approach. The FDTD approach is based on solving the time-dependent Maxwell's curl
equations where space and time steps relate to the accuracy, numerical dispersion, and
the stability of the FDTD method [50]. In the case of 2D FDTD equations, the optical
layout is in the X-Z plane, where Y is assumed to be infinite, Z is the propagating
direction and the Maxwell 0/0y derivatives are removed which separates the equations
into two sets, transverse electric (TE) and transverse magnetic (TM). For these
simulations and their results, 2D TE waves are used. As a result, the Maxwell equations

become:

o ¢

B 1 (8HX _8sz oH, 1 JB oH, 1 OE 15)
oz Ox )

oty oz ot Ox
where € = g & is the dielectric permittivity and o is the magnetic permeability of the
vacuum, and n = \ ¢ is the refractive index.

The image in Figure 3-1 (b) is the interface the OptiWave™ software uses to

complete mesh size and time parameter simulations. In the time parameters section, there
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is time step size and total simulation steps, both of which are directly related to and
contribute to the computation of the 2D mesh size. The fields in eq. (15) are represented
by a 2D array, E,(i,k), H.(i,k), and H.(i,k), where i and k are the space steps in their
respective x and z directions. This 2D array schematic in Figure 3-1 (a) is an illustration
of a space grid and time-stepping algorithm investigated by Kane Yee [49]. The solid
lines denote a particular mesh size, whereas, the dashed lines form the FDTD cells. The
Hi field is associated with coordinates (i, k£ + 0.5) and the H, field with (i + 0.5, k) which

are both correlated to cell edges; whereas, E, is the center of the FDTD space cell [49].
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Figure 3-1: (a) Yee’s 2D Lattice [49] (b) OptiFDTD Simulation Parameters

Implementing the electric and magnetic fields with their corresponding coordinate space
steps, the 2D numerical discretization of eq. (16) becomes:

E(bk)=E""(ik) 1 H " (ik+0.5)-H""(1.k=05) 1H""(i+0.5k)-H " (i-05k) (16)
At € Az € Ax

This is developed into the following finite difference equations:

nf-: n— . At n—0. . n—0. .
E"(i,k)=E, ‘(z,k)+gTZ[HX " (i.k+0.5)-H, " (i,k—0.5) ] -
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ﬂ[[{z"‘“ (i+0.5.k) = H.""* (i-05,k)]

&Ax
n+0.5 (. n—-0.5(. At nf. n(.
H." " (i,k+0.5)=H," " (i,k+0.5)+ [Ey (i,k+1)-E, (z,k)]
HoAz )
H."(i+0.5,k)=H " (i+0.5k)- A; [£,"G+1.6)-E," (k)] (17)
HyAzZ

The time steps in eq. (17) are denoted by n, where i and k coordinates represent the space
steps, and Ax and Az are along the X and Z axis respectively.

The FDTD parameter that requires careful attention is the time and space step size. The
proposed minimum mesh size is:

minimum (AX, Az) = Anin/10 Nipax (18)

where Anip is the incident wavelength and ny,y is the maximum refractive index of the
material Ay, propagates through. The time step was chosen according to the Courant-

Friedrichs-Levy (CFL) condition:

At < - - (19)
+

(Ax)”  (Az)

v

where v is the speed of light in the medium. The CFL condition is a convergent
algorithmic method for solving partial differential equations to ensure numerical stability
of the algorithm [51]. The software calculates the automatic time step as well as the
overall time steps including finalization. Also, the software reserves the right to
manually change the total number of simulated time steps which is extremely critical to

obtaining an accurate output. The simulation has to have ample time to fully propagate
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through the system to be detected in the output far field region. Improperly defining this

value will result in inaccurate data.

3.2 OptiWave™ FDTD Simulation Modeling

3.2.1 Simulation Parameter Optimization

Evanescent wave coupling was simulated using the OptiWave™ FDTD software.
The simulations performed using this software were performed to determine the grating
parameters which produce the maximum output intensity and to determine the grating
coupling efficiency with respect to the grating separation. However, there are several
parameters that have to be optimized before running a parametric simulation. For
example, the wave shape, grid size, step size, and grating dimensions contribute to
maximizing the output coupling efficiency and simulation accuracy. In addition to the
output coupling efficiency, signal to noise ratio (SNR), grating sensor sensitivity, and
other signal-related characteristics can be calculated.

Several parameters were simulated prior to the coupled SW grating simulation.
The simulations performed ranged from varying the incident wave type, the input
boundary layer conditions, the full wave half at maximum (FWHM) laser beam radii, and
the X and Z mesh simulation grid in different mediums (i.e. air, glass, and silicon).
Performing simulations with these parameters will have an effect on the output intensity,
the reflectivity and absorption within the model, interaction with the grating elements,
and simulation process time. After optimizing these parameters, the coupled SW grating
concept is then designed, processed, analyzed, and interpreted using the OptiWave™

software. The grating design layout is shown in Figure 3-3.
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Figure 3-2: OptiFDTD designer layout used to design the coupled SW gratings

In the forthcoming simulations, the procedure for obtaining the output results are
as follows: 1) the grating design layout is entered 2) the incident light wave is launched in
the gratings 3) the electromagnetic (EM) field evanescently couples and propagates to the
output plane 4) the simulation solves Maxwell’s curl equations and computes the far field
diffraction. The first simulation performed was to compare the input wave field of a
Gaussian beam with a 10 um full width half maximum (FWHM) beam versus a
rectangular (RECT) beam with a 10 um FWHM beam. The simulation was performed
under the following conditions: 80 x 8 um simulation window; 1.550 um infrared (IR)

laser; glass substrate; 6.0 um period x 0.6 um thick grating in glass (n=1.57); simulation
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grid (0.06 pm); and 750 iteration step size. The simulation in Figure 3-3 clearly
illustrates the Gaussian wave is the favored over the RECT wave type. The first
diffraction order at ~15° is seen with the Gaussian wave, however, it is unclear where the
first diffraction order is for the RECT wave. This diffraction angle accurately
corresponds to equation (1), where 6 = sin” (mA/A), which equals 14.97°. It can be
concluded that there is better grating efficiency from the grating element when the

incident beam is a Gaussian wave source.
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Figure 3-3: OptiFDTD 2D output comparing the RECT wave versus the Gaussian wave

In the next simulation, the Gaussian FWHM beam width was varied from 10 pum,
to 15 um, to 20 um, to 100 pm. The simulation was performed under the same
conditions as before: 80 x 8 um simulation window; 1.550 um infrared (IR) laser; glass

substrate; 6.0 um period x 0.6 um thick grating in glass (n=1.57); simulation grid (0.06
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um); and 750 iteration step size. While the beam widths exhibit similar output intensity,
the graphs of the beam widths in Figure 3-4 shows that the 10 pm width gradually
decays, in which there could be an overlap of the higher diffraction orders. The 15 pum,
20 pm, and 100 um beam widths showed ringing effects (similar to the ringing of a sinc
function) between the higher diffraction orders. These effects for the 100 um beam width
were too close to the 1 diffraction order at -15 dB, when compared to -40 dB and -30 dB
of the 15 pm and 20 pum beam widths respectively. This is likely a result of the
simulation window (80 x 8 um) being smaller than the 100 pm beam width. Using the
calculations of the expected physical beam width of the commercial IR laser and optics

pair, the 100 um was excluded and the 20 pm beam width was selected.
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Figure 3-4: OptiFDTD 2D output intensity comparison of 10 um, 15 pm, 20 pm, and 100
um FWHM beam widths

The next simulation varied the X and Z mesh delta (grid size) and the number of

simulation steps. In Figure 3-5, the grid size was varied from 0.06 pm, 0.04 pm to 0.02
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um, where it was observed that the output intensity was suppressed between the
diffraction orders. This suppression between the diffraction orders distinguished between
noise and higher diffraction orders. As Yee’s 2D lattice explained [49], the trade off with
reducing the mesh size doubles the on the At simulation time and the computing storage

space necessary to store and analyze the data.
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Figure 3-5: OptiFDTD 2D output intensity comparing 0.06 um, 0.04 pm, and 0.02 pm
grid sizes

These results had a significant impact on the simulation computing, where the default
simulation iteration step size changed from 8.966E-17 seconds to 4.44E-17 seconds, and
the file size increased fourfold from 31 megabytes (MB) to 120 MB.

The next simulation varied the iteration step size from 2000, 1000, 750, and 500

steps in Figure 3-6, where more iteration steps equates to a larger file size and more
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suppressed noise. Although there is an increase in space (computer storage) and time, it

is a tolerable tradeoff to obtaining more accurate simulation results.
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Figure 3-6: OptiFDTD 2D output intensity comparing 2000, 100, 750, and 500 steps
with a 0.02 um grid size

The last of the optimization simulations varied the boundary layer conditions. In
comparison to the previous simulations, having obtained optimal simulation parameters,
the simulation was performed under the following conditions: 80 x 8 pm simulation
window; 1.550 pm infrared (IR) laser, 20 um FWHM Gaussian diameter; glass substrate;
6.0 um period x 0.6 pm thick grating in glass (n=1.57); simulation grid (0.02 pm); and
2000 iteration step size. In the OptiFDTD software there are four types of boundary
conditions, Anisotropic Perfectly Matched Layer (APML), Perfect Magnetic Conductor
(PMCQ), Perfect Electrical Conductor (PEC), and the Periodic Boundary Condition (PBC).
Although the PMC and PEC boundary condition parameters do not meet the device
design criteria (being neither perfectly magnetic nor electric), they were simulated and

compared along with the APML and PBC boundary layers in Figure 3-7. Also, perfectly
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matched layers, in their original form, only attenuate propagating waves; purely

evanescent waves oscillate in the PML but do not decay more quickly [50].
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Figure 3-7: OptiFDTD 2D output intensity comparing APML, PBC, PEC, and PML
boundary conditions

From the results in Figure 3-7, the curves are very similar; the PBC and PMC
boundary conditions are identical, and because the PMC condition does not apply to this
model it is not selected as the best model. It was already stated that the PEC condition is
not applicable, so the APML layer was selected. Furthermore, the AMPL condition
suppressed noise -20 dB more than the other conditions. This clearly distinguishes
between the noise region and the first diffraction order where the output intensity is
measured. The simulations for software optimization resulted in using the following
conditions: a Gaussian input wave; FWHM beam width of 20 um; 0.02 pm grid size; an

iteration step size of 2000; and an AMPL boundary condition.
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3.2.2 SW Grating Dimension Optimization and EW Coupling

The envisioned MEMS accelerometer will have 1.2 uym and 1.0 um gratings
etched in glass and silicon respectively. With the 1.55 pm infrared laser incident on a
single 1.2 pm or 1.0um SW grating, no diffraction orders are observed; but, when
coupled together this grating pair has an effective grating period of 6.0 pmeg from
equation (2). The optimal grating thickness (etch depth) for maximum output intensity of
both substrates is unknown, wherein, simulations varying the grating thickness of both
gratings in glass and silicon, and the grating separation were performed to achieve the
maximum output intensity.

To determine the optimum grating thickness for maximum coupling efficiency in
glass, simulation of 1.2 pm and 1.0 um SW gratings in glass (n = 1.57) were performed.
The grating separation between the gratings were kept fixed at 0.3 um, while the grating
thickness of the 1.2 pm and 1.0 um SW gratings was varied from 0.1 pm to 1.0 pm in 0.1
pm increments. The 0.3 pum grating separation was based on the envisioned
accelerometer design, in which the design would need a separation between the two
gratings to detect a change in the output intensity, as applied forces affect the gap. In
Figure 3-8 (a-d), the simulation layout of the coupled SW gratings in glass are shown and
the output intensity results. From the initial simulation results, it was determined that the
maximum output intensity was between 0.2 pym and 0.3 pm, so the simulation was
modified to 0.01 pum increments. The results showed that the maximum output intensity
occurred when the gratings in glass were 0.21 pm with the output intensity measuring -
7.5 dB. Also, we see in Figure 3-8 (d) that the output intensity increases and decreases

(more or less EW coupling) at different grating thicknesses.
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The next simulation uses the optimum grating thickness in glass from the previous
simulation and it is used to determine the optimum grating thickness for the silicon
substrate (n = 3.48). The grating separation was fixed at 0.3 pm and the grating thickness
was varied from 0.1 pm to 1.0 um in 0.1 um increments. The output intensity of the
coupled gratings is shown in Figure 3-9 (a-d) where maximum output intensity occurs
when the gratings were between are 0.4 pm and 0.5 pm thick. The simulation was again
modified to 0.01 pm increments, where the output intensity measured -5.7 dB for
0.41 um, 0.42 um, and 0.43 pm thick gratings. The 0.42 pm grating period was chosen

since the output intensity was identical with the others.
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With the optimum grating thicknesses for glass and silicon established, the next
simulation will be modeled to reflect the envisioned MEMS accelerometer device, using
a 1.2 pm period grating, 0.21 um thick in glass and a 1.0 um period grating, 0.42 um
thick in silicon. In this simulation, the grating thicknesses are fixed (obtained from the
previous simulations) and the grating separation is varied from 0.1 pm to 1.0 um in 0.1
um increments. The grating separation represents the area where the EW energy couples.
Using the 1.55 um IR laser incident on the SW grating structure, as the two gratings are
brought closer together, EW coupling occurs and an increase in the output intensity is
observed. In Chapter 5, this is correlated to the acceleration and displacement of the
spring/proof membrane of the accelerometer.

Understanding the exponentially decaying properties of EWs, when the gratings
are not close enough, EW coupling is minimal and sometimes nonexistent. When the
gratings have a 0 pm grating separation (as if they were touching) the output intensity is
at the maximum. However, this is not a feasible position for the gratings, as the
accelerometer would be unable to move. Therefore, the grating separation was varied
from 0.1 pm to 1.0 um in 0.1 pm increments. This allows the output intensity of the
accelerometer to be monitored at nanometer displacement. It can be seen in Figure 3-10
that the output intensity increases as the grating separation decreases. These simulation
results provide the grating dimensions needed to achieve maximum output intensity and
for fabrication of the SW gratings for the coupled SW grating MEMS accelerometer.
Also, a single 1.0 um SW grating is shown on the graph in Figure 3-10 to show the
exponentially decreasing properties of a single SW grating and to clearly define the

evanescent field region.
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The finite difference time domain optical modeling results presented in this
section has provided a better understanding of evanescent wave coupling using different
period SW gratings. The simulations performed were designed to optimize EW coupling,
resulting in maximum output intensity between the two different period SW gratings.
The final simulation demonstrated the strength of the EW coupling concept. The output
intensity of the effective grating period (A.s) of the coupled SW grating pair displayed a
decrease in output intensity as the gap separation increased. Furthermore, we were able
to identify the evanescent field from the no-propagating waves from the purely SW 1.0
um grating. With the simulations complete, validating the EW coupling concept, actual

grating fabrication of SW gratings in glass and silicon will be demonstrated.

