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CHAPTER (1)

INTRODUCTION

This thesis investigated the formation of three dimensional microstructures of single
crystal silicon using wet etching techniques. The emphasis was on forming a cantilever
beam device to be used as the moving arm of an optically smooth micromirror that can
deflect a light beam in the wafer plane. An array of such devices would be used as optical
switches. The work reported was done with Dr. R. H. Cornely of the ECE Dept. of NJIT,
Newark, NJ and Dr. R. B. Marcus at the Navesink Engineering Research Center of
Bellcore, Red Bank, NJ.

This research was the second phase of the optical switch project done at Bellcore, Red
Bank, NJ. The first phase was to fabricate optically smooth vertical micromirrors. The
results of this research work were published in 1992 (D, The second phase of the research
was based on utilizing the etch stop properties of heavily doped boron layer @) to form a
cantilever beam attached to a post on which the reflecting mirror was held. See fig. (1.1),
which shows a 2x 2 array of cantilever/mirror devices.

Single crystal silicon micromachining is an emerging technology that implements
standard processes techniques for integrated circuits to fabricate three dimensional novel
structures. This technology has been used in the past decade to fabricate ink jet nozzles,
pressure sensors, speedometers and optical switches (3 (),

Light scanning techniques have been reported using torosional mirrors that reflect the
light beam normal to the wafer plane using silicon dioxide (), 4), Some applications as
an optical voltmeter and four channel optical multiplexer were discussed in publications in
1988 (4). The new design of the authors (1) was aimed at reflecting the light beam in the

wafer plane. This would allow a crosspoint array to be fabricated.



Figure 1.1 A 2x 2 optical switch array.

The design has the potential to make low insertion loss crosspoint array. The research in

this thesis had two objectives:

1) Investigate the different process techniques for forming a heavily doped boron layer;
This layer can serve as an etch stop layer from which the cantilever beam could be
fabricated ;

2) The fabrication of a 2x2 array of electrostatically movable micromirrors using the
boron doping technology most compatible with the mirror fabrication processing.
Chapter (2) gives a short review of the history of micromachining and movable optical

mirror techniques. Some emphasis is given to the theory of the electrostatic forces acting

on the cantilever beams and the characteristic of the motion of such beams. Also, the
theoretical models and some results of recently published research on the etch stop

behavior of crystalline silicon in alkaline solutions are given so that the reader will



be able to follow the etching research reported in this work. A review of possible ways to
fabricate the mirror cantilever switch is presented.

In chapter (3), the detailed experimental steps used in this work are given with detailed
figures for each step. Most of the fabrication work was done to prepare heavily doped
boron layers so that the etch stop behavior of these p'H' layers could be studied. However
some other experiments were not carried out, e.g. the epitaxial growth approach, because
of cost considerations and the preliminary results that dictated improvement of the quality
of highly doped epi layers which would require major research effort. The ion implantation
work was also terminated because of the cost, mainly machine time, involved in making

3 , which was too low for obtaining the required low etch

doping level above 1020 ¢
rates. The third approach, which appeared most promising, was the spin on glass (SOG)
technique. The thick photolithography approach developed a problem with chemical
reaction between the photoresist and doped glass that prevented a complete photoresist
development. The other approach, which involve oxidation and thin photoresist, had a
problem due to the proximity effect associated with photoresist exposure, due to the 40
micron high mirrors seperating the mask for the photoresist. In chapter (4), the
experimental results for each process will be presented. Problems and other findings will
be discussed in detail in chapter (5).

Finally, chapter (6) will give a summary of the results and suggestions for future

research.



CHAPTER (2)

SILICON MICROMACHINING & LIGHT SCANNING TECHNIQUES
A BACKGROUND

2.1. History Of Micromachining
Silicon, the second most abundant element in the earth's crust (26%), has been regarded
just as important for inorganic chemistry as carbon for organic and it could be considered
man's most useful element.

