
Development of Silicon Insert Molded Plastic (SIMP)

by

Jaime Brooke Werkmeister

B. S. Mechanical Engineering
University of California, San Diego, 2001

S.M. Mechanical Engineering
Massachusetts Institute of Technology, 2004

SUBMITTED TO THE DEPARTMENT OF MECHANICAL ENGINEERING
IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF

ENGINEER'S IN MECHANICAL ENGINEERING
AT THE

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

May 2005

© 2005 Massachusetts Institute of Technology
All Rights Reserved

Signature of Author.... .. ........ ........ . .................................................... . ..

Department of Mechanical Engineering
May 6, 2005

C ertified b y ................................... .............................................................................................. ......
Alexander H. Slocum

Professor of Mechanical Engineering
Thesis Supervisor

A ccepted b y ........................................... . .................. ........................ ................................................
Lallit Anand

Professor of Mechanical Engineering
Chairman, Committee on Graduate Studies

BARKER

MASSACHUSETTS INSTITUTE
OF TECHNOLOGY

JUN 16 2005

LIBRARIES



2



Development of Silicon Insert Molded Plastic (SIMP)

by

Jaime Brooke Werkmeister

Submitted to the Department of Mechanical Engineering
on May 6, 2005 in Partial Fulfillment of the

Requirements for the Degree of Engineer's in
Mechanical Engineering

Abstract

As demand for smaller devices continues to increase, current manufacturing processes
will find it more challenging to meet cost, quantity, and dimensional requirements.
While microfabrication technology processes can create electronic devices in vast
quantities with increasingly smaller dimensions, they are challenged to do so for
mechanical devices at low cost and in large quantity. More traditional manufacturing
processes such as machining or injection molding can more easily meet cost and quantity
requirements, but are unable to currently match the dimensional abilities of
microfabrication processes. By merging microfabrication and traditional injection
molding techniques, the benefits of both technologies can be combined to produce parts
to meet all three requirements. The objective of this research is to investigate the
possibilities of injection molding polymer parts with sub-micron three-dimensional
features using a process called Silicon Insert Molded Plastics (SIMP).

Thesis Supervisor: Alexander H. Slocum
Title: Professor of Mechanical Engineering
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1 Introduction
The objective of this thesis is to present the development of Silicon Insert Molded
Plastics (SIMP), a process that combines the intelligent use of microfabrication processes
to create silicon molds with nanoscale features and surface roughness. These silicon
molds, called inserts are integrated into a regular metal mold base and used in the
injection molding process. Plastic parts that are molded with these inserts show
millimeter overall dimension feature sizes on the micron range and tolerances on the sub-
micron range. Two applications that are demonstrated through SIMP and aid in
determining SIMP's feasibility will be investigated in Section 3. The two applications
that are under investigation are precision edges and precision assemblies. Factors
affecting process quality, the feasibility of the process, and detailed process descriptions
along with injection mold work will also be presented in Sections 4, 5, and 6,
respectfully. Results from the injection mold work will be discussed in Section 7 and
future recommendations are given in Section 8. In the Appendices a detailed explanation
on the precision assemblies' fabrication process, sample silicon inserts, and
crystallography will be given. Background information on current technology involving
injection molding will be discussed next in Section 2.

9



10



2 Background
Traditional mold manufacturing techniques consist of casting processes, machining
operations and high precision grinding and polishing. These processes are capable of
producing parts with minimum wall thickness of 400 microns and tolerances of ±130
microns [1]. Tighter tolerances, less than ±50 microns can be achieved by micro-
injection molding [2] with electroforming and Electrical Discharge Machining (EDMing)
producing the mold base. For smooth surfaces, EDM combined with lapping or polishing
can create surfaces with 0.1 micron - 1 micron surface roughness [3]. These molds can
be integrated into almost any standard injection molding machine to create reasonable
accurate parts. In addition newer smaller scale machines such as the Sesame
Nanomolding machine [4] can be used to employ small shot sizes of polymers at higher
pressures.

Even though these machines can produce features on the micron scale, they have
difficulty extending part capabilities into the nanoscale. This is where light based
forming, embossing, and the LIGA process come into play. They combine soft
lithographic processes and etching to investigate new molding techniques. For example
light based forming consists of two major forms - laser micromachining as in CD writing
[5][6] and photomolding through reaction injection molding [6]. The latter process
requires the use of photocurable polymers which are injected using a standard injection
molding machine. Once in the mold, the filled cavity is exposed to a high intensity UV
source while under pressure to cure the polymer in the molded form. Photomolding is
capable of producing parts with dimensions on the order of 200 nanometers (nm).
Unfortunately, the molds require complex transparent sections for UV exposure and long
curing times.

Embossing is used in transferring a pattern from a die to a thin polymer layer on a wafer.
Subsequent processes either deposit metal then remove the polymer to create a metal part
or use the polymer as a pattern for etching a wafer. The nano-replication process is
capable of reproducing dimensions of 25nm in both PMMA (polymethyl methacrylate)
and aluminum [7]. While this process is capable of producing nanoscale features, they
typically cannot produce complex three dimensional geometries, but rather produce high
aspect ratio planar features in silicon.

The LIGA process is the final form of current microfabrication techniques described.
LIGA is a German acronym for a process where lithography, electroplating, and injection
molding are combined to create plastic parts. LIGA first uses x-ray lithography to
develop a thin layer of photoresist, which is used as a base for electroplating the complex
geometry of the part [8][9]. The metal structure can then be removed and used as a part
or used as a mold for creating additional parts with dimensions of 1 micron-10 microns
[10]. The surface roughness of the mold is 204nm but the part replicated in PDMS
(polydimethylsilane) can be on the order of 215nm [11]. However, LIGA mold
geometries are restricted to high aspect ratio two-dimensional microstructures and can be
expensive to create due to the high cost of the x-ray lithography step.

The processes previously discussed and the newer polymer processes being discovered
[12][13], lack sufficient dimensional capability to produce three-dimensional nanoscale
features at a low cost.
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The SIMP process combines intelligent use of microfabrication processes to create
silicon molds with nanoscale features and surface roughness at a lower cost. SIMP
accomplishes this by special fabrication processes like potassium hydroxide (KOH) and
tetramethylammonium hydroxide (TMAH). As with other anisotropic etchants, KOH
and TMAH chemically etches faster along the {100} planes than the {111} planes in
silicon. This creates angles of 54.7 degrees along the {1111} planes [14] and creates
smooth nanometer surfaces along the etched plane. This angle can be varied by rotating
and cutting the ingot at an angle other than 90 degrees. The maximum angle that can be
cut is 50 degrees' which will give the (111) plane at an angle of 4.7 degrees from the top
of the wafer. Since the silicon inserts have atomically smooth surfaces, dimensions on
the micron scale with tolerances in the nanometer to micron range are possible in molded
parts. Complex geometries can be made by bonding two or more wafers together and
added features can be made by using high energy lithography or focused ion beam
milling if necessary. Once this insert is fabricated and cut to necessary size, it is then
integrated in a metal mold base made from traditional machining operations. The metal
mold is then interfaced with an injection molding machine and plastic parts are made.

Through SIMP the cost of manufacturing parts with combined meso and nanoscale
features is lowered because it constrains the precise features within the silicon insert.
Using SIMP makes sense because it leverages the benefits of traditional mold making
processes and merges in the improved accuracy and surface qualities of the LIGA style
processing.

'Maximum off-angle was quoted by Customized Communications, 33508 NE 8 2"d Ave.,
LaCenter WA 98629, phone 360-263-8011.
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3 Application of SIMP
The two applications investigated as proof-of-concept tests of the SIMP process are
precision surfaces and precision assemblies. The first application investigates the
molding of plastic razor blades. The second application investigates the molding of fiber
optic connectors. Each category will be described below with further detail about
injection molding given in subsequent sections.

3.1 Razor Blade
Razor blades, which have an edge radius of curvature on the order of 30-50nm, can serve
as an ideal metric for evaluating the capability of nano-molding processes based on edge
quality, both in terms of its geometry and its structural integrity. Today there are over 1
million metal razor blades made daily by a process described in Table 1. However, this is
from one major manufacturer of metal razor blades; more are produced daily. If we take
this number as a rough estimate, this produces over 253 tones of metal waste a year of
which only 30% of the metal is recycled. Unfortunately, after 5 cycles only one-fourth of
1% of the metal remains in circulation [15].

Table 1: Process description of how a metal razor blade is made.

Step 1 Coils of stainless steel with 12% Chromium travel through a press to perforate
the steel with holes and notches.

Step 2 Strips are hardened in a furnace of more than 2,000 "F, subjected to
temperatures of -100 *F and then tempered to 200 OF.

Step 3 The blade is ground with 3 distinct facets with 3 different grits.

Step 4 Strip is cut into individual blades.

Step 5 To reduce friction between blade and hair a PTFE coating is sprayed, melted,
and cured on the blade edge.

Step 6 Blade is assembled on the plastic injection molded handle or by insert molding
the plastic around the blade in a single operation.

Step 7 Add comfort strips on the casing above the blade.

Step 8 Package and ship.

Looking at the different manufacturing processes that are used to produce one metal razor
blade, a cost table is estimated, refer to Table 2. Neglecting operator error, the material,
given 1 million razor blades are made a day, is inexpensive at 0.3 cents per blade. The
cost increases more and more as the different processes add up. The most expensive
process is the grinding of the razor edge at 6 cents per blade, given the grit on the
grinding wheel lasts for 10,000 blades. In the end the overall cost of the blade is 14
cents2

2 Information on the manufacturing process came from Gillette's web site at:
http://www.gillette.com/homepage.asp. Last visited 05/02/05.
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Table 2: Cost break down of one metal razor blade.