3.3 Accelerometer Spring Force Design and Analysis

In this section, we will present an overview of meander tether parameters
(serpentine spring) for the designed accelerometer. The serpentine spring design
parameters and structural analysis are compared using analytical calculations, finite
element modeling simulations (Coventorware), and measured data. The aforementioned
parameters include spring deflection, spring constant force, and the physical spring
dimensions.

The challenges that exist in designing MEMS devices with movable components
vary. These challenges arise from being designed differently, being subject to different
processing conditions, varying the material characteristics, etc. The commonly used
spring types that are used in MEMS devices, as seen in Figure 3-11, are fixed-fixed,
folded flexure, u-style, crab-leg, and serpentine-type spring structures [52-56]. While all

of these spring styles have favorable advantages for specific applications, they also have
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their drawbacks, like extremely high spring constants, minimal beam lengths and widths,
and spring thickness restrictions [56]. However, designing a spring with a low spring
constant, which limits cross-axis sensitivity motion in the vertical and lateral directions,

the serpentine spring style was chosen for our design [57].

(a) clamped-clamped flexure (c) folded flexure

(b) crab-leg flexure (d) serpentine flexure

Figure 3-11: Various spring designs (a) fixed-fixed flexure (b) crab-leg flexure
(c) folded flexure (d) serpentine flexure [56]

In the design presented in this research, we began with structural analysis of the
spring stiffness constant, where the geometrical dimensions of the springs (length, width,
and thickness), along with the material properties of the substrate (Si) both are
contributing factors in determining the stiffness constant of the designed springs.
Additionally, the stiffness constant is an essential parameter in determining the sensitivity

of the spring structure.
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3.3.1 Numerical Analysis of Serpentine Spring Structures

The initial method for designing the spring model in this research was to obtain
the spring constant stiffness by using the equations in the lumped-parameter stiffness
modeling matrix. This stiffness matrix has been extensively investigated, where
analytical models for each stiffness constant has been derived for fixed-fixed, crab-leg,
folded, and serpentine flexures [56]. Therefore, to solve the analytical equations, the
stiffness constant was determined by changing the physical dimensions (beam lengths a

and b, width w, and thickness ¢) of the spring, which can be seen in Figure 3-12.

*w
4 A
w
fixed > moveable
end end
Span v
beam - A -
a connector

meander (n)
beams

Figure 3-12: Serpentine spring schematic [56]

The advantage in using an analytical approach to solve the stiffness constant allows the
designer to approximate stiffness constant value before modeling, fabrication, and testing
the structure design.

The envisioned accelerometer design will have one-axis of motion in the Z-
direction, in which the X and Y axis are constrained to zero. As previously mentioned,
the stiffness constant has been formerly derived, whereto; for n even, k, = 4F,/3,,
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where F, and 9§, is the applied force and displacement in the z-direction, is used to
determine the spring constant stiffness in the Z-axis in equation (20) [56] as,

48 SoaSenSgaSah (20)

k =
p@+ Sy b)n’ =38,,8 S a’bn’ +

z

&

SepSead” (S .

2 2 3
Seab (258 4u@” +3Sus Sy @b+ gy Sepb” )11 = SeuSgu S

where, Sei= El o, Sev= El.p, Sea= GJy Sep= GJp,. The product EI is called the flexural
rigidity of the beam, where E is the Young’s modulus of Si and the bending moment of

inertia (/) is
L= 1)

The torsion modulus of elasticity (G) is correlated to the Young’s modulus and Poisson’s
ratio by

E
¢ = 2(1+v) (22)

Cho and Pisano [58] illustrated the torsion constant (J) for a beam with rectangular cross-

section to be

0
_1.3 _ 192 ¢ 1 iTw
J=4rw 1-12.L 1~de L tanh (i2) (23)
,L O

i=
In equation (23), when the thickness is greater than the width (t > w), function of t and w
are exchanged.

For the design of the accelerometer device, the length of serpentine spring
structures and the number of springs attached to the accelerometer proof mass were

varied, both of which contribute to a change in the spring stiffness constant. Later, in
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Chapter 4, we will discuss the fabrication steps for the spring/proof mass structures,
where the dimensions after fabrication were measured and applied to equation (20).

The measured dimensions are as follows: spring thickness (7) 36 um, beam width
(w) 3 um, connector beam length (a) 10 pm, the span beam length (b) 100, 150, and 150
um, the number of meanders or turns (n) 4, and the number of springs attached to the
proof mass (800 pm x 800 um x 340 um) 4 and 8. Using these dimensions, a solid model
was created and simulated using Coventorware. First, a process flow was created to
generate the solid model. Starting with a bare silicon substrate, four processing steps
were used, one deposition (Au layer) and three etches (one wet, two DRIE). Next, the
layout was designed using the abovementioned dimensions. Then, the solid model is
generated using the process flow and designed layout of the spring/proof mass
membrane. A mesh is added to the solid model, and the Memech solver is used to apply
a specific load force to the membrane. The following conditions were imposed in the
solver design: the ends of the springs were anchored in the x,y, and z directions; the
springs and membrane were restricted to permit movement in the z-direction only; and a
force (uN) was applied on the spring and membrane in the z-direction using
“LoadPatchNodes”. A 3D model is generated showing the spring/proof mass

displacement. The processing, design layout, and 3D model are shown in Figure 3-13.
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Mumber | Skep Mame Layer Mame | Material Mame | Thickness | Mask Mame Photoresist | Depth

- 0 Substrate Substrate SILICON 340 SubskrateMask
|1 bond Frame Metal GOLD 0.6
- 2 bond Frame etch Mekal +
~| 3 Proof Mass Define et alz + 315
- 4 Spring Membrane Skructure + 27
(a)

| membrane length

membrane width
8

COVENTOR

(b)

Figure 3-13: Conventorware simulation steps (a) processing steps (b) design layout (c)
displaced 3D model from applied force

The results in Table 3-1 illustrate the spring stiffness constant for 4 spring and 8
springs, along with their associated spring parameters (bending and torsion) obtained
from substituting these dimension into equation (20). The analytically and simulated
spring stiffness constants are shown in Table 3-1, and the comparison of both spring

constants are shown in Figure 3-14.
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Table 3-1: Analytical and simulation calculations for the spring constant of 4 and 8 spring/proof mass membranes

Bending Young's ., | Torsion | Torsion
. Poisson’s
# of |Moment of Inertia | Modulus Ratio Modulus | Constant [S(e, ab )| S(g, ab)
turns Ik E v G J(x, ab) E*1 G*J
(kg*m’) (Pa) (Pa) |(N'm/rad)
11.7E-21 185.0E+9 0.3 71.2E+9(308.3E-24| 2.2E-9 |21.9E-12

Applied | Analytical |Simulated |Analytical|Simulated
4 spr.const |4 spr.const |8 spr.const| 8 spr.const
k, k, 2%k, 2%k,
(N/m) (N/m) (N/m) (N/m)
583.5 568.0 1167.0 1136.0
1004.3 1002.0 2008.5 2003.9
2060.1 2017.5 4120.3 4035.0

* Not shown are additional forces of 59, 78, and 98 uN that were applied to the spring/proof mass membranes with 200, 150, and

100 pm span lengths, in which the spring constant is the same for both the analytical and simulated 4 and 8

45



The green highlighted sections in Table 3-1 indicate the parameters that change, whereas,
the red numbers are fixed. When the spring dimensions were calculated, it was observed
that some of the physical spring parameters had a greater impact on the spring constant
than others. They are as follows: changing the length of the span (b) beam by +1 um, the
stiffness constant changed 6 N/m, changing the thickness (¢) of the springs by +1 um, the
stiffness constant changed 21 N/m, changing the length of the connector (a) beam by +1
um, the stiffness constant changed 70 N/m, and changing the width (w) of the span and
connector beams by +1 um, the stiffness constant changed an astounding 310 N/m.
Understanding how these spring dimensions impact the spring constant value
gives the designer an edge in creating any devices with serpentine spring structures.
Figure 3-14 visually represents Table 3-1 and shows the comparison of analytical vs.
simulation spring constant values for 4 and 8 spring proof mass structures. In Figure
3-14 (a), it can be seen that the spring constant values are close; moreover, the maximum
difference 2.7% was between the springs with span lengths measuring 200 um. This

extremely good fit points out the reliability of the analytical model as a starting point.
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Figure 3-14: Analytical vs. Simulation spring constant comparison

46



From these results, the analytical model assisted greatly as a first approach
method for determining the spring constant value. Furthermore, comparing both the
analytical and simulation methods confirm that the data acquired was consistent and
accurate. As a result, we can use the analytical data with confidence for estimating

displacement versus force of the coupled SW grating accelerometer device.

3.3.2 Displacement Analysis of Serpentine Spring Structures

To evaluate the displacement of a serpentine spring for a known stiffness
constant, a force is applied in the appropriate direction (z-axis) where the resulting
displacement is the result of the force by the spring constant. This design analysis is
substantiated by numerical calculation, mechanical simulation of the sensor structure
obtained through finite-element analysis (FEA), and measuring the displacement.

In section 3.2.2, we reported the change in output intensity when the gap
separation between the coupled SW grating pairs is moved further away or closer
together. The referenced gap separation is displacement. When a force is applied to the
proof mass with the connected springs, the spring/proof mass membrane will become
displaced, thus causing the output intensity to change. From this change in output
intensity, a correlation between displacement and output intensity can be inferred.

In this section, we will show displacement of the spring/proof mass membrane
from analytical, simulation, and measured methods. In the previous section, the
forces (F,) were chosen based on assumed physical forces applied to the spring/proof
mass structures. Knowing the spring constant and the force, the displacement can be
calculated (6, = F,/ k;). In an ideal situation, any force that is applied to the spring/proof

mass membranes will result in the same spring constant, hence the name spring
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“constant”. In contrast, the greater the force applied, the more displaced the spring/proof
mass membranes will become. For that reason, Table 3-2 illustrates the analytical and
simulated spring/proof mass displacement at different applied forces. A general
observation can be realized in both the 4 and 8 spring groups; as the span length is
decreased, the displacement also decreases. Additionally, as the force increases,

likewise, the displacement increases.

Table 3-2: Analytical and simulated spring membrane displacement for 4 and 8 spring
structures

Span Applied Analytical Simulated Analytical Simulated
Length Forces 4 springs 4 springs 8 springs 8 springs
b (m) F.(N) 0, (m) 8, (m) 8, (m) 6, (m)
67.2E-9 69.1E-9 33.6E-9 34.5E-9
39.1E-9 39.1E-9 19.5E-9 19.6E-9
19.0E-9 15.6E-9 9.5E-9 9.7E-9
100.8E-9 103.6E-9 50.4E-9 51.8E-9
58.6E-9 58.7E-9 29.3E-9 29.4E-9
28.6E-9 23.4E-9 14.3E-9 14.6E-9
134.4E-9 138.1E-9 67.2E-9 69.1E-9
78.1E-9 78.3E-9 39.1E-9 39.1E-9
38.1E-9 31.2E-9 19.0E-9 19.4E-9
168.1E-9 172.6E-9 84.0E-9 86.3E-9
97.7E-9 97.9E-9 48.8E-9 48.9E-9
47.6E-9 40.1E-9 23.8E-9 24.3E-9

In Table 3-2, above we observe the numerical relationship between the compared
displacement values. These values are visually represented in Figure 3-15 (a-h). The
analytical and simulated displacement in Figure 3-15 shows a good fit in the results. The

200 pm spring length that showed the greatest maximum displacement difference,
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averaged to be less than 20%. The 100 um and 150 um spring lengths demonstrated are

very close fit greater than 94%.
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Figure 3-15: Analytical and simulation spring displacement for 4 and 8 springs at
different forces and span lengths (a) analytical 4-spring (b) simulation 4-spring (c)
analytical 8-spring (d) simulation 8-spring
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Figure 3-15 (Continued)
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In this section, an analysis of the spring constant and displacement of an applied
load force on different span length serpentine springs has been presented. The results
from the spring parameters in Table 3-1 were analyzed, in which we were able to
determine the impact of the lengths and thickness of the spring parameters have on the
spring constant value. When comparing the analytical spring constant values to the
simulation a greater than 94% goodness of fit was calculated. These results confirm that
the two methods used to determine the spring constant are reliable.

Using these methods to substantiate the spring constant and displacement results,
we can proceed with confidence, designing the masks and process fabrication of the

spring/proof mass accelerometer structures, which will be described in Chapter 4.

3.4 Subwavelength Grating Fabrication

Evanescent wave coupling was first demonstrated by Gupta and Peng, where the
gratings were patterned on a quartz substrate using holography and separated by a
Corning glass film [10]. In the theoretical and experimental results presented by Gupta
and Peng, they measured and calculated the diffraction angles from a doubly periodic
structure.  Their results did not consider coupling output efficiency or intensity
measurement analysis from the subwavelength gratings.

To realize our accelerometer device, we have to determine the best method to
fabricate SW gratings on the accelerometer. To accomplish this, several techniques were
explored, including: electron-beam lithography, interference holography, and contact
lithography. The techniques are summarized in the following section, with results and
relative merits and drawbacks noted. Electron beam lithography was used to initially

demonstrate SW grating coupling, to measure and compare the output intensity with the
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simulated results. For final tested accelerometers, we used faster and more economical

contact lithography to pattern all features.

