USING PHASE SHIFT
INTERFEROMETRY TO
MEASURE THE TOPOGRAPHY OF
THIN METAL FILMS

By
Jonathon Zdunski
A thesis submitted in partial fulfillment of the
requirements for the degree of
Bachelor of Science

Houghton University

May 2023

Signature of AMET O88888888888888888888888B88888888
Department of Physics
May 10, 2023

88888888888888888888888888888888.8.888
Dr. Brandon Hoffman
Professor of Physics
Research Supervisor

88888888888888888888888888888888.8.888
Dr. Mark Yuly
Professor of Physics



USING PHASE SHIFT INTERFEROMETRY TO
MEASURE THE TOPOGRAPHY OF THIN METAL
FILMS

By
Jonathon Zdunski

Submitted to theDepartment of Physics
on May10, 2023 in partial fulfilment of the
requirement for the degree of

Bachelor of Science

Abstract

A low-cost phaseshifting laser interferometer is being constructed at Houghton University

to measure the thickness and topograpy of thin metal films produced with a variety of
deposition parameters. The modified TwymarGreen Interferometer uses a 632 nm laser.
Three piezoelectric ceramic stacks move a reference mirrap to 883 nm along the direction

of the beam with a precisiorof <1 nm. The interference pattern is captured by a 2 MP camera.
The system is suspended by springs and uses eddy current damping to decrease the
movement of the system. A housing mounted to the outer frame blocks wind produced by
OEA AOEI AE ings§s@m.AEabVIEW gro§riark controls the mirror movement and
fits a sine function to the intensity of each pixel vs. reference mirror position. An intensity
piT O T £ OEA EEOOAA DPEAOA OEEAZOO OADPOAOAT 0O
mirro rs indicate that the individual pixel height measurements are repeatable within about
1.6 nm. Assuming the film surface is smooth, the maximum repeatability of the overall

topography should therefore be <1 nm.
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Chapter 1

INTRODUCTION

1.1. Light

1.1.1. Light as a Wave

For hundreds of years in the scientific community, there was an argument onhsther light

was a wave or a particleln the early180m 6 Oh 4 ET 1 AO 91 O1 ¢ MpDHaA OAA Al
is now known as the double slit experiment that was able thelp lead the argumentfor the

wave nature of light

Young set up an experimenin which light passedthrough two small slits in a piece of paper.
The light coming out of the separate slits then aet like two independent sources of light.
These sources of light then continue to a wall at the other side of the room. When the light
reached the wall, the wo beams of light seemed to have interfered with each other, causing
a line of light that went from dark, to light, and back to dark. This patterthen repeated. This
experiment showed that instead of light acting like a particle, where thereould have been
only two deposits of light particles, the light instead acted like a wave, where thigght
sourcesinterfered with each other, depending on the distance traveled by the light. From

this, it was possible to then model how different beams of light interfeed with each other.

1.1.2. Interference of Light

The intensity of light is determined by the amplitudes of the electric and magnetic fields.
When two or more beams of light come together, the electric and magnetic fields of the waves
add as vectors. Therefore,ite combined amplitudes and resulting intensity may be greater
or less than those of the original beams, depending on the relative directions of the fields.

This addition is considered the interference of the two beams.

An example of the interference betwee two waves can be seen iRigure 1. Wave 1 and Wave
2 represent the electric field of the two electromagnetic waves. When two waves combine,
the result is a new electic field for a new electromagnetic wave or beam of light. It is then

possible to use the electric field taletermine the intensity of the electromagnetic wave or
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beam of light. This is because the intensity of the wave is proportional to the electric fiel

squared.
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Figure 1. Theoretical plot of the combination of the electric field of two
waves Waves 1 and 2 represent the electric field of the electromagnetic
waves. When Wave 1 is added to Wave 2, the result is Wave 3. Theristty
of the wave or beam of light is proportional to the amplitude of the wave
squared.
1.2. Ether

When light and other electromagnetic waves were being first studied, it was believed that
light had to travel through a medium, like any other wave. The answer at the time to the
Oi EOOET ¢co6 | A AHGiher wds Gelidv€d Fofb& aubstancethat filled all space,
even between atoms of different bodies. Ether was believed to have an extremely small
density andto bevery elastic. These properties of ether then alloed electromagnetic waves

to propagate through it.

Due to etherbeing believed to be themedium light travels through, the existence of ether
can be tested using interferometry. Interferometry is a method of measurement in physics
that uses the interference of light to measure many different things, including the surface
topography of materials to a precise amount. The first interferometef3] was created by
Albert A. Michelson to test the existence of ether. Ether was also believed to be stationary
xEOE All DEUOEAAI Al AEAOh | EEA »pdfidentitestéldE h
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a stationary ether existed.The experiment used the property of interference of light to

function.