Material

Cost per lb. $8.00

Amount needed (lb.) 100

Cost per blade $0.003

Stamping

Cost of die $300.00

How many blades 100,000

Cost per blade $0.00

Hardening

Furnace per run $300.00

How many blades 10,000

Cost per blade $0.03

Grinding

Blades (3 blades) $600.00

How many are made with the blade 10,000

Cost per blade $0.06

Cut into Strips

Cost of Die $300.00

How many blades it lasts 10,000

Cost per blade $0.03

Spray Coating

Material cost $100.00

How many blades 10,000

Cost per blade $0.01

Total Cost per blade $0.14

Unlike the metal razor blade, it is unknown how many plastic razor blades can be
produced daily with the SIMP process. If it is assumed one silicon insert can produce
1,000 blades and there are 20 molds on one silicon wafer, then one blade would cost 14
cents. As with the metal razor blade, the amount of plastic material is inexpensive due to
cost of material, roughly $1.00/lb. Given that the material costs are null, Table 3
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describes the fabrication costs and cost of a single wafer to give the final amount of 14
cents per blade. The costs for each step in the process are taken from the Microsystems
Technology Laboratories (MTL) 3 at Massachusetts Institute of Technology (MIT) in
Cambridge, Massachusetts. During the fabrication process multiple wafers, up to 25, can
be processed simultaneously which adds only 2 cents to the final cost per blade, Figure 1.

Table 3: Plastic razor blade cost table.

Cost per wafer 185

# of wafers in batch 1

Fab Cost Cost ($)
Deposit Nitride $518.00

HMDS/spinner/EV1 $42.00

AME5000 $49.00

Pirahna $175.00

KOH/TMAH $175.00

Pirahna $175.00

Pirahna $175.00

EV1 $42.00

AME5000 $49.00

Pirahna $175.00

KOH/TMAH $175.00

Pirahna $175.00

Pirahna $175.00

RCA Clean $175.00

Grow Oxide $175.00

BOE $175.00

Die Saw $21.00

Material Cost ($)
Cost per lb. $1.00

Cost per blade $0.00

Total ($) $2,646.00

Total cost plus silicon ($) $2,831.00

Total Cost per blade $0.14

3 Microsystem Technology Laboratories, MIT Bldg 39 Room 321, 60 Vassar Street, Cambridge, MA
02139, Tel.: +1(617)253-3978, Fax: +1(617)253-9622.
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Figure 1: Cost comparison of number of wafers in processing batch to cost per blade.

As discussed in the Background section, SIMP would produce plastic razor blades by
combining silicon inserts with a regular metal mold base. These inserts are fabricated
with the processes described in Table 4 below. Figure 2 shows a side view of the wafer
after each significant step. Figure 3 shows a sample mask pattern that can be used with
step 4 in Table 4. A further process description is presented next.

Table 4: Fabrication Process of silicon inserts.

Step 1 Starting substrate: 150mm" n-type, (100) Si wafer, DSP, 650 microns thick,
3000 Angstroms of VTR nitride.

Step 2 HMDS wafer to coat with 1 micron of positive resist

Step 3 Prebake resist for 60 minutes

Step 4 Expose pattern ("topside") for 3 seconds

Step 5 Develop the positive resist

Step 6 Postbake for 30 mins

Step 7 Remove the Nitride with CF 4

Step 8 Remove the resist

Step 9 KOH or TMAH the wafer to required thickness

Step 10 Strip the Nitride

Step 11 Grow oxide

Step 12 Remove oxide in BOE

Step 13 Bond to bare wafer for 1000 degrees C in ambient nitrogen for 60 minutes

Step 14 Cut into inserts

16
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Starting substrate: 600 micron (100) n-type SSP 6" Si wafer

0.5 micron VTR nitride

Pattern etch mask, AME 5000

KOH etch connections
Strip nitride (Hot Phosphoric)
RCA clean

Grow Thermal Oxide for 2
hours -. 5-1 micron thick

Strip Oxide

Bond to bare wafer in
EVAligner
Anneal in TubeB1, 1000 *C,
N2 ambient, 60 min.

Diesaw into final dies

Figure 2: Diagram of the above etching process.

m m

Figure 3: Sample mask used in the lithography process.

Describing the process in Table 4 further, nitride is deposited on the wafer in order to
serve as a protective layer from the chemical etchants KOH or TMAH. To remove
sections of the nitride, photolithography is conducted. This is a process where wafer
cleaning; Hexamethyldisilizane (HMDS); photoresist application; soft baking; mask
alignment; exposure and development; and hard-baking takes place. The first two steps
remove any organic, ionic, and metallic impurities, and dehydrates the wafer surface.
This allows adhesion of the photoresist. The layer of photoresist is applied by spinning
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the wafer up to 3,000rpm and applying a drop of a quarter-sized pool. This spinning
process creates an even layer over the whole wafer and determines the thickness of the
resist, the faster the spin the thinner the layer. Soft baking occurs to remove the resist of
any solvents and should not be under or over baked due to the under or over breakdown
of the resist, respectively. After baking, the wafer is then aligned with a mask that has
the features to be transferred to the wafer surface. The mask used in this process is
shown in Figure 3. Features to be noted on the mask are the rectangles that are clear and
transparent. Everything outside of the rectangles has chrome plating which is not
transparent. This is important when the mask and wafer is exposed to UV light. The
positive photoresist that is exposed with UV light will change in chemical structure and
become more soluble in a developer. The wafer is then submerged in a developer
solution which washes away any exposed resist leaving rectangular windows of nitride
behind. To complete the photolithography process, the wafer is then postbaked to
improve the adhesion of the resist to the wafer surface and hardened.

Once photolithography is complete the exposed nitride is removed with a gas of CH 4.
The rest of the wafer is preserved by the photoresist and will have rectangular sections of
silicon as opposed to nitride when the nitride etching is complete. The resist is then
removed and the wafer is placed into the chemical bath of KOH or TMAH. This
anisotropic etching creates the slanted sidewalls of 54.70 or smaller for off-axis cut
wafers. After etching, the wafer then goes through a sharpening process of growing and
removing oxide. It has not been proven but growing oxide fills in pit nucleation sites and
holes which aids in strengthening the surface. The oxide is then removed on the surface
of the wafer but not within the silicon. This creates the sharpening process. Next the
wafer can be bonded to other wafers to produce complex geometries and then is cut into
individual inserts. This concludes the fabrication process on the silicon.

Comparing metal razor blades to plastic, the manufacturing and fabrication costs are
similar, but the main difference between the two is plastic is easily and more commonly
recycled when compared to metal, up to 95% compared to 30% [15]. In addition, there
is more energy saved when recycling plastics, 97% (polyethylene), compared to steel
10% [15]. Even if recycling was not a factor it takes plastics 20-30 years4 to break down
compared to stainless steel, 2.5x1 0 years [16]. Overall using plastic will decrease the
amount of waste present.

3.2 Fiber Optic Connector

Another design application that can take advantage of SIMP's possibilities are precision
assemblies. Fiber optic connectors are ideal because the tolerance range that they must
hold to is between 1-5 microns. These assemblies will allow proof-of-concept of surface
roughness and tolerance when determining the capabilities of SIMP.

There are a variety of fiber optic connectors available today, Figure 4. Each design can
hold different amount of fibers, a single fiber up to a ribbon of fibers; can be made out of
different materials, ceramic and plastic; and can be connected together in a number of
ways, springs, pins, clips, and screws [17]. However, the connector boils down to just a

4 "Recycle by Numbers", by GreenFeet.com. Copyright 1997-2004. Last visited April 7, 2005. Website:
http://www.greenfeet.com/recycle-by-numbers.html
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few basic designs: polymer ferrules with fibers epoxied in holes or grooves, ceramic
ferrules, or a combination of these with multiple parts.

Figure 4: Variety of available fiber optic connectors.

Given these assemblies, the connector that SIMP will be compared to is the MT Ferrule
and Connectors, Figure 5. This is the most common ferrule type for fiber ribbons and
used in MT-RJ and MPO, connector assemblies. For definition of terminology used refer
to reference [17]. The ferrule body is a compression injected phenolic, a type of
thermoset, holds a ribbon of 12 fibers spaced 3/4 mm apart, and costs around $50.00 for
the entire assembly. The principal alignment when connecting two ferrules together is
done by two pins. Therefore, the accuracy of the ferrule is determined by only two pins.

5 Image obtained from website:
http://images.google.com/imgres?imgurl=http://www.oetek.com.tw/images/connector/lc.jpg&imgrefurl=htt
p://www.oetek.com.tw/connector.htm&h=308&w=250&sz=14&tbnid=xSfbPQA-
8B4J:&tbnh=1 1 1&tbnw=90&start=40&prev=/images%3Fq%3Dferrule%2Bconnector%26start%3D20%26
hl%3Den%261r%3D%26sa%3DN. Last visited 04/08/05.
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Figure 5: Example of fiber ribbon and MT connector.6

During assembly of the ferrule with the fiber ribbon, it is a challenge to insert the fiber
ribbon into the small cylindrical holes in the ferrule. Currently this is done manually and
only 10-20 are assembled each day. After the fibers are inserted, they are then epoxied
into the ferrule and polished at one end. At the end, two assembled ferrules are mated by
two pins.

Ferrule half

Figure 6: SIMP ferrule assembly (right) with individual ferrule (left).

The SIMP process is capable of making ferrules with fewer manufactured components,
and at a lower cost without sacrificing the tolerances. SIMP proposes to make with
silicon inserts half of the ferrule. A total of four ferrule halves are injected molded. This
ferrule looks like the left hand picture of Figure 6. The grooves that are shown on one
side of the ferrule half is used to locate the fiber ribbon. Once the ribbon is laid on the
grooves, another ferule half is placed on top and friction welded together. One end is

6 Image obtained from website:
http://images.google.com/imgres?imgurl=http://www.nissinkasei.co.jp/img/product/mtconnector/mtconn
ectorpic 1.jpg&imgrefurl=http://www.nissinkasei.co.jp/products/mtconnector.htm&h=248&w=390&sz=2
2&tbnid=pTxaqaUGeFMJ:&tbnh=76&tbnw=120&start=1 &prev=/images%3Fq%3DMT%2Bconnector%2
6hl%3Den%261r%3D%26sa%3DG. Last visited 04/08/05

20



then polished and tested. The same process is performed for the other two ferrule halves.
These two complete ferrules are then mated together with an elastically average sleeve
that improves the repeatability with each ferrule mating. The total assembly only consists
of three parts compared to over a dozen parts for the MT ferrule. The assembly is shown
in the right image of Figure 6. For further detail on the elastically averaging sleeve and
ferrule, refer to Patrick Willoughby's Ph.D. thesis [18].