3.4.1 Gratings Fabrication Using Electron Beam Lithography

The electron beam lithography (EBL) system used to write SW gratings was
created by combining the JEOL JSM-5910 LV Variable Pressure scanning electron
microscope (SEM) with the JC Nabity Lithography Systems software to control the
electron beam. The EBL system, as shown in Figure 3-16 works as follows: a beam of
electrons is generated in the electron gun and accelerated down the column by the
attraction forces of the anode plate; the beam is condensed by a condenser lens and
passes through an objective aperture to adjust the image resolution; the beam is deflected
by magnetic scanning coils, and focused to a fine spot size for patterning on the sample

coated with photoresist.
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Figure 3-16: SEM/E-beam column overview [59]
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The electron gun is the foundation of the EBL system. The fine pointed tip of a
bent tungsten wire creates a high electric field needed to draw the electrons from the
metal wire [60]. The metal anode plate has a hole in the middle of it and is extremely
positively biased opposite the finely pointed tungsten wire, where this bias difference
induces an attraction force that accelerates the electrons downward through the hole of
the anode to the condenser lens and the rest of the EBL column. The SW gratings were
patterned using a JEOL JBX-9300FS electron beam lithography (EBL) system. A silicon
substrate was spin coated with ZEP-520, a high resolution e-beam resist in which 1.1 pm,
1.2 um, and 1.3 pm period EBL gratings were patterned covering a I mm x 1 mm area

for each grating type, as shown in Figure 3-17.
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[

Spin ZEP520 on Si Develop ZEP520

__

Strip ZEP520 DRIE Si with ZEP520
(a)
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—) —)
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Strip ZEP520 RIE glass with ZEP520
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Figure 3-17: EBL grating process flow for glass and silicon (a) EBL process flow on
silicon using ZEP520 (b) EBL process flow on a glass substrate with an ESPACER™
charge dissipation agent and ZEP photo resist
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The substrate was developed in an ameyl-acetate solution and the patterned ZEP-520 was
used as a hard mask to deep reactive ion etch (DRIE) gratings into the silicon substrate.
A Pyrex substrate was similarly processed with 1.0 pm period gratings; however, there is
a known surface charging issue when performing EBL on insulating substrates.

This issue has been heavily investigated and overcome in a variety of ways
including by EBL writing at low pressure, and by depositing thin metal layers such as Cr
and Al to dissipate charge [61-63]. In the present work, after the ZEP520 is spun on the
glass substrate, a thin water soluble conductive polymer ESPACER™
(polyisothianaphthenesulfonate) is spun on the ZEP520 to dissipate the charge buildup
during EBL as shown in Figure 3-17 (b). The sample is then exposed with the EBL SW
grating pattern and rinsed in de-ionized water to remove the ESPACER™, and nitrogen
blow dried. The sample is developed in amyl acetate to completely remove the ZEP520
that was exposed during the e-beam patterning. The glass and silicon etch depths were
determined to achieve maximum coupling efficiency using the OptiWave™ software
package based on a finite difference time domain (FDTD) numerical modeling approach.
This optical software allowed us to simulate the optimal grating thickness for coupled
SW gratings in silicon and glass substrates with a fixed gap between the two gratings,
which is physically represented here in this work. The ZEP520 resist was used as a mask
layer to etch the gratings 0.3 pm deep into the glass substrate using a Unaxis 790-10-RIE
tool with trifluoromethane (CHF;) and oxygen (O;). The Si was etched 0.14 um deep in
silicon using a Unaxis SLR-7701-10R-B Bosch DRIE system. The wafers were cleaned
in acetone and methanol, and in O, plasma. Then the wafers were anodically bonded

using an EVG 501 wafer bonder with at 400 V bond voltage, 400° C temperature, 500
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mTorr pressure for 20 minutes, and diced into test samples. The images in
Figure 3-18 (a-d) show the gratings etched in silicon, glass, and the anodically bonded
pair. Both the gratings etched in glass and the bonded pair were sputter coated with

Au/Pd to dissipate the charge build up during SEM analysis.

SILICON

3.0kV 8.0mm x25.0k SE(M)

Figure 3-18: SEM images of the SW gratings (a) 1.0 um SW gratings etched in glass (b)
1.1 pum SW gratings etched in silicon (¢) 1.2 um SW gratings etched in silicon (d)
anodically bonded SW gratings

The SEM analysis revealed that the sidewalls of the SW gratings were sloped and
not rectangular. Peng, et. al. demonstrated a similar behavior detailing the physical

parameters of the grating configuration [64]. This trapezoidal grating profile was re-
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simulated using the FDTD optical software to resemble the actual grating profile of the
fabricated SW gratings, to estimate expected output intensity of light passing through the
coupled gratings. The simulations were performed under the following conditions: wafer
Dimensions: 8.00 um (z-length) x 120.00 pm (x-width); mesh size = 0.02 um (delta X) x
0.02 um (delta Z); anisotropic perfectly matched layer (AMPL) boundary conditions; 20
pum (FWHM) 1.550 um transverse electric (TE) polarized.

For the experimental setup a 1.55 pm IR laser beam was incident on one of the
three coupled pairs and diffraction was observed in the far field, and the measured output
intensity was recorded and compared with the simulation output. The measured output

intensity was achieved using the setup shown in Figure 3-19.

1.0 pm SWG in glass (red)
1.1 pm, 1.2 pm, or 1.3 pm SWG in Si (green)

1.55 pm IR laser \ / .y coupled

with focusing optics § diffraction

K_" I -e— orders

photodetector

1.55 pm semiconductor
with focusing optics

(b)
Figure 3-19: Coupled SW grating setup (a) schematic of the coupled SW grating setup

(b) physical coupled SW grating setup s



The setup includes a single mode 1.55 pm IR semiconductor diode laser (Mitsubishi
ML925B45F) with focusing optics (Thorlabs LT230260P-C). The focusing optics is
comprised of two aspheric lenses for focusing the beam to a small spot size. The first
lens that the laser passes through has a numerical aperture (NA) of 0.55 to collimate the
divergent beam emitted from the laser. The second lens has a NA of 0.25 to focus the
light down. The lens pair is fixed within a threaded mount lens holder which allows
adjustment of the lens’ position to extend the beam’s point of focus. The normal distance
between the laser and the optic pair is 2.5 mm. The setup also includes a laser diode
driver (Thorlabs DC201CU) in a constant optical power mode, a germanium IR
photodetector (Newport 918D-IR-OD3) to measure the output intensity of the coupled
SW grating pair, and power and energy meter (Newport 2935-C) to display the output
power reading. The IR laser source and the coupled SW grating sample were separated
by approximately 50 mm to focus the beam to a fine spot (approximately 15 — 20 um)
centered on the coupled SW gratings. EW coupling was observed as indicated by the
higher diffraction orders seen on an IR sensitive detector screen. To measure the output
intensity, we used the IR photodetector which was placed 25 mm from the coupled SW
grating sample, with a 2 mm rectangular slit to block stay light and capture only a single
diffraction order. To verify the accuracy of the photodetector output, the sample was
removed and the laser was focused directly into the photodetector. The constant power
input was set to 1.0 mW and the photodetector output showed an output value of 0.98
mW. Additionally, when the laser is normally incident upon the bonded glass and silicon
interface, without gratings, the transmitted output power was measured to be 0.58 mW.

This decrease in output intensity is a within 2% of the expected value due to Fresnel
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reflections at the Si:air, Si:glass, and glass:air interfaces (31%, 16%, and 4%
respectively). From these baseline output intensity experiments, the next section will
discuss the results from the simulated and measured output intensity values.

The three anodically bonded coupled SW grating pairs (1.0 um x1.1 pm, 1.0 pm
x1.2 pm, 1.0 um x1.3 um), which represent having a 0 pm grating separation, were
individually placed in the optical setup where IR laser was incident on the | mm x 1 mm
coupled SW grating area. The output intensity for the three SW grating pairs was
averaged over five recordings and is shown in Table 3-3. Additionally, the recorded
averages are compared to the output intensity measurements from the Optiwave™ FDTD
simulations, in which the constant power mode was kept the same as the input power for
the measured results (1.0 mW). When comparing the output intensities of the measured
data, which is measured in power (W), with the simulated data, having arbitrary units
(a.u.), the units must be the same. To express the simulation results in terms of power
(W), using logorithmic algebra in equation (24), the simualated data was normalized with

respect to the measured data.

10.log10(];” ]:Pdg (24)

1st,sim 0th,mea

0th,mea

P PdB,.wm
10-log10( J=P - P, =P, *1010 (25)

In equation (24), Py, and P, are the measured output intensities (a.u.) from the
0™ and 1% diffraction orders, and Py is the normalized output in dB. In equation (25) the

simulated 1* order power and Pz is taken from the FDTD simulation, and normalized to
p
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the equivalent 0™ order simulated and measured powers. The simulated and measured

data is represented in Table 3-3.

Table 3-3: Simulated and measured output power from the coupled SW grating pairs

Measured Measured Measured | Simulated | Simulated
output output output output output
Grating Pairs power power power power power
0" order +1% order +1% | +1%order +1% order
(mW) (LW) order (dB) (dB) (LW)
1.0 ym & 1.1 pm 0.39 9.3 -16.3 -13.2 18.2
1.0 ym & 1.2 pm 0.39 18.1 -13.3 -13.2 18.8
1.0 ym & 1.3 pm 0.38 6.6 -17.6 -16.2 9.4

The simulation of a single SW grating gave an output intensity at -66.4 dB or 89.3
pW and provided an output basline of what can be considered a background simulation
noise. The results from 1.0 um x 1.1 um grating pair had the largest output power
difference between the simulated and measured values. However, the output intensity
difference for the 1.3 pum grating pair had a good fit > 70% and the 1.2 pm pair a fit of
~96 %. From our previous work [65], the noted 3.1 dB difference would result from a
few nm gap between the gratings, which could arise from a particle defect being present
between the anodically bonded grating surfaces. This can be noted in Figure 3-20, which
shows the simulated output intensity vs. angle for a coupled 1.0 um and 1.1 um grating
for various gaps between the gratings. Nonetheless, all three coupled SW grating pairs
demonstrate significantly higher output power in the first diffracted order (53.2 dB) than

the simulated intensity of a single grating, clearly demonstrating SW grating coupling.
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Figure 3-20: Output intensity vs. angle for 1.0 um (etched 0.14 pm in Si) and 1.1 um

(etched 0.3 um in glass) period gratings, separated by 0.0 pm to 0.6 um by 0.1 pm
increments

It has been shown for 1.0 pum and 1.1 pm, 1.0 pum and 1.2 pym, and 1.0 pm and 1.3
um SW grating pairs, that EW coupling to generate propagating waves is realizable, both
by calculated analysis and experimental verification. With propagating waves generated
from the three SW grating pairs, the advantage of using the longer 1.0 pum x 1.3 um SW
grating pair versus the shorter 1.1 ym or 1.2 um SW grating pairs is that the spatial
separation of diffraction from the Ist order from the Oth order is larger. Additionally,
fabrication of longer period gratings permits some process tolerance during fabrication.
The calculated and measured output intensity of the SW grating pairs, which are in good

agreement, show promise towards realization of physical MEMS sensors.
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3.4.2 Gratings Fabrication Using Interference Beam Lithography

Interference beam lithography or holography is another method used in this
research to fabricate SW gratings. Interference beam lithographic or holography, though
not a standard microfabrication process, is capable of rapid optical exposure of a wafer,
and so has the potential to be cost effective for mass manufacturing of the grating sensor.
Holographic gratings are made by creating an interference pattern in a photosensitive
material. This nanolithographic technique is completely maskless and creates patterns by
beam superimposition.

Holography is accomplished by splitting a coherent laser beam into two paths,
whereby constructively interfering the two beams at a specific angle onto a photoresist-
coated substrate creates a standing wave pattern, or grating. This is be visualized in
Figure 3-21 (a). The period of the grating (d) is defined by the wavelength of the
illuminating laser (1), the diffraction order (n), and the half-angle (6) between the beams
by the equation [66]:

nAd

A=d-sin(2-0 d=——
n sin( ) = sin(2-0)

(26)
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Figure 3-21: Holography exposure (a) Schematic of holographic constructive
interference in photoresist material (b) representation of the holography setup for writing
submicron period gratings in photoresist (c¢) photo of the holography setup used in this
research

As shown in Figure 3-21 (b-c), the components used in holography systems
include a high power laser source, filtering, collimating, splitting, and reflecting optics,
and equally important, the recording media [67-73]. Our holography system was

configured with the following: a 442 nm helium cadmium laser (Kimmon Corp., MA)
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with 80 mW single mode polarized output power was used in this setup; an adjustable
periscope with two one inch broadband mirrors to raise the incident source to a higher
position; a five axis spatial filter with 10X microscope lens and 10 pm higher power
pinhole used to filter, center, and expand the beam; a 50 mm aperture is inserted to
minimize the beam’s spot size; a plano-concave lens with 300 mm focal length is used to
collimate the lens; a 25 mm aperture to make the collimated beam size smaller; a 50:50
beam splitter to split the beam into orthogonal paths; and two polished aluminum 1/20A1
grade mirrors on rotating posts to direct the beams to the substrate coated with
photoresist. The two beams were rotated at a specific angle to constructively interfere the
two beams onto the photoresist coated substrate. The constructive interference results
from the two coherent beams of the same frequency simultaneously present at the same
location, thus creating a standing wave form pattern.

The photoresist commonly used for holographic patterning is Shipley’s AZ 1350B
[74-77]. In our experiments we used available Shipley’s 1813 and Futurrex PR1-500A.
In the initial experiment, both photoresists were spun on individual silicon wafers and
exposed from 1 to 14 seconds in 1 second increments. The samples were developed in
RD6 developer for 7 seconds. When inspected using an optical microscope, an unusual
bull’s eye pattern, called a moiré pattern was noticed, as seen in Figure 3-22. Moiré
patterns are known to occur when there are two different grating periods present [78]. In
other cases, moiré patterns occur when overlapping beams have misorientated angles
[76]. An SEM image was taken to further inspect the pattern. The holography setup was
checked, to verify there were not any scratches or dust particles on the optics, further

investigation led to the beam-limiting aperture.
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Figure 3-22: Moiré Patterns (a) Moiré seen using an optical microscope (b) Moiré
pattern from an SEM image

The 25 mm aperture was open 10 mm which caused aperture diffracted light to
reflect through the system. The aperture should be located as close to the sample as
possible to avoid diffraction effects and to shape the beam onto the exact desired
exposure area. Enger and Case examined the effects of exposing thinner photoresist
using holography produced uniform grating patterns [79]. Therefore, we used Futurrex
PR1-500A, which could be thinned to 270-370 nm thick when spun at 5000 rpm. We
used an ellipsometer to measure the resist thickness after being spun at 5000 rpm, and
~0.325 pum was recorded. The Futurrex data sheets indicated that it takes 40 mJ/ cm® to
expose a photoresist layer 1 pm thick, so, 12 mJ/cm® should expose 0.325 pm thick
photoresist. To determine the optimum exposure time, the exposure intensity (I = P/A)
must be known, where P is the output power (mW) and 4 is the area (cm®). This is
established by measuring the output power as the laser beam is reflected from the Al

mirrors using the Newport photodetector. The measured output power was ~9.4 mW and
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the beam radius was 1.6 cm. With the output power and beam radius we can calculate

the area and exposure intensity as:

area(A) = xr’ = 72'><(1.6)2 =8.05cm’

The exposure intensity was calculated to be:

P 94mw mW
=—=———=1.17 .
A 8.05cm’ cm’
This gives us an exposure time of:
1"
#’}’/:llﬂsec
1.17—45¢€
cm

27)

(28)

(29)

When the exposed samples are placed in the developer, the samples are developed

extremely fast, which leave little room for process latitude.

