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ABSTRACT
AMIT RAVINDRA SURATKAR. Absolute Distance (Thickne$ metrology using
wavelength scanning interferometry. (Under theatiom of DR. ANGELA D. DAVIES)
Wavelength scanning interferometry offers a newetision in precision metrology by
measuring the cavity length (thickness), the calgtygth variation over the cavity area
(flatness), and the optical homogeneity within angparent cavity; without any
mechanical movement by implementing a tunable .Iad@s property is useful when the
physical movement of an optic is not feasible udiraglitional phase shifting methods
employing piezoelectric transducers and for charahg solid optical cavities which
require movement of one surface relative to theeiotithe cavity length that can be
measured is limited by the wavelength scanningeargsmaller cavity requires a larger
tuning range. Tunable lasers are now available watly large tuning ranges in the near
infrared, potentially extending the measuremengeasignificantly. The use of Fourier
analysis on the intensity (interference) time higtas a post processing step enables the
measurement of cavity lengths without amyphase ambiguity. This study demonstrates
absolute length (thickness) measurements of vadotifacts such as the thickness of a
transparent window, gauge blocks, and the dianoéteansparent spherical cavities such
as a ball lens on a commercial wavelength scanriimpau interferometer. A
mathematical model of the measurement processnwidgtrated along with a software
simulation model to understand the impact of dymgparameters such as tuning rate on
the thickness. Finally, a custom built wavelengtlamning interferometer is designed
from an existing wideband tunable laser in-housggimonstrate the thickness of sub-mm

windows.
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CHAPTER 1: MOTIVATION, GOALS AND OUTLINE OF STUDY
1. 1 Motivation

The project of determining absolute thickness difaats using wavelength
scanning interferometry was initiated to deterntimeuncertainty sources in computing
thickness (lengths) of various artifacts using thigove mentioned technique. A
successful addition to our project was the acqoisibf a commercial wavelength
scanning interferometer (the MST or Multiple Sudadransform from Zygo
Corporation, tuning range: 4 nm) by the Center @ptoelectronics and Optical
Communications. Although this instrument was desibfor profiling, we nevertheless
decided to investigate the uncertainty sources @asuring thickness since it used the
technique of wavelength scanning. In this regardane grateful for correspondence
with Dr. Leslie Deck from Zygo Corporation for piding us with insights into the
measurement technique and the instrument. In addi®o using this commercial
instrument for measuring different artifacts (tpeaent planar, opague planar and
transparent spherical) and analyzing uncertaintytritutions we also decided to use
existing tools in our department to build our owrterferometer to demonstrate the
measurement of sub- millimeter cavities; the miogportant tools being a long
wavelength tunable laser from Agilent technolodtesing range 120 nm, 1460 nm to
1580 nm), a Sensors Unlimited Camera. The speasgonse of the camera is from

900 nm to 1700 nm.



1. 2 Goals

The dissertation is divided into two parts: thetfitonsists of measuring various
artifacts mentioned above on a commercial interfert@r and understanding the
uncertainty sources. A mathematical model of tlobneue is provided to understand
the measurement of thickness of a cavity usingeleagth scanning. This is
complimented with a software simulation model taerstand the impact of dynamic
parameters such as the tuning rate on the accaratyprecision of the measurement.
The simulation uses experimental values for théntyof the laser which are recorded
using a wavemeter. Measurements of artifacts @enaplished in the reflection mode;
i.e. the light reflected from the two ends of tfaity under test is used to determine the
length (thickness). The measurement of differenities is achieved using different
configurations: a transparent cavity uses no addli optics and is placed simply in
front of the instrument for measurement. A sphémeaity measurement is achieved
using a transmission sphere and calculating thefbegs position to place the artifact
with a series of measurements to determine theikéemhefocus term. The distance
corresponding to the lowest value of the Zernikentés used as the starting point in
taking measurements. Opaque cavities are measwyragsibg a two mirror Sagnac
configuration along with a beam splitter to meaghe=two surfaces of the cavity. An
uncertainty budget is provided to understand thetdi in the instrument and which
factor limits the measurement uncertainty. Thisoinfation can be extrapolated to
understand the limits in the measurement technidjis. serves as a prerequisite when
we design our own system with a predefined uncestagoal. The next part of the

dissertation is to use the knowledge we gained fioensimulation and experiments to



build an interferometer to measure sub-millimetaviges. The samples we will be
measuring are fused silica wafers with thicknessgiry from 400 microns to 60
microns. The need to design an interferometer tasome sub- millimeter cavities is
pursued due to an absence of such an interferorfreter literature and the need for
measuring cavities in the sub-millimeter range nirthe sponsors of this project. A
similar uncertainty budget is provided to help uslerstand the dominating factors
which limit the measurement uncertainty. Finallyistresearch can be used as a tool to
understand which aspects of a measurement (sopec#iss, measurement technique,
detector specifics) limit the thickness measurenfentdifferent artifacts using the
technique of wavelength scanning interferometry.
1. 3 Outline

The dissertation is divided into four sections emelolving the measurement of
absolute thickness (distance) at a single pixehgughe technique of wavelength
scanning interferometry. The first section is aréture review of measurement
techniques. In this section different types of nueasient parameters such as absolute
distance, absolute thickness, surface form areoexgblacross different measurement
scales using different techniques. The underlyiig & to show the absence of
measuring the thickness of artifacts such as atthimsparent plate so widely used in
the optics and semiconductor industries. The negtian describes the technique of
wavelength scanning interferometry which has movesin the laboratory to a
commercial interferometer along with the measurdgnoévarious transparent artifacts
such a transparent fused silica window and a tewesp ball lens. A simulation

describing the technique is added to the studymopiiment the mathematical model of



measuring absolute thickness. A detailed unceytantlysis is described to provide a
measurement range to the estimated value of tbhknibss for the different windows as
mentioned above. The third section describes tblenigue for measuring cavities by
measuring the coarse length of a gauge block. Ghilapks are length standards and
use two measurements a coarse and a fine measurémgmovide measurement
accuracies in the range of tens of nanometers foreasurements lengths of 1 2, 3
inches. While fine measurements use dynamic phaftmg techniques or comparators
coarse measurements are usually restricted topleuttiavelength interferometry where
three wavelengths are used to determine the ctergths up to a tolerance of 140 to
300 micrometers. The technique of wavelength scenand a special measurement
geometry for measuring opaque objects is proposedshown to improve on this
tolerance. The average gauge block lengths for tw®, and three inch gauge blocks
with this technique are shown to be within 40 mmeters (x20) of their absolute
length. The fourth section covers the design direadband wavelength scanning
system using a broadband tunable laser (1460 nb806 hm) and a near infrared
camera to demonstrate the technique of wavelerogthning to measure sub-millimeter
artifacts. The thickness of various artifacts (25u80um and 450 um) has been
demonstrated with a custom built wavelength scanmterferometer. The final section
describes future work as an ongoing project whiamsato use data from the
commercial interferometer and employ another tepimiof reflectometry (modeling)
to obtain the absolute thickness over the entigpiint of the sample. A projected

sketch of using this technique on the custom Huittadband wavelength scanning



system for measure profiles and thickness overstimaple is provided using color

corrected optics as a future implementation.



CHAPTER 2:INTERFEROMETRY IN METROLOGY

2. 1 Introduction to metrology

Metrology as defined by the International BureauVééights and Measures
(BIPM) is "the science of measurement, embracinty lexperimental and theoretical
determinations at any level of uncertainty in amydf of science and technology”.
The basic building block of an interferometric m&a&snent consists of an
interferometer to generate fringes between twaased or cavities, transform this fringe
pattern into phase or frequencies (spatial or tealpand finally compute the height
profile (surface contour, volumetric thickness,ginpixel thickness, distance) using

this information as shown in Figure 2- 1. This ogpids explained in the later sections.

Fringe Phase, /Strfage Map, Height Map,

Analyze

Pattem
Transform K
===
s

Figure 2- 1: Basic blocks in interferometry



2. 2 Theory of interference
The theory of interference is based on the priecgfl superposition and is the
basis of all interferometric experiments [1]. Theperposition principle states that the
resultant displacement (at a particular point incg) produced by a number of waves
having the same wavelength or frequency is theovestm of the displacements
produced by each one of the disturbances. In onotegg we associate a disturbance
with an electric field having the form
E=Ecog k *%¢,),

Equation 2- 1
where
E is the electric field amplitude at any point (X,y)
k is the wave vector along the x axis and is giveg&w@\. wherej is the wavelength and
¢ is the initial phase.
Although the resultant displacement vector usirggghinciple of superposition can be
applied toN different displacements whekerepresents the number of displacements at
the given location(x,y), we only consider the effect of two such displaeeta to
understand the theory of interference. Considersueh electric fields described by
Equation 2- 1 as

E =E,cog k %x¢) and E, = E,,cog k %¢,)

Equation 2- 2

where all symbols have their usual meaning énepresents the phase differerigg

¢1) between the two waves €0 < 2r).
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Figure 2- 2: Principle of superposition for two t@s along with resultant

Then according to the principle of superpositidig tesultant electric field amplitude is
given as
E =E+E=E,co$ k x¢)+ E cdsk x¢)
Equation 2- 3
which can also be written in the form
E =E,cof k %)
Equation 2- 4

where the resultant amplitude and phase of thdtaesare respectively

EixSin@,)+ Ey Sing,)
E,,cos@, )+ E,, cosp,

Eo =\/Elzo+ B0+ 2E,E,C0$5) andtan( )=

Equation 2- 5



Since the detectors detect the intensity whichrapgrtional to the square of the electric

field, the resultant intensity is given by squariguation 2- 3 as
| =((E,+E,)*), = (Ej,cosk- X+, + E,cose %4, ))

Equation 2- 6
which can be simplified to give the basic interfere equation for two beams as
=1, +1,+2f],cos¢)
Equation 2- 7
where |, +I,is the sum of iradiances of the two sources rdsmée and

Wcos@) Is the interference term. The intensity at theedtetr for a two beam
(plane waves) interference would look similar tgufe 2- 3 where the bright lines
correspond to constructive interference when thasphdifferenced is an integer

multiple of Z (6 = 2tm where m = 0, £1, £2, £3 .. ) and the darkdigerrespond to
destructive interference when the phase differaace odd multiple of =; (6 = mm

wherem = +1,+£3,#5.. ).

Figure 2- 3 : Intensity at the detector for two tneaterference
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In most cases the resultant phase difference mialgenan exact multiple of or 2t and
this will result in the intensity to vary as shaddgyray as shown in which represents

multiple beam interference.

Figure 2- 4 : Intensity at the detector for mukipleam interference showing
interference varying in shades of gray

In order to understand how the interference theorglated to the length, we start with

the basic equation for the phase of a cavity whahwritten as
p=L-K+¢,
Equation 2- 8
whereL represents the length of the cavity &nd the wave vectok(= 2471 whered
is the wavelength) angy is the initial phase. This equation representstiieation of a

line in the formy = a.x + bwherea is the slope and is the intercept along the y axis.