1.3. Interferometry

1.3.1. General Interferometer

An interferometer uses the interference of lighto determine the distance traveled by each
of the beams of light. A general interferometer can be seen Figure 2. An interferometer
works by first splitting a beam of light into two different directions. The beamgravel a
distance that is defined by the experiment, return to the beam splitter, combine, and travel
to the screen, so the researchers can see the interference of the two beams. Depending on
the distance traveled by the two beams, when recombining, the &ms interfere with each
other in different ways. An interferometer can also be used to measure the speed of light in
one medium compared to another. This is possible because as the ligtatvels through the
two mediums, and they have a different speed ofdht, the waves would be at two different
phases after recombining This is the premise that was used by Michelson in his

interferometer.

Mirror

Il Beam
Splitter

Light Source Mirror

Interference
Pattern

Figure 2. General model of an interferometer A beam of light first enters the
beam splitter from the Light Source. The light is then split into two separate
beams, each of whiclravels to one of the mirrors. The beams then reflect off
the mirrors and recombine at the beam splitter. The resulting interference
pattern of the two beams of lightis then able to be analyzed.



1.3.2. Advancement ininterferometry

1.3.2.1. -EAEAT O 160 %w@bAOEI AT O

To determine if stationary ether exists, Michelson used the experimental setdf8] shown in

Figure 3. The experiment involvedhaving one of the armssetu®@ EA AEOAAOQOET 1T 1T A& (
movement, and the other at a 90angle, perpendicular to the movement of the Earth. The

light traveled from the source,was split by the beamsplitter, and traveled down both arms.

The beams of light then reflea@d off the mirrors and recombine at the bea splitter. The

recombined beam of lightis analyzed. The apparatusvas then used to get data at many

different times of the day, over many days. The setwpasthen also rotated 9C°. This rotation

of the apparatus continuel until all orientations were tested, then the datavere analyzed.

bty c
f—t 'g"“

Figure 3. Diagram| £ - EAEAT 01160 ET OAOAAOT I AOGAO A&OI I EEC
1881. The light source starts at a on the left, and goes to the glass plate b. It
then splits and goes to ¢ and d, which arequal distances from b. They then
combine and come back to e. Figure taken from RE3].
If stationary ether existed, and the Earth was moving though the ether, the speeds of the two
beams would be different. This is due to the relative motion of the ether of the two beams.
The Earth moving though the stationary ether would, relative to the Eth, act like the ether
EO I 1TOET ¢ EIT OEA 1 pbi OEOA AEOAAOQEIT 1T &£ OEA
electromagnetic waves, if the medium has a velocity with a component in the direction of the
x AOAh OEA xAOAG60O OAIl T A mhédwasxro Glodty cArponkrE ik OAT O

direction. This is why the apparatus in the experiment was positioned with one arm parallel
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of the arms would be affected by thenovement of the medium.

After running though all of the tests at the different times of days and different rotations, it
was determined that there was not enough evidence to confirm the existence of stationary
ether. The results of the experiment can beegn in Figure 4, where the dotted linewas
predicted data assuming stationary ether, and the solid linevas the experimental data. If
stationary ether existed, there vas presumed to be a large difference between the two light
beams. Due to there not being as much of a difference between the two beams of light, it was
determined that stationary ether did not exist. Sincethis experiment, there have been many
advancemens in interferometers [4,5, 6]. One of theseadvancementscamein the form of

the TwymanzGreeninterferometer [4].

Intensity (arb. unit)

N MNE E SE 5 SwW W NW
Direction the telescope pointed

Figure 4. GOAPE OEI xET ¢ OEA OAiaéferGneter 1 £ - EAEAT O1 1 8¢
Experiment. The dotted line is the predicted data if stationary ether existed.

The solid line is the actual experimental data. From this data, it was

determined that stationary ether did not exist.The fact that the actual data

do not have the periodicity that the expected valuds used to disprove

stationary ether. Figure modified from Ref.[3].

1.3.2.2. TwymanzGreenlnterferometer
When al E CE O crdds AektiorOs increased, it is possible to interpret the newide beam

as a group of smaller narrow beams with the same wave features traveling together. When

two of these wide beams interfere with each other, it can be modeled as two groups of



narrow beams interfering with each other. This means that for any point on eross section

of the combined beam, the interference between the two beams is similar féigure 1.
Because each of these narrow beams acts independently, the integiece at one point is not
affected by another point. Using this property of the beams of light, it is possible to see the
differences in the distance traveled by each point on the beam of light. One of the uses for
this is to test if lenses for different djects work. This is what Twyman made his

interferometer for.