Diluting the developer

significantly improves the process latitude and allowed the sample to remain in the

developer longer to fully develop. The diluted developer and exposure times are shown

in Table 3-4.

Table 3-4: Diluted developer comparison

RD6 : Water .
Solutions Exposure Times (seconds)
75mL: OmL | 9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0 | 13.5
75mL:50mL | 9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0 | 13.5
75mL:25mL | 9.5 10.0 10.5 11.0 11.5 12.0 12.5 13.0 | 13.5
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The 13.5 second exposure, in 75 mL: 25 mL diluted developer for 18 seconds yielded the
best results. After optimizing exposure and developing times, an undesirable effect, as
shown in Figure 3-23, was observed during exposures. The beam splitter was generating
a secondary reflection off its broadband antireflection coated surface. Increasing the

propagation distance between the beamsplitter and sample removed this effect.

(a) (b)

Figure 3-23: Reflection issue in the optical setup (a) Image of multiple reflections as the
beamsplitter splits the beam and reflects from the Al mirror (b) The result of multiple
reflections as the beam exposes the sample

This same experiment was performed on glass, and since glass is transparent, the
grating period can be determined from the diffraction angles using simple trigonometry
calculations. A schematic of this can be seen in Figure 3-24 showing the diffraction

orders of a grating created using holography.
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Figure 3-24: Schematic illustrating how the grating period is calculated by illuminating
the SW grating with a 532 nm or 633 nm laser, and using trigonometry equations

Using the trigonometric tangent equation, defined as the opposite leg divide by
the adjacent leg, the diffraction angle from the grating can be calculated, which in turn

allows for calculation of the grating period.

tan = CPPOSItE aztan_l(%jzﬂjo (30)

adjacent

Using the grating equation (18), the grating period can be calculated as:

MA=Asin@-a) = A=—lt o A= L2

: =570nm (31)
sin () sin(68.90)

This approximated grating period can be verified by illuminating the grating in glass with
two different wavelength lasers. If the grating period (A) is ~ 550 nm, diffraction orders
should be present when illuminated with the 532 nm laser (A<A). Conversely, there

should not be any diffraction orders when the 633 nm laser is illuminated (A > A) on the
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grating, which is seen in Figure 3-25 (b). Also, we can see in Figure 3-25 (b) that the
photoresist was not completely exposed during holographic patterning, perhaps due to
back reflections from the substrate. An absorptive coating could help this, but was not
attempted in this effort, as we were able to successfully pattern and transfer gratings with
several hundred nanometer thickness into several materials of interest (Si, Si3N4, and

glass).

(a) (b)

Figure 3-25: Subwavelength grating diffraction and imaging (a) Setup illustrating the
gratings are sub-A to the 633nm incident source and are diffractive to the 532nm source
(b) SEM image with a measured holographic grating period of ~570 nm in silicon

The exposure and development has been optimized for this holography setup,
with 13.5 seconds exposure and 18 seconds development in 3:1 developer solution
(RD-6: water). Although we were successful in writing gratings with a period less than
0.4 pm, we concluded to pursue additional SW grating fabrication methods. This
decision was attributed to the variation is grating dimension (rounded edges) during

processing.

68



Chapter 4

Mask Design and Accelerometer Fabrication

4.1 Accelerometer Mask Design

This section presents in detail the design of the four masks used in fabrication of
the coupled SW grating MEMS accelerometer. The four masks were designed using
Coventoware™ and were commercially reproduced on five inch glass plates, with a Cr
metal hard mask.

The first mask, labeled INDENT is a bright field mask and contains the SW
gratings for both the Si and glass substrates. The grating periods were chosen based on
the simulations performed in the previous chapter and is shown in Figure 4-1. The
INDENT mask was specially designed, and was created using electron-beam lithography.
This was necessary because the dimensions of the designed gratings were below the
minimum feature resolution of a standard mask reproducer. The mask design had three
different grating periods, 1.0 um and 1.4 um for the gratings to be used for Si, and 1.2
um gratings for the glass substrate. The grating design in Coventorware™ was created

by first drawing a single grating and then creating an array of the line.
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Figure 4-1: INDENT mask design (red — Si SW gratings, green — glass SW gratings)
(a)The wafer scale view of the SW grating mask (b) Single chip level design of the
INDENT mask (c) a magnified view showing the grating dimensions

It can be seen in Figure 4-1 that there are two different grating array sizes which
measure 400 um x 400 um and 1000 um x 1000 pm. Normally, Cr master glass plates
are duplicated to preserve the features on it, but due to the importance of the design step,
the master plate was used. This maintains the integrity of the grating dimensions, unlike
the altered features caused during exposure and development that are present when a
mask is duplicated. Last and a critical component are the alignment marks. The
alignment marks for the remaining three masks are designed here to accurately align the
features on the successive masks.

The second mask, METAL 1, is the simplest design of the four masks. METAL 1
is designed as a frame that will border the Si accelerometer device and the glass lid for
the purpose of Au:Au thermocompression bonding. The Au bondframe is designed to

border the SW gratings on the INDENT mask. The first bondframe that borders the 400
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pm x 400 um grating arrays measures 780 um x 780 um and has a 420 um x 420 pum
square cutout in the center. Additionally, the other bondframe that borders the 1000 um
x 1000 pm grating arrays measures 1900 um x 1900 um and has a 1100 pm x 1100 pm
square cutout in the center. As well, the alignment marks are placed on both sides of the
mask to align to the INDENT mask. The Au bondframe mask and its dimensions are

shown in Figure 4-2.

Alignment {190

Marks

-

r 1100 <l
1900 [400

Figure 4-2: METAL 1 mask design

The METAL 2 mask is the most complex mask as it relates to processing. This is
a backside alignment mask and serves as the mask to DRIE > 90% of the bulk Si from
the back of the wafer. This mask serves a two-fold purpose. First, it defines the bottom
portion of square proof mass for the Si accelerometer. Second, the mask defines a 100
um open trench area that will be DRIE etched to define the areas where the springs will
be released after the last mask step. Knowing that sharp corners tend to undercut during

wafer processing, the 100 um open trench is designed with rounded corners to provide
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some process latitude compensation. The alignment marks are designed and placed
within the view of the EVG 620 mask aligner objective lens. This will ensure proper

alignment to the previous masks. This mask is shown in Figure 4-3.
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Figure 4-3: METAL 2 mask design

The final mask for the coupled SW grating accelerometer is the STRUCTURE
mask. Its purpose is to define both the springs and the proof mass of the accelerometer.
The dimensions of the two proof masses are 200 um x 200 pm and 800 pm x 800 pm,
which was intentionally designed smaller than the INDENT mask to ensure that the SW
gratings completely cover the proof mass. Also, four and eight springs of each of the
three springs styles with different span lengths (100, 150, and 200 pm) were attached to
the proof mass. This mask is used as the final DRIE etch (~35 pum) to release the

accelerometers.
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Figure 4-4: STRUCTURE mask design

4.2 Accelerometer Process Flow

This section presents in detail the fabrication steps and processes used in this
research. Section 4.2.1 gives an introduction to the MEMS fabrication techniques used in
these processes. Section 4.2.2 explains the fabrication of the glass lid for the
accelerometer device and details structural dimensions of the glass lid. Section 4.2.3
specifies the complete fabrication process of the Si spring/proof mass accelerometer, with
SW gratings. Additionally, the process explains the material layers used and details all
procedural steps, as well as the chip level bonding process. The detailed process flow is

in Appendix A.

4.2.1 Dry Etching
MEMS fabrication or micromaching is characterized as having dimensions that

are micrometers in size. MEMS utilizes etching methods to subtract material from the
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substrate or deposition methods to add material to the substrate [80]. These two methods
are respectively described as bulk and surface micromachining.

Bulk micromachining was developed between 1970 and 1980, as an extension of
IC technology, for fabrication of 3D structures [81]. Thus, a basis understanding of IC
fabrication processes such as film growth, doping, lithography, etching, dicing, and
packaging is helpful in learning MEMS fabrication processes. Bulk micromachining can
be classified into two different categories depending on the medium of etchant used: dry
etching and wet etching [82]. Dry etching uses plasma (high energy ionized radicals) or
vapor phase etchants to etch bulk of material, typically Si, whereas wet etching uses
liquid chemical solutions for etching.

Deep reactive ion etching (DRIE) is one of the most important and popular dry
etching techniques used in MEMS processing. The popularity of DRIE derives from its
anisotropic etch profile. The ability to obtain near vertical sidewalls with high aspect
ratios and anisotropic shapes is favored among MEMS process engineers. DRIE of bulk
Si is usually performed with the Bosch process. The Bosch process successively etches
and deposits a passivation layer using specific gases in each step [83]. The first etch step
is normally 5-10 seconds and uses SFs to etch the Si. The passivation is achieved by
deposition of a polymer using C4Fs as a source gas. Concurrent with this deposition step
is some ion bombardment, and this prevents the formation of polymer on the bottom of
the trench. The polymer on the bottom of the trench is removed by energetic ions during
the following etch step done in SF¢ [84].

To DRIE insulating substrates (glass) an extremely high plasma power would be

required. Therefore, the other dry etching technique used was reactive ion etching (RIE).
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RIE uses different gas chemistry (CHF; and O;) than DRIE and it does not have
passivation cycles. By configuring the gas chemistry, the etch rate can be increased and

the glass substrate can be etched [85].

4.2.2 Accelerometer Glass Lid Process Flow

The accelerometer glass lid is fabricated using two of the four masks. The first
mask defines the SW gratings and was a specialty mask produced by Photronics, Inc. It
was created using electron beam lithography (EBL) to resolve the 0.6 pm line width that
is required for this design. Half of this mask was created with SW gratings for the glass
lid and the other half for the bulk Si structure, both of which defines the SW gratings
which have different grating periods. The first step in the glass lid process consists of
selecting a 100 mm diameter, 500 pm thick glass wafer. After selecting the wafer, it is
cleaned using acetone and methanol, rinsed, dried using a nitrogen blow gun. The
substrate is spin coated at 3000 rpm with hexamethyldisilazane (HMDS), an adhesion
promoter, for 40 seconds and placed on the hotplate at 120° C for 60 seconds. Then
Futurrex PR1-500A is spun at 5000 rpm, resulting in ~ 0.3 pum thick photoresist and
placed on the hotplate for 120 seconds at 120° C. The normal pre-bake time is 60
seconds; however, the substrate is insulating and requires a longer bake time. The first
mask (INDENT) with the SW gratings pattern is exposed onto the wafer using the EVG -
501 mask aligner for 2.9 seconds. The wafer is developed in RD6 developer solution for
12 seconds and then rinsed with DI water. After dried, the wafer is inspected in the
optical microscope to verify SW grating consistency. After inspection, the wafer is post

baked at 100° C for 60 seconds. Using the photoresist as a hard mask, the substrate is
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RIE etched for 10 minutes using a gas mixture of CHF; and O, plasma. The resulting

RIE etch depth was ~ 0.3 um as shown if Figure 4-5.

T 1.2 ™icron

T 1.2 micron
I 1.2 micron

(a) (b)
Figure 4-5: SEM image of the SW gratings etched into the glass substrate coated with
Au/Pd to dissipate charging (a) cross-section view (b) microscope view of the SW
gratings

After removing the remaining photoresist with acetone/methanol and a 3 minute
O, plasma in the Tepla, using the AJA-ATC1800, 300 nm Cr/Au was sputter coated on
the front side of the glass wafer, covering the SW gratings. The second mask layer
(METAL 1) defines the Ct/Au bond frame for Au:Au thermo-compression (TC) bonding
which will be discussed further. The glass wafer was spin coated at 3000 rpm with PR1-
2000 for 40 seconds and placed on the hotplate at 120° C for 60 seconds. The METAL 1
mask was exposed for 4.2 seconds and developed in RD6 developer solution for 40
seconds. After rinsing and drying, the wafer was inspected in the optical microscope to
check the alignment with the previous layer. After inspection, the wafer is post baked at
100 °© C for 60 seconds. The Cr/Au layer was etched in Au etchant for 4 minutes and Cr
etchant for 60 seconds, resulting in a 100 pm gold bond frame centered around the SW

gratings. This can be seen in Figure 4-6.
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(b)

Figure 4-6: Optical image of the first two lithography steps (a) INDENT mask of the SW
gratings etched into the glass substrate (b) METAL 1 mask showing the Cr/Au bond

frame on the glass substrate

More photoresist was spun on the glass lid and baked at 120°C for 60 seconds to protect
the wafer during the wafer dicing process. The wafer was diced to get individual glass
chips (7 mm x 7 mm). After dicing, the chips were then cleaned in acetone/methanol to
remove the dicing debris and photoresist, in which the chips were then placed in
isopropanol (IPA). The chips were dried in an oven at 80°C for 10 minutes and are ready
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to be bonded to the bulk silicon accelerometer device. The complete process flow of the

glass lid for the accelerometer is shown in Figure 4-7 (a-d).

qourrroooooron

(a) (c)

gouoroonrouon gouoroonrouon

(b) . | | | | (d)
Bulk Si  Pyrex Cr/Au

Figure 4-7: Schematic process flow of the bulk Si accelerometer device (a) INDENT
mask patterned to define the SW gratings (b) SW grating etched into the Si substrate (c)
Sputtered Cr/Au for Au bond frame (d) Patterning of the METAL 1 mask and wet
etching the Cr/Au defining bond frame

4.2.3 Bulk Silicon Process Flow

The bulk Si accelerometer structure consists of a spring/proof mass system with
SW gratings etched into the proof mass. This structure is fabricated using the four
masks labeled: INDENT; METAL 1; METAL 2; STRUCTURE.

The first step in the process consists of selecting a 100 mm diameter, 340 pm
thick double side polished (DSP) <100> Si wafer. The INDENT mask was almost
identically prepared as the glass lid; the adhesion promoter, HMDS was applied, PR1-
500A was spun at 5000 rpm, and the pre bake times were the same as the glass substrate,
except the PR1-500A was baked for 60 seconds, as stated by the data sheet for Si.