The phase can be represented similarly as showigare 2- 5 with the wave vectkr

as the abscissa and the phass the ordinate.
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A 4

Figure 2- 5 : The equation for phase in the form efraight line

2. 3 Techniques for measuring Phase
2.3.1 Single Wavelength Interferometry
It is possible to determine any quantity from Edprat2- 8 if the other

parameters are known. For example, if the waveteagtd the offset are known, the
length (or height) can be obtained from the slopevérying the offset phaseil in
equal increments and recording the intensity andgulsnown algorithms. This is the
basic feature of phase shifting interferometry @andsed to determine the profile of a
surface (height) for a single wavelength. Phase aeyclic function i.e. it repeats after

every Zt radians (modulo.
4= modulo2r l]i]

Equation 2- 9
Hence phase measurements for a single wavelengghlden limited to a measurement

range (height) ok/2 or £A/4. From the electromagnetic spectrum shown inrei@-
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6 and from Equation 2- 9, a microwave frequencyngrh to 1 m) will be required to

measure basic one inch artifacts used in the matwiiag and testing industry.

ELECTROMAGNETIC SPECTRUM

Wavelength (meters)

; Micro Infra
Radio Wave MMW ~ Red Visible Ultraviolet X Ray Gamma
L | l 1 | ] 1
L | 1 | || | I I
10° 102 10® 10° 10°® 108 10?10 1012

NN A\ VVWWWI

I 00 |

Figure 2- 6 : Electromagnetic Spectrum

Absolute distance measurements with single wavélengterferometry can be
accomplished using the technique of displacemerdsoméng interferometry (DMI)
where changes in distance are measured, if thengtaosition or distance is known.
Displacement measuring interferometry is sometimaé® known as incremental
interferometry [2]. Single wavelength interferonyebras found itself in applications to
phase shifting interferometry such as profilomethere the surface profile of artifacts
is computed by changing the phase difference betwmeaeference and test surface in a
predefined manner using piezoelectric transdud@is The required phase profile of
the artifact is computed using a combination ofagegh shifting methods and

corresponding algorithms [4]. The procedure cds$ determining the intensity at a
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given pixel for a certain number of predefined ghskifts known as buckets and then
solving a set of simultaneous equations to obtam tequired phase. The phase
resolution improves with the buckets but makesalgerithm for obtaining the phase
more complex. Usually 4 to 11 buckets have beenrteg to determine the phase at a
given pixel [5]. In recent years, piezoelectrimgducers have been replaced by tunable
lasers thereby eliminating mechanical movement asd by using different schemes
and a larger number of buckets to obtain a moreiggg@hase [6].
2.3.2 Multiple Wavelength (color) Interferometr

The challenge of increasing the measurement ramgkeried to as the
unambiguity range) by using a single wavelengthnieased by obtaining phase
measurements for two, three or even four wavettengind solving a set of
simultaneous equations to obtain a range for timgthe L. In a two wavelength
interferometry set-up, the process of using two elenvgths which are close to each
other creates a virtual or synthetic wavelength) (which is much larger than the

individual wavelengthsi(, A,) and is given by

Al hhs
21_12

Equation 2- 10
The use of effective wavelength was introducedolodraphy [7] [8] to test transparent
media and aspherical optics thereby underlying itiein advantages of using a
combination of two wavelengths in the visible spatt to obtain similar results
equivalent to one measurement with a longer wagétewhich would be invisible to
the eye, could not be detected on film directlyahia to test ordinary refractive

elements , and incur experimental difficulty dueit®invisible radiation. The use of
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equivalent or effective wavelength was then extdnd® the interferometry regime by
Polhemus [9]. The detection schemes for the eWecravelength have been vastly
different:. measuring the phases individually at theen wavelengths [10] and
determining the distances to more complex scherhlesterodyning in which the phase
difference is directly measured by electronics [XQihe of the greatest advantages in
using the multiple wavelengths is that the measargmange is greatly increased by
using sources within the visible region thereby imglalignment easier. . In [12] the
authors use sub Doppler transitions from lodine @edium atoms as their source for
two wavelength interferometry to measure distanéeslistance accuracy of 90 um
(9/10) is reported for an effective wavelength of 19 mamresponding to a distance
measurement of 9.5mm. In another case the autiserdour wavelengths (one in the
infrared) to increase the measurement range [18] apply this measurement for the
coarse measurement of length standards such as bgals. Here the author reports a
100 mm gauge block measurement to within a tolerdinat of 140 micrometers. It is
important to mention that gauge blocks are precidength standards which are
accurate to within 1/40of a micrometer (or even better) and involve aseand a fine
measurement to provide such accuracy. The authationed above reports a coarse
measurement of gauge blocks using the effectiveelgagth in multiple wavelength
interferometry
2.3.3 Frequency (Wavelength) Scanning Interfextoy

Another approach uses a changing phase at diffesdnés of the wavelength

(k) spaced over time or different values to meadhee distance (thickness). This

technique falls in the dynamic interferometry regirand is known as wavelength
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scanning (frequency scanning) interferometry [14B]. Coherent / optical frequency
domain reflectometry, wavelength scanning interfegtry, broadband tuning
interferometry, swept-wavelength interferometry  andrequency  sweeping
interferometry are all synonyms referred to atedéht periods of time in history. They
all use a tunable laser source for their intendegpgse. An earlier application used for
free space ranging measurements was known as fregjueodulated continuous wave
radar [20]. Other applications included measurenoémeflections and back scatter in
optical fibers [21] - [23] where this technique wpspularly known as Optical
Frequency Domain Reflectometry (OFDR). OFDR was alsed for measuring group
delays and group velocity dispersion [24] [25],gv@ation maintaining dispersion [26]
and temperature and strain sensing [27]. Wavelen@tlequency) scanning
interferometry employs a tunable laser source/scampute the phase (or phase
variation) to determine the thickness of a cavitge phase can be easily unwrapped
and is without any 2 ambiguity which makes this technigue efficientnreasuring
absolute distance. The measurement range of watklescanning interferometry
depends on the tuning range of the laser; a largang range measures a smaller
cavity. The use of tunable laser means that phasealso be measured at the two ends
of the sweep individually [28] [29] and during tlseveep to give a better and more
accurate sweep interval for distance measuremente®f the uncertainty sources with
this technique include non linearity of the tunenstivity to motion during the
experiment. Non-linear effects during the tuningvén been reduced by using a
reference cavity and measuring the test cavity &snation of the reference cavity

specifics. Any change in the motion of the testtgaduring the sweep is magnified by
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a factor of A/A , whereA is the effective wavelength. Thus this technigaenot be
used to measure large distances in air, howevexeasvill show in the following
chapters, this effect will cancel itself out wheeasuring the two ends of a window.
2.3.4 Variable Synthetic Wavelength Interferometry

Variable synthetic wavelength interferomeémploys two lasers. The main
objective is to have a synthetic wavelength similar multiple wavelength
interferometry which will change over time (vari@phs one or both lasers are scanned
in frequency. This technique was introduced to cedthe sensitivity to movements
(test cavity) since any change in the movement affects both the lasers and if the
tuning ranges are similar then the errors relatechdévements can be greatly reduced
[30].

2.3.5 Broadband Interferometry : Phase measemtso measure thickness

The coherence length of a laser enables it ascasmre tool for measuring long
distances. Contrary to the use of a laser, a baratlbource such as a white light source
has a very short coherence length which meanshbeakest and reference arms in the
interferometer need to be equal (within the cohezdangth) for interferometric fringes
to be observed. This property is actually usefulnieasuring the thickness of films of
the order of microns (thick films) and even in thenometer regime (thin film). Since
good contrast for the fringes is obtained only wilea paths (test and reference) are
well matched, various techniques have been implésdeto determine the peak of the
intensity envelope which determines the thickndgb@films [31]. In this process the
sampled is scanned in the z direction and an erante envelope is obtained which is

then processed to obtain the phase and furthahitimess. While the smallest cavity
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that can be measured with this technigue relieshemability of the fringe envelopes
corresponding to the two layers to be resolvedjdhgest cavity that has recently been
demonstrated is a plane parallel plate with nontimakness of 1 mm [32]. This was
the first demonstration of using a short coherest@ce to measure an artifact around
this dimensions and more emphasis is shown onettteigue of measurement. While
the previous reference on white light interferomemploy a scanning method, a new
type of white light interferometry which utilizepectrally resolved information using a
grating and a spectrometer (dispersive interferorheind phase shifting to determine
the thickness of thin films has been reported -[38]. Thin films of the order of tens
of nanometers have been reported by some of teekaigues. In this technique instead
of scanning the sample in the z direction and abtgi the intensities for all the
wavelengths as a function of time, a spectromstarade to split the intensity based on
wavelengths on calibrated linear photo arrays o€CGD thereby providing intensity
information based on wavelength contrary to distans in the scanning case. The
phase is obtained similar to the previous case #ad thickness is computed
accordingly. In both cases the thickness is mod#tach the phase using non linear
least squares fitting functions. Another case dacsal scanning is reported in [36]
where an acousto-optical tunable filter is impletednto determine the thickness
profile of an aluminum patterned sample along & lboundary. Finally dispersive
interferometry using a femtosecond pulse lasebleas reported in [37] to demonstrate

the thickness of a 1 mm transparent BK7 part witlaetional uncertainty of 1/1000.
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2. 4 Review of technigues for absolute measuresn@hickness to distance
Absolute distance measurement is a broader topichwdan be divided into two
types of measurement techniques: 1) pulse measotertechniques and 2)
interferometric techniques. The pulse measuremeahnique is a time of flight
measurement in which a pulse is sent out to actefle object and the round trip time
for the pulse from source to the detector is reedrdhus ift is half the round trip time
andv is the speed of the pulse, then the unknown patithL is given as
L=v-t

Equation 2- 11
For optical pulses the speed of the pulse is teedpf lightc. This technique is used in
different forms in radar, sonar etc. The uncernaintmeasuring the length depends on
the rise time uncertainty of the transmitted anceireed pulses. Current accuracies are
usually limited to one millimeter because of thaté resolution in resolving the time
differences [38].
Another technique uses an amplitude modulated eramistead of a pulse and the
distance is measured as a function of the diffexeincphase (time) between the
reflected signal when compared with the modulasigmnal in a phase meter.

p=2-7-f t=2-7-f -Llc=2-7-L /A,

Equation 2- 12
Authors in [39] and [40] use different modulatifvaquencies to measure distances of
several meters with a resolution of several micrense However the phase obtained is
modulo Z and hence priori information of the length needs to be known witthie

modulation wavelength rendering these techniquksdive. Another technique is the
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use of a femtosecond pulse laser whose intensity tsain of sharp pulses. The
frequency domain representation of a femtoseconge@uaser consists of frequency
modes repeating every 50 MHz (femtosecond pulséhwvafi180 fs) [41]. The distance

is measured by determining the phase of the waative to the original wave for a

given harmonic frequency in the received signali¢vhs a large multiple of the pulse
repetition frequency) and is given by

:2fngL
c

9
(N+27,)