The SIMP inserts are made similar to the razor blade inserts, except more steps are
involved and the fiber optic connector inserts contain two mating silicon inserts, a
grooves side (bottom portion) and main body side (top portion). For a detailed
fabrication process description, see appendix A. From these processes, a cost breakdown
can be made. The costs are for each step in the process which can be seen in Table 5 and
are taken from the Microsystems Technology Laboratories (MTL)7 at Massachusetts
Institute of Technology (MIT) in Cambridge, Massachusetts. The final cost for two
wafers with each fabrication process is $4,494.00, which gives a cost of $224.00 per
insert. On one wafer, 20 inserts can be produced. This price decreases the more plastic
parts that can be manufactured out of the silicon insert, given the price of material is
relatively inexpensive due to the price of plastic and volume used per shot.

As with the process of the razor blade inserts, up to 25 wafers can be processed through
one cycle. Therefore money is saved when more wafers are processed at once, $197.00
per wafer. In addition, if a larger wafer, greater than 150 mm in diameter, is used more
insets can be produced and will decrease the cost per insert.

7 Microsystem Technology Laboratories, MIT Bldg 39 Room 321, 60 Vassar Street, Cambridge, MA
02139, Tel.: +1(617)253-3978, Fax: +1(617)253-9622.
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Table 5: Fabrication costs of fiber optic connector silicon insert.

Grooves
(Bottom Portion)

Price of silicon (per wafer) $40.00
Operation COST ($)
Deposit VTR Nitride $175.00
Coater6 $0.00
EVI $42.00
Coater6 $0.00
AME5000 $49.00
Acidhood $175.00
TMAH/KOH hood $175.00
Acid-hood $175.00
Coater6 $0.00
EVI $42.00
Coater6 $0.00
AME5000 $49.00
Acidhood $175.00
TMAH/KOH hood $175.00
Acid-hood $175.00
Acid-hood $175.00
Diesaw $21.00

Total ($) $1,603.00

$1,643.00

i _____________________

Grand Total (Top+Bottom) $4,494.00

Main Body Connector
(Top Portion)

Price of Silicon (per wafer) $32.00
Operation COST ($)
Deposit VTR Nitride $175.00
Coater6 $0.00
EVI $42.00
Coater6 $0.00
AME5000 $49.00
Asher $35.00
Pre-metal $175.00
TMAH/KOH hood $175.00
Pre-metal $175.00
Coater6 $0.00
EV1 $42.00
Coater6 $0.00
AME5000 $49.00
Asher $35.00
Pre-metal $175.00
TMAH/KOH hood $175.00
Pre-metal $175.00
VTR $175.00
Coater6 $0.00
EVI $42.00
Coater6 $0.00
AME5000 $49.00
Asher $35.00
Pre-metal $175.00
TMAH/KOH hood $175.00
Pre-metal $175.00
Etch-Nitride Hot phosphoric hood $175.00
RCA $175.00
EV501 $42.00
TubeB3 $175.00
Diesaw $21.00
Total ($) $2,891.00

Total plus Silicon ($) $2,923.00
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4 Factors Affecting Process Quality
The objective of this section is to investigate the possibilities and limits of anisotropic
etching of Silicon wafers. Anisotropic etching is the process where an etchant
preferentially etches certain planes of the crystal lattice at a greater rate. For example,
the common etchant potassium hydroxide (KOH) removes the {100} planes of silicon
faster than the { 111} planes. After etching a (100) wafer, the (111) plane is exposed at
an angle of 54.7 degrees from the plane of the wafer. This angle can be varied by cutting
an off-axis wafer from the ingot at an angle other than 90 degrees. For example, if the
wafer is cut 24.7 degrees off from the vertical, the { 111 } planes will be inclined at an
angle of 30 and 79.4 degrees to the (100) wafer plane. In this case, the plane of the wafer
is no longer (100), but is closer to (210) or (113) and therefore off-axis wafers will be
referenced using the Miller indices [19]. Processing of these off-axis wafers often
require changes to the process parameters to maintain surface quality, feature size, and
accuracy to the mask geometry.

Furthermore, processing of off-axis wafers accentuates alignment errors between the
mask and crystal orientation. While wafer foundries can often obtain wafer flat accuracy
of less than ±1 degrees for (100) wafers, experiences with off-axis wafers have shown
accuracy of +2.5 degrees. Inaccurate alignment on (100) wafers causes only minor errors
such as edge mismatch. The errors on off-axis wafers can introduce additional features
and reduce surface quality. To combat these errors, a combination of mask alignment
techniques, measurements, and simulations were required. Three wafer types were used -
standard (100) ± ldeg, (100) ± 1Odeg, and (113) ±1deg. A discussion of the problems
encountered, including their underlying behavior will be given below.

4.1 Crystal plane alignment
The most important step in the fabrication process of the wafer is step 4 in Table 4, where
the pattern is aligned with the <110> direction. Depending on the application, there are
currently three ways of aligning to that crystal orientation. First, on a (100) wafer the flat
is <110> but may be oriented up to ±ldeg off. This alignment to the flat gives an
accuracy of ±ldeg, but may not give the atomically smooth side walls that the wafer
would get if the mask was precisely aligned with the <110> crystal direction. The second
alignment method is to perform a preliminary alignment etch which is used to correct any
wafer flat errors. There are multiple patterns that can be used for this preliminary etch,
although one of the most accurate employs radial alignment marks patterned with
increments of ±5degs. By using these marks, accuracy of the alignment can be as good
as ±0.01degree. The final method is to examine the wafer using x-ray crystallography to
determine the exact location of the wafer planes. Once the <110> direction is known,
any errors due to the wafer cut can be corrected when aligning subsequent wafers.
Therefore, the alignment accuracy is only dependent on any errors in the machine that
exposes the mask onto the wafer, which can range from 0.01 - Idegree.

Alignment to the <110> crystal direction is critical in anisotropic etching. For example,
misalignments of approximately 1 degree can cause additional surface features such as
ridges on the side walls and can prevent the corners of anisotropic etches from aligning.
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These etch errors are shown in Figure 7. The better the alignment with this direction, the
less these added features are present.

Figure 7: Misalignment between mask and wafer causes extra marks (left) and errors in
the location of features (right).

For wafers oriented (100) l1Odegs and (113), the best way to align to the <110> direction
is to perform two preliminary etches before the device layer etch. The first etch gives the
orientation of the flat and only needs to be done on one wafer from the ingot batch. This
etch is based on the mask pattern shown in Figure 8. In the mask, a rectangle is
patterned every 5 degrees, which allows for alignment of the wafer flat to be determined
within ±5 degrees. After etching, the rectangle that terminates or has the straightest side
walls is closest to the crystal plane. The new flat of the wafer can be located by
measuring the angle between this rectangle and existing wafer flat.

24



Figure 8: Alignment pattern to determine the <11I0> crystal direction of the wafer.

Once this flat is found, a second etch can be performed to improve the accuracy of the
crystal orientation to within ±0.01 degrees. The etch features are relatively simple,
consisting of a rectangle followed by a circle, and are radially patterned 0.01 degrees as
shown in Figure 9 [20]. However, unlike the alignment pattern presented by Lai [20],
both sets of alignment marks on each side of the mask are facing the same direction. Lai
had only one set of circles and rectangles pointing towards the center of the wafer and
rotated around a center point on the wafer. By having the alignment marks facing the
same direction and rotate around a point off the wafer, allows use of both sets of
alignment marks instead of just one. Lai's method does not allow perfect crystal
orientation alignment due to this.

Under a microscope, if the rectangle is perfectly aligned as shown in Figure 10 and
Figure 11, it will be viewed as a terminated rectangular etch pit and will be perfectly
aligned with the circular etch pit, which is an inverted pyramid. If the rectangle is not
aligned with the < 11 0> direction, then the etch result would not be a perfect rectangle.
Instead the rectangle would be shifted to either side of the circular etch pit, as shown in
Figure 12. In addition, significant amounts of under etching of the nitride mask occur. It
is critical to maintain close control on time in the etchant bath, as longer etch times will
merge the rectangle and circular etch features and make the alignment marks difficult or
impossible to distinguish, Figure 13. The wafers used in these experiments were etched
in KOH at 80'C for 5 hours.
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Center of
rotation

Figure 9: Sample pattern of mask alignment to determine the <110> direction within
80.01. 

8 Mask created by Alexis Weber, Anastasios J. Hart, and Alexander Sprunt of MIT.
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Figure 10: Alignment pattern etched on (100) wafer in KOH.

Figure 11:
other.

Proper alignment of marks; rectangle and circle are in the center of each
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Figure 12: Misaligned marker in the alignment marks. Dark rectangle is closer to top of
rectangle than the center.

Figure 13: Over etched alignment pattern on (100) wafer etched in KOH.