Etching the grating into the substrate was done using DRIE, not RIE, as RIE was used to
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transfer the gratings into the glass substrate. Previously mentioned, the BOSCH process
DRIE etches and deposit a passivation layer using specific gases in each step. To transfer
the shallow depth gratings into Si substrate, a non-Bosch DRIE process was used. This
process does not include a passivation step and is a timed etch process, whereas the
Bosch process etches in cycles. A two minute and thirty second non-Bosch process

resulted in SW gratings etched 0.12 um into the Si substrate as shown in Figure 4-8.

SRI Int. 5.0kV 8.0mm x30 SE(M) ' ' 't ' ' 1 1.00mm

(a) (b)

i

Silicon Silicon
SRI_Int. 5.0kV 8.0mm x50.0k SE(M) 1.00um | SRI_Int. 5.0k 8.0mm x25.0k SE(M)

(©) (d)

Figure 4-8: Optical and SEM images of the INDENT mask etched in Si (a) INDENT
mask of the SW gratings etched into the Si substrate (b) SEM image of the SW gratings
etched 0.12 pm in the Si substrate (c-d) SEM cross-section showing the grating periods
of 1.0 um and 1.4 pum respectively
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Similarly, the second mask, METAL 1 was also almost processed identically to the glass
substrate. The only difference was the pre-bake time for the PR1-500A was for 60
seconds, as stated by the data sheet for Si. After fully processed, the METAL 1 layer was

~ 0.3 um thick. Figure 4-9 (a-b) shows both the INDENT and METAL 1 layers on the Si

(b)

Figure 4-9: Optical image of INDENT and METAL 1 photolithography steps
(a) photograph of the two mask layers on the entire wafer (b) microscope image
verifying the alignment of the two layers

wafer.

(a)

The remaining part of this section will further detail the steps for the METAL 2
and STRUCTURE masks. The backside of the wafer is cleaned with acetone/methanol
and dried. Using the AJA-ATC1800, 1.0 um Al was sputter coated on the backside of
the Si wafer. The Al layer was spin coated with PR1-2000 at 3000 rpm for 40 seconds
and placed baked at 120° C for 60 seconds. The next lithography step using the METAL
2 mask is the most challenging of the four masks, which requires backside alignment.
When performing a backside alignment, the patterned side is placed face down (this is

done carefully not to scratch the Au bond frame) and the EVG aligner optics take a
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snapshot of the backside of the wafer. This image is projected onto the monitor where
the METAL 2 mask is then aligned, exposed for 4.2 seconds, and developed in RD6
developer solution for 40 seconds. After rinsing and drying, the wafer is inspected under
the microscope. However, aside from checking for straight lines and pattern uniformity,
the alignment cannot be checked since the backside of the wafer was un-patterned. After
inspection, the wafer is post baked at 100 ° C for 60 seconds. The wafer was placed in Al
etchant (Type A, Transene Inc.) at 50°C for 5 min to remove Al in all areas without PR1-
2000. After visibly observing the Al was etched, the wafer was thoroughly rinsed and
placed in a spin rinse dryer. The sample was inspected under the microscope and the
photoresist was stripped from the Al and cleaned. The wafer was loaded and Bosch
DRIE etched for 425 cycles and which, according to the etch rate should have etched
~ 315 um for a ~ 340 um thick wafer. Upon removing the wafer and inspecting it, visibly
there was an error and further optical and SEM imaging verified this, which is shown in

Figure 4-10 (a-c).

(a) (b) (©)
Figure 4-10: Inspection analysis of METAL 2 layer (a) dark field image focused on the

silicon surface (b) image focused in the DRIE trench, showing non-uniform etching (c)
magnified SEM image of the non-uniformed DRIE
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After optical inspection and SEM analysis, there was micro-masking that resulted from
incomplete etching of the Al in the DRIE trench areas. Processing several Si wafers in
parallel (3 additional wafers with identical processing steps) allowed this part of the
process to be repeated rather quickly, where the wafer was again placed in Al etchant for
5 minutes as before, rinsed, dried, and inspected again. After inspection, the micro-
masking resulting from remaining traces of Al was confirmed. The wafer was placed
back in the Al etchant for an additional 4 minutes; it was rinsed, dried, and re-inspected
to show the traces of Al were completely gone. The wafer was loaded and 425 Bosch
DRIE cycles were ran which etched the backside Si ~ 315 um. The etch approximation
is coarsely determined by measuring the micrometer revolutions on an optical
microscope. This technique is illustrated in Figure 4-11 (a-b), where the top surface in
focus and when the focus is rotated ~ 315 um the bottom of the DRIE trench comes into
focus. The wafer was placed in Al etchant for 10 minutes to completely remove the Al

hard mask, rinsed, and dried in the cascade dryer.

(a) (b)

Figure 4-11: 425 cycle Bosch DRIE (a) DRIE trench focused on the top surface (b)
DRIE trench focused on the bottom surface after ~ 315 um micrometer revolutions on
the optical microscope
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The last photolithography step uses the STRUCTURE mask to define and etch the
spring/proof mass structures on the front-side of the wafer. Currently, on the front side of
the wafer are the SW gratings and the Au bond frame, and on the backside are ~ 315 pum
deep trenches. This mask will DRIE etch the remaining silicon from the front of the
wafer until the spring/proof mass structures are completely release.

The front side of the wafer was spin coated at 3000 rpm with PR1-2000 for 40
seconds and placed on the hotplate at 120° C for 60 seconds. The STRUCTURE mask
was exposed for 4.2 seconds and developed in RD6 developer solution for 50 seconds.
After rinsing and drying, the wafer was inspected in the optical microscope to check the
alignment with the previous layers as shown in Figure 4-12 (a). After inspection, the
wafer is post baked at 100° C for 60 seconds. Given the selectivity of photoresist mask
in the DRIE and the number of cycles needed to etch completely through the remaining
25 um of Si, it will be used as the hard mask layer. The next step placed the patterned
wafer onto a Si carrier wafer with Cool-Grease™ and loaded for the final Bosch DRIE
process of 75 cycles. Upon completion, the wafer was unloaded and it could clearly be
seen that the wafer etched completely through the wafer. The Cool-Grease™ carrier
wafer was removed and the substrate was soaked in acetone/methanol, IPA, and DI water
baths. After this thorough cleaning, the wafer was inspected with the optical microscope
and the SEM seen in Figure 4-12 (a-d). In Figure 4-12 (c-d), there appears to be patterns
on the proof mass, but, these are artifacts of aliasing of the short period gratings called

moir¢ fringes.
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Figure 4-12: Inspection analysis of STRUCTURE layer (a) Optical image of the
spring/proof mass layer before DRIE (b) Optical image in dark field mode clearly
showing the through wafer DRIE with defined springs and membrane (¢) SEM image of
a completely released accelerometer (d) SEM image of another released accelerometer
To protect the accelerometer devices during dicing, photoresist was manually
applied with a dropper onto the complete micromachined MEMS accelerometer parts and
oven baked at 80°C for 10 min. The wafer was diced into the same 7 mm x 7 mm chip
sizes as the glass lids. The chips were then soaked in acetone/methanol to remove the
dicing debris and photoresist. The individual chips were placed on a bare Si wafer and
descummed for 10 minutes in O, plasma in the Tepla and then in IPA. Then, the chips
were dried in an oven at 80°C for 10 minutes and prepared for chip level bonding. A

schematic view of the complete bulk Si accelerometer process flow is shown in Figure

4-13 (a-h).
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Bulk Si Photoresist Cr/Au Al Carrier Wafer

Figure 4-13: Schematic process flow of the bulk Si accelerometer device (a) INDENT
mask patterned to define the SW gratings (b) SW grating etched into the Si substrate (c¢)
Sputtered Cr/Au for Au bond frame (d) Patterning of the METAL 1 mask and wet
etching the Cr/Au defining bond frame (e) Backside sputtering, patterning of METAL 2
mask, and wet etching of Al for bulk Si DRIE etch (f) Al strip and DRIE etch (g)
STRUCTURE mask to define the spring/proof mass (h) DRIE of STRUCTURE mask

The last step to fabricating the coupled SW grating is to bond the glass lid and the
bulk Si accelerometer chips together. This is done using a Finetech flip chip bonder. The
first step in this Au:Au theromcompression bonding procedure is aligning chips together.
The glass lid is carefully placed downward on the bond tool’s air chuck and the vacuum
lever is lowered picking up the chip. The Si accelerometer chip is carefully placed on the
chuck and the lever with the glass chip is lowered. This engages the microscope
objectives to allow for aligning the bond frames. This alignment is a tedious procedure,
where X, Y, 6 adjustment knobs are used for fine movements. When the chips are

aligned the lever is lowered and the vacuum switch is disengaged and the glass lid is
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aligned to and resting on the bulk Si accelerometer chip. Next, 80 N of force is applied
on the sample and the chips are bonded the chips together at 320 °C bonding temperature
for 10 minutes. The fully processed glass lids, the bulk Si accelerometer chips, and the

effective grating period of the coupled SW gratings are shown in Figure 4-14 (a-d).

(¢) (d)

Figure 4-14: 7 mm x 7 mm square accelerometer components (a) Optical image of the
glass lid with SW gratings before bonding (b) Optical image of the bulk Si
accelerometer (c-d) Complete coupled SWG accelerometer after Au:Au TC bonding

On the completed grating accelerometer devices, the RIE-etched grating thickness
on the glass wafer was 0.3 um, with a 1.2 pm period. The DRIE-etched grating in Si was
0.12 um deep with both 1.0 and 1.4 um period gratings used. The Cr/Au bonding metal

thicknesses on Si and glass wafers was ~0.30 pum, yielding an estimated inter-grating gap
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during zero acceleration of ~0.60 pum. Optical images of a completed Si spring/proof
mass structures, glass lids, and bonded accelerometers are shown in Figure 4-14 (a-d)
The total system signal and noise analysis, the accelerometer testing setup, and

testing the coupled SW grating will be detailed in Chapter 5.
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Chapter 5

System Analysis, Test Setup, and Accelerometer Testing

5.1 Introduction

Sensors are only as good as their performance. This performance is directly
related to the noise and signal quality of the device and the total system. In this chapter
we will present the results of the total system analysis of the coupled SW grating
accelerometer. Using the optical simulations and spring force analysis from Chapter 3,
the total system noise, including the noise generated from the germanium photodiode,
sensitivity, and displacement detection resolution of the couple SW grating MEMS
accelerometer is calculated.

Our approach to testing the accelerometer system uses the simulation concepts
introduced in Chapter 3, where the gap separation is varied between the SW gratings.
The foundation of the accelerometer testing requires correlation of the output intensity
from the simulation results, with the measured output intensity. We configured a test
setup, where the accelerometer device is enclosed in a rigid cage system and placed on a
subwoofer speaker. The assembly components will be discussed in more detail later in
this chapter.

Additionally, the testing results of the coupled SW grating MEMS accelerometer

are presented. The manually configured test setup consists of a rigid cage system
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assembly mounted on the center of a 12” subwoofer. A known signal is applied to the
subwoofer and using simple algebra, the signal is converted to a force. The coupled SW
grating accelerometer is mounted inside the cage assembly on the subwoofer, where the
force applied to the accelerometer device causes it to move, thus inducing evanescent
wave coupling and increasing the output intensity as the gratings become closer. The
testing and simulation results will be compared, where the overall total system

assessment will be described in detail.

5.2 Accelerometer System Analysis

The optical simulations performed in Chapter 3 were completed varying the
following parameters: grating thickness and period (to determine efficiency of various
designs), the gap separation between the gratings (to determine sensitivity), and the
incident laser source beam width (to determine the optimum spot size that interacts with
the coupled gratings). These parameters were obtained to achieve the highest output
intensity in the 1% diffraction order. The simulation results were normalized to 1 mW
(the actual input) and used to calculate the signal to noise ratio and estimate the
sensitivity of the coupled SW grating accelerometer. There are two types of noises that
are attributed with photodiodes, Johnson noise (Ij;) and shot noise (Isn). We used noise
figures from commercially-available Ge photodiodes (Thorlabs S122C). The Johnson
noise in photodiodes is attributed to the shunt resistance in the photodiode, which is used

to determine the noise current. The Johnson noise is determined by:
4-k-T-B
1= T8 (32)
. Rsh
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where k = 1.38 x 107 J/K is the Boltzmann Constant, T = 303.15 K is the temperature,
B = 15 Hz is the noise measurement bandwidth, Ry, = 3.0 kQ is the shunt resistance of
the photodiode and receiver, and Ry = 0.98 A/W is the responsivity, which measures the
effectiveness of the conversion of light power into electrical current. The shot noise (Ig)

is noise generated from random fluctuations and is determined by:

Ly, =2q-(1;+1,,)-B (33)

where q = 1.6 x 107 C is an electron’s charge, I = 0.5 pA is the photodiode dark current,
In = 980 pA is the generated photocurrent (diffracted light power * R;), and B = 15kHz
is the noise measurement bandwidth. When the gap separation changes between the
coupled gratings, the shot noise value is calculated at each grating gap separation because
the output intensity is different at each gap separation. However, the output intensity
units from the simulations are in arbitrary units (a.u.), and are normalized to 1.0 mW
input to reflect the output intensity in power (W). The total noise of the photodiode is the

root squared sum of the Johnson and shot noise:

Ly =1, +1,’ (34)

From the calculations in Table 5-1, it was concluded that the majority of the total system

noise results from shot noise from the commercial germanium photodiode (Thorlabs

S122C).
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Table 5-1: Noise related calculations

Output Photocurren | Shot noise Johnson Total noise
intensity (W) | tIn(A) | Iy (ANHz) ?X;ieHI;) Lihon (A/NHZ)

1.0 E-3 980E-6 68.6E-12 8.6E-12 69.1E-12
0 nm gap 227.7E-6 223.1E-6 32.8E-12 11.2E-12 33.9E-12
100 nm gap 101.3E-6 99.3E-6 21.9E-12 23.5E-12
200 nm gap 46.4E-6 45.5E-6 14.9E-12 17.2E-12
I\%I;e 300 nm gap | 43.0E-6 42.2E-6 14.3E-12 16.7E-12
400 nm gap 25.6E-6 25.1E-6 11.1E-12 14.0E-12
500 nm gap 16.9E-6 16.5E-6 9.0E-12 12.5E-12
600 nm gap 12.2E-6 12.0E-6 7.7E-12 11.6E-12

The sensor sensitivity is calculated as the derivative of the 1.0 mW-normalized output
power vs. grating separation in Figure 5-1(a). The values of the gap separation were
substituted into the derivative of the curve fit equation,
(dy/dx=1.5346*¢ """ *gap separation*-0.004) where Figure 5-1 (b) shows the sensor
sensitivity for the simulations summarized in Figure 5-1 (a) (curve fit equation is shown).
The sensitivity and S/N ratio in Figure 5-1 (b-c) are highest at the zero grating separation,
but this would be an ineffective sensor, as it would not allow any mechanical movement
about this bias point. This point would be when the gratings are touching, so in practice a

non-zero gap is required.
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Selecting a 300 nm initial gap, where sensitivity is approximately 420.94E-9
W/nm and using the Thorlabs S122C Ge photodiode’s noise figures, 40.5 pm/VHz

minimum detectable signal is predicted in Table 5-2.
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Figure 5-1: System analysis of 1.2 um x 1.0 um coupled pairs (0.4 um thick in glass and
0.21 pm grating in Si) (a) 1% D.O. output intensity versus grating separation (b) Plot of
sensitivity (change in optical output versus nm deflection) of coupled-grating sensor
calculated at various grating gaps (c) S/N ratio at different grating separations (d)
Calculated displacement resolution which shows the smallest detection at the 0 nm gap
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Table 5-2: Signal-to-noise and minimum displacement sensitivity estimates based on

comparison of sensor sensitivity and photocurrent-induced noise.