Equation 2- 13
where f is the high frequency harmoniogg is the group refractive index at that
frequency (wavelength)y is the fractional phase for the given frequenkyis the
distance andN is the integer part of the phase. The integer marbbtained by
mechanical movement or using two color (two wavgtleh interferometry. The integer
part can also be obtained very accurately if cambt for stability are met for the pulse
repetition frequency and pulse to pulse carriereéope as discussed in [42]. Another
scheme involving choice of multiple wavelengthsvirthe comb of a femtosecond laser
has been proposed to measure distances in [43Jadthers propose selecting any two
different wavelengths from the comb of a femtosdctaser to provide a synthetic
wavelength just like in the multiple wavelength erferometry for distance
measurements. Absolute distance measurements lavdeen reported by tuning a
laser and counting the number of fringes for the& tavity and the number of free
spectral ranges in a Fabry-Perot cavity by a teglenknown as frequency sweeping
interferometry [44]. The authors report an avertglerance of 10 um for distances

around 1 m.
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2.5 Applications of interferometric measuremdram Table 2-1

Table 2- 1: Summary of techniques for absolute nnessents

Technique

Phase shifting
laser
interferometer

Phase shifting
low coherence
interferometer

White light
interferometry

Multiple
Wavelength
Interferometry

Wavelengtr
scanning with
Fourier
Analysis

Frequenc)
sweeping with
Fabry-Perot
cavity
Femtosecon:
laser

Type of
artifacts
observed in
literature

Metal parts
mirrors, plain,
spherical
Transparen
glass plates

Thin films (50
nm onwards) to
thick films(2

Hm)

Distance, lengtl
of gauge blocks

Distance(length
of a cavity,
transparent plate
profile

Large distance

Large distances

Parameter
measured
(Single pixel
thickness, area,
volume)

Surface form

shape, roughness

Surface profil

of each surface
with one
measurement,
homogeneity,
optical thickness

Surface profile
topographic
measurements,

Single pixel
thickness

Single pixel
optical thickness,
homogeneity,
surface profile of
all surfaces in

one measurement

Single point
measurement

Single point
measurement

Limits in measuremen
(PUT REFERENCES)

Cannot determine thickne
beyond (0.5 wavelength)
between adjacent pixels

Surface profile for front an
back surface for a given
thickness limited by scanning
range

Limit lies in separatior
between adjacent peaks
between two cavities,
Thickness limited to z range
in z scanning and resolution
of spectrometer in spectral
scanning

Length limited by half th
effective wavelength.
Stability of wavelengths also
important.

Length limited by tuning
range, larger tuning range for
a smaller cavity

Lengthaccuracylimited by
drift during measurement
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2.6 Summary

From Table 2- 1, it can be inferred that althoubler¢ are references for
measuring the thickness of a cavity and distaneegth of a large cavity) but no
reference to window measurements such as transgdates. There is also no detailed
uncertainty analysis on the length of a cavity meament using wavelength scanning
interferometry. Most of the research in wavelerggtanning interferometry has been to
provide proof of concept that the technique is atdg of providing distance
measurements limited by a given set of parametans. of the main objectives of this
study is to provide a detailed uncertainty analysfs the parameters (using a
mathematical model and an experimentally based lafion approach) and determine
the limits in the measurement uncertainty and afipyyanalysis to the measurement of
different artifacts (transparent planar windownsparent spherical window, opaque
planar artifacts) not reported in the literaturee hext objective is to apply this study in
building an interferometer to measure sub-millimetendows which are also not

reported in literature.



CHAPTER 3: MATHEMATICAL MODEL AND SIMULATION

3. 1 Introduction to wavelength scanning interfeebmy

Wavelength scanning interferometry owes its origmshe tunability of a laser
and has found great applications in the domainhasp shifting interferometry. Before
the use of the tunable lasers, phase shiftingfertametry was accomplished using
mechanical forms of phase shifting such as piezt@e transducers or PZT's.
Although phase shifting has replaced mechanicah$oof profiling due to non contact
and area measurements compared to point by pom$urements, it has been unable to
measure some of the basic components in industtly as transparent plates which
have found great applications in display, telecomitations and the optics industries.
This is due to its inability in differentiating ntigle beam interference from various
optics or the artifacts itself. The phase shiftagorithms also assume a two beam
interference and hence majority of the methods Haen stated in [6] to suppress
multiple beam interference. These include gratiagenl interferometry, coating the
obstructing surface with index matching lacqueodaiband interferometry, multimode
laser diodes, grazing based interferometry andydieg) frequency specific algorithms
using wavelength tuned phase shifting interferoynptb]- [49]. A recent publication
in 2007 cited earlier [32] uses a low coherencer@walong with phase shifting
interferometry to determine the front, back and thical thickness profiles of
transparent artifacts. Using a low coherence sotineclength from a reference and the

front surface of the artifact is
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matched with another interferometer. Since thensitg is maximum when the paths
are matched over a very small distance on accdumtaw coherence source the phase
can be extracted for the surface of the artifactoseh length matches with the
interferometer. Other surfaces are mapped simildyy changing the reference
interferometer length and measuring the phase yiage shifting methods.

The first tunable lasers were dye lasers and weeodered by Sorokin and
Lankard [50] and Schafer et al. [51] in 1966. Subsequemprovement in
controlling the modes of the laser were providethwie invention of the continuous
wave dye laser by Petersen al. [52] in 1970. Most of the work of ultra-short pels
generation has its origin to the research done aythlasers [53] - [57]. The growth of
dye laser research has been impeded because daildacéors chief among them being:
limited output power, need for pumping with greenbiue light making the pump
sources expensive, rapid degradation during operatiandling of poisonous materials
associated with dye lasers and the toxic natuneast dyes and their solvents [58].

Semiconductor lasers solve most of the problemecated with dye lasers:
small, compact and rugged design, larger tuningggawith no mod hop behavior,
excellent repeatability, little intensity variatiaturing tuning, more output power and
the most important being that they can be fibetgiligd and easy to tune by a variety of
methods [6]. The tunability of the laser found lits® many applications as mentioned
in the last chapter. The successive sections nearithe the usability of a tunable laser
in measuring absolute length, profiling variousfacgs in one measurement etc.

One of the early references in wavelength scanmtegferometry to measure

absolute thickness of artifacts was proposed bgddi®t al [14] (1981) in which a dye
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laser was implemented and tuned electronically #reddistance measurement of a
transparent artifact was determined from the peabdhe interference signal with a
given tuning rate. This was later followed by dmsta measurements using the phase
shift of the laser diode [15] [16] , the periodabeat signal produced by a frequency
ramped laser diode [17] , from two consecutive lames of interference signal
produced by sinusoidal phase modulation [18] atet lay temporal Fourier Transform
techniques on the intensity pattern [19]. The Useimable lasers has greatly enhanced
profilometry measurements compared to mechanicamdo of phase shifting
interferometry by eliminating moving parts such @szo electric transducers. The
Fourier Transform technique which is the most ralaumsl widely used technique allows
us to measure the phase profiles of all the cavaieng with their optical thickness,
physical thickness and the homogeneity: all in simgle measurement [59]. Tunable
lasers have also found themselves in application©C€T [60]. This chapter will
concentrate the discussion of single pixel thicknesing the Fourier Transform
technigue and related uncertainty sources henbefehtich is the main parameter of
interest in this study.

3. 2 Theory of wavelength scanning interferometry

Consider a Fizeau interferometer setup as showkigaore 3-1.
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Sample (BC):
(n,d)
A Interference at
J B C Detector
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Light Source i > =1 ““““w
Det(zztor e “““““

—>|d |<—

Figure 3-1: A Fizeau interferometer setup for meaguthickness

The objective is to measure the thickness of #drapde (a transparent fused silica
artifact) using wavelength scanning interferomefife interference pattern at the
detector shows the interference pattern betweenaheus surfaces (A-B, A-C and B-

C). Ideally three patterns should be seen but serse of them is weak only two

interference patterns can be observed.

The electric fields on reflection from each of tineee surfaces (A, B and C) can be

represented respectively as
E, = Ad”, E,=Bé*, E.=Cé".

Equation 3- 1
The total electric field is given by

E,=E,+ E+ E

Equation 3- 2
The intensity as seen at the detector is given by

I =E; .E,,

Equation 3- 3
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|, = A’ +B?+C?+2ABcos@, — g } 2BCcost,—d. > 2AC cog(,—d. ,
Equation 3- 4
|, =S+2ABcos@,  + 2BCcosf, . ¥ 2AC cog(, .. ,
Equation 3- 5
where S =A? + B>+ C? and the subscriptd, 5, @ - and ¢._, represent the phases
between the respective surfaces. We will now deheeequations for these phases as

the wavelength is tuned.

The phase of a cavity at any poli{(k,y) is represented from the generic phase equation

P(X, y,t)—m mnxyd) dxyp+rQ(xy)

Equation 3- 6
where n is the refractive indexd is the physical length or thickness in case of
transparent materials} is the wavelengthm is the order of interferencenge 1 for
single reflectionm=2 for double reflection and so on) am@lis the difference in the
phase change on reflection between the interfesumtaces .

As the phase is tuned w.r.t. tihéghe equation of the phase variation can be repted

as
0¢ 2- A on, 0L oQ
—=— nx y,H-dix y ) QL-——) —t—
P 7 (% y.9-d(x y 9 @ Py i
Equation 3- 7
where 2’1 is the dispersion of the medium over the tuniagge. The dispersion
n

coefficient ternm is represented as
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Equation 3- 8
The termiiQ represents the variation in the phase changefleatien. Since the phase
change on reflection is usually constant over ting range for most artifacts the term

aa_? is almost negligible.

As the phase changes due to the change in wave)éhgtrate of change of the fringes
with reference to the point P (x,y,t) over the nueesient gives the frequenty
corresponding to the fringe pattern. Since the Emndgrequencyw is defined as the rate
of change of phase, Equation 3- 7 can be reprateste

G)Z%ZZ'ﬂ'-f
oN

Equation 3- 9

where the frequency is represented as

1 00

fe =2 n(x Y, - d(x y 9 (1—77)5 o7 ot

o4 m oA

fo = /1 n(X, y,0-d(x y ) (1—77)—+12 59.5

o
f =—— .OPD- -~
¢ /12 ot

Equation 3- 10

where the Optical Path Difference (OPD) is given as

OPD=n(x y 9 - d x ¥y} (1-7)+5,
Equation 3- 11
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whered,, represents the optical length corresponding tgli@se change on reflection.
From Equation 3- 10, it is seen that the frequesf@ cavity is a function of the Optical
Path Difference (henceforth mentioned as OPD) dmed ttining rate of the laser.
Another parameter of interest is the OPD of a gawWhile mechanical forms of
measurement directly compute the mechanical leongtthickness, static forms of
interferometry compute the optical length but regjtine refractive index of the artifact
at the given wavelength to compute the physicalgtlen dynamic forms of
interferometry such as wavelength tuning requireadditional term apart from the
average refractive index and that is the dispersmefficient 7, for computing the
physical length from the OPD. It is also importaat mention that the dispersion
coefficient is negative if we take the slope ofaefive index with wavelength and so
the contribution from dispersion is positive D+ One of the clear advantages of
pursuing this technique for measuring silicon wafend industry parts made of
different glass types (BK7, fused Silica etc) iatttheir refractive indices (equation of
refractive index with wavelength) have been wettwlnented in literature which makes
the determination of the dispersion coefficientyoal mathematical computation! As
mentioned in the early sections of this chaptes $iudy discusses the measurement of
artifacts using the Fourier Transform technique.