To facilitate alignment, a numbering system to count every fifth rectangle is created by
etching ones and dashes while the rectangles and circles are etched. Once the perfect
rectangle is determined, a second mask containing alignment marks and the device layer
is aligned to the numbered rectangle. These alignment marks are shown in Figure 14.
After the alignment marks on the right side of the wafer are aligned with the device layer,
the left side can be aligned. If the wafer needs to be shifted vertically, additional
alignment marks are placed along the side of the mask for adjustment.
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Figure 14: Alignment features used to determine the <110> direction of the wafer
within ±0.01degs. '

9 Mask created by Alexis Weber, Anastasios J. Hart, and Alexander Sprunt of MIT.
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4.2 Nitride Protection
For KOH and TMAH etch processes, a thin layer of silicon nitride (nitride) is used on the
wafer as a mask. During etches through the entire thickness of the silicon wafer, the
nitride layer on the backside of the wafer tend to break and cause undesired etching of the
(111) plane as seen in Figure 15 and Figure 16. This breakage is dependent on the wafer
etch time and is generally encouraged by the large built-in stress from nitride deposition
and etchant flow. In these cases, backside protection of the nitride is required to prevent
under-etching.

Figure 15: Etching from the bottom of the wafer after the protecting nitride bursts open
(top) and a closer view of the etched (111) plane (bottom).
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Figure 16: Overall view of the wafer with missing nitride.

To prevent the nitride from cracking, two measures were implemented. First, the nitride
was replaced with low stress silicon rich nitride instead of high stress rich nitride
containing more percentage of nitride than silicon. The wafers were previously deposited
with rich nitride that was within 50% of its tensile fracture stress. Due to high tensile
stress in the film, very small pinholes were initiated in the nitride layer. These pin holes
develop into cracks after deposition, then grow in size after the etchant etched through
the pin hole. Since the nitride is deposited within 50% of its tensile fracture stress, the
stress concentration of the pin hole can cause the local stress to exceed the fracture limit,
causing the pin holes to crack open as the KOH undercuts the film. In the case for silicon
rich nitride, the layer is deposited at a much lower stress. In addition, if the deposition of
the silicon rich nitride occurs on an oxide layer of comparable thickness, the compressive
stress of the oxide cancels the nitride tensile stress and leads to fewer pinholes. The
stress from the pure nitride will not form pinholes for shallow etches, but it can cause
damage with a through etch [21].

Second, a handle can be used to protect the backside of the wafer from the current flow of
the etchant solution. This handle has proven to prevent 87% of the nitride from cracking
open. Figure 17 displays a handle wafer with an enclosed wafer in a TMAH bath.
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Figure 17: Handle wafer protecting the backside of a wafer.

4.3 Etch Process Variation
After determining the crystal orientation of the (100) ±10 degrees and (113) wafer,
wafers were etched in TMAH for 34 hours. This etch creates two unique features on the
(111) plane. The first feature is an overhang of the (111) plane, shown in Figure 18, and
the second is a terrace in the (111) plane, shown in Figure 19.
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Figure 18: Side view of (113) wafer with emphasis on overhang of the (111) plane.

Figure 19: (113) wafer etched in TMAH for 34 hours.
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When the wafer is first introduced into the anisotropic etchant, an initial fast stage
removes material until the four (111) surfaces are reached. At this point, a second stage
occurs where etching proceeds by pit nucleation and pit growth at the exact (111)
surfaces. These nucleations occur much more rarely, which causes the (111) surfaces to
propagate very slowly and requires long etch periods to appreciate the motion. Since the
wafers were etched for 34 hours, the four (111) surfaces moved beyond the mask limits
during the long duration and the overhang region occurs. If the etchant time is kept short,
no overhang will appear.

In etches where the mask is not properly aligned with the crystal plane, an intermediate
stage occurs after the initial fast stage. This intermediate stage allows the apparition of
(111) terraces or stepped (111) planes to propagate quickly compared to the nucleation of
pits, but more slowly than the initial stage evolution. As a result, the overhang appears
earlier than when the mask is properly aligned. After all the terraces have been
consumed, the intermediate stage is over and the slow stage, as in the aligned mask,
begins.

Since the relative rates of pit nucleation and step propagation hold the key for the
development of the overhang, if nucleation is slow the overhang appears only after
extreme long periods when the mask is well oriented, Figure 20. However, if the mask is
not properly aligned, right hand side picture of Figure 21, the propagation of the terraces
induces the overhang from the beginning of the intermediate stage. Therefore, if the
wafer is properly aligned to the crystal plane and kept in the bath for less than 8 hours, no
overhang would occur. All this data was analyzed by using a software package called
TAPAS10 which stands for Three-dimensional Anisotropic Processing at All Scales.

Figure 20: Prediction of overhang region on (113) wafers.

10 For more information contact Miguel Gosalvez,,Dr.Sci.(Tech.) COE Research Scientist Sato Labortory,
Department of Micro-Nanosystem Engineering, Nagoya University, Nagoya 464-8603, Japan,
mag@kaz.mech.nagoya-u.ac .jp
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Figure 21: TAPAS demonstration of misaligned rectangle on (113) wafer.

TAPAS is an etching simulator that runs realistic Monte Carlo simulations to show how
misalignment affects anisotropic wet chemical etching of silicon wafers. Figure 20 and
Figure 21 display the output results of the simulator after 35 hours of etching in KOH.
Figure 20 predicts what the etch pit would look like with perfect alignment and Figure 21
predicts the etch pit features if the mask was misaligned by 5 degrees. For further
information on TAPAS and what it has been used, for refer to Surface morphology
during anisotropic wet chemical etching of crystalline silicon, by Miguel Gosalvez [22].
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5 Feasibility of SIMP - Key Investigations
Four investigations were conducted to provide the feasibility of SIMP. These feasibility
experiments focus on the razor blade design application instead of the fiber optic
connector. Refer to the Small Business Innovative Research Grant (SBIR) [23] for
further investigations on the fiber optic connector. However, injection mold work will be
presented in the section on Molding.

First, blades from silicon were made which would be the ideal shape obtainable. Once the
silicon razor blades were made, the four investigations were: silicon test shaves,
comparison of silicon edge to metal, comparison of silicon surfaces to metal, and bonding
silicon blades to similar and different materials. Each one will be discussed below. For
molding of the razor blade and fiber optic connector see section on Molding.

5.1 Silicon test shaves
Proof-of-concept tests were conducted using a silicon edge created by KOH etching.
This silicon edge was mounted in a commercially available razor handle in two ways, one
showing a positive rake angle and the other a negative rake angle, Figure 22. These
silicon edges, along with a conventional steel razor blade, were used to shave a forearm
shown in Figure 23. In this test, the conventional razor blade removed the hair after 3-5
passes with cleaning in between. The positive rake angle mounted silicon edge removed
the hair after 10 passes with cleaning in between. The negative rake angle did not
function well with this mounting. From this experiment, the silicon edge mounted
similar to the conventional razor blade compares favorably. Since the conventional blade
was a double blade head and took 3-5 passes to remove the hair, the single silicon
mounting was fairly similar with taking only 10 passes.

Figure 22: Silicon blades mounted in two orientations positive rake angle (top) negative
rake angle (middle), compared to a conventional steel blade (bottom).
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Figure 23: Test shaves of silicon razor blade and conventional steel razor blade.

5.2 Comparison Silicon vs. Metal
After the shaving experiments were conducted, new KOH etched silicon razor blades and
two conventional razor blades, brand name double razor and a generic single razor blade,
were compared. The goal of this experiment was to see if the blade tip radius was
between 50-60nm, as manufacturers propose. The blades were removed from the razor,
and then photographed using a scanning electron microscope (SEM). SEM photographs
of the edge are shown in Figure 24. The conventional razor blades do not show a tip
radius of 50-60nm. The brand name top and bottom blade shows a radius of
approximately 1 micron where the generic single blade shows it to be much less than that.
Unlike the two steel razor blades, the silicon edge meets the requirements of 50-60nm as
the SEM photograph in Figure 24 shows for a scale of 300nm. Given this result another
brand name razor blade was photographed in the SEM to see if the first blade was due to
manufacturing error or tolerances. Indeed the blade tip radius was less than 1 00nm,
Figure 25. Thus the silicon edge is comparable to a steel edge blade radius, except the
tolerances on the silicon are uniform and tighter and the silicon was much better than 50-
60 nm.
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Figure 24: Blade tip radius comparison of double razor blade, top blade (upper left),
bottom blade (upper right), generic single blade (bottom left), and silicon razor blade
(bottom right).

Figure 25: Blade tip radius of brand name double razor blade.

While both silicon and steel blades were in the SEM, the surface was photographed and
compared. The surface texture of the unused blade differs greatly between the three
blades, primarily due to the manufacturing process. Since steel blades are normally
ground to the desired thickness, the blade shows deep grooves of 3 pm. Due to the atomic

39



surface created during etching, the silicon blade has only minimal impurities on the
surface at 1 pm.

Further investigation should be conducted in determining if the grooved surface that the
steel blades show help with the shaving process or if it has no affect.

Figure 26: Metal razor blade surface comparison (left) to silicon surface (right).

5.3 Wafer bonding
Another topic of investigation is the selection of a method to bond wafers together to
make the mold insert. Two processes studied were anodic and fusion bonding. Anodic
bonding entails a silicon wafer and pyrex glass wafer, between two metal electrodes.
After heating them to ~40 0 'C, a DC potential up to 1kV is applied to the top wafer,
depleting the glass sodium ions near the mating surface. This depletion makes the glass
become highly reactive with the silicon surface and forms a solid chemical bond. A
fusion bonding process requires that two similar substrates be heated to 600 'C for 4 - 6
hours. The long heating time creates a fusion bond between the two wafers. Theses
wafers are usually silicon to silicon or glass to glass, Figure 27.

To integrate the etched features into a mold, the silicon features can be bonded to other
materials. To thicken the mold, extra glass substrates can be bonded to the silicon. Invar
composite materials can be used to provide extra strength to withstand the mold pressure
and thermal support to the mold during cooling cycles. Silicon to Invar bonding has been
experimented with successfully.