In 1816, Frank Twyman and Arthur Green created a new interferometef4] that was
modeled off the Midelsoninterferometer [3]. This interferometer is known as the Twyman
Green interferometer. One of the main differences between the TwymaGreen
interferometer and the Michelsoninterferometer is the size of the beanof light. In the
Twyman-Greeninterferometer, the beam of light iscollimated to a desired cross sectional
area. Twyman then showed some of the modifications that could be made to the

interferometer [7] to test lensesand prisms.

In 1921, Twyman usedthe interferometer from his discussionin an experiment [8] to test
the quality of lenses and prismsThe interferometer used by Twyman in his experiment can
be seen inFigure 5. The setup shown inFigure 5 was used to test the quality of the prism
that is placed at E. To test the quality of a lens, the prism E and the mirrowbBuld bereplaced
with the lens being tested, and @onvex mirror. This mirror was placed so that the center of
the mirror was at the focal length of the lens thatvas being tested. Thiscausedthe light that
reflected off the mirror to reflect correctly back through the lens andrecombine with the

control beam of light.

1T AgAIPT A T &£ OEA 1 00DP0OO 1T £ 4 xAwurdd. ThOlingsorO A O £A O
the top part of the image are the interference pattern of the two beams of light that
recombine in the apparatus. Twyman was able to show how his device waffective in

testing the quality of lenseswith a focal length of 101 mm to 686 mmOver the years, other

researchers were able to modify a TwymarGreeninterferometer to test other materials as

well.
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Figure5.LAUT OO 1 £ inderfetbmdtdr dhile testing a prism. The beam
of light starts at A, goes through a diverting lensand travelsto B, where the
beam iscollimated to the desired cross sectional area. The beam then travels
to C, where it issplit, and travels to a mirror D, and a prism E. The beam that
travels through the prism E then travels toanother mirror F. The two beams
then reflect off the mirrors, and return to C, where they are recombined. The
beam is focusedon G, so the user to see the interference pattern at the
desired diameter at point H.Figure taken from Ref[8].

Spherical Coma Astigmatism  Curvature Distortion
Aberration of Image

Figure 6. Example of anl OOP OO | £ 4 x Ul Alhdidages@a A OET AT O
different ways in which a lens that is being tested by the interferometer can

be incorrect or broken. The top image is what the interferometeshows the

user. The bottom part of the image is how to interprethe output of the

machine.Figure taken from Ref[8].
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1.3.2.3. Modified Twyman-Green Interferometers

There have been multipleexperiments[9, 10, 11] that have used a modied Twyman-Green
interferometer to aid in the research. One of these experimen{sl2] was performed by
Lawrence Steimle and Yaujen Wang test filters for the Hubble Telescope. The researchers
realized that the original TwymanGreen interferometer that was being used for the
experiment was only able to give a bandwidth of 400 to 700 nm. The tests that needed to be
done needed a bandwidth atow as 200 nm and as high as 1100 nmAnother problem with

the original design is the costOther designs at the time required other types of mirrorgoff
axis parabolic mirrors) that were expensive This would be to forgo the use of a collimating
lens inthe experimental setup.The researchers were trying to find a way of limiting the cost

of the system.

To fix the problem with the expensive mirrors, the group changed the layout of the
interferometer, and used a spherical mirror instead. An image of thedesign can be seen in
Figure 7. This mirror allows the beam to travel in a way that the off axis parabolic mirrors

are notnecessary This was done by using a sphera mirror to both collimate the beam and
un-collimate the beam.To solve the problem with the precision of the interferometer, the
group used a CCD Camera, or Charged Coupled Device Camera. This camera allowed the

researchersto have the desired performane of the interferometer.