As seen from Equation 3- 10, the frequency of aianill be constant only if
the laser is tuned perfectly. This is never theecamd so techniques have been
implemented to account for the non linearity in Bgers. Some of them mentioned in
[61] involve focusing on the design and executibthe tunable laser source to provide

a tuning curve which is linear in time [62] - [65ising a reference interferometer as a
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clock to trigger data acquisition [66] - [68], ugian auxiliary interferometer to measure
the tuning rate and correct it on the fringe dataequal samples [69] -[70].

Another approach used in this study [71], uses eciap type of Fourier
transform known as the OPD transform which usesglrdormation along the x axis
to match with intensity information along the Y @xio compensate for the non
linearities during the tune. A brief descriptiontb& instrument (the Multiple Surface
Transform or the MST) which uses this techniquersvided before discussing the

mathematical model for obtaining the absolute leftjtickness) of a cavity (window).

3. 3 Introduction to the MST:

The Multiple Surface Transform (MST) from Zygo Coration was designed as
a profiling instrument to measure the surface faff the front and back surfaces of a
cavity, the physical and optical thickness of theity and the homogeneity: all, in one
single measurement using the theory of wavelengthreng interferometry or Fourier
Transform phase shifting interferometry. The conagmletermining the cavity lengths

using a tuning laser and the Fourier transform otethas been patented by them [72].

Figure 3- 2: The Multiple Surface Transform (MSirh Zygo Corporation is a
profiling instrument using the concept of waveléngttanning interferometry
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The MST uses a couple of applications but the dm@erest to this study is the custom
cavity application which has the ability to meastlve different surface profiles of all
windows and their cavity lengths in one measurermdnie the homogeneity requires

an additional measurement as shown in Figure 3- 3.

FTPSI - A Quick Way to Get a Large Amount of Information

Frant
One Data Acquisition Surface
Tranmission Reference L
Flat (TF) Flat (RF)
o
- ' -~
A ’ = Back
_12U3 = -~ Surface
Part | Map
Multiple Surface
Interference Pattern
1= surface of TF
2= front surface of part
3= back surface of part ek,
4= surface of RF Y
Physical
Thickness
Second Data Acquisition Variation
Tranmission Reference
Flat (TF) Flat (RF)

]
-

! Homageneity
-
1 4

Part Removed

Fringe Pattern

With two acquisitions, the following data is available:
+  front surface map (part)
«  back surface map (part)
physical thickness vanation (wedge)
- optical thickness vanation
« refractive index vanation (nonlinear and linear homogeneity)

Figure 3- 3: MST in the Custom Cavity Applicatiar measuring front and back
surfaces, thickness variation and homogeneity
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3. 4 MST: Block diagram, Source, detectors, refegeravity specifics
The basic building blocks of the MST [73] are shaw Figure 3- 4 . We briefly

discuss the source, detector and the referency cavi

Al I~ 2 3 4
i Interferometer Collimator ~ i

i Image

Lens | [ ] Test Part
Cameraé \ TII: RE
: Lens Diffuser ,
Camera Disk !
Attenuator
MZI
=
95/5 Splitter Detector
P > Monitor VSync | Interferomete
Computer < Computer
Hytek . Ramp .
Controller

Figure 3- 4: Basic building blocks of the MST

The MST uses a thermally tuned semiconductor bliged feedback laser diode
which is tuned by changing the injection currenthi® diode, which in turn changes the
temperature and finally the wavelength. The tumagge of the diode is around 4
nanometer. An integrated thermoelectric coolesisdufor heating and cooling the laser

chip and for thermal tuning by varying the tempematirom O to 49 Celsius over a
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range of 4 nanometers [74] . The temperature oflibde is initially set at 0Celsius
and varied to a maximum of over 4 nanometers axttry 10 Celsius corresponding
to a change in 1 nanometer. The laser is fibepleduand the output fiber is inserted
into a 95/5 fiber beamsplitter with the 5% leg meseé into a fiber Mach-Zehnder
interferometer (MZI) which is the reference caviyhile the 95% leg is routed to the
interferometer. The output of the MZI is directedat New Focus InGaAs photodetector
connected to the DAC card input. The camera (sedetettor) is a Sensors Unlimited
SU320M-1.7RT camera containing a 320x240 InGaAayarfhe camera operates at
60Hz and has a 12bit digital output. The camera @atcquired by a Matrox Pulsar
framegrabber. The two detectors are time synchednby providing the Pulsar board
with a trigger generated by the DAC card.

The reference cavity in the MST is a fiber Mach{Zaér interferometer with an
optical path difference (OPD) of around 7.34153 it & temperature uncertainty of +
2 ° Celsius. The reference cavity is calibrated againsn-house Fabry-Perot cavity of
around 238 mm with an accuracy of 500 nanometédrs. Major uncertainty in the
calibrated value of the reference cavity lies ie temperature uncertainty between
calibration on site and inside the laboratory whereasurements are taken. This
uncertainty effect is evaluated for different meaducavities in the uncertainty budget.
The MST uses two detectors, a camera to get twertsianal data for the test sample
and a photo detector to measure the phase variatitite reference cavity. The OPD
for any given length is determined using the twoehsional intensity information from

the camera along with one dimensional data (retergohase variation) from the
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reference cavity to generate a special Fouriesstoam known as the OPD transform

which is explained later in this section and igespnted mathematically as

2

OPDS(D)=

N-1
DWW, ex;Ei¢Rj Rj
j=0 DR

Equation 3- 12
where |; is the intensity information from the external itav(two dimensional
information from the camera)y is the Fourier weight to band limit the signg; is the
reference phase variation from an internal refexemavity (one dimensional
information from the photo detectobr is the calibrated value of the reference cavity
andD is any cavity of interest.

The MST uses a long focal length lens to providé iach beam for testing
purposes. The return beam from the artifacts patseagh a small aperture about 1
mm in diameter. An important mention is that theTes two beams of light, one is
the alignment beam with its detector and the athre measurement beam (1550 nm)
both coaxially aligned. A monitor for the alignmdmtam captures the image of the
aperture and aid in visually getting the refledbedms from the artifacts into the system
by using tip tilt arrangements for the artifacts.

3. 5 Example of a measurement

A four surface geometry is demonstrated in Figr® to determine the cavity
lengths in the MST using the Custom Cavity Applmat Surface 1 is the transmission
flat, surfaces 2 and 3 are the two surfaces ofiasfrarent cavity such as Zerodur and

surface 4 is a plane mirror.
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nL

Figure 3- 5: A four surface geometry setup

Once the cavities are aligned a test pixel is nthdethe interference pattern. The path

lengths of all cavities will be measured at thé pesel as shown in Figure 3- 6.

B Z490 Intensity Map

INARAAAA

Figure 3- 6: Marking the test pixel for cavity l¢hgneasurements

The light level intensity is adjusted for gettingtismum contrast from the measurement
by adjusting the optical power to the laser sourbés is digitized in the Zygo software
and an optimum value of 28 is found to be sufficemugh in our laboratory to avoid
saturation of the camera. One such measuremetttisesiiown along with the intensity

data in Figure 3- 7.
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Figure 3- 7 : OPD measurement using intensity flata external cavity and phase data
from the internal reference cavity (Fiber Mach-Zgéninterferometer)
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3. 6: OPD Transform
Let's rewrite the equation for the intensity andgiuency of a cavity using

wavelength scanning interferometry
| = A+ Bcos(Z/Tﬂ- OPD+¢, )and

t. =™ opp. %
A ot
Equation 3- 13

A Fourier Transform on the intensity pattern woldbldescribed as

[’e]

F(f) = j | ()W (t) explip(t) )t

—00

Equation 3- 14
wherel(t) is the intensity variation)/(t)is the window function anei(t) is the Fourier
kernel and is typically represented as the phaséu@n of a particular frequency
where o(t) = 27t. Rewriting in discrete notation, the general dige Fourier

transform (DFT) can be written as

DFT=Y"1. W extfig )

j=0
Equation 3- 15
where ¢r; is the interferometric phase shift for the testityaat camera sample j. The
most important feature of the Fourier Transforrthist it assumes constant samples or a
constant tuning rate for the wavelength which mehias the x axis controlled by;

should have a perfect slope for the wavelengtlaeh and every sample |.
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G 2x oA )
Or = Z(T'OPD'[_-] constand A
o A 0]

Equation 3- 16
However the wavelength characteristics from therlase far from perfect for any given
sample variationtj. The OPD transform which is a special Fourier $farm
determines the phage; as a function of the actual wavelength variatitomg each
sample by using an internal reference cavity. Glersaa reference cavity having a
known fixed OPCDgr. The interferometric phase shift of the test tsawith optical
path lengttD+ for time samplg can also be determined from the reference phase

variation pv; as

O = = Prj

Equation 3- 17
whereDg is the monitor cavity OPD. The OPD transform (OREoF a given lengtiD

can now be computed by using Equation 3- 17 andhfiaqu3- 15 as
N-1 D
OPDT(D)= > I W, exp igy —

j=0 DR

Equation 3- 18
The OPD Spectrum (OPDS) can now be generated as

2

OPDS(D)=

S D
DIw, ex;EwﬁRj ERJ

i=0

Equation 3- 19
Each data or peak in the OPD spectrum correspantteetoptical length of the cavity

over the given tuning range. Since the intengity eeference phase data was available
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in csv (comma separated values) format, a snippetode was written in Matlab
software using Equation 3- 19 and the OPD spectmasplotted as shown in Figure 3-

8.

« 10" OPD Spectrum

Amplitude

0 50 100 150 200 250
OPD (mm)

Figure 3- 8 : OPD Spectrum obtained by readingritensity and phase information
data from the MST (commercial wavelength scannerferometer) and using
Equation 3- 19 and Matlab Software

3. 7 Mathematical Model for the OPD of a cavity

The OPD of a cavitpPDr can be modeled as

OPD, =%-OPQ+,B+5

R

Tuning

Equation 3- 20
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where all the parameters have their usual mearsirtgened earlier and represents an
estimate of the error in the OPD of a cavity ana seasure of the precision of the

phase of the reference cavity and test cavity.lldaquation 3- 20 can be rewritten as

OPD, =%-OPDR

R

= 22(0PD,)- &
A N . opp,
1 oA
— .27(0OPD.)- &
2 22(0pD,) -2

OPD, =

_ (OPDT)measured_
OPDr_, = Gpn) = OPD:

measured

Equation 3- 21

where the final equation in Equation 3- 2IPDr 4 represents how well the OPD of the
two cavitieS(OPDr)measured@Nd (OPDR)measurediS measured using their respective phases

for a perfectly linear tuning range.
£ =0PD, - OPQ |
Equation 3- 22

The term g represents the difference in the OPD values foaxaty when the ideal
value of the OPD of a test cavity is compared toplocess of obtaining the OPD of a
cavity by any given process with the given refeesiwavity specifics for a perfect
wavelength sweep. In most cases such a parametelassy determined from
experimentation or simple analysis and would batéie as a bias but in our case we
treat # as a random estimate due to limited access to sdrtiee parameters (such as

tuning sweep over the measurement range, refeganaty samples over the sampling
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time) and controls of the instrumentg thus represents an estimate of the technique
used to extract phase, sampling, window size aradysis to extract the peak OPD
location etc used to obtain the OPD of a cavityolm analysis we estimaje with a
computer based simulation for different OPDs. Byitg an estimate of for a given

OPD or a range of OPDs, it is possible to provideagge of uncertainty for any
measured value of OPD obtained from the experiment.ng represents the

repeatability in the instrument and is mostly a soea of the different tuning slopes

encountered during different runs and is rang@ntwhich means a larger cavity has
a |arger8Tun|ng

3. 8 Simulation Model for the MST

The simulation model to describe the wavelengtmsica is three-tier in the
sense that the method of determining the OPD filoergiven equations is first verified
by obtaining necessary information (intensity data reference phase variation) from
the instrument and comparing measurement valuds thi equations describing the
process. The next tier relates to determining eleevof/ for a perfect sweep for any
given cavity length. using the basic equatifamgphase and intensity of the test and
reference cavities using the necessary parametdise parameters governing the
measurement include measurement time, number dfelsidor reference and test
cavities, sampling frequencies and lengths fortést and reference cavities, source
specifics such as tuning range and wavelengths fillaktier consists of varying the
slope (from experimental values) to explain refabip in the instrument. The
variation in the tuning of the laser for ten di#fat measurements was determined from

the reference cavity variation and also from wawgtlle data using a wavelength meter.
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The average variation in the computed slopes id teseary the slope in our simulation.