Figure 27: Fusion bonding silicon to silicon example.
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6 Molding Process
To see if the molding of a plastic razor blade was feasible, fidelity tests were conducted
with a shortened version of the full length razor blade, refer to Figure 28, full length razor
blade, and fiber optic connector. Silicon inserts were fabricated according to the process
described in Table 4 and an aluminum mold base was fabricated by Custom Engineering
Plastics located in San Diego, California". There the fidelity molds were ran and
preliminary analysis was conducted. Further SEM images were taken at MIT and will be
discussed in the Analysis section. In addition, a process description will be given for all
three cases, but the results will be further analyzed in the Analysis section.

Figure 28: Silicon insert fixed into aluminum mold base.

6.1 Fidelity Experiment - Small razor blade
A silicon insert, Figure 28, was clamped into an aluminum mold base, Figure 29. The
mold base was inserted into an Arburg Allounder press, Figure 30. Inside the press is the
cold side, Figure 31, and hot side, Figure 32, of the mold base. The cold side holds the
silicon insert where the hot side injects the plastic. The first experiment conducted began
with 30 tons clamping force, used optical grade polycarbonate Makrolon plastic for the
material, and was conducted without using a vent for the air. After the second shot of
plastic, the silicon insert cracked near the edge opposite the blade tip. No harm was
done, but flash was created at the cracked region, Figure 33. A second silicon insert was
placed in the aluminum mold base and the same cracking occurred. After replacing the
insert a third time, a vent was created with tape by placing it on the parting line of the
hotside of the mold, Figure 34. This proved to lessen the stress on the silicon insert and
prevented the insert from cracking. The thickness of the gap was 0.004". In addition, the
clamping force was reduced to 10-15 tons to decrease the amount of pressure the silicon
insert was experiencing. A total of 61 blades were produced with this one insert.

" Custom Engineering Plastics, 8558 Miramar Place, San Diego, CA 92121. Phone: 858-452-0961 Fax:
858-452-6306.
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Figure 29: Silicon insert integrated into aluminum mold base.

Figure 30: Arburg Press used in the injection molding of plastic parts with silicon
inserts.
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Figure 31: Arburg press showing cold side of mold. Silicon insert is contracted (top)
and extended (bottom).
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Figure 32: Arburg press with hotside showing.

Figure 33: Cracked silicon insert created flash on the plastic part.
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Figure 34: Tape used on hot side of mold to create a 0.004" vent.

Figure 34 - Figure 36 show the key features of the mold base. Figure 34 shows where the
tape was located on the mold to let the air escape but keep the plastic from flowing out of
the mold. Figure 35 displays how the mold base fits together, and Figure 36 highlights
where wear was noticed in the mold after the first 5 shots were run. The wear on the
aluminum base was due to the initial clamping force and was reduced after the vent was
added.
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Figure 35: Mold base and how the cold side (left) and hot side (right) fit together.

Figure 36: Mold wear on hot side of mold base.
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Under a microscope, the edge of the polycarbonate blade was looked at, Figure 37. Since
the edge of the silicon had an overhang on the blade replication surface, it was sought to
see if the plastic blade replicated it. Looking at the plastic blade tip under the
microscope, an overhang on the blade radius is present as well, Figure 38. Thus, the
replication of silicon to plastic looks promising.

Figure 37: Blade tip reference under microscope.

Figure 38: Tip of the blade is not round, but shows a shelf.
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In conclusion, the fidelity test of injection molding a small plastic razor blade with a
silicon insert proves feasible. With the proper force and vent, blades can be replicated.
Next step is to SEM the edge of the silicon blade, compare it to the polycarbonate blade,
and to shave with the polycarbonate blades that were made. Since the silicon insert had
an undercut on its sidewalls, the plastic blade had to be taken out of the mold base by
hand. In the future straight sidewalls will need to be produced if rapid production is to
proceed.

6.2 Fidelity Experiment -Full length razor blade molds
After the small section of the silicon insert proved successful in injection molding, a full
length razor blade was etched in silicon and integrated into an aluminum mold base. The
tests conducted with this set-up were proper placement of the gate, and maximum vent
size. The aluminum mold base that was used was similar to the mold base used for the
smaller plastic blade, Figure 39. The only difference was the silicon insert. The insert
was not a U-shape as the previous silicon insert was. Instead, it was a lower case L,
Figure 40. This shape removed the undercuts that were present which disallowed
ejection of the plastic part from the aluminum base. Without this undercut, the plastic
full length blade was ejected from the mold with ease.

Figure 39: Full length silicon insert razor blade mounted in an aluminum mold base.
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Figure 40: Top view of aluminum mold base with silicon insert.

Since the plastic was filling improperly into the silicon insert, Figure 41, a gate was
created in the middle of the blade instead of at one end, Figure 42. This configuration of
the gate proved to provide better filling.

Figure 41: Plastic injected into the full length razor blade shows improper filling.

49



Figure 42: Gate located in the middle of the plastic blade.

While the gate was determined, the maximum vent that could be used before the plastic
could escape through the vent was determined concurrently. This was done by first
placing tape on the mold along its parting line. This initial estimate gave a vent thickness
of 0.004" and is similar to what the tape looked like in Figure 34 . Since the razor blade
length was not properly filling, the vent needed to be moved to the edge tip, Figure 43.
Tests were conducted for a vent size of 0.0005", 0.001", and 0.0015". The vent size of
0.0015" showed little improper filling. If a vent size larger than that was used, the plastic
would start to flow through the gap. With less than 0.0015", the air can escape freely and
allow the plastic to fill into the edge. These samples were then photographed with the
SEM.
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Figure 43: Location of air vent which is located along the blade tip.

6.3 Fidelity Experiment -Fiber optic connector mold
Molding for the fiber optic connector was similar to that of the plastic razor blade. The
silicon inserts were fabricated according to the process plan given in Appendix A and
then integrated into an aluminum mold base. This mold base is shown with silicon
inserts in Figure 44. The hot side of the aluminum mold base holds the silicon insert that
produces half of the ferrule body. This silicon insert is fixed to the aluminum mold base
by two clamps on either side of its long edge, Figure 45. The gate for this part is
different from the razor blade mold in that plastic is injected through one of the ejector
pins. The cold side of the aluminum mold base houses the silicon insert that produces the
grooves. These are the grooves that hold the ribbon of fibers. As seen in Figure 46 the
silicon insert has no clamping mechanism to fasten the insert into the mold. Instead,
super glue was used and worked successfully.

The vent for air was determined by placing three pieces of tape at three different points
along the cold side of the aluminum mold base, Figure 47. The combined thickness was
0.004" and proved helpful with removing the air in the mold and with filling the entire
mold with plastic. For further results and what the plastic part looked like, refer to the
Results section.
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Figure 44: Overall mold base of fiber optic connector.

Figure 45: Hot side of fiber optic connector mold. The silicon insert is the main body of
the connector.

52



Figure 46: Cold side of fiber optic connector mold showing the grooved portion of the
silicon insert.

Figure 47: Tape added to mold to create a 0.004" vent for air to escape.
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7 Results
For the three experiments done: fidelity tests for a small razor blade, full length razor
blade, and fiber optic connector, a review of the findings and remedies will be discussed
below.

7.1 Fidelity Experiments - Small razor blade
Looking closer at the silicon insert that produced the small razor blade, two primary
features were present, an undercut from the sides and an overhang before the (111) plane,
Figure 48. As mentioned in the Factors Affecting Process Quality section on crystal
plane alignment, if the mask was not properly aligned or the wafer was in the chemical
etchant TMAH for more than 12 hours that overhang would occur. Since these wafers
were etched in TMAH for 34 hours, it is apparent why the overhang is there. Even
though the overhang and undercuts were present, it was decided to go through with the
sample molding. If the plastic transfers these features successfully then SIMP is a
feasible process.

(111) plane

Figure 48: View of the silicon
undercut and overhang (top right).

(top left) where two main features are present, an
A side view sketch is also present (bottom).
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A SEM photograph of the side view of the used silicon insert in injection molding shows
the overhang before the (111) plane to be about 5 microns deep, Figure 49. This image
also shows plastic particles on the insert left from the molding process. This can be
remedied by spraying mold release or in theory depositing a thin layer of nitride. This
last explanation will be further looked at under the full length razor blade experiments.

Figure 49: SEM photograph of the overhang in the silicon insert.

In order to view the plastic blades in the SEM, a 10 nanometer coating of gold and
palladium was deposited on their surfaces. Under a scale of 200 microns in the SEM, the
plastic blades showed their molding to the overhang which, as discussed above, was
apparent on the silicon insert, Figure 50. This overhang produced a tip radius of about 15
microns instead of 5 microns that the silicon insert showed, Figure 51. This difference in
tip radius means the silicon insert was not filling properly with plastic and/or there was
difficulty with the vent. Vent issues are discussed next.
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Figure 50: SEM photograph of two plastic razor blades.

Figure 51: Image of blade tip radius with a value of 15 microns.

SEM images from the small plastic razor blades that were made with an air vent and
without were compared. The first SEM image, Figure 52, shows the corner of the plastic
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blade to be dull and no undercut is apparent. The tip radius does show to be around 15-
20 microns, therefore filling in the overhang was occurring, but not to its maximum 5
microns. By adding an air vent of 0.004" along the parting line of the part, this created
an improvement in transferring the undercut to the sides of the plastic blade, Figure 53,
but did not show much of an improvement with the tip radius which was still 15 - 20
microns, Figure 54. Further investigation will be done with the full length razor blade on
what maximum vent can be used and where the proper placement of the gate is.

The small plastic razor blade was not conducive to shaving but was tested on turkey liver
and was able to slice the liver. If the tip radius can not be reduced below 15 microns,
then perhaps another application would be in a field where slicing is required, for
example in the medical field.

Figure 52:
process.

SEM photograph of plastic blade made without an air vent in the molding

Figure 53: Transfer of the undercut from the silicon insert to the plastic part (above).
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Figure 54: SEM photograph of a plastic razor blades tip radius made from an air vent
along the parting line.

Figure 55: The blade with a tip radius of 15 microns, slicing turkey liver.