., . q Displacement

Gan ) | | SRS | S | A | o | 4P| Rewlaon
0 6.1E-3 1.4E-6 1.4E-6 33.9E-12 40.4 46.1 24.7E-12

100 4.1E-3 936.8E-9 918.1E-9 23.5E-12 39.0 45.9 25.6E-12

200 2.8E-3 628.0E-9 615.4E-9 17.2E-12 35.9 45.5 27.9E-12

300 1.8E-3 420.9E-9 412.5E-9 16.7E-12 24.7 43.9 40.5E-12

400 1.2E-3 282.2E-9 276.5E-9 14.0E-12 19.7 42.9 50.7E-12

500 830.7E-6 | 189.1E-9 185.4E-9 12.5E-12 14.9 41.7 67.3E-12

600 556.9E-6 | 126.8E-9 124.2E-9 11.6E-12 10.7 40.3 93.1E-12

This figure of merit is similar to the state-of-the-art tunneling and capacitive readout type
sensors [13, 35], but with the benefit of electromagnetic interference rejection and fast
readout rates offered by our optical devices. In comparison to other optical accelerometer
devices [29, 31], our detectable signal is three orders of magnitude less. This is a result
of the increased noise from the available detector used. Initial estimations using an OSI
FCI-InGaAs 55 photodiode’s noise figures, 10 fm/YHz minimum detectable signal was
predicted. Using a different detector will allow or minimum signal detection to be

comparable with the similar to the state-of-the-art optical devices.

5.3 Accelerometer Test Setup
Stability was the primary consideration in designing the test setup. We wanted to
ensure that the test fixture was rigid enough and when a force is applied the system it

would not move around or rattle.
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There were several components that were obtained from Thorlabs, Inc. to create

the cage system for the accelerometer device. The image in Figure 5-2 shows the cage

system components.

Infrared diode laser
with focusing optics

I

«— Laser Diode Adapters

30 mm Cage
XY Translator

4” 6 mm Assembly
— = Rods x 8

End Caprwith
/ External Threads

XY Translator with
+ micrometer drives

= 30 mm Cage
XY Translator

S122C Ge
Photodiode

9 S «—Bascplate
(a)

‘ l
3

(b)

Figure 5-2: Cage system for accelerometer test setup (a) completely assembled cage
system with component labels (b) Exploded 3D view of the cage system

The skeleton of the cage assembly is supported by eight 4” rods with #4-40 studs

that screw into the XY Translator with micrometer drives. A hole, approximately 8.5



mm in diameter was drilled in the center of the end cap, where the accelerometer was
mounted, and was screwed into the threaded side of the XY translator with micrometer
drives. This micrometer drives offers + 6.4 mm of XY travel manipulated by 0.5 mm per
revolution fine pitch adjusters, which allows the entire accelerometer device to move to

the incident location of the laser as shown in Figure 5-3.

Figure 5-3: Cage system showing the mounted accelerometer device on the XY
translation stage that moves the accelerometer to the specific accelerometer locations

Next, the bottom half of the cage is assembled. The threaded germanium IR

photodetector (Thorlabs S122C) is screwed into the threaded side of the 30 mm cage XY
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translator, which provides =1 mm of travel perpendicular to the optical axis of a cage
system, and is slid through the 4” rods. This XY translator allows movement of the
photodiode to the location of maximum output intensity produced from the laser. The
bottom base plate is then slid through the four bottom 4” rods and tightened. With the
base stable, the top portion of the cage was configured by screwing the threaded adaptor
into the other 30 mm cage XY translator, which is used to position the laser. The single
mode 1.55 um IR semiconductor diode laser (Mitsubishi ML925B45F) with focusing
optics (Thorlabs LT230260P-C) was then fitted and tightened into the adaptor. The
focusing optics is comprised of two aspheric lenses for focusing the beam to a small spot
size. The first lens that the laser passes through has a numerical aperture (NA) of 0.55 to
collimate the divergent beam emitted from the laser. The second lens has a NA of 0.25 to
focus the light down. The lens pair is fixed within a threaded mount lens holder which
allows adjustment of the lens’ position to extend the beam’s point of focus. The normal
distance between the laser and the optic pair is 2.5 mm.

The instrumentation associated with the cage assembly setup includes a laser
diode driver (Thorlabs LDC201CU) operating in a constant optical power mode and two
power and energy meters (Thorlabs PM320E and PM100USB) which converts the signal
from the photodetector and transfers it to the connected PC using a high-speed USB 2.0
connection to display the output power reading. They both have a selectable bandwidth
of 15 Hz for photodiodes, but the PM320E has an analog output to connect to an
oscilloscope. Lastly, the commercial accelerometer (ADXL204-EB), was mounted to the
final cage assembly, was used as a reference. The part of the test setup that applies the

force to the accelerometer device is the subwoofer assembly. This part of the setup
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consists of the following: a 10” subwoofer (10" - 300 Watt - 35 - 1000 Hz - 4 Ohm -
Sony XS-GTX110LW); a 300W MOSFET Class D subwoofer amplifier (Infinity
REF311A); 10 MHz DDS function generator (Wavetek Model 29); a DC power supply
(HP-E3612A); a digital phospor oscilloscope (Tektronix TDS 3052). This equipment is

shown in Figure 5-4.

1« — T

os

Power meter

Figure 5-4: Electronic equipment used for accelerometer test setup

The power supply was used to apply 3.3 V to the commercial accelerometer; the
photodiode was connected to the power meter to convert the photodiode signal and
transfers it to the computer; the laser diode was connected to the laser diode driver to
control the input power; the function generator supplied a sinusoidal frequency and
amplitude voltage input to the subwoofer amplifier, which was then routed to the

subwoofer; and a coaxial cable was connected from the power meter to the oscilloscope
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to view the signal generated from the coupled SW grating accelerometer and from the

commercial accelerometer. The completed assembly is shown in Figure 5-5.

(b)
Figure 5-5: Completed test setup (a) actual assembly with mounted commercial
accelerometer (b) 3D rendering of the test setup

5.4 Coupled SW Grating Accelerometer Testing

The test setup is assembled, both the commercial and the coupled SW grating
accelerometers are mounted to the cage system, and the simulations in Chapter 3 provide
the baseline for the expected output intensity. First, we connected the instruments
described in section 5.3 and confirmed the subwoofer’s response to the sinusoidal input
from the function generator. Second, using the commercial accelerometer as a reference,
the acceleration was calculated by taking the second derivative of the input signal from

the function generator (d*x/dt?).
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input signal:  x=A-cos(2x- f-t)

2 (35
acceleration :%= —A-4x? 'f2 cos(2m- f-1) :
t

where A4 is the amplitude and f is the frequency at some time 7. Afterwards, the
commercial accelerometer was mounted on the cage system and the IR laser was incident
on the coupled SW grating device to show diffraction from EW coupling. In the cage
setup, the IR laser source and the coupled SW grating device were separated by
approximately 50 mm to focus the beam to a fine spot (approximately 15 — 20 pm)
centered on the coupled SW gratings. The output intensity was measured by the IR
photodetector and was placed 25 mm from the coupled SW grating sample, with a 2 mm
rectangular slit to block stay light and capture only the single 1* diffraction order. The

EW coupled diffraction and the rectangular slit are shown in Figure 5-6 (a, b).

Infrared Disk

(a) (b)
Figure 5-6: (a) EW coupled diffraction shown on an IR card (b) 2 mm rectangular slit
used to isolate individual diffraction orders

To verify the accuracy of the photodetector output, the coupled grating accelerometer
was removed and the laser was focused directly into the photodetector. A constant power

input was set to 1.0 mW and the photodetector output showed an output value of 0.98

mW. Additionally, when the laser is normally incident upon the bonded glass and silicon
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interface, without gratings, the transmitted output power was measured to be 0.58 mW.
This decrease in output intensity is a within 2% of the expected value due to Fresnel
reflections at the Si:air, Si:glass, and glass:air interfaces (31%, 16%, and 4%
respectively). The six different SW grating accelerometers (4spring and 8 spring- 100
pm, 150 um, 200 um length spans) were tested by applying a 10 and 20 Hz sinusoidal
waveform with voltage amplitudes of 2V: 2V: 10V using the function generator, for
fifteen total tests on each accelerometer device. As each device was tested, the
photodetector connected to the power meter recorded the output intensity before the
subwoofer was enabled (at rest), when the speaker was on (applied force), and after the
speaker stopped (at rest). The output intensity recorded by the photodetector is output to
the digital phosphor oscilloscope and the data is logged to the computer via USB
connection computer shown in Figure 5-7.

The USB data logger interface controls several parameters which include the

sampling rate, bandwidth, and averaging. The sampling rate was set to record 100 data

r PM320E Data Logger EI = @
PM320E / PM300E =
Instrument
PM320E SN M00251088 IEI

Sensors

CH1: 5122C SN 11031830
CH2Z: Phete Diode Input SM not available

V| Channell Channel 2

31.900u/W 0.0000 W

Power Averaging | 1

set Interval time close to 0 when

Interval Time [s] | 0.01 i )
operating a pyroelectric sensor

Log to File

TRUE: Hew measurement value
FALSE: Old (repeated) measuement value (Pyrosensor)

096174 Thorlabs GmbH Juby 09

Figure 5-7: (a) USB data logging interface
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points per second (100 Hz). There are two available bandwidth settings for all the power
meter models from Thorlabs, Inc., low (15 Hz) and high (100 kHz), where the
manufacturer’s suggestion to use the low setting for continuous wave power.

Lastly, the logged data was individually recorded and not averaged. These
parameters were set and the six accelerometer spring designs were tested using the

subwoofer, where the results are shown in Figure 5-8.
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Figure 5-8: Output intensity difference of the 4-spring/proof mass membrane using a
10 and 20 Hz 10 V sinusoidal signal sampled at 100 Hz (a) 100 pm span length at 10 Hz
(b) 100 um span length at 20 Hz (c) 150 um span length at 10 Hz (d) 150 um span length
at 20 Hz (e) 200 um span length at 10 Hz (f) 200 um span length at 20 Hz
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Span length: 200 pm Span length: 200 um
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Figure 5-8 (Continued)

In Figure 5-8 (a-f) the output intensity difference was observed from the applied 10 Hz
and 20 Hz sinusoidal wave with a 10 V amplitude signal. It can be seen in Figure 5-8
when the speaker is on and off. In each graph you can see a straight line at the beginning
and towards the end; this indicates when the speaker is off. In contrast, there is a large
signal that is in the center; this indicates when the speaker is operating at the specified
frequency with 10 V amplitude input. Furthermore, when Figure 5-8 is analyzed, a
consistent trend can be seen. With the 4 spring/proof mass accelerometers, it can be seen
that the output intensity increases as the spring length becomes larger and when the
frequency increases, which denotes a greater applied force. The same results are

observed for the 8 spring/proof mass accelerometers in Figure 5-9.
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Figure 5-9: Output intensity difference of the 8-spring/proof mass membrane using a 10
and 20 Hz 10 V signal sampled at 100 Hz (a-b) 100 pum span length at 10 and 20 Hz
respectively (c-d) 150 um span length at 10 and 20 Hz respectively (e-f) 200 pm span
length at 10 and 20 Hz respectively
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As previously mentioned, there were two power meters that were used in which
results from both are illustrated in Figure 5-8 and Figure 5-9. In order to utilize the
analog output and monitor the real time output on the oscilloscope, the PM320E was
used. Figure 5-9 (c-d) and Figure 5-9 (e-f) are results from the PM320E and the
remaining graphs are from the PM100USB meter. Although the PM320E power meter is
is a higher end meter and has many more functions (use for a variety of different sensors
and operation modes), the PM100USB power meter results were just as accurate.