The block diagram of the simulation model is asrghan Figure 3- 9

Data frpm the MST Equations Compare
Inte.ns[ty of test . for the —» | measured OPD
cavity/ies . OPD with OPD from
Phase excursion of transform equations of the
Reference Cavity)

Input: S|

Length of ope = '
test/greference —» | constant fora| —» Determine
Refractive index of given tuning A=IOPD —OPD, |
test/reference range

Sampling frequency

test/reference Equati f

Wavelength slope g%z;%n:ng OPD

and variation — measured

Intensity of Test | —* 3
and Reference Repeatability
Cavity and OPD Average
Transform error

(experimental value
from reference

cavity)

Figure 3- 9 : A three tier simulation model for veéngth scanning interferometry
using the OPD transform of the MST

Step 1: to verify the OPD transform equations

The measurement of the OPD as explained using 2 t@ansform is implemented to
obtain the OPD of a cavity. In order to verify thimmulation model, intensity data and
reference phase (two parameters needed) are abtaome the instrument (MST) and

the OPD obtained using the simulation model isfiggriwith the measurement result.
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The variation between the two readings results feampling effects, algorithms to

determine peak location etc..

Table 3- 1: OPD values using the MST software (b@to) and our model using
MATLAB software and intensity and reference datarfrthe instrument

OPD (mm) from measurement (pe | OPD(mm) from model using de
location) (intensity and reference phase) from fhe
instrument
19.41¢ 19.415!
19.41¢ 19.415;
19.41¢ 19.414°
19.41¢ 19.414;
19.41¢ 19.413¢
19.41¢ 19.414:
19.41¢ 19.414(
19.41¢ 19.414¢
19.41¢ 19.414;
19.41¢ 19.414;

Step 2:
In this step we use a perfect sweep for the lasea fgiven tuning range and find the

error in measuring the OPD of a cavity using thecdz parameters of the instrument.

Beta (OPD actual - OPD measured) 600 um to 100 mm

‘ \
R R L

Beta

-15 -

Length

Figure 3- 10 : Plot of Beta (OPD True — OPD measuirem a length of 600
micrometers to 100 millimeters in steps of 100 wiceters
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Figure 3- 10 estimates the value ®ffor a cavity range of 600 micrometer to 100
millimeter in steps of 100 micrometers. The valiigdies between £1um for the given
thickness range (600 pm to 100 mm). We add thisevalf § to our uncertainty
estimate

Step 3: In this step we determine the value oftbpes for the tune using a wavemeter
and also from the phase variation of the refererasaty for the same measurement
reading. An HP 86180 C wavemeter is placed in fiafnthe MST by launching light
from a 50X microscopic objective into a fiber whigeds into the wavemeter as shown

in Figure 3- 11.

MST

Figure 3- 11 : Wavelengths measured (using a watajrie the MST during a
measurement

The wavelength slope variation from the referecaéty phase was computed using
Equation 3- 23 and the phase values from the moplitase plot of the MST

o¢ _2r(OPD,) 04
ON A2 oN

Equation 3- 23
Since the OPD transform relies on measuring thegkariation of the test cavity as a

function of the phase variation of the referenocgtgan a sample by sample basis, it is
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advantageous to compute the slope between two ssiceesamples to determine the
maximum and minimum slopes for a given measurenginte the wavemeter samples
at approximately 1 second (0.925 seconds to beasp)ewe have less samples (34)
from the wavemeter then when compared to the mdereavity phase variation which
is 1900 samples. Table 3- 2 shows the wavelengtiesl| obtained from the reference
cavity with the scaled values from the wavemetan/(h925 second converted to
nm/sample) along with minimum and maximum valueslopes per sample for each of

the ten measurements.

Table 3- 2: Wavelength slopes from wavemeter afefence phase variation for the
same measurement. All quantities are in nm/sample.

Average slopes fror | Scaled Averageslopes Minimum Maximum
reference cavity using from Wavemeter Slope value Slope value
Equation 3- 23 from from
successive successive
samples from samples from
reference reference
phase plot phase plot
2.10E-12 2.0944(E-12 2.15E-12 2.04E-12
2.096661-12 2.09554}-12 2.152221-12 2.044671-12
2.096591-12 2.093921-12 2.150191-12 2.039191-12
2.096681-12 2.0968-12 2.14371-12 2.04041F-12
2.096921-12 2.0977L-12 2.147351-12 2.041561-12
2.096651-12 2.093741-12 2.152221-12 2.C467E-12
2.09688I-12 2.09554}-12 2.144511-12 2.034831-12
2.096691-12 2.095721-12 2.156081-12 2.04731F12
2.096451-12 2.096441-12 2.15303F-12 2.04183F-12
2.096781-12 2.096261-12 2.158921-12 2.037371-12
AVG AVG AVG AVG
2.097E-12 2.096E-12 2.151F-12 2.041E-12
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From Table 3- 2, it is clear that the slopes asiabt from the wavemeter and those
computed from the reference cavity for the samesomement are similar. The last two
columns indicate the range of slope variation men@e which can be used in the
simulation to change the slope values between measunts.

3. 9 Uncertainty Analysis

The uncertainty estimate for the OPD of a cavity lsa now represented as

Tuning*

OPD, =%-OPDR_M+/3+5

R
Equation 3- 24

The individual terms are

A :%-OPDF -s—Ii

Equation 3- 25
where

OPLy = 1 Ly (L+77;)+,

Equation 3- 26
andnr, Lt and 7 represent the refractive index, physical length disgersion for the
test sample.ln measuring cavity thickness, the @&siis the same for the front and back
surface of the cavity and can be neglected, bstifhportant when measuring cavities
formed from different surfaces. The reference gasfitecifics can be determined as

27 oA
Ad, =2 .OPD, - ——
% A2 R ON

Equation 3- 27
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OPLR =g LR(1+ n R)

Equation 3- 28
OPLR_ calib = OPLR_ Zygo+ 5A T Ca

Equation 3- 29
whereng, Lk and nr represent the refractive index, physical length disgersion for
the reference cavityOPLr zyq0iS the calibrated value of the reference cavity sneed
by Zygo Corporation which is 7.34153 m with a calion uncertainty, whil&r cal
represents the error in the OPL due to differerdrage temperatures between the
calibration and the actual measurement environméies assume both environments
have an average temperature of@2avith a + 2°C possible difference. Equation 3- 24

can be rewritten as

[OPDy]
OP — meas | OP L+ + .
DT [OPDR] q?_ Calib IB gTunlng

meas

[N Ly 2+ 70)] reas
PD. = -OP ) .
or O DT [nR LR(1+ 77R)] o O D?_Callb+ B+ & Tuning

Equation 3- 30
Although the phase terms for both the externalrafetence cavities contain the tuning
rate of the laser, these do not completely canaietompletely [75] [76] and increase as
a function of distance. The effect of non lineanitythe slopes on cavity length has been
studied in [75] with the help of simulation and erRment to explain the repeatability
effects caused by non linearity but no accounthsiolute length has been mentioned,
only a relative slope ratio is provided. In thiadt, we account for all possible sources

of uncertainty on the absolute thickness of a wimdasing a detailed simulation
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approach, experimental results and verificatioowfresults with comparison with two
traceable micrometer screws

Since the measured values for the test and refereme dependent on material
parameters which change with temperature we daterthe individual uncertainties of
the test and reference cavities with temperature as

60OPD; 1oL, 1 an
U = =0OPD .
OPDr e~ 5T (L oT )

Equation 3- 31
where OPDr represents the test cavity as usual and the ditfieide JT represents

change in temperature. The reference cavity vanatiith temperature is represented as

Ugpe, = 99PD: _opp, (L 0k, 1 OMy,
e aT L, 0T n, oT

Equation 3- 32
Equation 3- 31 and Equation 3- 32 are simplifiedsions when differentiating
Equation 3- 26 and Equation 3- 28 with temperature.
OPDRr calib IS @ constant value (used in Equation 3- 17- Bgoa- 19 adw ) which is
multiplied with the reference specifics to deterenthe OPD of the test sample. This
value has a temperature uncertainty-@ C as mentioned earlier and its effect on the
test sample can be estimated by determining thgerari values forOPDr over a

temperature difference of 4 degrees averagingeatabm temperature.

U — [OPDT] meas )
OPDg_caiib [OPD ] AT _ calib

known

Equation 3- 33
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where[OPD1] measis the value obtained from the OPD peak in the Gp&ctrum or any
known value obtained from another measurement (ledne of the physical length
refractive index and the index variation) §@dPDg] knowniS the value we know which is
7.34153 (obtained from the configuration file i thletropro software of the MST).

The final uncertainty equation can be determined peyforming a Taylor series

expansion using Equation 3- 30 and is given by

g

U U U . V;; .
U :OPD OPD_T_Tem 2+ OPD R Te 2+ OPD R Calﬂ_i_ 2+ Tuning?
TJ( org T Coen T e *opp) * Copp)

which can be simplified as

U em
UOPD_T = \/(U OPD_T_ TemQZ + (%F)Z + (U OPD_ R_Calib)2 + (ﬂ) “+ (gTuning) ? .

Equation 3- 34
We apply Equation 3- 34 to all our measurementscanapute contributions from each
uncertainty source.

Most of the research and analysis using wavelescghning interferometry has
been based on measuring distances in air usingtrarglector using different
techniques. In such cases a small change in theabpath length of the retroreflector
(sometimes referred to as drift) can cause a leingmge in the final readings thereby
limiting the length measuring capacity of the teqoe. However the drift does not
affect the measurement of a transparent artifactrevithe optical path difference is
measured as a difference in frequency measurerfrentsthe front and back surfaces.
Hence any change in the length of the arm betwhenfront and back surfaces is

equally affected and is eliminated due to the tiifiee measurement.
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3. 10 Measurements on a commercial interferometer

Transparent planar (half inch fused silica cavity)

Transparent planar cavities are easily measurédeirMST by simply placing
them in front of the MST and taking measurementseof 10 readings were taken on
a half inch fused silica window (double sided) framorlabs. The average of the 10
readings was 19.4152 mm with a standard deviatio®.@0420 mm. The extended
uncertainty analysis consists of considering adl tincertainty sources mentioned in

Equation 3- 34.