59



7.2 Fidelity Experiments - Full length razor blade
Experiments were run with the full length razor blade, sample silicon wafer shown in
Figure 56, with proper placement of the gate and maximum vent size. In the latter case,
the proper vent size was determined to be 0.00 15"which is the maximum hole size before
the plastic could escape. Without a vent, the mold would not fill properly. From the
experiments and viewing how the mold was filling, the gate that was located in the
middle of the blade and not located on the edge of the blade proved to fill the best. This
was determined by viewing how the insert was filling and how evenly the plastic blade
tip was viewed, Figure 57. As is seen in this figure, the blade tip for both types of gating
has some flash on the right end of the blade. To determine if this was true flash or an
artifact of the silicon insert, SEM images were taken of silicon insert. Those results are
discussed below.

Figure 56: Wafer with anisotropically etched razor blades before cut into inserts.

Figure 57: Plastic razor blades produced with gating located on the edge of razor blade
(left) and in the middle of the razor blade (right).

For each experiment ran, two types of silicon inserts were investigated. The first insert
was pure silicon with no coatings on the surface, top image in Figure 58. The second
insert was silicon with 2000 Angstroms of nitride deposited on its surface, top image in
Figure 63. SEM photographs of these two inserts will be compared along with which one
produced a better full length razor blade.
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Figure 58: Overall silicon insert used in molding (top) and close-up of the bottom edge
of the insert (middle and bottom).

The silicon insert used in molding is shown in Figure 58. The top picture in the figure
presents the corner of the insert and shows some particles on the surface. These particles
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are plastic. SEM images in the middle of the figure entail further detail of the bottom
edge of the silicon insert. This is not the critical edge that is to be transferred to the razor
blade and would be shaved with, but it is important to look at this edge to see how well
the KOH etched the (111) plane and if that edge is sharp or dull. According to the
bottom SEM image in Figure 58, the silicon blade tip radius is less than a micron, but is
still greater than what has been seen in other wafers. This can be due to the fact that the
wafers are not (100), but (113) and create 30 degree angles instead of 54.7 degrees like
(100) wafers do when they are etched anisotropically.

The edge that transfers the blade tip radius to the plastic blade in injection molding is
shown in Figure 59. Instead of being a side wall of 30 degrees for the (113) wafer used,
there was an overhang at the top of the plane present. The (111) plane is still slanted by
30 degrees, but there is an overhang that is roughly 90 degrees from the top of the wafer.
This overhang, according to the bottom SEM image in Figure 59 is roughly 400nm in
length. Ideally there should be no overhang so the tip radius can be small as possible, but
because the overhang is present, the plastic razor blade will have a tip radius of 400nm or
larger.

SEM images of the plastic razor blade made from this silicon insert shows similar
features to the molding insert. The overhang was reproduced as shown in Figure 60 and
has a blade tip radius of roughly 30-40 microns. The top left SEM image in Figure 60
shows the overview of the plastic razor blade. Shadowing was present under the blade
tip. This can be rectified by coating the samples with gold to increase the conductiveness
of the plastic. Those images will be shown later. The bottom image in that figure shows
the corner replication of the silicon insert. The corners are not sharp, but rounded due to
improper filling. In addition, the image shows the overhang reproduced, but another lip
is present. This lip is due to the improper filling of the mold cavity. Since the maximum
venting size was used, 0.0015" and the gate was located in the middle of the insert, filling
was not occurring at the corners as well as the small sample razor blade. Two reasons for
this are: the silicon insert creates an air trap so the air can not escape along the blade
edge, and lastly, the molding process parameters have an affect on proper filling.
Without the right parameters, improper filling, flash, and other unwanted phenomenon
occur.

To reduce the shadowing affect from the plastic razor blade in the SEM, a gold coating of
a few angstroms was deposited on the plastic samples. This creates sharper and finer
detail images in the SEM. Figure 61 displays these images. A comparison between gold
and not gold coating will be given below. The top image in this figure shows the razor
blade corner and blade tip. This image also shows a section of the blade tip transferred
the overhang region where the other section did not. The last half of the razor blade,
farther from the gate, transferred the overhang feature. The rest of the plastic part has a
rounded edge, roughly 25 - 30 microns. Since this part was properly filled farther away
from the gate, this shows, the plastic started to freeze before the air could escape the rest
of the mold. More force was present at the end of the cavity to press the air out.
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Figure 59: Top portion of silicon insert used in molding a full length razor blade (top).
The overhang width is around 300nm (middle and bottom).
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Figure 60: SEM images of the plastic razor blade. Views shown are overall plastic razor
blade (top left), blade tip radius (top right), and blade corner (bottom).

The bottom image in Figure 61 shows the blade tip radius for the section that properly
filled. Even though the overhang was present, the roundness of the area beneath the tip is
not due to improper venting because the maximum vent size was used. Not enough force
was present to completely evacuate the tip with air. Thus before the air could escape, the
plastic froze. Heating capability within the mold would remedy the plastic from freezing
and aid the plastic to push the air out through the vents. Also if the silicon was made
with many holes to act like a porous structure, the air would be removed from the cavity
with ease.

A comparison of the two different SEM images created, samples with gold to samples
without gold coating, are shown in Figure 62. Nonconductive specimens for SEM
imaging will charge under the influence of the electron probe. The effects are poor
quality secondary electron images which are shown in the top two images of Figure 62.
To avoid the effects of charging, the specimen is sputter coated with a conductive metal,
usually gold, for high resolution imaging. Thus finer detail is seen in the bottom images
than the top in Figure 62.
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Figure 61: SEM images of gold deposited plastic razor blade. Views show overall
plastic blade (top), blade tip radius (middle), and close up view of blade tip radius
(bottom).
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Figure 62: SEM images of the blade tip radius comparing uncoated plastic razor blade
(top right and left) to gold coated plastic razor blade (bottom left and right).

The silicon insert with 2000 Angstroms of deposited nitride was different from the silicon
insert without nitride. One sample of the nitride insert used in the injection molding
process is shown in Figure 63. This insert has less of a blade tip radius than the plane
silicon insert, measuring less than 400 nanometers and has striations on its surface. The
blade tip radius for the silicon insert was around 1 micron and was not as round and
smooth as the insert deposited with nitride. However, both inserts show striations on the
surface. These differences are due to three process steps: mask alignment with the
crystal plane, the etching process with KOH, and deposition of nitride. As discussed
before, mask alignment is crucial in obtaining smooth sidewalls. If the mask is not
exactly aligned with the <110> direction, striations, overhangs, and misaligned rectangles
will appear. Both inserts show the striations on the surface and overhangs present at the
tip of the insert. However, the nitride insert shows less of an overhang as seen in Figure
64. Since the silicon insert has 2000 Angstroms of nitride on the surface, the overhang is
partly covered by this layer as shown in the three images of Figure 64. The second
process that has an affect on the blade tip radius and striations shown is the etching
process. Even though both wafers were in the same chemical bath, where they were
placed in the bath has a great affect on the etch rate. For wafers near the bottom of the
rectangular etching tub, they tend to etch faster since the etchant solution is warmer than
the top of the tub where the etchant solution is a few degrees cooler. Since the etch rate
increases exponentially with increasing temperature, a few degrees in temperature can
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make a difference. Ideally a stirrer should be used, but was not available with the setup
used.

Figure 63: Silicon insert with a 2000 Angstroms nitride coating used in molding a full
length razor blade (top). The edge tip radius is in the nanometer range (middle and
bottom).
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Figure 64: Silicon insert with 2000 Angstroms of Nitride deposited on it (top). The top
edge of the insert that has no overhang is looked at closely (middle and bottom).

68



Figure 65: Silicon insert with 2000 Angstroms of Nitride deposited on it (top left and
right). The top edge of the insert has an overhang (bottom).

The third process step that affects the blade tip radius is the deposition of nitride on the
silicon wafer. Comparing Figure 58 to Figure 63 shows the silicon insert after going
through the injection molding process and shows evidence of wear on the silicon insert.
The bottom edge of the insert does not come to a radius like the nitride insert does.
Instead it has chips of silicon pieces missing. Therefore depositing nitride on the insert
increases wear resistance. In conclusion the deposition of nitride served two purposes,
removed some of the overhang as shown in Figure 64 and Figure 65 and decreased the
wear rate on the silicon mold.

Since the nitride insert only had part of the overhang present and the rest of the section a
perfect 30 degree angle, as shown in Figure 64 and Figure 65, the plastic razor blade that
was injection molded against this insert showed the same features, Figure 66. The boxed
portion in the figure shows the sharpest part on the plastic blade, the area where there is
no overhang. At first it was thought improper filling was occurring, but because of this
perfect slant, the plastic molded to it properly. SEM images of this area on the plastic
razor blade were taken. As with the silicon insert without nitride, the plastic samples
created in this process were sputtered with gold. Figure 67 shows the difference between
gold sputtered and plain blades.
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Figure 66: Boxed portion shows true razor tip.

Figure 67: SEM images of plastic razor blade made from a silicon insert that had nitride
deposited on it. Images show corner feature of plastic razor blade (top left) with gold
coated (bottom left) and the middle section of the blade (top right), with gold coated
(bottom right).
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Figure 68: Plastic razor blade made from a silicon insert with nitride deposited on it
(top). Both sections of the blade tip appear round (middle right) but one section has the
overhang present (middle left). Overall roundness of blade tip is 40 microns (bottom).
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Figure 69: Plastic razor blade made from a silicon insert with nitride deposited on it
(top). All images are gold plated. Both sections of the blade tip appear round (middle
right) but one section has the overhang present with a sharper blade tip (middle left).
Overall roundness of blade tip is 40 microns (bottom).
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The plastic razor blade tip as shown in Figure 68 without gold coating and Figure 69 with
gold coating, show the plastic did not conform to the overhang section nor did it conform
to the non-overhang region. The tip is sharper than the silicon insert that was used in the
non-overhang region, but is about the same diameter in the overhang region as the silicon
insert is, 40-50 microns. Since both regions do not show good conformity to the nitride
insert, improper filling occurred, as with the plane silicon insert experiments. As with the
silicon insert this can be remedied by adding heating vents in the mold and since air is
more of an issue, evacuate the chamber with air before the injection of plastic takes place.
Vacuum injection molding is widely done and should be tried next [24].