Again, the output intensity shown in Figure 5-8 and Figure 5-9 is obtained by
taking the difference when the speaker is off (averaged on both sides) to when the
speaker is on (averaged high point). The output intensity from the other tested devices
using 10 Hz and 20 Hz frequencies with the varying amplitude voltage is included in
Appendix B. To visually compare and contrast the coupled SW grating accelerometer, it
was compared with a commercial device (Analog Devices ADXL-204CE) as seen in
Figure 5-10. The signal used to apply a force to the speaker was a square waveform
having a 0.25 Hz frequency and 5 V amplitude. The square waveform clearly provides
an optical output response; however, a square waveform generates an infinite number of
higher order harmonics and determining the maximum output intensity would be

subjected to error.
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Figure 5-10: Square waveform optical output response from a 0.25 Hz 5 V signal (a)
screenshot of two responses (b) magnified view showing harmonic oscillation of coupled
SW grating (bottom) and commercial (top)

The displacement obtained in Table 5-3 and Table 5-4 are referenced from the
coupled SW grating simulations in Chapter 3, where the expected output intensity was
determined from the simulated gap separations (0 nm to 1.0 um). We know that as the
gap separation changes, the output intensity changes. Specifically, when the gap
separation becomes closer, the output intensity increases. Assuming the gap separation is
600 nm (the thickness of the bonded gold layers); the output intensity at that gap
separation is known from the simulation results. This correlation between the
simulations and measured output intensity enable estimation of the displacement versus
change in output intensity. The estimated displacement from the 10 and 20 Hz signal

with2 V,4V, 6V, 8V, and 10V amplitude is shown in Table 5-3 and Table 5-4.
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Table 5-3: Measured output intensity and estimated displacement of the coupled SW gratings from the 4 spring/proof mass

4 springs at 10 Hz 4 springs at 20 Hz
100 pm span length 100 pm span length
2V 4V 6V 8V 10V v 4v 6V 8V 10V
MAX (W) 179E-6 | 204E-6 | 204E-6 | 18.9E-6 | 19.8E-6 MAX (W) | 205E-6 | 202E-6 | 18.5E-6 | 184E-6 | 17.8E-6
MIN (W) 179E-6 | 20.6E-6 | 20.6E-6 | 17.9E-6 | 17.9E-6 MIN (W) 205E-6 | 205E-6 | 18.0E-6 | 20.1E-6 | 202E-6
out D%’"““ 26.9E-9 | 126.7E-9 | 188.3E-9 | 1.0E-6 | 1.9E-6 out ]()‘i{,fe"““ 61.3E-9 | 339.5E-9 | 548.1E-9 | 1.7E-6 | 2.4E-6

150 pm span length 150 pm span length
v ny 6V gV 10V v ny 6V 8V 10V
MAX (W) 302E-6 | 30.1E-6 | 29.9E-6 | 29.1E-6 | 29.1E-6 MAX (W) | 29.8E-6 | 29.4E-6 | 29.3E-6 | 284E-6 | 27.1E-6
MIN (W) 30.6E-6 | 311E-6 | 31.0E-6 | 312E-6 | 31.3E-6 MIN (W) 304E-6 | 309E-6 | 31.0E-6 | 309E-6 | 30.8E-6
OUTDINTE™® | 367.1E-9 | 8637E9 | 10E-6 | 206 | 2.2E-6 OUTDRN ™ | S639E-9 | 16E-6 | 18E-6 | 25E6 | 3.6E-6

200 pm span length 200 pm span length
2v 4V 6V 8V 10V v 4v 6V 8V 10V
MAX (W) 115E-6 | 10.0E6 | 10.IE-6 | 9.8E-6 | 9.4E-6 MAX (W) | 109E-6 | 105E-6 | 10.0E6 | 78E-6 | 6.1E-6
MIN (W) 121E-6 | 12.0B6 | 123E-6 | 12.2B-6 | 12.4E-6 MIN (W) 124E-6 | 125E6 | 12.1E-6 | 12.6E-6 | 12.5E-6
out D%’"““ 692.4E-9 | 2.0E-6 | 22E-6 | 2.4E-6 | 3.0E-6 out ]()‘i{,fe"““ 15E-6 | 2.0E-6 | 22E-6 | 48E-6 | 64E-6
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Table 5-4: Measured output intensity of the coupled SW gratings from the 20 Hz signal with 2V: 2V: 10V amplitude

8 springs at 10 Hz 8 springs at 20 Hz
100 pm span length 100 um span length
v 4v 6V 8V 10V v 4v 6V 8V 10V
MAX (W) 18.11E-6 | 18.09E-6 | 18.31E-6 | 1831E-6 | 18.29E-6 MAX (W) 1795E-6 | 17.71E-6 | 17.45E-6 | 17.46E-6 | 17.34E-6
MIN (W) 18.18E-6 | 18.22E-6 | 18.17E-6 | 18.15E6 | 18.11E-6 MIN (W) 18.07E-6 | 18.04E-6 | 17.99E-6 | 18.03E-6 | 18.04E-6
out I(’\‘g)e”““ 67.6E-9 | 1272E9 | 133.9E9 | 159.9E-9 | 181.3E-9 out D‘ffere“ce 130.0E9 | 325.0E-9 | 543.5E-9 | 568.6E-9 | 704.5E-9

150 pm span length 150 pm span length
v 4v 6V 8V 10V v 4v 6V 8V 10V
MAX (W) 17.63E-6 | 17.18E-6 | 16.96E-6 | 16.80E-6 | 17.40E-6 MAX (W) 1738E-6 | 1738E-6 | 17.21E-6 | 17.84E-6 | 17.93E-6
MIN (W) 17.65E-6 | 17.21E-6 | 17.21E-6 | 17.09E-6 | 17.72E-6 MIN (W) 1737E-6 | 1734E-6 | 17.33E-6 | 17.34E-6 | 17.33E-6
out I(’\‘g)“e“ce 203E9 | 253E-9 | 248.4E-9 | 291.5E-9 | 315.7E-9 out D‘ff"re“ce 137E-9 | 44.0E-9 | 117.3E-9 | 503.5E-9 | 602.2E-9

200 pm span length 200 pm span length
2v 4v 6V 8V 10V 2v 4v 6V 8V 10V
MAX (W) 30.15E-6 | 30.00E-6 | 29.40E-6 | 29.10E-6 | 29.00E-6 MAX (W) 28.90E-6 | 29.17E-6 | 30.50E-6 | 32.10E-6 | 32.30E-6
MIN (W) 3041E-6 | 3036E-6 | 3030E-6 | 30.36E-6 | 30.46E-6 MIN (W) 29.56E-6 | 30.03E-6 | 29.15E-6 | 29.18E-6 | 28.94E-6
our ]()\;,ff)“e““ 263.0E-9 | 357.2E-9 | 900.7E-9 | 13E-6 | 1.5E-6 our ]()é{,f)e“““ 661.2E-9 | 860.8E-9 | 1.4E-6 | 29E-6 | 3.4E-6
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Using the simulations as a reference, the change in output intensity correlates to
the change in the gap separation between the gratings (how close the gratings become).
Thus, we can estimate the distance the SW gratings moved from their rested position and
knowing the spring constant force and the measured displacement, the g-force

acceleration was calculated and is plotted on a secondary axis as shown in Figure 5-11.
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Figure 5-11: Displacement and g-force acceleration from the accelerometer spring
designs
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Ideally, in Figure 5-11, we would want to see the 10 Hz and 20 Hz curves in each
graph to follow a linear trend, and both the displacement and g-force doubled as the
frequency doubles, with 10 Hz results on the bottom and 20 Hz results on the top, an
indication that the force increases (doubles) as the frequency increases. However, the
curves in Figure 5-11 have some variance in the measured displacement and g-force. The
data points of each graph were fit to a linear trend line, where the R-squared value is
displayed, which represents a good fit of the line to the data. From the results, the least
curve fit is 83% and the best curve fit is 97%.

An additional observation was noted in Figure 5-11 (d, e); the displacement and
g-force was greater for the 10 Hz signal than the 20 Hz signal when a 6 V amplitude
signal is applied, thus giving the lowest curve fit results. The non-linear displacement
and g-force output in Figure 5-11 can be attributed to the exponentially decreasing nature
of evanescent waves. From the simulation results in Chapter 3, the output intensity per
change is gap separation decreased exponentially. Therefore, as the force from the
subwoofer is applied to the accelerometer, if the output intensity change is great enough,
it would be expected that the displacement would also considerably change, resulting in
non-linear output.

In this chapter, we successfully calculated the total system noise, system
sensitivity, and displacement resolution. In addition, designing and assembling the test
setup, and testing the coupled SW grating accelerometers, we were able to achieve the
estimated picometer resolution. The simulation results proved to be the reference point
for determining both analytical and measured results. The signal-to-noise ratio was

estimated to be 10.7 at a gap separation of 600 nm for the coupled SW gratings. Because
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this is the maximum separation between the gratings this S/N works well for what we are
doing.

Applying a known signal to the subwoofer increased the output intensity,
measured by the photodiode, and caused the EW to couple as the gratings became closer.
The gap displacement was determined by referencing the coupled SW grating
simulations, where the simulated grating separations (0 nm to 600 nm) produced a
specific output intensity value at the respective gap separations. Thus, the displacement
was determined from the output intensity difference before and after the applied force

from the speaker. In the final Chapter 6, the results and discussion will be presented.
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Chapter 6

Results and Discussion

6.1 Evanescent Wave Coupling Modeling and Simulation

Far field diffraction was observed from evanescent wave coupling of two SW
gratings with different grating periods in glass and Si substrates. The grating dimensions
were optimized to achieve maximum output in the 1 diffraction order. From SEM
analysis in Chapter 4, we noticed the grating dimensions had changed from the profile of
the simulated gratings. This was a result of process fabrication steps, (i.e,
photolithography, RIE, DRIE etching). Figure 6-1 shows the re-simulated grating

dimensions obtained from the SEM inspection.

|0||||I|||||1i5?ollllllll|I|||||4|'5|o?|l|

Glass
substrate

grating period grating period

(a) (b)
Figure 6-1: Simulation schematic of the coupled SW gratings (a) original simulation
layout (b) re-simulation layout from SEM analysis
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There was also a change in output intensity. As the gap separation increased, the output
intensity decreased in the original simulation. The re-simulated output showed instances
where larger gap separations (600 nm and 700 nm) had greater output intensity than the

closer (500 nm) gap separation as seen in Figure 6-2.

Original Simulation Re-Simulated from SEM
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= Q
= -20 A
o
=
@]
-25
=30 -

13.0 Diffraction angle (degrees)

(a) (b)
Figure 6-2: Simulation output intensity results (a) original simulation layout
(b) re-simulation layout from SEM analysis

The reason for the increase in output intensity at the larger gap separations is not
directly known. However, we do know that the grating dimensions play a significant role
is the output intensity, thus, the rounded and trapezoidal shapes of the gratings are likely
the cause. Furthermore, when the SW gratings are separated by 600 nm, the normalized
output intensity from the original simulations was 12.26 uW. When the gratings were re-

simulated, the output intensity measured 18.98 pW.
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6.2 Measured Displacement and Spring Constant Comparison

The measured displacement (6z = Fz/kz) was obtained by applying a force (Fz)

across the spring/proof mass using a Tencor P-10 profilometer, where maximum

membrane displacement was observed. As the profilometer stylus was scanned across

the membrane, the maximum and minimum of the curve was averaged, resulting in an

estimated deflection. Table 6-1 compares the measured displacement of the spring/proof

mass membrane with the analytical and simulated values.

Table 6-1: Analytical, simulated, and measured displacement comparison

Span | Applied | Analytical [ Simulated | Measured | Analytical | Simulated | Measured
length Forcs | 4springs | 4springs | 4springs | 8 springs | 8 springs | 8 springs
b F; Oz Oz 0z Oz Oz 0z
(m) N) (N/m) (N/m) (N/m) (N/m) (N/m) (N/m)
200E-6 | 392E6 | 67.2E9 69.1E-9 67.2E-9 33.6E-9 34.5E-9 39.2E-9
150E-6 | 39.2E-6 | 39.1E-9 39.1E-9 41.8E-9 19.5E-9 19.6E-9 20.1E-9
100E-6 | 39.2E-6 | 19.0E-9 15.6E-9 17.2E-9 9.5E-9 9.7E-9 9.6E-9
200E-6 | 58.8E-6 | 100.8E-9 | 103.6E9 | 97.4E-9 50.4E-9 51.8E-9 58.1E-9
1S0E-6 | 58.8E-6 | 58.6E-9 58.7E-9 54.0E-9 29.3E-9 29.4E-9 29.2E-9
100E-6 | 58.8E-6 | 28.6E-9 23.4E-9 30.8E-9 14.3E-9 14.6E-9 14.3E-9
200E-6 | 78.5E-6 | 1344E-9 | 138.1E-9 | 136.3E9 | 67.2E-9 69.1E-9 65.8E-9
1S0E-6 | 78.5E-6 | 78.1E-9 78.3E-9 79.6E-9 39.1E-9 39.1E-9 43.6E-9
100E-6 | 78.5E-6 | 38.1E-9 31.2E-9 40.7E-9 19.0E-9 19.4E-9 18.0E-9
200E-6 | 98.1E-6 | 168.1E-9 | 172.6E-9 | 178.0E-9 | 84.0E-9 86.3E-9 93.1E-9
150E-6 | 98.1E-6 | 97.7E-9 97.9E-9 99.4E-9 48.8E-9 48.9E-9 50.4E-9
100E-6 | 98.1E-6 | 47.6E-9 40.1E-9 51.6E-9 23.8E-9 24.3E-9 22.5E-9

In Figure 6-3 the analytical, simulated, and measured spring/proof mass

displacement values are illustrated. The maximum difference between the analytical and
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measured displacement was 11%, and the maximum difference between the simulated

and measured displacement was 24%.
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Figure 6-3: Spring/proof mass displacement comparison (a) analytical vs. measured

(b) simulated vs. measured
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The measured spring constant (kz = Fz / 8z) was determined from the force to the proof
mass of the accelerometer devices and the measured membrane displacement. Table 6-2
numerically compares the spring constant from the three springs and Figure 6-4 visually

shows the comparison of the analytical, simulated, and measured spring constant

measurements.

Table 6-2: Analytical, simulated, and measured spring constant force comparison

8 springs | 8 springs | 8springs | 4 springs | 4 springs | 4 springs
200 pm 150 pm 100 pm 200 pm 150 pm 100 pm
(N/m) (N/m) (N/m) (N/m) (N/m) (N/m)
Analytical 1167.0 2008.5 4120.3 583.5 1004.2 2060.1
Simulated 1136.0 2003.9 4034.9 568.0 1002.0 2017.5
Measured
(ave) 1064.7 1929.1 4235.6 578.7 999.9 2006.0

4500 - -
Q Analytical Kz - 4 springs
4000 \

Analytical Kz - 8 springs
3500

s+ ]+ Measured (AVG) Kz - 4 springs
«« O+ Measured (AVG) Fz - 8 springs

3000

2500
2000[
1500

Spring Constant - kz (N/m)

1000

500 __":ZI

100E-6 150E-6
Span length - B (um)

(a)

Figure 6-4: Spring constant comparison (a) analytical vs. measured (b) simulated vs.
measured
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Figure 6-4 (Continued)

In Table 6-2, the spring constant for the measured values was averaged at the
different applied force. After comparing the spring constant values for all the spring
lengths, the difference for both four and eight springs was less than 10 %. Comparing the
analytical versus measured constant, the maximum difference was 8.8 %, and the
simulated versus measured was 6.3 %. It was concluded that the spring that had micro
cracks or became broken during handling, thus causing the spring to be softer. These

devices were not used for testing the accelerometer.

6.3 Surface Micromachining and Testing

A surface micromachined MEMS accelerometer with SW gratings etched in the
spring/proof mass membrane was fabricated in silicon, its coupled grating pair was
gratings etched in glass. The gratings were paired using Au:Au theromcompression
bonding. The gold thickness on both the Si and glass chips is what determines the static

grating separation. Also, the gold thickness on both chips had to be thick enough bond
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strongly, resulting in 0.3 pm gold thickness on glass and silicon, having a total grating
separation of 0.6 um.