Micromechanics as a silicon based device technology was actually initiated by H. C.
Nathanson e? al ) at WESTINGHOUSE RESEARCH LABORATORIES in 1965 when
he & R. H. Wickstron introduced the Resonant Gate Transistor. Because of practical
problems, such as reproducibility, temperature stability and limitation on life time due to
fatigue, RGT's have never been realized. But in 1975 an important technical achievement
was made at the INTEGRATED CIRCUIT LABORATORY at STANFORD
UNIVERSITY. It was a complete Gas Chromatograph integrated on a 2" wafer, and this
demonstrated the possibility to integrate sensors, mechanical elements and electronic
devices on small areas (volumes). This can be considered the birth of micromechanics.
Micromechanics has been defined as the technology aimed at the construction of
micronsized mechanical structures that are tested to perform electrical and mechanical
functions. Examples are, pressure sensors, accelerometers, nozzles and optical switches.
As Stefan Johnasson quoted () v An optimistic opinion is that the field of

Micromechanics will become of the same importance as microelectronics ".

2.2, Silicon Micromachining And Light Scanning Techniques
The excellent mechanical properties of single crystal silicon (1) G) 1ed to the growing

interest in using it in micromechanics to develop batch fabricated, inexpensive and high



performance sensors and actuators using IC fabrication techniques. One can summarize

the reasons for Si success in micromachining as:

1) Well established technologies with high precision, batchfabrication and reproducibility;
2) High performance mechanical properties because of the high purity and low defect
density ;

3) Easy to integrate with electronic circuits.

Light scanning applications for silicon in micromechanics provided a background that

led to this thesis work. Light Scanning can be divided into two groups

A) High Inertia Scanners
In this type of scanners a reflective device like mirrors is mounted on the axis of high
speed motors to deflect the light beam in certain direction. These scanners have high

deflection angle (360°) and high frequency of 50,000 rpm, see fig. (2.1).

B) Low Inertia Scanners

This type of scanners can be divided according to the way the light is been handled into

1) Refractive
In this type of scanners, changing the index of refraction using electric field or acoustic

waves, one can change the direction of light, see fig. (2.2).

2) Reflective
In this type of scanners a reflective light element such as mirrors is mounted on a vibrating

element that allows the mirror to reflect the light beam. The vibrating element
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Figure 2.1 A basic design for a high inertia reflective scanner(4).
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Figure 2.2 A basic design for low inertia optical zcanner that depends on changing the
index of refraction using electric field 4),



can be moved by electrostatic force, electromagnetic field or piezoelectric effects. Fig

(2.3) shows a basic design to an electrostatic optical switch 4),

input beam

electrodes

Figure 2.3 A basic design for an electrostatic optical switch “4)

2.3. Electrostatic Scanners
Peterson first introduced a new class of scanners in 1977 & 1980 when he published a
work in micromechanical light modulator of silicon dioxide on a silicon torrosional
mirrors(3). This class of scanners relies on electrostatic attraction and accordingly utilize
coulomb force as a motive force to excite the mirror into motion. A research by K.
Gustfsson in 1988 published his results on a fiber optic switch, which a four channel fiber
optic multiplexer and a novel fiber optic voltmeter applying electrostatic and

electromagnetic principles 4),



In all previous light scanning device the incident beam and reflected light were normal
to the wafer plane which can be considered to be an obstacle for integration of the switch
with a system and gives a good chance for increasing insertion loss. Review fig. (2.3).

The approach to light deflection studied in this research was to reflect the light beam in
the wafer plane by mounting the scanning mirror on an elecrostatically movable cantilever.
The advantage of this approach is that the light switch can be controlled individually to
reflect the light beam between two certain points without interference with any other

switch. See fig. (1.1)

2.4. Theory Behind The Device

2.4.1. Electrostatic Force
As mentioned in the previous section that the optical switch utilizes the electrostatic
attractive force to move the mirror. An approximate expression for the small deflection

angle ©® of a cantilever beam at its tip under the influence of electrostatic attraction force
is (4)

=< "[4/d] U2

& 1
2
E d, (2.1

e O is the angular deflection
e € is the material permitivity

e E is Young's modules

* do isthe separation between the cantilever beam and electrode

« U isthe applied voltage





















A)Form mirrors by
anisotropic etching.

B) Form oxide
mask by wet
oxidation.

C) Spin on doped glass
then diffuse the boron into
the sample. Etch the

oxide mask afterwards.

D) Form the device by
KOH etching.

p+ Ox.
V2

sub.

sub.

sub.

sub.