7.3 Fidelity Experiments - Fiber optic connector
After the pressure and clamping force was determined, a series of shots were run for the
fiber optic connector mold. The main problem that occurred was a result of the stress the
injecting plastic showed on the ferrule half. This stress would crack the silicon insert in
the corner after 2-3 shots of plastic, Figure 70. Once the insert broke, flash would appear
in that region. A broken sample of the silicon insert is shown in Figure 71. To remedy
this, mold release was used to aid in the removal of the plastic after injection.
Unfortunately, mold release places down a thin layer of material that reduces the
coefficient of friction between the injecting plastic and wall, but does not allow the
plastic to conform to all corners and small areas of the silicon insert due to that added
layer. This would not be ideal in final production even though it aids in release and
removes wear on the silicon insert. A countermeasure for the insert breaking is to fusion
bond another silicon wafer to the backside of this insert to create a thicker part. It was
hypothesized that because the silicon insert moves in the aluminum mold, due to the
pressure of the injecting pressure and the movement in the mold, cracking occurs. After
cyanoacrylate was used to glue the silicon insert to the mold base to act like a bonding
wafer, 20 successful runs were accomplished with this one insert before it cracked.
Movement of the silicon insert did not occur in the razor blade mold because each of the
inserts were nominally the same size. The fiber optic connector insert had variations in
size due to the cutting method of the silicon. This was the source of its movement in the
mold.
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Figure 70: Cracking of the silicon insert that formed half of the ferrule's body.

Figure 71: Fiber optic connector silicon insert that cracked due to the stress from the
plastic.
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The plastic parts that were produced transferred the sidewalls and grooves from the
silicon insert to the plastic successfully. Two ferrule halves are shown in Figure 72 and
display the gate placement, grooves, and ejector pin marks. In the future, the gate
location will have to be moved to a different location due to the function of that surface.
When the ferrule half was mated with a fiber ribbon, the fibers found the grooves with
ease and naturally wanted to locate in these grooves, Figure 73.

Figure 72: Sample plastic parts of half of the ferrule.

Figure 73: Ferrule half shown with mating fiber ribbon.
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Figure 74: Ferrule halves, some with flash and others molded perfectly.

Due to the irregularity of the silicon insert which was cut by a silicon hardened blade on
the die saw, most mating grooves and ferrule halves did not match in dimension nor
alignment when placed in the aluminum mold. The plastic parts produced had grooves
offset from the center of the ferrule halve or did not completely fill the length of the
ferrule half, as is shown in Figure 74. This latter case was not due to injection molding,
but due to over etching the grooved silicon insert in KOH. For preliminary study this is
sufficient, but for future application, a different cutting mechanism, such as a laser, will
have to be used.

Under an optical microscope, images were taken of one ferrule half. In Figure 75 the
ferrule half is shown with its gate and image of what the gate looks like as it is incoming
into the plastic. At this location, weld lines are present. A weld line is formed at the
mating of the flow fronts of the plastic during molding. The flow fronts that are present
are one moving to the right, one moving to the left and another coming off of the wall as
the plastic is injected in. Care should be taken in this area because weld lines are more
susceptible to cracks and stress failure. Figure 76 shows how well the corners of the
mold were filled in with plastic. As seen from this figure, the corners are not sharp and
the edges are not straight. This is due to a sharp corner is present in the silicon insert and
improper molding pressure and venting were used. Further investigation of venting and
gating will be done with the SBIR proposal.
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Figure 75: Weld lines present at the gate entrance on the fiber optic connector plastic
part.

Figure 76: Filling of the corners in the plastic fiber optic connector ferrule half.
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Figure 77: Molding of grooves located at the gate end (upper left and right) compared to
the grooves at the opposite ends of the gate (middle and bottom).

The grooves closer to the gate did not mold properly due to the flow of the plastic, Figure
77. This improper flow is due to the gate and it should be located in a different position.
The grooves on the side opposite the gate molded well as seen in the middle and bottom
image of Figure 77. When a ribbon of fibers was placed inside these grooves, they slid in
with ease and can be seen in Figure 78. Both ends of the ferrule half, open and closed,
were imaged.
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Figure 78: Images of fibers placed into a ferrule half. Two types of images shown,
fibers emerging out of the grooves (top left and bottom) and fibers at the end of the
grooves (top right).

For further detail on the fiber optic connector refer to Patrick Willoughby's PhD thesis
[18]. Further investigation of proper gate placement, vent size, and weld lines will be
done with the SBIR proposal in July 2005 [23].
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8 Future Recommendations

8.1 Razor blade
Proper alignment to the crystal plane should be performed through crystallography, refer
to Appendix C. Once this is accomplished, etching in KOH for 8 hours will produce
atomically smooth sidewalls without the overhang present. After the wafer is cut into
individual inserts, the wafer can be integrated with the same aluminum mold base that
was used for the full length razor blade. Since it is the same size as the last full length
razor blade, a material fee will be charged instead of a mold base fee when further testing
is conducted with injection molding plastic parts.

If crystallography is not performed, a mask as given in Figure 9 and Figure 14 should be
used. The mask shown in Figure 9 is currently made, but the mask in Figure 14 needs to
be made which will cost around $1,00012. For the (113) wafers that creates the 30 degree
angle with the (111) plane and the top of the wafer, the alignment marks are radially
patterned every ±5 degrees. The wafer will need to be rotated at least 2.5 degrees
because the flat of the wafer is off by that much.

Systematic Wear rate experiments of the silicon insert should be conducted with the two
silicon inserts, plain silicon and nitride coated. This will give a good estimate for how
long an insert will last in production and the resulting cost of a single razor blade.

Preliminary analysis indicates that carbon fiber reinforced plastic can provide sufficient
structural integrity to cut hair' 3 . Since classical filler materials, such as glass or carbon
fiber, are large compared to the required blade edge geometries, carbon nanotubes could
be used as replacement filler. Commercial nanotubes are available in graphite, multi-wall
form with minimum diameters on the order of 10 to 15nm [25], which are adequate for
the planned edge geometries.

8.2 Fiber optic connector
Future work on the fiber optic connector will be carried out by Custom Engineering
Plastics and MIT through the SBIR grant starting on July 1, 2005. During that time the
masks used to transfer the pattern to the wafers should include a feature that will aid in
cutting the wafer on the die saw after the fabrication process is complete. These features
can be anisotropically etched into the wafer so a die saw is not needed and the inserts
break apart naturally or a die saw can be used to cut along the trench that the anisotropic
etchant made. Additionally, work with heating of the mold and vacuumed cavity will be
experimented with.

Alignment of the silicon insert into the aluminum base can also be made repeatable with
adding features on the silicon insert like notches to aid with location.

12 Electronic imaging division of Advanced Reproductions located at 100 Flagship Drive, North Andover,
MA 01845. Phone: (978) 685-2911 Fax: (978) 685-1771.
13 Discussions with Alexander Slocum Prof, Mech Eng, ESG Director, MacVicar Fellow of
Massachusetts Institute of Technology. Address: 77 Massachusetts Ave. Room 3-445, Cambridge MA,
02139. Email: slocum@mit.edu
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Lastly, instead of making the grooves on one side of the ferrule half, if both sides
contained the grooves, then the ferrules could be stackable. Masks have been made for
this to be done and will be carried out with the SBIR grant.
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9 Conclusion
Through the design applications of precision edges and assembly, preliminary results
indicate that SIMP can produce nanoscale smoothness and micron scale features. The
two main factors that affect these results are crystal alignment and nitride protection.
Ways to accomplish perfect alignment and nitride were discussed and proven to be
helpful. Currently, experiments are underway to allow for nanoscale feature size, as well
as to transfer SIMP from an experimental tool into an industrial viable process. An SBIR
grant with Custom Engineering Plastics of San Diego, CA aims to begin addressing many
of these concepts.
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Appendix A
Process procedure of fiber optic
Precision Assemblies

For top side of connector half of the ferrule's main body.

Starting substrate: 6" n-type, <100> Si wafer. DSP, 1000 microns thick.

Determine

Plane
Etch

MACHINE RECIPE DIAGRAM

Silicon Nitride Resist
Nitride Grow Nitride ICL VTR 3000 ApIqs_
Growth ~3 hours

HMDS/Deposit
Resistbake

ICL Coater6

Expose TRL EV1 Expose 3 sec
Develop ICL Coater6

Remove Nitride ICL AME5000, AME5000: Etch 3000 Angstroms
LAM of nitride in Chamber A using CF 4

for 90 seconds.
Or
LAM: Use Sulfur
Hexafluoride/Oxygen base recipe
(Nitride on § recipe) for 4.5 Wks.

Asher ICL Asher Ash for 3 min.
Strip Resist ICL Pre-metal Piranha 10 a4U.
Remove Silicon ICL TMAHKOH

(EML) hood
KOH etch rough etch (10 hours at
800 C) use of the EML yellow 6"
holder.
OR
TMAH etch through (overnight -
20 hours at 90' C) use of the zreen

Pre-metal

Advanced Micromachining tools
wafer holder that PERG group
owns. . .
Double Piranha (Blue, green, then
HF dip 30 sec) for yellow dot
KOH

Piranha (green and then HF dip 30
I _sec) for TMAH

HMDS/Deposit ICL Coater6 HMDSDeposit resist bake
resist bake
Expose TRL EVl Expose 3 sec
Develop ICL Coater6

Remove Nitride ICL AME5000 AME5000: Etch 3000 Angstroms
LAM of nitride in Chamber A using CF4

for 90 seconds.