The bonded accelerometer was mounted on a testing apparatus where an
acceleration force applied to the sensor from a 10 and 20 Hz sinusoidal input, with
varying voltage amplitude (with 2V: 10V) caused the gap separation to change, resulting
in an increase in output intensity. The fabricated small form factor (7 mm x 7 mm % 1
mm) sensor detects picometer displacement with the photodetector used in the setup,
where a more sensitive photodetector estimates detecting femtometer resolution. By
applying a force, the sensor detects small output intensity changes without amplification
circuitry to increase the signal. Such a micro-sensor system will find many applications
requiring high sensitivity, rapid readout rates, or operation in extreme thermal or

electromagnetic environments where in-situ electronics are impractical.

6.4 Future Work

The picometer displacement resolution, demonstrated in this work shows potential
in investigating non-destructive bonding integrity evaluation using SW gratings. The
advantage of using this technology arises from the challenges in device testing, primarily
after complete process fabrication and packaging. This concept would be implemented
during the iterative processing steps. Moreover, on the research side of R&D, chip level
integrity is essential to achieve fast throughput and high production yields, and this
technology would be a key contributor to realizing chip level integrity. The two sub-
wavelength periodic gratings are fabricated on the substrate and on the 3D MEMS
package. When a packaged MEMS device is bonded to a substrate with sub-wavelength

gratings and light is incident on the two sub-wavelength periodic gratings, evanescent
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wave coupling occurs. In this, the propagation and enhanced transmission of evanescent
waves allows precise measurement of distances between surfaces, thus evaluating the

bonding integrity of the 3D MEMS package to the substrate. This concept is visually

illustrated in Figure 6-5.

_ Photodetector

=

Coupled 1%t diffraction order from
' subwavelength gratings

15t Subwavelength
Grating on 3D Chip

2nd Subwavelength
Grating on Wafer

Wafer with bonded 3D Chips

Infrared laser source

Figure 6-5: Schematic of using coupled SW gratings for evaluating bonding integrity
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6.5 Conclusions

A working optical accelerometer was demonstrated in this dissertation. It was
demonstrated to respond by its increase in output intensity from the evanescent wave
coupling of the different SW gratings as a force is applied to it. It was successfully
verified that the output intensity recorded, was directly referenced to the simulated results
with a good fit.

Various SW grating fabrication methods were employed during this work. SW
gratings measuring 100 nm were successfully demonstrated using electron beam
lithography and SW gratings measuring 150 nm using holography.

Analytical models were used as a first approach to determining the spring
constant forces and accelerometer displacements. This approach was compared to the
simulation and measured results, where the consistency of the results verified using the
analytical model.

Near-field evanescent wave coupling of various SW grating pairs, using a 1.55
pm infrared semiconductor laser was the first to be demonstrated measuring output
intensity for use as an optical MEMS accelerometer. A novel coupled SW grating
accelerometer was designed, fabricated, and tested, where picometer displacement

resolution has been realized.
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Appendix A: Process Flows

Table A-1: Bulk silicon accelerometer process flow

The process flow for the bulk accelerometer and the glass lid with SW gratings are described in Table A-1 and Table A-2.

000 Get wafer

005 Measure wafer thickness excel spreadsheet to measure thickness and weight
010 Spin adhesion promoter HMDS 3K 40sec; 120C 60sec

015 Spin photoresist PR1-500 5K 40sec; 120C 120sec

020 INDENT Expose MASKI1: INDENT 2.9 sec-has the gratings on the mask CRUCIAL
025 Develop PR1-500 RD6; 10-15sec

030 wafer inspection optical microscope

035 Etch Silicon NonBoschl etch 200 nm for gratings in Si- 3min 7sec

040 Strip Resist Acetone/Methanol - 15min

045 wafer inspection optical microscope

050 Descum 300 0 0 400 3 3min

055 wafer inspection SEM

070 Sputter Cr 2 minutes adhesion layer for the gold (adds to gap thickness)
080 Sputter Au 3 minutes gold thickness to determine gap seperation after bond
105 Spin PR1-200A 3K 40sec; 120C 60sec-

110 METAL(Au:Au) | expose MASK2: METAL 4.2 sec

115 Develop RD6 RD6 40sec

120 Descum PRETCH3 Imin

125 wafer inspection inspect for resist removal

130 Au etch gold etchat Etch until cleared + 30% - 90 sec

135 Cr etch Etch until cleared + 30% - 35 sec

140 Cascade rinse thorough rinse

145 Strip Resist Acetone/Methanol
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Appendix A (Continued)

Table A-1 (Continued)

155 Descum 300 0 0 400 10 10min

160 wafer inspection inspect for resist removal

200 Sputter Al BACKSIDE 5 minutes

210 Spin - BACKSIDE PR1-200A 3K 40sec; 120C 60sec-

220 METAL 2 MOD | expose MASK4:METAL 2 3.0 sec

230 Develop RD6 RD6 40sec

240 wafer inspection optical microscope inspection

245 Descum 300 0 0 400 3 3 min

250 Al etch Transene Al Etch until cleared + 30%

260 Inspect Look carefully for isolated Al areas

270 DRIE etch wafer Bosch 425 um mostly through wafer etch

280 Inspect Look carefully for isolated Al areas

285 Strip Resist Acetone/Methanol

290 Descum 300 0 0 400 3 3 min

300 | STRUCTURE | Spin - FRONTSIDE PR1-2000A Zf;g;i;nﬁg]g fgfslg;}g”Ck cnongh 10 tts¢

305 expose MASK3: STRUCTURE 4.2 sec

310 Develop RD6 RD6; 50sec

315 Descum 300004003 3 min

320 wafer inspection optical microscope

325 PR e Place on Carrier Wafer place on carrier wafer with cool grease

330 Etch Silicon Bosch45 etch ~30 or the remaining through the wafer
. Manually apply PR1-2000 for dicing and

335 Manually apply Resist bake @, 120C for 10min

340 Dice Wafer

345 Strip Resist Acetone/Methanol

350 Descum chips 300 0 0 400 10 10min

355 wafer inspection optical microscope

360 Au/Au TC Bonding Thermal Compression Au/Au USF-04 320 C temperature /80 N force/
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Appendix A (Continued)

Table A-2: Glass lid process flow

000 Get wafer

005 Measure wafer thickness excel spreadsheet to measure thickness and weight
010 Spin adhesion promoter HMDS 3K 40sec; 120C 60sec

015 Spin photoresist PR1-500 5K 40sec; 120C 120 sec

020 INDENT Expose MASKI1: INDENT 2.9 sec-has the gratings on the mask CRUCIAL
025 Develop PR1-500 RD6; 10-15sec

030 wafer inspection optical microscope

035 Etch Pyrex S _Etch etch 300 nm for gratings in pyrex 10 min

040 Strip Resist Acetone/Methanol - 15min

045 wafer inspection optical microscope

050 Descum 300 0 0 400 3 3min

055 wafer inspection SEM

060 Sputter Cr 3 minutes adhesion layer for the gold (adds to gap thickness)
100 Sputter Au 4 minutes gold thickness to determine gap seperation after bond
105 Spin PR1-200A 3K 40sec; 120C 60sec-

110 METAL(Au:Au) | expose MASK2: METAL 4.2 sec

115 Develop RD6 RD6 40sec

120 Descum 300 0 0 400 1 Imin

125 wafer inspection inspect for resist removal

130 Au etch gold etchat Etch until cleared + 30% - 90 sec

135 Cr etch Etch until cleared + 30% - 35 sec

140 Cascade rinse thorough rinse

145 Strip Resist Acetone/Methanol

150 Descum 300 0 0 400 10 10min

155 wafer inspection inspect for resist removal

360 Au/Au TC Bonding 320 C temperature /80 N force/
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Appendix B: Output Intensity from Accelerometer Devices

The output intensity from the 100 pm, 150 pm, and 200 pm spring length

accelerometers with four and eight springs attached to the proof mass are shown in Figure

B-1 - B-12 and numerically represented in Table B-1 - B-12.

17.914E-6

17.894E-6

17.874E-6

Output Intensity (W)

17.854E-6
50

250

Number of samples
(a)

450

20.770E-6
20.670E-6

20.570E-6

20470E-6

20.370E-6

Output Intensity (W)

50

250
Number of samples

(©)
g 20.80E-6
19.80E-6

18.80E-6

Output Intensity

17.80E-6

450

W)
[
=}
=
=)
N
-8

Output Intensity
[
[=]
Lh
=]
Y
(=)

[

=}

o

=}

N

-8
1

]
[=]
=
=
0
=2

LN
[=]

W)
o
o
O
o
-8

ity

18.49E-6
17.99E-6

17.49E-6 -

250

Number of samples

(b)

450

Output Intens

50

50 250

450

Number of samples

(e)

250

Number of samples

(d)

450

Figure B-1: 4 Springs 100 um at 10 Hz accelerometer graphs

Table B-1: Output intensity difference from the 4 Springs 100 um at 10 Hz graphs

B-1 (a) B-1 (b) B-1(c) B-1(d) B-1 (¢)
Signal and 10Hz2V | 10Hz4V | 10Hz6V | 10Hz8V | 10Hz10V
amplitude

Outputintensity |, g w | 12680W | 18830W | 1.03uW | 1.88 W
Difference
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Appendix B (Continued)
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Figure B-2: 4 Springs 100 um at 20 Hz accelerometer graphs

Table B-2: Output intensity difference from the 4 Springs 100 um at 20 Hz graphs

B-2 (a) B-2 (b) B-2 (¢) B-2 (d) B-2 (e)
Signal and 20Hz2V | 20Hz4V | 20Hz6V | 20Hz8V |20Hz10V
amplitude

Outputintensity | ¢ 5w | 3305,W | 5481n0W | 174uW | 2.45.W
Difference
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Appendix B (Continued)
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Figure B-3: 4 Springs 150 um at 10 Hz accelerometer graphs

Table B-3: Output intensity difference from the 4 Springs 150 um at 10 Hz graphs

B-3 (a) B-3 (b) B-3 (c) B-3 (d) B-3 (e)
Signal and 10Hz2V | 10Hz4V | 10Hz6V | 10Hz8V | 10Hz10V
amplitude
Output Intensity
Differoan 367.1 nW 863.7 nW 1.04 uW 202 4W | 2.20 pW
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Appendix B (Continued)
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Figure B-4: 4 Springs 150 um at 20 Hz accelerometer graphs

Table B-4: Output intensity difference from the 4 Springs 150 um at 20 Hz graphs

B-4 (a) B-4 (b) B-4 (c) B-4 (d) B-4 (¢)
Signal and 20Hz2V | 20Hz4V | 20Hz6V | 20Hz8V |20Hz10V
amplitude

Output Intensity
Differoan 563.9 nW 1.59 uW 1.77 uW 252 uW | 3.64 uW
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Figure B-5: 4 Springs 200 um at 10 Hz accelerometer graphs
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Table B-5: Output intensity difference from the 4 Springs 200 um at 10 Hz graphs

B-5 (a) B-5 (b) B-5 (c) B-5 (d) B-5 (e)
Signal and 10Hz2V | 10Hz4V | 10Hz6V | 10Hz8V | 10Hz 10V
amplitude
Output Intensity
Differono 692.4 nW 1.99 uW 2200W | 244uW | 3.024W
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Figure B-6: 4 Springs 200 um at 20 Hz accelerometer graphs

Table B-6: Output intensity difference from the 4 Springs 200 um at 20 Hz graphs

B-6 (a) B-6 (b) B-6 (¢) B-6 (d) B-6 (e)
Signal and 20Hz2V | 20Hz4V | 20Hz6V | 20Hz8V | 20Hz10V
amplitude
Output Intensity
Difference 145 uW 1.99 pW 2.15 pW 4.8 W 6.45 pW
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Table B-7: Output intensity difference from the 8 Springs 100 um at 10 Hz graphs

B-7 (a) B-7 (b) B-7 (¢) B-7 (d) B-7 (¢)
Signal and 10Hz2V | 10Hz4V | 10Hz6V | 10Hz8V | 10HZ10V
amplitude

Output Intensity | o, , \ 12720W | 133.9nW | 1599nW | 181.3nW
Difference
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Figure B-8: 8 Springs 100 um at 20 Hz accelerometer graphs

Table B-8: Output intensity difference from the 8 Springs 100 um at 20 Hz graphs

B-8 (a) B-8 (b) B-8 (c) B-8 (d) B-8 (¢)
Signal and 20Hz2V | 20Hz4V | 20Hz6V | 20Hz8V |20Hz10V
amplitude

Output Intensity | 5w 325. 0nW 54350W | 568.6Nw | 704.5nW
Difference
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Figure B-9: 8 Springs 150 um at 10 Hz accelerometer graphs

Table B-9: Output intensity difference from the 8 Springs 150 um at 10 Hz graphs

B-9 (a) B-9 (b) B-9 (¢) B-9 (d) B-9 (¢)
Signal and 10Hz2V | 10Hz4V | 10Hz6V | 10Hz8V | 10HZ10V
amplitude

Output Intensity |, 3 253nW | 2487nW | 291.5nW | 315.7nW
Difference
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Figure B-10: 8 Springs 150 um at 20 Hz accelerometer graphs

200

400

Number of samples
(d)

Table B-10: Output intensity difference from the 8 Springs 150 um at 20 Hz graphs

B-10 (a) B-10 (b) B-10 () B-10(d) | B-10(e)
Signal and 20Hz2V | 20Hz4V | 20Hz6V | 20Hz8V | 20Hz10V
amplitude

Output Intensity | - 3 44.0 nW 11730W | 503.5nW | 602.2nW
Difference
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Figure B-11: 8 Springs 200 um at 10 Hz accelerometer graphs
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Table B-11: Output intensity difference from the 8 Springs 200 um at 10 Hz graphs

B-11 (a) B-11 (b) B-11 (¢) B-11(d) | B-11(e)
Signal and 10Hz2V | 10Hz4V | 10Hz6V | 10Hz8V | 10Hz10V
amplitude

OutputIntensity |, 3w | 35720W | 90070W | 13uW | 1.5.W
Difference
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Figure B-12: 8 Springs 200 um at 20 Hz accelerometer graphs

Table B-12: Output intensity difference from the 8 Springs 200 um at 20 Hz graphs

B-12 (a) B-12 (b) B-12 (¢) B-12(d) | B-12(e)
Signal and 20Hz2V | 20Hz4V | 20Hz6V | 20Hz8V |20Hz10V
amplitude

Output Intensity
Differenos 661.2 nW 860.8 nW 1.4 uW 2.9 uW 3.4 uW
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