Figure 2.10 A basic layout of processing step to fabricate an optical switch by
introducing a heavily doped boron layer using spin on doped glass.
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Figure 2.11 A figure that shows the expected doping profile of boron in the
cantilever/mirror regions. In (a) and (b), the sideview and the plan are
shown. While the cross section A-A' shows the boron profile in the
hatched area, which will depend on the boron diffusivity. Also, section B-
B' shows that some of the boron atoms may not diffuse through the entire
mirror thickness and the region beneath it. In (e), the cross section of the
expected cantilever/mirror regions after etching is shown. Notice the
thickness variations under the mirror due less doping concentration.



26

As on can see, the boron atoms may not diffuse all the way through the entire mirror,
depending on its thickness. This might affect the area under the mirror base, in which the
doping profile will may take Gaussian shape. In turn, this will cause this region to have
less boron, or no boron at all, depending on the diffusion length. The etching results will
depend on the doping profile shape, causing an incomplete cantilever structure, as shown

in (e). This will affect the device integrity. The diffusion length can be calculated by

L=+Dt (2.9)
where
D is the boron diffusivity.

t is the diffusion time.

The diffusion length will be vary with temperature and can be calculated.



CHAPTER (3)

FABRICATION PROCESSES

3.1. Introduction

In chapter (2), an overview of the different processes by which one can fabricate the
optical switch shown in fig.(1.1) was given. In section (2.6), the necessity of using both
orientation and heavily doping etch stop phenomenon to fabricate the device were
explained. In the following sections the detailed fabrication and experimental processes
used in this research will be presented. One can divide the optical switch fabrication steps
into two major stages :

1) Mirror formation ;

2) Cantilever formation.

3.2. Mirror Formation

Three dimensional structures with deep vertical walls have been reviewed by many
authors()» (6) & (7). Also, in 1991 R. Cornely and R. B. Marcus() formed an optically
smooth micromirrors, with dimensions of 40x40 um on a <110> silicon wafer. For this
purpose <110> surface oriented Si wafers are well suited because of two sets of planes
out of the six planes of <111> planes are perpendicular to <110> surface() as shown in
fig. 3. 1)(4). The relative etch resistance of <111> compared to that other crystallographic
surfaces, in our case <110>, allow us to form vertical structures (10), review table 2.1).

In this thesis work, which aimed at fabricating a complete optical switch as shown in
fig.(1.1), it was necessary to fabricate mirror structures, reproducing some of the research

results of ref. (1).

27
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Figure 3.1 Normal <111> planes to <110> planes in <110> orientation silicon(4).

3.2.1. General Procedure

The method used to fabricate the mirrors consisted of two stages. In the first stage,
photoresist is used to define silicon dioxide pattern. In the second stage, KOH solution
used to etch the mirrors. The starting Si wafers used were parallelograms with about 2"
sides with thicknesses of 10-20 mils range. In all etching processes, the KOH solution was
held in a Teflon container surrounded by a jacket of water heated on a hot plate at steady
temperature (+2 °C). Magnetic stirring was used to provide agitation to keep the KOH
solution uniform near the wafer and to thus obtain consistent results. Samples were held
by Teflon screws against a Teflon holder that rested at the bottom of the container. The
KOH solution concentration was 40% (40 gm of fresh KOH bullets : 100 ml of DI H50).

The experiments were done at 50 °C for 2-2.5 hours to form mirrors with height of 30-40

pm.

3.2.2. Fabrication Steps

The following steps were done to fabricate the mirrors

A) Oxidation
The samples were oxidized at 1000 °C in dry oxygen for 2 hours then densified at the

[
same temperature in N for 15 minutes to grow 1100 to 1300 A of SiO».
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B) Sample Cleaning

Before starting the photolithography process, the sample must be cleaned so that any
organic substance or contamination removed. This was done by rinsing the sample with
Acetone, Methanol & Isopropyl alcohol respectively in the class 100 clean room. This

procedure was used throughout this work.

C) Defining Alignment Regions
By using positive photoresist AZ 1505 one can transfer a pattern of 25-200 um diameter
circular holes which will serve to produce hexahedral shape holes bounded by <111> as
shown in fig. (3.2). These hexagonal shapes are used for alignment of the lines forming the
mirrors with the vertical <111> crystal directions in the silicon.