Using these modifications, it was possible to get a more detailed measurements of the filter
that was being tested. This is due to the range of the bandwidth being increased from 400
700 nm to 200-1100 nm. This increase came fromsing the siliconbased CCD as the data
capturing instrument. The new design was also more convenient to use, as the room did not
need to be as dark as there was a cover for the apparatus. This was possible due to the
monitor that was showing the data was gparate from the system itself. This property also
made the system easier to useThe 200-1100 nm range of bandwidth was able to be
achieved. Other advances in the Twyman Green Interferometer involved using a laser beam

as the light source instead of whitdight.
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Figure 7. Diagram of the design of the experiment by Steimle and Wanghe

light source starts at the monochromator and reflects off the spherical

mirror. The light then travels a similar line to the original Twyman Green

interferometer. The recombined beam then reflects off the spherical mirror

again, and travels to the CCD Camera, where the data is interpretEtjure

taken from Ref[12].
1.3.2.4. Interferometers UsingLasers
After their invention [ 13] in 1960, lasers started becoming a popular light source in
experiments [14, 15] that use interferometry. This is because of the coherence length of a
laser verses that of white light. Coherence length is the distance in which two beams of light
from the same source would be highly correlated. That means that if the difference in
distance traveled betwee the two beams is greater than the coherence length of the light,
the two beams would not give any information when recombined. Due to this, the difference
between the path lengths of the beams must be less than the coherence length of the light
source. The coherence length of white light is on the order of a micrometer, verses on the
order of a meter for a laser. This means that the path lengths do not have to be as precisely

matched with a laser as they do when white light is the light source being used.

One instance of a laser interferometer comes from an experimeng][performed by C. Tien,

Y. Lyu, and S. Jyu in 2008. This experiment involved measuring thefage flatness of thin

13



films using an interferometer with a laser as the light source for the experiment. The

experiment setup can be seen ifigure 8.

: Collimating pid
Microscope Pinhole  Lens Beam Splitter epig “ Substrate
Objective |] N
He-Ne * >
Laser ['
-
Thin Film
Y
Focusing
Lens

CCD

8).

%PC

Figures8 %@DAOEI AT OAl OAOODP &£OI i.THefadet h , UOKh A

beam started from the source on the left, then traveled to the collimating

lens, where the cross sectional area of the beam increased. The beam then

traveled through a beam splitter where it traveled to a reference plate and

the testing surface. The beam then came back to the beam splitter, and

reflected to the CCD camera, that was used to collect the data and send it to

the computer, where the data was analyzed.dure taken from Ref[6].
Tests were done on Ti@films that were deposited on 25.4 mm B270 glass substrates. The
deposition rate of the vacuum deposition systenthat was used was 0.48 nm/s, and the
pressure inside of the system was 5.4 x ¥0rorr. The thickness of the films was roughly 200
7400 nm. A topography of the film can be seen igure 9. The experiment was successfully
able to determine the flatness of the films that were used, with an uncertainty of 3.89% at a

confidence interval of 95%.

Another modification that was made to the TwymarGreen interferometer was tre
implementation of a moving reference mirror. This new interferometer design is known as

a phase shifting interferometer.
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Figure 9. 3-D Topography of one of the films from the Tien ExperimeniThis

film was one of the films useé to test the interferometer in the experiment.

The reference plate that was used had a flatness of¢ mtFigure taken from

Ref [6].
1.3.2.5. Phase Shifting Interferomeer
A phase shifting interferometer works by moving the reference mirror in a controlled
manner. Thisis usually done using acomputer-controlled circuit to apply a voltage to
piezoelectric stacks which can move the mirror with subnanometer precision. Piezo
electrics expand in one direction when a voltage is applied to them, and as the voltage is
increased, the distance expanded is also increasdehase Shifting Interferometry is used in
multiple experiments [16, 17, 18], including measuring the topography of a surface and

measuring a specimen in biology applications.

In 1979, Ronald Grossand Robert Crane developed phase shifing interferometer used in

an experiment [5] to study the topography of a test surface. The experiment used a modified
Twyman-Greeninterferometer that can be seen irFigure 10. The interferometer works by
splitting a wide beam, having one of the beams travels to the test surface and one to the
reference mirror. The beams recombine and then travel to the interference plane, where the

interference pattern of the twobeams is studied.

To get the surface topography of the test surface, either the surface or the reference mirror
needs to move. When the reference mirror moves, the interference pattern changes. If the

experimenter were to look at one individual point, andplot to intensity of the light at that

15



point, a sine function would be produced. The phase shift of the sine function from every

point gives the experimenter the topography.