Table 3- 3: Uncertainty budget for a fused siliegity using the MST

Main Secondary Parameter Absolute Fractional
Parameter Uncertainty Uncertainty
OPDT Temp nr= 1.44404! 125 nn 9.4/1¢°

ong 1T =1.28 x 10/ T
Lt=13.275 mm
ALr1T =55 x 10/
OPDR_Temp nr= 1.44404! 125 nn 9.4/1¢°

ANRIOT =1.28 x 16/ T
Lr= 7.34153 mm

ALrlOT =5.5x%x 10/

OPDR_canb 688 nn 35/1C6
Yij 1000 nn 511¢°
Erunine 420 nn 32/1(C°
Combined Uncertainty for single pixel thickn 819 nn 7C/1C°

By using the minimum and maximum values of slopasttie tune from Table 3- 2, it
was possible to obtain the repeatability in the MBTe average value for a 19.415 mm
cavity for 10 and 100 readings was 19.4154 mm &hd153 mm respectively with

standard deviations of 403 nm and 330 nm (for X000 measurements respectively).
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Another simulation also computed the average aadsid deviations for ten separate
measurements for the given tuning variation a®disih Table 3- 4 .The average
estimates and standard deviation in the simulat@mpare well with the experimental

result of 19.4152 mm and standard deviation ofr¥20.

Table 3- 4: Average OPD values and standard dewstfior 10 readings fora 19.415
mm window

Average ofOPD Values (mm Standard Deviation (nm’ for

for 10 readings 10 readings
19.415¢ 403
19.415! 363
19.415¢ 24E
19.415¢ 364
19.415¢ 31€
19.415¢ 343
19.415¢ 307
19.415¢ 272
19.415¢ 292
19.415¢ 38¢
AVG AVG
19.415! (mm) 32¢ (nm)

The combined uncertainty is calculated using adragéries expansion using Equation
3- 34. The major contribution from the uncertaistymes from the uncertainty in the
reference cavity OPD which has a temperature waingyrtof £ 2C over the calibration
temperature range ZZ as obtained in correspondence from the Zygo.Aaibther
major contribution is the repeatability in the imghent which can be reduced by taking

more runs. The refractive index and dispersion weggtermined using Malitson’s
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equation [77] for fused silica. Using the averagig of the refractive index for fused

silica 1.444045609 and the dispersion coefficie0t12853686, the physical thickness

of the fused silica sample was computed u§iHgL; = n. L. (1+7;) to be 13.274 mm

+ 0.0008 mm. In order to extend the measurementrtaitey to any pixel over the
surface, the peak to valley (PV) information frolre tOPD filled plot was used as

shown in Figure 3- 12. The average of 10 peak tewaalues from the OPD filled
plots was computed to be Juin. The corresponding physical thickness variatigero

the whole surface was computed to be 052

Figure 3- 12: OPD filled plot for fused silica cgvalong with the fringe pattern

The physical thickness of the fused silica windamnputed from the MST was within
the manufacturer’s tolerance of 11.2 mm — 14.2 (@th7 mm= 1.5 mm). Another
measurement procedure was followed by using twibreédd micrometer screws, one
handheld and the other a tabletop. The two micreraatere first made to measure a 13

mm gauge block. Since both the micrometers weriadiigny bias on the instruments
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was corrected with a reset switch. The fused siltadow was then measured at 10
different positions by each of the micrometer saevhe average physical thickness as
measured by the handheld was 13.274 snh0005 mm and for the tabletop version
was 13.274 mm: 0.0014 mm. Table 3- 5 lists the average thickeskits variation

over the entire sample for the three methods.

Table 3- 5 : Average and standard deviation vadi@sFused Silica window over the
entire sample using the MST and calibrated micrenset

MST Micrometer 1 Micrometer 2
(handheld) (tabletop)
\ Average (mm) . 13.27¢ | 13.27¢ \ 13.27¢
Standard Deviatic (mm) 0.0C07 0.000¢ 0.001

The fractional uncertainty for the physical thickeeof the fused silica window is 70

ppm.

Spherical Ball Lens Measurements:

Figure 3- 13: Setup for measuring the diametertodrassparent spherical ball lens
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In order to measure a spherical ball lens we usarsmission sphere (f / 1.5)
and measure the OPD of the ball lens at the cohfmsition. In this arrangement all
the rays converging on the ball lens are refle@ioh the back surface and travel along
the same path which defines the diameter of thie s OPD spectrum in the confocal
arrangement is then similar to a planar arrangersi&rte any ray travels the same
distance (the diameter of the ball lens). The bestnate of the diameter is computed
from the best estimate of the confocal positionclwhs determined using the Zernike

term Defocus (Focus as mentioned in the application

MST

+—>

D: Diameter of Ball Lens

Figure 3- 14: Spherical ball lens measurementenMi$T

A 10 mm uncoated ball lens (BK7) was purchased fiadmund Optics with a

tolerance oft 5 um. An f/ 1.5 Zygo transmission sphere was usedei@rmine the

diameter of the ball lens. In order to measure gpkerical ball lens, we need to
determine the precise position for the confocaltippsand then determine the diameter
of the ball. We used the Zernike application toed®ine the best confocal position by
looking at the defocus term at the reference piXxetnslational stages were
incorporated to ease the process of obtaining @sereonfocal position. The process of

obtaining the defocus term involved moving the stational stage, taking a
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measurement and determining the OPD map of the #worface of the ball lens and
determining the Zernike term Defocus from the Zezrapplication. The objective was
to repeat the above process till the Defocus t&wmeys as mentioned in the application)
is close to zero which then represents the beshast of focus. The best estimate of
the confocal position was obtained at a defocusboiit 0.000 at the test pixel as given

by the Zernike application as shown in Figure 3- 15

Seidel Coefficients

From 9 term Zernike f£it

Aberration Magmitude

TILT

FOCus
AARTIGMATISH
COML
SPHERICAL

Figure 3- 15: Best estimate of confocal positimmfrthe focus term

Twenty readings were taken at this position andhiean optical path length of the ball
lens was computed to 15.203 mm with a one sigmati@v of 0.0003 mm. No change
in temperature to within 0.1 degree was observedngluthe measurement. We
computedn from the Sellmeier equation (with BK7 constanty) determining the
refractive index variation of n with wavelength e@uency). The wavelength was
obtained by using a wavelength meter to recordegfor different tuning rangesy

was computed to 0.012934 + 3 x®0(from the uncertainty of the wavelength meter: 4
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picometer / 1550 nm and from the Sellmeier equatiBy using this value and the
refractive index of BK7 at 1550 nm i.e. 1.50006% eomputed the absolute diameter

of the ball to be 10.001 mm.

Table 3- 6 : Uncertainty Budget for Spherical bedis (Specs: 10.000 mm £ 0.005 mm)

Main Secondary Parameter Absolute Fractional
Parameter Uncertainty Uncertainty
OPDT Temp nr= 1.50006¢ 87 nnr 8.7/1¢°

onrloT = 2.4 x 10°/C
Lt=10.001 mm
ALt /(L .oT)=7.1x 1P/ T
OPDR_Temp nr= 1.44404! 125 nn 9.4/1¢°

Onrl1T =1.28 x 16/ C
Lr=7.34153 mm
OLr/(Lg.oT) =5.5x 10"/ T

OPDR calib 500 nn 33/1(°

Yij 1000 nn 65/1C°

ETuning 300 nn 20/1C°

Combined Uncertainty for single pixel 1.2 umr 76/1¢°
thickness

The combined uncertainty for the OPD of the BK7l bals at an estimated average
OPD of 15.203 mm is 1.2 um. The uncertainty in the@meter of the ball lens is
computed after dividing by the dispersion contiibbutand the refractive index i.e.
n(1+n). The final uncertainty in the diameter of thelbahs is 10.001 mm + 0.0007
mm.

The ball lens was also measured at 10 differesitipos with the MST and also with
two calibrated micrometers like the previous measiants and all the values are found

to be agreeing satisfactorily as shown in Tablé.3-
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Table 3- 7: Average and standard deviation valii@sBK7 ball lens for 10 different
positions using the MST and calibrated micrometers

MST Micrometer 1 Micrometer 2
(handheld) (tabletop)
Average (mm 10.00: 10.00: 10.00:
Standard Deviation (mr 0.000¢ 0.000¢ 0.000¢

3. 11 Summary
The thickness of a transparent planar window anttaasparent spherical

window has been measured using the concept of dfotransform phase shifting

interferometry using a commercial interferometesngl with a detailed uncertainty

estimate. The average measurements for both tifacerthas been compared and

verified by two micrometer screws when calibratedattraceable gauge block of 13

mm. A simulation model is described to understdredffect of tuning non linearities

using experimentally obtained values. For a pedeatep the simulation shows that the

measurements lie between+al um range which also forms the chief contributor

towards the uncertainty in the measurement, fokbtwe the uncertainty in knowing the

calibrated value of the reference cavity for a givemperature and the repeatability in

the instrument.



CHAPTER 4: GAUGE BLOCK MEASUREMENTS

4. 1 Opaque Planar Artifacts using the MST

Gauge block measurements have changed dramatdaadlg their advent when
static interferometric techniques and comparat@sewsed. Current scenarios include
dynamic interferometric techniques like phase msigfinterferometry and time-of-flight
methods using femtosecond lasers. All techniquegauge block measurement use
prior information about the approximate length diet gauge block (coarse
measurement) which is computed mainly by statictiplal interferometry techniques
and this information is used to determine the aliedength of gauge block to tens of
nanometers (fine measurement). In this chapteaga& interferometer in described in
conjunction with a commercial Fizeau wavelengthnsaag interferometer (MST) as
shown in Figure 4- 1 to determine the coarse lengfta one, two and three inch gauge
blocks. Preliminary results of the measurementdiseussed along with uncertainty

sources.

Figure 4- 1: A two mirror Sagnac configuration @angunction with the MST to
measure coarse lengths of gauge blocks
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4. 2 Introduction to gauge blocks

Gauge blocks are used as precision and lappedastenih diverse areas in the
industry from measuring parts loosely on the facftwor to measuring parts accurately
to a millionth in an environmentally controlled tatory. Since the patenting of the
gauge block by Swedish inventor Carl Edvard Jolangs 1901, gauge blocks have
changed little with respect to their design, atlan or even accuracy as compared to
the way they are measured. A set of gauge blodksthve right combinations are wrung
to accurately determine the length of an artifAsta result of the wringing process, the
length of a gauge block in the 1ISO 3650 “Geomédtiraduct Specifications — Length
standards — Gauge Blocks” is defined as “the pelipafar distance between any
particular point of the measuring face and the griaurface of an auxiliary plate of the
same material and surface texture upon which theromeasuring face has been

wrung”. This is illustrated in Figure 4- 2.