The following steps of photolithography were used
+  Spin on HMDS at 600 rpm for 3 sec. for spreading.
+  Spin on HMDS for 30 sec. at 4000 rpm .
« Repeat the pervious steps using AZ 1505 .
o Softbake the sample at 900 C for 30 min.

Expose the sample for 3.5 sec. to UV at power of 15 mW/ cm2.

Develop the sample in AZ 1:1 developer for 45 sec.

Post bake the sample at 1200 C for 30 min.

Use Buffered Oxide Etch (BOE) 6:1 to clear the circular holes from SiO» at rate of
(]
800 A/min., almost 2 minutes. Then remove the photoresist using Acetone followed by

the previous cleaning process.

D) Forming Hexahedral Shapes
Use 40% KOH at 50 OC to etch the sample until you form a hexagonal with straight edges

for easier alignment. This process should take 60 to 80 min.
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Figure 3.2 Etched hexagonal holes in alignment region of the silicon wafer made using 50
um diameters circular holes in oxide mask. Marker A, B and C show the
edges of the vertical and non vertical <111> planes and photoresist lines,
respectively. The lines were aligned parallel to the vertical <111> edges and
were formed using alignment region of mask 2.

Two of the three pairs of the edges of the hexagonal holes are vertical <111> planes with
that will serve as alignment lines for mask 2 that contain the mirror features, review fig.

(3.2).

E) Define Silicon Oxide Pattern For Mirrors

Mask 2 contain alignment features consisting of 1-10 um opaque stripes which were
aligned parallel to the correct edges of the etched hexagonal holes in the previous step.
Elsewhere on mask 2 and parallel to the alignment features are 2-5 um wide by 132-168
um long opaque stripes for defining the oxide mask for the mirror. The PR AZ 1505
defined that pattern. The alignment process must be done carefully to assure a
misalignment of 0.1°. Use BOE 6:1 to remove the oxide elsewhere on the sample except

where the mirrors will be, then dissolve the photoresist as done before.
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F) Mirror Formation

Etch the sample in 40% KOH solution at 50 OC for 2-2.5 hours to form the mirrors.

3.3. Cantilever Formation
The second stage in fabricating an optical switch, was to form cantilever beams attached
to posts for support. Mask 6 contains an opaque cantilever pattern, see fig.(3.3). Each side
of the four posts' sides is aligned to <111> plane. The cantilever beams dimensions varied

from 20 um to 26 um wide and 100 um to 350 um long.

k— 500p m —

™

300p m

)

Figure 3.3 The pattern used to form cantilever beams.

As mentioned in section (2.6), one need to introduce a heavily doped boron layer to
form cantilever beams. Also, it was mentioned the possible technologies used to introduce
this layer. In the following sections, the processing steps to carry out this task will be

presented.

3.3.1. Heavily Doped Layers Epitaxially Grown
The samples used for this experiment had 5 epi layers as mentioned in section (2.6.1). The
purpose for this experiment was to study how much heavy boron doping one can get with
minimum defect density to form cantilever beams with the desired thickness.

The sample used were n-type <100> wafers. The sheet resistance was 6.5 Q/0. The

total thickness of the epi layers were 34 pm grown by SPIRE CORP. The doping
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profiles of these samples were done by SOLECON LABORATORIES in California, are
shown in figures (3.4), (3.5) and (3.6). To study the etching rate of the heavily doped p
layers, silicon dioxide mask was deposited on part of the samples using CVD.

A similar experimental setup to the one used for mirror formation [section (3.2.1)] used as
well for this experiment. A 10% KOH solution (10 gm of fresh KOH bullets : 90 ml of DI
H,0) was used at 40 °C + 2 °C.

Doping Concentration (/cm3)

Lo T W e alTTy “

Depth (micron)

Figure (3.4) The doping profile of sample (1)90f an epi grown layer. The maximum
doping concentration was 5x 101 em3.
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Doping Concentration (/cm3)
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Figure (3.5) The doping profile of sample (2} of an epi grown layer. The maximum
doping concentration was 9x 10 cm™,
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Figure (3.6) The doping profile of sample (3) of an epi grown layer. The maximum
doping was 10 cm3.