Test Surface

Piezo
Collimator TJ'{au1s]1t1c-n
Unit
[ el
Laser
Source -
Reference
| Mirror

Interference Plane and
Detector Array

Figure 10. Diagram of ageneral phase shift interferometer The laser
increases to the desired cross sectional area amhssesthrough the beam
splitter. The beam then splits, and one travels to the surface that is being
tested, and the other to the reference mirror. The beanmthen come back to
the beam splitter, recombine, and travel as one beam to the Interference
Plane.Figure taken from Ref[5].
Using this setup,Grosso and Crane mduceda surface topography of multiple test surfaces
with an uncertainty of less than 0.01 wavelengthsThe experiment was able to achieve an
O1 AAOOCAET OU 1T &£ 1 AOGO OEAT mn8mp 18 4EA xAOAI AT C
633 nm.Some of the reults of the experiment can be seen iRigure 11. The apparatus was

usedto get atopography of the surfacewith the uncertainty mentioned above

There are many diferent surfaces that might need to be created with a high level of precision
in mind. Thin films are an example of these surfaces. Using phase shifting interferometry, as
well as laser interferometry, makes it possible to test the surface to make sure it fidhe

desired measurements. One of these surfaces is thin metal films.

16



Figure11.) T ACAO &£O0T1T 1 ' O 601 AT A #OAT A80O DPEAOA OEE A/«
The figure shows a topography of one of the test mirrors that was used to
test the apparatus. Figure taken from Ref5].
1.4. Thin Metal Films
1.4.1. Introduction to Thin metal films
Thin metal films are metal sheets with a height usually on the order of nanometers. The main
use of these thin metal films is in electronics. Some of the use cases in electronics are printed
circuit boards and semiconductors. These films are creadl using vacuum deposition 19],
which can produce different types of metal films. When creatiniims, there are aspects of
the creation that can be changed, including the deposition rate, which is the amount of metal
deposited per second, and the presserof the chamber the metal is created in. Changing
these aspects, as well as others, can alter the film itself. To see what these changes do to the

metal film, the topography of the film can be evaluated using a phase shifj interferometer .

1.4.2. Experimentson Thin Metal Films
Using aninterferometer to measure properties of Thin Metal Films has been dorie many

different experiments [20, 21]. One of these experiments2] was done byYoungSik Ghim

17



and SeungWoo Kim in 2009. Their experiment involved using white light phase shifting
interferometry to study thin metal films to help the microelectronics industry. Their
apparatus, which is similar to that in Figure 10, was used to study twasilicon dioxide thin
film sampleson silicon substrates. The substrates were 350 by 400 um and 150 by 150 um
The films were about 4 and 3 um respectivelyThe experiment was successfully able to
successfully gve a 3D rendering of the thin flms and substrates that were used in the
experiment. The 3D rendering comes from getting a topography of both the substrate that
was used in the experiment, as well as the film that was producedn image of the results
canbe seen inFigure 12. The experiment was successful at achieving a topography of a thin

metal film.
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Figure 12. Surfacetopography of SiO2 films(a) and (c) are 3D renderings of
the films and substrates. Thegraphs (b) and (d) are side profiles ofthe top
and bottom of the thin metal film.The surfaces were measured using phase
shifting interferometry. The precision of the interferometer was 500 nm
Figure taken from Ref[22].

1.5. Houghton University Thin Metal Films Laboratory
1.5.1. Houghton University Laser Interferometer

The interferometer at Houghton Universityis a modified Twyman-Greeninterferometer,

with some modifications. One of the biggest modifications involves the increasing size of the

18



beam of light. Instead of having the laser increase in size, th@assesthrough the beam
splitter, the laser beam passesthrough a diverging lens, and therpassesstraight into the
beam splitter. The beam thenincreases in size as it travels down the two arms of the
apparatus. The beams are thegollimated right before the mirror and test sample. The beam
then reflects off the surfaces,passesthrough the collimating lenses to sart decreasing the
size of the beam until it enters the beam splitterThe recombined beam then grows until it
reaches thesemitransparent screen where a webcam takes a picture of the interference
pattern once every second. The apparatus also uses 3 pekectric ceramic stacks to move

the reference mirror.

1.5.2. Other Thin Metal Film experiments at Houghton University

Part of the Physics Department at Houghton University is currently working on a laboratory
to create and test the properties of thin metal films The goal of this laboratory is to be able
to take different tools that are at other locations and have students build them in a cest
effective way. This would then allow students to test different ideas with thin metal films.

Currently, there are studens working on four different projects.

A vacuum depositionchamber [23] is being built to create thin metal films with different
deposition parameters. After these films are created, the phase shifting laser interferometer
will be used to determine the thtkness and topography of the films. To determine the crystal
structure of the film, a, XRay Diffractometer [ 24] chamber and a scanning tunneling

microscope are being constructed.