<«—— Gauge Block
Length

Wringing Film

Auxillary plate

Figure 4- 2: The length of a gauge block as deflmetS5O 3650

Wringing involves a lot of skill, decreases thropgh and prevents automation of the
measurement process and is not completely undersimoecent years, however most

techniques have measured gauge blocks without ingrigem onto the platen.
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4. 3 History of gauge block measurements

Gauge blocks are measured in two steps: one iae&agneasurement which
gives the gauge block length to within a coupledt@ micrometers and the other is a
fine measurement which uses the coarse measuréonamatvide the gauge block length
to within tens of nanometers. While fine measuremdrave improved dramatically
from using mechanical comparators [79] to usingicstaultiple wavelengths [80][81]
to the more dynamic forms of interferometry suchpasse shifting [82][83] and
femtosecond lasers [84], coarse measurements heee@ mechanical means like a
micrometer and non-contact methods such as multipieelength interferometry have
also been reported to determine the gauge bloekthin a given tolerance (140 pm —
300 um )[13][84]. Since the gauge block is a lengtandard, techniques such as
multiple wavelength interferometry provide a me&rsmeasurement of a step height
as discussed by authors in [13]. The focus ofdhépter is to improve the coarse length
measurements of gauge blocks along with a detailecertainty analysis thereby
providing an estimate of measuring different stelits. Since the object measured is
opaque, the approach involves a unique configuratim measurement sequence where
light is reflected from both ends of the object dne two end faces of the gauge block
serve as boundaries of independent optical cavitiedbsolute coarse length of one,
two and three inch gauge blocks is demonstratethaloth uncertainty sources.
4. 4 Measurement theory

In order to measure an opaque cavity such as aegblogk, a two mirror
Sagnac configuration is used in conjunction toM&T, as shown in Figure 4- 3. The

two mirror Sagnac geometry avoids beam inversioriifie empty cavity and the cavity
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with the gauge block. The length of the gauge blsckhen measured in two steps
outlined as follows:

(a) Using a multi-axes stage, the two mirrors o thagnac are adjusted to give
minimum fringes for the empty cavity (usually Infye over the surface), as shown in
the left part in Figure 4- 4.

(b) The gauge block is then placed and alignedivie g similar fringe pattern for the
front and back surfaces. Since the empty caviglighed to give minimum fringes and
the gauge block surfaces are flat, a similar fripgéern for the front and back surface
indicates that the two surfaces are fairly paraligh respect to each other, as in Figure
4- 4. A multi axes stage for the mirrors and theggablock greatly helps in the
alignment and reproducibility of the fringe pattern

(c) The front and back surfaces of the gauge bévekthen determined from the OPL
spectrum discussed in the earlier sections.

(d) The gauge block is removed and the empty c&vityeasured similarly.

The length (thickness) of the gauge block is thieargby

LGaugeBIock: L EmptyCavity_(L Front Surfac_g L Backace)

Equation 4- 1
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M
L Empty Cavity /
MST | \
|

-<<—_|

MST \ "

-— I-Front Surface

X

L Gage Block “t”
<---» LBack Surface
3 Gauge
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Figure 4- 3 : A two mirror Sagnac configuratiomteasure a gauge block with the
MST

-

Empty Cavity Cavity with Gauge Block

Figure 4- 4 : Fringes for empty cavity and gaugebl(front and back). In order to ease
the alignment of the gauge block (almost paratthf and back surfaces) the empty
cavity fringes are made to a minimum.
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OPL Spectrum for Gauge Block

: I-Front Surface
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Gauge Block

OPL Spectrum for Empty Cavity Geometry

L Empty Cavity

Normalized Amplitude

Iy

Optical Path Length

A

<> L Empty Cavity

MST |:|: /

Figure 4- 5 : OPD Peaks for the empty cavity aredgduge block surfaces (front/back)
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The peaks of interest in the OPL spectrum and fitverehe cavity lengths must be
identified with care to carry out the analysis. tia standard Fizeau configuration each
cavity measurement is double-pass; therefore atytsvimeasured optical path
difference is twice the cavity’s physical opticahgth. The data processing in the MST
takes this into account and automatically dividkptical path lengths by two. This
division is correct when the gauge block is in @arm of the Sagnac; however the
empty cavity measurement is a single pass configumrand the empty cavity peak will
appear at half the cavity length. It must be mpliéd by a factor of two to recover the
cavity optical length. Also, the software normadizee OPD spectrum with respect to
the largest amplitude so identification and conguars of peaks between measurements
must be done with care. For example, the emptytycaand the two cavities
corresponding to the front and back surfaces ofythege block have the largest fringe
contrast; therefore these peaks will have the #rgeplitudes. Smaller peaks in the
spectra are from irrelevant cavities such as tbatfand back surfaces of the beam
splitter, the beam cavity, and multiple reflecticmmbinations. Care must be taken to
ensure that these peaks and significant multiglesedf are well-separated from the
peaks of interest. We discuss in our next sectiencomponents of the system and the
measurement results. This is followed by an unigytaassessment of the
measurement. A certain amount of expertise wasedawhile setting up the optics and
with time and preliminary results a reduced geoynefth multi-axes alignment stages
were incorporated as shown in Figure 4- 6. All measents reported are for the setup

on the far right in Figure 4- 6.
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Multi-axes setup

Time consuming Unequal tuning range for Reduced geometry

to setup empty cavity and gauge block .
Equal tuning Range

Not reproducible Dispersion Compensation .
otrepro P P NO compensation for

dispersion

Figure 4- 6 : Improvements in the gauge blockseter time. Measurements
described in the chapter are for the rightmostpsetu

4. 5 Measurements

Three different gauge block lengths (1 inch (25@)m2 inch (50.8 mm) and 3
inch (76.2 mm) ) were measured in four sets, eaeh comprising of twenty
measurements for the geometry in Figure 4- 6. oited OPD of the empty cavity is
approximately 556 mm so as to utilize the full ngprange of the laser 500 GHz. The
gauge block is first measured and then the emptiyycahe length of the gauge block
is then determined as per Equation 4- 1 with thptgroavity OPD being the average of
the empty cavity measurement. Table 4- 1 listsaverage and standard deviation of
the three gauge block lengths (one, two and thmebes) for four sets, each set
comprising twenty measurements. It is observed firadny given set of measurement
and for any of the given lengths, the average vafube length of the gauge block is

accurate tat 20 um of the value provided by the manufacturer. Treewlsion of the
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combined uncertainty, which takes all uncertaintyirses into account, is discussed

below.
Table 4- 1: Gauge Block measurement for 1,2 amati3 blocks
1inch (25.4 mm
Set ! Set: Set: Set ¢
Average value (mn 25.40¢ 25.38( 25.41: 25.41:
Standard Deviationufn) 26 30 32 27
2 inch (50.8 mm
Set ! Set: Set: Set ¢
Average value (mn 50.81¢ 50.80: 50.80¢ 50.79
Standard Deviationun) 31 30 31 36
3inch (76.2 mm
Set ! Set: Set: Set ¢
Average value (mn 76.20: 76.18: 76.19! 76.18¢
Standard Deviationun) 40 42 32 38

4. 6 Uncertainty Analysis

The OPL of a cavity for a given set of measuremeatsbe described as

PDC _ [nC LC(1+ 770)] meas, OPDQ_ Calib + ‘9Tuning
[Ng LeX+ 7] reas

Equation 4- 2
where all the terms have their usual meaning as&aimqu earlier andruning IS the
standard deviation of the measurement results fgiven set of measurements. The
effect of B is not considered in this scenario since cavitiess measured instead of a
window as in the previous chapters. The exact posidf a cavity cannot be estimated

from the OPD peaks however since a window is measas a difference between two
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cavities and its thickness can be estimated fromerotforms of mechanical
measurements$ can be determined. In this study the absolutetfieafia gauge block is
determined from a sequence of cavity measuremerissa the uncertainty analysis
focuses on determining the range of uncertaintynfkmown average readings, standard
deviation and primary parameters such as refradtidex, length variations with
temperature. The uncertainty in the OPL of a caviting the MST can be expressed as

a Taylor series expansion of the individual termEquation 4- 3 as

oP
UOPL_C :\/[U OPL_TuninJ2+[U OPL C Ter1p2+[ ﬁ'u OPL R Tlmi{ U O_PL_R] cil

Equation 4- 3
where U represents the uncertainty in the measurement hed corresponding

subscripts represent the parameters. The gauge inleasurement is modeled below as

LGaugeBIock: L EmptyCavity (L Front Surfac_g L Back Surflctg Aligmrﬁié 5(2
Equation 4- 4
where Jdaignment and o, represent the length errors that may result froawity
misalignment and effects from phase change onctefte Since the gauge block
measurement consists of two independent measurertekgn one after another, we
assume similar conditions of temperature througltoeitmeasurement process. By this
we mean that the average temperature conditionssurezh during a set of
measurements (twenty readings for gauge block amutyecavity) are the same. As a
result; the value 0OPLr ca remains the same during the measurement. We lsowev
do estimate the effect of having a differ€@®Lr ca value between measurement and

calibration environments on the gauge block measent. The only factor which will
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be different between the gauge block and emptyycaveasurements is the tuning rate
non-linearity. Since we assume that the tempezataiations are similar for the empty
cavity and gauge block measurements but the tumitegwill be different for the two

measurements, the uncertainty in the gauge bloasurement can be written similar to

Equation 4- 3 as

Ueo =4[V munnd” U oo ¢ reds Y oo & g U o alcat 0 nighnet b °
Equation 4- 5

where we replace the subscript OPL from Equatio® 46 represent gauge block or
(GB) and add the additional terms from Equation44-The following section now
estimates the effects of all the parameters inxRe of the gauge block using Equation
4- 2 and Equation 4- 5.
4.6.1 Effect of temperature on the OPL of test mgference cavity

Although the average temperature variations for éhepty cavity and gauge
block measurements are similar, it is more logioadssume the scenario in which the
temperature may be steadily increasing during orasurement set (twenty readings)
say the empty cavity and steadily decreasing dutwe other (with the gauge block).
This encompasses a more general scenario and sboese to use the root sum square
approach in determining the uncertainty in the galdock due to temperature

variations in both the test and reference cavifiég equations are as shown below.

2 2 2
UGB_C_Temp: \/(U Empty Ten)p +(U Front Te%p_'— (U Back T)mp

Equation 4- 6
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OPLEm t OPLFron OPLBaC
UGB_ R _Temp— \/(OTLRDyU Empty Ten)p2 +(OTLRt Front Te)12p+(O—PIRk'U Back T)rip
Equation 4- 7

4.6. 2 Effect of temperature on the Calibrated ea@fiReference
Since the reference cavity is known to an uncedgtam temperature ot 2°

Celsius, we consider the effects of different terafures between measurement and
calibration environments to estimate the uncesaimtthe gauge block measurement.
Considering a refractive index variation for fusditta due to temperature to be 1.28 x
10° ° C, a one degree change in temperature causesféhence cavity OPL to vary as
much as 65 microns, so a temperature differencet afegree Celsius between
measurement and calibration environments wouldecanserror in the calibrated value
of the OPL of the reference cavity of 260 microBsice the ratio of the phase is equal
to the ratio of the OPL of the cavities as seemfeguation 6, we determine the average
values along with their uncertainty for each cav#ynpty, front and back) from our
measurement, and multiply with different values tbé reference cavity for the
temperature range from 2C to 24 C to estimate the uncertainty for each cavity. The
uncertainty in the gauge block due to the referecepaty calibration can then be

expressed as

U _ [ OPLEmpty _ OPLFront _ OPI‘Back] U
GB_R_Cal — R_AT
OPL, OPL_ OPL

Equation 4- 8

whereU, ,,=260um. Since the average temperature variations@0)2during the

experiment are found to be constant and small coedpa the maximum temperature
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difference of 4C between calibration and measurement environmestgonsider the
effect of the calibrated value of the referenceitgadue to average temperature
fluctuations on the gauge block measurement todgtgible and therefore ignore its
effect. Table 4-2 lists the uncertainty in the g@ublock measurements for various
lengths (1 inch, 2 inch and 3 inch) due to the dacdy in the reference cavity

calibration.