Nitride and Or
First Etch LAM: Use Sulfur

Hexafluoride/Oxygen base recipe
(Nitride on § recipe) for 4.5 MjR.

Asher ICL Asher Ash for 3 -

Strip Resist ICL Pre-metal Piranha 10 MJU.
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ICL



Nitride
Growth

Remove Silicon

Clean wafers so
can come back
into ICL

Grow Nitride

ICL TMAH KOH
(EML) hood

ICL

ICL

Pre-metal

VTR

KOH etch through (overnight.
-12.3 hours at 80'C) use of the
EML yellow 6" holder.
OR
TMAH etch through (overnight -
23 hours at 90' C)use of the green
Advanced Micromachining tools
wafer holder that PERG group
owns.

Double Piranha (Blue, green, then
HF dip 30 sec) for yellow dot
KOH

Piranha (green and then HF dip 30
sec) for TMAH
1000 Anstoms
-1 hours

HMDS Deposit ICL Coater6
Resistibake
Expose TRL EVI Expose 3 sec

Develop ICL Coater6

Second Posbae
Etch Remove Nitride ICL AME5000 AME5000: Etch 1000 Angstroms

LAM of nitride in Chamber A using CF 4
for 35 seconds.
Or
LAM: Use Sulfur
Hexafluoride Oxygen base recipe
(Nitride on i recipe) for 2 Mins.I

AU

Asher ICL Asher Ash 3 mm.

Strip Resist ICL Pre-metal Piranha 10 mins.

Remove Silicon ICL TMAHKOH KOH etch rough etch (100 min. at
(EML) hood 80* C) use of the EML yellow 6"

holder.
OR
TMAH etch through (overnight -
3.1 hours at 90' C) use of the green
Advanced Micromachining tools
wafer holder that PERG group
owns.
Double Piranha (Blue. green, then
HF dip 30 sec) for yellow dot
KOH

Piranha (green and then HF dip 30
sec) for TMAH

ICL Etch-Nitride Strip nitride in hot phosphoric
Remove Hot (Approx. 100 minutes at 160 deg.
Nitride phosphoric C)

hood
RCA clean TRL RCA RCA SOP

Bonding Direct wafer TRL EV501
bond to bare
wafer
Anneal Bond TRL TubeB3 Anneal bond, 1000'C. 1 hour, N:

ambient
Diesaw Diaw EML Diesaw Cut into smaller dies.
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For bottom portion of the connector - grooves side.

Starting substrate: 6" n-type, <100> ! wafer. DSP, 600 microns thick, 3000 Angstroms of VTR nitride.

DESCRIPTION FAB MACHINE RECIPIE

Nitride Grow Nitride ICL VTR 3000 A
Growth -3 hours

HMDSDeposit
Resist/bake

ICL Coater6

Expose TRL EVI Expose 3 sec
Develop ICL Coater6

Remove Nitride ICL AME5000 AME5000: Etch 3000
LAM Angstroms of nitride in

Chamber A using CF 4
for 90 seconds.
or
LAM: Use Sulfur
Hexafluoride/Oxygen
base recipe (Nitride on
% recipe) for 4.5 Wj;U.

Strip Resist TRL Piranha 10 mins.
ICL

Remove Silicon ICL TMAHKOH
(EML) hood

KOH etch rough etch
(10 hours at 80* C) use

DIAGRAM

Silicon Nitride Resist

TRL Acid-hood

of the Advanced
Micromachining tools
wafer holder.

OR

TMAH etch through
(ovemight - 20 hours at
90' C)use of the
Advanced
Micromachining tools
wafer holder
Double Piranha
(Yellow, green, then HF
dip 30 sec) for yellow
dot KOH

Piranha (green) for
TMAH

HMDS' ICL Coater6
Die Etch Deposit resist

Bake

Expose TRL EV 1 Expose 3 sec
Develop ICL Coater6
Remove Nitride ICL AME5000LA AME5000: Etch 3000

M Angstroms of nitride in
Chamber A using CF4
for 90 seconds.
Or
LAM: Use Sulfur
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Hexafluoride Oxygen
base recipe (Nitride on
__ recipe) for 4.5 Mins.

Strip Resist TRL Acidhood Piranha 10 wins.
ICL

Remove Silicon ICL TMAH KOH KOH etch through
(EML) hood (overnight, -17 hours at

80'C)use of the
Advanced
Micromachining tools
wafer holder.

OR

TMAH etch through
(overnight - 31 hours at
90' C)use of the EUKENE -
Advanced
Micromachining tools
wafer holder

TRL Acid-hood Double Piranha
ICL (Yellow, green, then HF

dip 30 sec) for yellow
dot KOH

Piranha (green) for
TMAH

ICL Acid-hood Strip nitride in hot
phosphoric (Approx.
100 minutes at 160 deg.

C)

DIes4v EML Qij w Cut into smaller dies.



Appendix B

More SEM images of full length razor blade silicon insert.

Figure 79: Overhang present in silicon insert.

Figure 80: Closer view of overhang in silicon inset.
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Figure 81: Silicon insert overhang region.

Figure 82: Silicon insert cutting edge has a round tip with a piece of silicon missing.
This piece of silicon was removed during the injection molding process.
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Figure 83: Rounded tip of silicon insert measuring
used in the injection molding process.

less than 100nm. This insert was

Figure 84: Silicon insert used in molding process shows plastic particles on surface and
no wear on the blade tip radius.
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Nitride insert used in injection molding process shows plastic on the surface,
but no wear on the blade tip.

Figure 86: Overhang present in nitride insert.
surface.

Plastic particles are present on the

94

Figure 85:



Appendix C
Crystallography"

In order to determine the crystalline structure of a silicon wafer, x-ray diffraction is used.
It is noted the size and shape of a unit cell of a crystal determines the positions of the
diffracted beams. The distribution of atoms within the unit cell determines the intensities
of the diffracted beams and determines if there will be missing reflections. The crystal
has to oriented in such a way that the beam of x-rays enters the crystal in a direction
where there may be intersection of a reflection sphere with any reciprocal lattice point,
with this configuration there will be diffracted beams. Refer to Barrett's "Structure of
Metals" [19] on how to find the reflection sphere and reciprocal lattice. Thus from the x-
ray diffraction, electrons scatter among the crystal structure to determine the position and
distribution of a unit cell.

Since it was determined the flat of the (113) wafer was off by 2.5 degrees, it was decided
to determine through crystallography how far off the orientation of the <110> direction
was off from the flat of the wafer. The wafers were ordered to be 24.7 degrees off from
the (111) plane. Figure 87 shows a chart that determines the angles between the crystal
planes. This was used to determine what direction the wafers were. Common wafers
ordered are (100), but by cutting the wafer 24.7 degrees off from the (111) plane, this
gives (113) wafers. This angle was obtained by rotating the ingot about its z-axis by
35.26 degrees. Before rotation, the ingot had the (100) plane as the face of the wafer, but
after the rotation, this moved the (211) plane into the face of the wafer. Next the cutting
head was tilted 24.7 from the vertical to give a cut that produces the (113) plane for the
face of the wafer. The rotation of the ingot and tilting of the cutting head was needed to
get the (111) plane at an angle of 30 degrees from top of the wafer.

In order to determine the exact location of the crystal planes in this specialty wafer, the
Laue method was used. The Laue method requires the wafer to be mounted on an
adjustable mount and a beam of radiation shot through a flat film and then the wafer. The
wafer is mounted with its flat as parallel to the floor as possible and just a few
centimeters normal to the beam of radiation. Flat film is used in a lightproof holder to
expose the diffracted beams. A sample photograph from this method is shown in Figure
88. This method gives the stereographic projections of the crystal planes in the wafer.
Barrett [19] gives a good explanation of how stereographic projections are made and can
be seen in Figure 89. From these projections of the planes, a Wulff net, Figure 90, is
used to read the distance between different planes. The net is usually printed on a
transparency overlay and placed on top of the stereographic projection. From this the
distance is determined by counting the interesting lines between each plane because each
intersection of the lines is 2 degrees off. For comparison, a sample stereographic
projection that is used for the (100) wafer is shown in Figure 91.

Instead of using the overlay of the Wulff net, a computer program called Orient Express
can be used. After scanning in Figure 88 and running the program, Figure 92 was
produced and gives the orientation of the crystal planes where the wafer is normal to the

14 Work done by Joe Adario of Massachusetts Institute of Technology. Address: 77 Massachusetts Ave,
Room 13-4009A, Cambridge, MA 02139. Phone 253-6887. Email: jadairo@mit.edu.
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beam of radiation. From this figure it was determined the (111) plane was 28.40 degrees
off from the top of the wafer instead of 30 degrees. If the wafer is rotated by 28.4
degrees, and subjected to radiation again, the photograph produced would look like
Figure 93. From this stereographic projection the <110> direction from the wafer was
determined using a Wulff net. This value was 7.5 degrees off. Thus the flat of the wafer
is off 7.5 degrees counterclockwise from the vertical. This value is used in the masking
process during the photolithography stage when fabricating silicon inserts. When the
mask is aligned with the flat, it will be rotated 7.5 degrees counterclockwise and exposed
to UV light. This should create perfect 30 degree slanted sidewalls without an overhang
present.
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Figure 87: Angles between planes in cubic crystals [ 19].
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Figure 88: Crystal projection of (113) wafer.
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Figure 90: Wulff net drawn to 2 degree intervals [19].
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Figure 91: Standard (001) projection of a cubic crystal [19].
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Data file name

Coord. file name

Titre:

SiXtal4_20_05.jpg.coo

a- 5.430 b- 5.430 c- 5.430

alpha- 90.000 beta-90.000 gamma-90.000
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Angle -180.00

WaveLength range:
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Max - 1.5000
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Figure 92: Determination of crystal
(top).

planes in (113) wafer (bottom) with axis orientation
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