The goal of this lab is to create thin metal films with different propertiesising the deposition
chamber and see how different deposition parameters will affect the structure of the film.
These parameters include the pressure inside the chamber, the temperature of the sample,
and the deposition rate of the material. Then, the o#tr experiments in the laboratory will be
used to evaluate the structure of the film. The other equipment in the laboratory will also be
able to see how the crystal structure of the film is affected by changes to the film that could

happen in different usesof these thin metal films.
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This information could then be used by other researchers to see the electronic properties of
films with certain crystal structures. This would then allow manufacturers to be able to know
how to make their films to have these dierent properties, allowing them to create more

efficient products.

20



Chapter 2

THEORY

2.1.  Introduction

In a phaseshifting interferometer, the main theoretical idea being implemented in the
experiment is the use of light and the interference between two beams of light. Being able to
understand how the beams of light interfere with each other relative to the surface being
tested,and the position of the reference mirror is crucial to producing a topographical image

of the test surface.

2.2. Light and Interference
2.2.1. Single Beam of Light
Light is an electromagnetic waveln Sl units, thePoynting vector for an electromagnetic

wave is ddined as:

w Lo @D

where ®is the power of the electromagnetic wave per unit of areperpendicular to ® is

the permeability of free space@Qis the electric field, and®is the magnetic field.In a
homogenous, linear, anisotropic medium the electric and magnetic fields are always

perpendicular, making it possible to write the magnitude of the Poynting vector as:

006
. O 2

where "Y'O, and0 are the magnitudes of their respective vectordt is alsoknown that:

6 Of®d (3)
where Qis the speed of light in a vacuurmJsing Equation (3), Equation (2) can be rewritten

as:

(4)
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From this, it is possible to seethat "Vis related to'O as both‘ and dare constants.

The average of Ywill be used to get the intensity fromEquation (4). The solution to the wave

equation is needed to get the average 08BThe wave equation is:

—a

ro .1 O (5)
. W —
TO T w

where wis the distance from theorigin along the path of the waveand 0is time in seconds

The solution to this equationis a sinusoidal function of:

0 ‘QAQELQ 0O %o (6)

where Q 4 gs the maximum of the waveX%o.of the phaseshift of the wave and_ is the
wavelength of the wave When the—is distributed through the equation, it is possible to
define] —. The value™is the power at an instant in time, but the overall intensity of the

wave is the average ofEquation (6). The average oEquation (6) squared isQ 4 gnultiplied

by %2. Using this, it is now possible to gethte intensity from Equation (4), which is:

Qag (7)

¢ o

0 Yoc
where “Os the intensity of the electromagnetic wave, or in our case, the light. This is for one

source of light, but there are two laser beams that interfere with each other.

2.2.2. Multiple Beams of Light

Now consider two beams of light, as shown iRkigure 13. The origin is defined such that the
light traveling to sample mirror C has a phase shift of 0. Therefore, thghase shift of the
beam traveling to reference mirror D is proportional to the difference in the travel distance
of the two beamsg ®  , wherew is the height of the portion of the sample the light
reflects off. This means that the interference hat is shown on the semitransparent screeiis
not one, but two beams of light that have been recombined by the beam splitt&or every
position on the samplew will be different based on the height of the sample at the position.
The light intensity of a given position on the screen will depend on the corresponding

position on the sample.
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Figure 13. A simplified image of the interferometer at HoughtonA is the
laser, B is a beam splitter, C is the sample, D is the referemogror, E is a
mirror and lens setup that directs the beam to F, which is the screghat is
used to see the outcome of the experimeniThe rectangles labeled G are the
collimating lenses used to collimate the beams of lighThe laser beam goes
through the beam splitter, gets sent to both the sample and reference mirror,
then back to the beam splitter to recombine then to the other mirror and
finally, the screen. The distance between the two lines on the arm D is on, is
the difference in length between thewo arms.« is the height of the sample
at any point.

The phase shift%e now needs to be written in terms of the known distances, which is:

% C O O — & (8)

where € is any integer. The last term is necessary écauseEquation (6) is periodic and

therefore has an infinite number of solutions. The last term can be accounted for by defining
Wi k @ —. Therefore, the phase shift i% ¢ ® wp —8Nhen two waves interfere

with each other, the twoelectric fields are added together. That means that when the two

beams of light come togetherywe getthe equation:
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i 0AQ APE+—® 1 0 QAPE+H—®W 1 0 —¢ w wj

where @y dsithe combination of the two equationsThis simplifies to:

Q6460 AdT & 6 o OEL-w 10 — & oF 8 (10)

This equation is used inEquation (4) to work out the intensity of the two beams of light
combined. First, the function needs to be squared, then théme average of the function
needs to be determined. e cosine part of the function is a constant. Thesine part of the
function, due to it being squaredhasan average of %2. This means that:

Qig G (11)
Qi OAl—/}o-C'A\I O— w wp 8

This is the total intensity of a single point of lightThis translates to a single point on the
surfacethat is being tested On top of this, due to some light from outside the experiment
leaking into the system, therds some constant intensity,O, in addition to the intensity from
the two interfering beams:

| c“ 12
@| OAI—H—Q AQCAI Oc_ (b (bﬁ 'O ( )

where Ois a standin for noise from outside the experiment.This can be simplified to a

cosine function

~ .. T“
Al & 6 op G (13)

n—| o=

"@.l. ,
where 8 k ¢22and’0 k 'O 22 The valuew; can be determined my moving the

mirror at a constant speedp, such thatwy 0 gthen plotting the total intensity vs. time, then

fitting the data to a cosine @inction:

B 6ADAT DO & Oee (14)
where ®k —0 @and Wk —&f, . The height of the surface samplecy, depends onwy,

according to equation(14).
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To produce a surface topography of the sample, it is not necessary to determine the absolute
value ofw at any position on the sample. It is only necessary to determine relative values o
w, which can be accomplished by assuming that the sample surface is smoothly varying. In
that case, relative values ofo can be determine by choosing each so as to minimize the

difference between the values ofv at adjacent positions along tle sample.
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Chapter 3

APPARATUS

3.1. Layout of the Apparatus

A picture of the apparatus, as well as the path of laser beam can be seefigure 14. The
laser that is being used isCoherent VHK 3.0 mW, 635 nm Circular Beam Visible Laser Diode
(model no. 0221:699-01). The beam of light starts at the laser, thetravels 21 cm andpasses
through a 6 mm diameter diverging lenswith a focal length of 6mmto increase the cross
sectional area of the beamThe beamthen passesthrough the beam splitter. The beam
splitter is a 1 inch cube beam splitter that allows half of the light to pass thnagh, and the
other half will reflect off the surface.The haltsilvered surface of the beam splitter makes a
45° angle with the beam of light, allowing the part of the beam that is reflected to be at a 90°

angle from the other part of the beam.

From the beam splitter, the two beans then travel 482 mm in their respective directions,
until they reach a diameter of 83mm. The beams then both travel through &ollimating lens
with a 90 mm diameter and a focal length of 500 mm. After going through theollimating

lens, one of the beams travels to the sample, and the other travels to the reference mirror.

The other beam passes from the other collimating lens to the reference mirror. The reference
mirror is a 102 mm 11 T gflat mirror. The mirror is inside an alumirum cylinder to keep
objects from coming in contact with the surface. The mirror and mirror holder are moved
using 3 Noliac NAC2024 piezoelectric ceramic stacks that are roughly 2 mm thickhese
stacks move the mirror up to 883 nm away parallel to the bearpath with sub-nanometer
precision. The mirror holder is pressed into these stacks by rubber blocks from a Pllieay
B-002B rubber ball. The stacks are in between the mirror holder and an Edmund Optics 4.5
inchangle mirror mount. An image of the mirror hdder, and how it is held upwhile allowing

movement can be seen ifrigure 15.

The piezoelectric ceramic stacks expand when a voltage passes through théhe circuit

diagram that shows how the piezoelectric stacks are powered is shown KFigure 16. The
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voltage comes from a National Instruments DAQ. The voltage from the DA&Ghifted down

by a-2.5V power supply. This has the input of th@&8B OPA453T operation amplifier range
from -2.57 2.5V. The voltage output of the noninverting op amp can kbelculated using the
equation:

W66 P i O | (15)
Y

where'Y is94- |1 AY iA7.7- I8 -B®VAand 30V power supplies cap the minimum
and maximum output at-30 V to 30V.The positive terminal of the stacks is connectkto the

output of the operational amplifier circuit, and the negative terminal is connected to €80 V

terminal. This means that the voltageacrossthe stacks is proportional to theO - 5 Vinput

voltage and goes from @ 60 V.

The viewing screen is a seitransparent screen made from white copy paper that the
recombined beam illuminates. The interference pattern of the two beams, which is seen on
the screen, is used to determine the topography of the sample. A 2 MP Microsoft PP13
MAIN-31891 LifeCam Stdio webcam is used to take picture of the interference pattern once

every second. This is done using the software Yawcam.

3.2.  Mechanical Vibration Isolation

When the system is operational, vibrations coming from outside the system can ruin the data

that is collected. To solve this, there are multiple ways of limiting vibrations built into the

system. One of these is the housing. The housing 8% mm x 958 mm x 2134 mm box that

surrounds the entire system. This box is designed to be easily disassembled by using
magnets to hold the pieces of plastic to the metal frame. The housing is used to limit the wind

AOT I OEA AOEI AET ¢8O AE Ong AithGh SystdnO & pidture Ofitie O  A£OT |
housing surrounding the system can be seen irigure 17.

Another system that is being used to limit the number of vibrations thiaeffect the
interferometer are the springs that the table is hanging from. These springs are mounted to

the housing and can also be seen Figure 17. The springs Imit the resonant frequency of
OEA OUOOAI O1 AAT OO p (U8 4EEO OAI OA EO 11 xA
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lower vibration of the system is then lowered further using the eddy current damping

system.

Beam
Splitter

Diverging
. Lens

Sample 1
Holder

Figure 14. Picture of the Houghton Universityinterferometer. The path of the
beam has been drawn over the picture in redThe laser is in the top right of
the image and the beam splitter and one of the mirrors is in the top middle
of the picture. The reference mirror is in the top left, and the sample holder
is in the bottom left of the image. The screen that shows the interference
pattern is in the bottom right of the image. The distance between each hole
on the table is 1 inThe table keing used is91.4cmlong by 61 cmwide.

Piezo
Nylon Stack
Screw
Angle
. Mirror
Mirror Mount
Mirror
Rubber Holder
Blocks

Figure 15. Animage of the holder of the reference mirror The mirror is held

in place byfour 2 inch screws that with pieces of metabn them that act as

OAOI 068 4EAOA AOI O AOAladd el loebtfailh 1 A OEA [ EOOI O
between the arms are the mirror holder, there are pieces of rubber. These

pieces of rubber allow the movement of thenirror but keepit in place when

stationary.
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2.5V

30V
Input A
0-5v ( ) E
Output
-30-30V

94 MQ

Figure 16. A circuitdiagram of the electronics used to move the mirrarThe

input is from the computer program that outputs from 0-5 V. The speed of
the change from 05 V is determined by the user. Theoutput goes to tte 3

piezoelectric ceramic stacks to move the reference mirror with sub

nanometer precision. The negative terminals on the stacks are at30 V,

making the output act like 0z 60 V.

Figure 17. An image showing the housing andhe springs. The housing is
used to limit the amount of wind that can affect the system. The springs allow
the table,and everything attached to it moves together.
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The eddy current damping system is another way of decreasing the vibrations of the system.
The damping systemconsistsof a635 mm by 660 mm box that surrounds a section of the
table. There are 287.6 x 1.2 x 0.6 cm neodymium magnets attached to the inside of the box.
The eddy current damping system can be seen Figure 18 Figure 19. When the box passes
through the magnetic field, a current is induced in the table. Thicurrent causes a force the
in the opposite direction of the movement. This force causes the movement of the table to
slow down. The slowing down of the table leads to less vibratioraffecting the system.Both
the box used for eddy current damping, as wWeas the frame, sit orfour 4 x 4x 7/8 in. EVA
anti-vibration pads. These pads absorb some of the movement of the system, limiting the
movement.All these different systems together help to reduce the effect of outside vibration

on the system.

Figure 18. The Eddy Current Damping baxThe system shown is used to limit
the amount of movement of the interferometerThe 28 neod/mium magnets
are used to create a magnetic field when an object moves into the box. The
magnetic field induces a current in theobject and creates a force inthe
opposite direction of the movement.
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Figure 19. The section othe table that is inside the Eddy Current Damping

Box. The table has an extension that goes down into the box. As this section

of the table goes into the box, the speed of the movement is slowed to limit

the vibrations in the system.
3.3. Collecting and Analyzing the Data
To collect the data from the interferometer, a NI USBO008 is controlled by a LabVIEW
program that has the device output a voltage from-8 V, increasing constantly over 100 s.
This voltage is then inputted into the circuit shown inFigure 16, which using the operational
amplifier, outputs a voltage from G60 V. This voltage is proportional to the voltage that is
the input of the circuit, to the piezoelectic ceramic stacks. These stacks then move the
reference mirror at a constant velocity. As the reference mirror is moving, the webcam,
operated by the program Yawcam, takes a picture of the interference pattern once a second
for 100 s. These pictures are tan analyzed to get the surface topography of the sample. A

flow chart of the data processing can be seen Kigure 20.

After the data is collected, the datanalysis is done in different LabVIEW codes to make sure
each step is working. The first step is to find the intensity of each pixel in every picture. This
is done by changing the pictures from color images to gray scale. To make this change, first,
the ganma compression done by the camera needs to be undone. This can be done by using

the equation:
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