Table 4-2 : Uncertainty contribution to gauge blddie to calibration uncertainty in the
reference cavity

Gauge Block Length Uncertainty due to reference
(inch/mm) £ cave (Mm) cavity calibration (um)
1/(25.4)+ 29 0.¢
2 /(50.8)t 32 1.8
3/(76.2)+ 38 2.7

4.6.3 Effect of tuning rate non linearity

Although the phase terms for both the externalrafetence cavities contain the
tuning rate of the laser, these do not completatycel out completely [75] [76] and
increase as a function of distance. The standar@tam () for a given number of
measurement readings is considered as an uncegrtaintributor towards tuning in the
measurand equation.

UopL Tuning= O
Equation 4- 9

Since the average empty cavity measurement is msedmputing the gauge block

measurement from every measurement of the frontbacll cavity, the uncertainty in
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the gauge block due to the tuning rate can be sgpdeas the sum of the standard

deviation for the front and back surfaces for amgm set of readings as

U U

GaugeBlock Tuning: Front Tuniné*_U Back Tuni

Equation 4- 10
This can be validated by looking at the 12 measargrsets in Figure 4- 7 where the
uncertainty in the gauge block (standard deviatisnfompared and verified from
measurements with the sum of the standard dewv&atbrihe front and back surfaces
from Equation 4- 10 for the three gauge blockse Bmpty cavity represents the

average of 20 readings and is constant for theeghlogk measurement.

Choosing the right uncertainty in the gauge block from tuning non linerity
from front and back surface measurements

A o (Front)+o(Back) @ o (Gauge Block) ™ Vo(Front)+c(Back)?> A Vo(Empty)*+o(Front)+c(Back)?

£ 50

A
§ 40 - s & e N
= A A A
S 301 ¢ C L
© [ ] L = [ u [ ]
- 201 @= "
_g 1linch 2 inch 3inch
c 10 71 [« < > < >
8
(V)] 0 T T T T T T T T T T T 1

1 2 3 4 5 6 7 8 9 10 11 12

Measurement set (each set is 20 readings)

Figure 4- 7: Choosing the right uncertainty for ¢jfaeige block due to tuning effects
from a combination of uncertainty contributions

4.6.4 Effect of Phase Change on Reflection
Reuvisiting basics, the phase equation between ambies in the MST separated

by a distancé and refractive inder at wavelengtht is given by
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Equation 4- 11
where represents the phase change on reflection ofceuAacompared to surface B.
In our case, it will be the phase change on redleadf each surface of the gauge block

with respect to the transmission flat and is gilvgn

Q=—17,
A

Equation 4- 12
where z is the length corresponding to the phasagg on reflection for the given
wavelength. There is an additional factor of twothis equation to represent the
double-pass nature of the measurement.

Since the phase of the cavities is varied duringafemgth scanning differentiating
equation 19 with respect to time gives the phasati@n as

pe_ 47RO
ot A% ot ot

Equation 4- 13
In order to model the effect of the phase changeefiection on the OPL of a given

cavity, Equation 4- 12 is differentiated with respto time as follows:

8(2 472[ 2_ _]
Al

o€ Ar ., 0z 04
e

! oA ot
0 dnoty, o
ot

Equation 4- 14
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From Equation 4- 14 it is seen that the termixZé\dt) is common to the numerator
and the denominator which contains the phase \aridor the reference cavity as a
result of which it will cancel out. The term insidhe brackets, [z{0z/0)\], then
represents the length contribution to the optiealgth of a cavity due to the phase
change on reflection which is denotedbasand is represented as

0z
O, =2—A—.
“ o

Equation 4- 15
The value ofs,; to the gauge block measurement can be computdaoking at the
values forn and k for steel (gauge block material) and their vapatiover the
wavelength range of interest. From reference [8le expression for the phase change
on reflection for an air/material boundary with aterial complex refractive indei,=

n + ik, is

Q=tan'( 2k

(n +k2—1))

Equation 4- 16
The refractive index values for and k was obtained from [86] for the wavelength
regime of 1um to 2.25um in steps of 0.2um and computed the values of the phase
change on reflection and its length effect at tivergwavelengths from Equations 20
and 23 respectively. These values are presentd@bie 4- 3. The value of z for a
wavelength of 1.5um was selected from this table, th&iz/oh was computed from
Figure 4 over the tuning range of interest fromyinbto 1.75um (in steps of 0.2gm )
and finally 6, was determinedrom these values to be 13 nm. In case of single

wavelength interferometry for a wavelength of 1580, the length contribution from
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the phase change would be 29.3 nm as recordedhfe Ba 3 . The technique of
wavelength scanning interferometry reduces thethemgntribution from the phase

change on reflection as compared to single wav#ianterferometry.

Table 4- 3: Length contribution for phase changesfiaction from steel

Wavelength n k Argument O (nm)

(nm) 2k/(n* + k*-1) Q= tan}(Argument)

1 3.1¢ 4.4z 0.307¢ 0.298¢ 23.7¢

1.2t 3.4k 5.0¢ 0.276¢ 0.270( 26.8¢

1.t 3.71 5.7¢ 0.250¢ 0.245¢ 29.3¢

1.7¢ 3.8¢ 6.32 0.234: 0.229¢ 32.02

2 4.0z 6.8¢ 0.220: 0.216: 34.4¢

2.2 4.14 7.41 0.208¢ 0.205¢ 36.82

Length contribution for phase change on
reflection (z) for Steel

a5 | Az=0.2 nmfor 4 nm/
30 A
~~ 25-././.
E —>—
20
< 4 nm
N 154
10 1
5_
0 T T T T
1 1.25 1.5 1.75 2 2.25

Wavelength (microns)

Figure 4- 8 : Length contribution obtained from iase change on reflection for steel
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4.6.5 Alignment

Since the measurement of the gauge block involvesmeasurements, one for the
empty cavity and one with the gauge block in plates important to have all the
cavities appropriately aligned. Our length meas@@t occurs at a reference pixel at
the ends of the gauge block, and ideally the regageting through the empty cavity at
this location are the same rays that reflect frbim gauge block ends when the gauge
block is in place. Tilt in the cavities makes th@ndition approximate, and we must
estimate an additional path length because otffest.

Since the beams in the Sagnac travel in oppogieetains before meeting at the
beam splitter, it is necessary to determine thelaydy aligning the empty cavity first.
Although a single peak for the empty cavity detewsi the optical length at the
reference pixel, the fringe pattern over the enéiperture is a better indicator to
determine beam overlap, as shown in Figure 4- @eQine empty cavity is aligned, the

gauge block is inserted into one of the arms aigdedi.

Poor Overlap Good Overlap

Figure 4- 9: Multi axial stages help in aligningettwo cross beams for the empty cavity



75

Tilt With Respect To Transmission Flat (TF)

TF
v ~1x ~3A ~2
g
4__/

Empty Cavity Gauge Block Gauge Block
Front Surface Back Surface

Figure 4- 10: Estimating the effect of tilt on j@uge block measurement from the
empty cavity, front and back surface tilt contrions

The effect of alignment on the absolute length chety at the reference pixel can be
understood by estimating the amount of tilt in ifterferograms and from the length of
the cavity from the OPL Spectrum. As shown in Figdr 10, the amount of tilt for
each cavity (front and back surfaces of the gaugekband the empty cavity) with
respect to the transmission flat is determined bgwkng the corresponding average
cavity lengths and by estimating the error in #rggths at the reference pixel by using
simple geometric ray tracing. The errors in theohlie length were estimated to be
0.02um and 0.02um for the front and back surfaces of the gaugekbtord 0.04um
for the empty cavity (approximately 600 mm) geometihe overall tilt contribution to
the gauge block is a root sum square of the indalid¢ontributions and is estimated to
be 0.05um.
4. 7 Uncertainty Discussion

A list of uncertainty sources for the empty cavitpnt and back surfaces of the

gauge block are listed in Table 4- 4. The majortdoutor towards the uncertainty in
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the measurement is from the repeatability in th&rimment which is a function of
distance. The setup for the empty cavity and gdolgek measurement was optimized
based on the size of the available mechanical coemgs. A smaller empty cavity
length may be possible by using smaller compontartshe given setup. The next
uncertainty contribution comes from the temperateffects of the reference cavity,
which include random variations during the meas@@mand the calibration

uncertainty caused by the unknown temperature gucalibration. The calibration

uncertainty could be reduced if the exact tempesaturing calibration be known. It is
not possible to calibrate the reference cavity bseaof the unavailability of the

reference cavity data from the commercial instruméfhe combined expanded
uncertainty for one, two and three inch gauge IHook average is around 40
micrometers and is an improvement in the 100-3@ameter tolerance limits used

for non contact coarse length measurements of dalogks.

Table 4- 4: Uncertainty Budget for coarse measundsnef gauge blocks. Values in
brackets are for a temperature ®€1as against 0.2 (experiment)

Parameter Uncertainty in the Length of Gauge Block am)
1 inck 2 incl 3 incl
UcB Tunin 29 32 38
Ucs c_Tep 0.1(0.6 0.14 (0.7 0.14 (0.7
Ucs R Ten 1(5) 1.2 (6 1.2 (6
UGBﬁRfCaIibratio 0.9 1.8 2.7
00 0.01: 0.01: 0.01:

UL s 29 (29.4 32 (326 38 (38.6



7

4. 8 Summary

A simple geometry involving a two mirror Sagnac figuration in conjunction
with a commercial wavelength scanning interferombtes been presented to determine
the absolute coarse length of an opaque paraljetbby measuring three gauge blocks
(one, two and three inches). The average valuenefgauge block for four sets of
twenty readings was found to be accurate to withitombined uncertainty of 4dm

improving tolerance limits on previous non contactarse length measurements.



CHAPTER 5: SUB-MILLIMETER METROLOGY

5. 1 Introduction to the sub mm project

The main purpose of building an interferometer teasure the thickness of sub-
millimeter artifacts was the absence of such aesgdrom literature, in-house source
and detector, optics, hardware and software angfeist from the sponsors of this
project. The goal was to demonstrate single pixatkhess of samples from 25
micrometers to around 600 micrometers in physluakhess. The measurement range
of the instrument can be extended to demonstra&estiface profile, front and back
surface measurements of artifacts in the futurl agtditional optics and analysis. The
basic system described here can also be madedtoiuras an interference microscope
by using different parabolic reflectors as lensegary the beam size and magnification
for a future setup. We now discuss each of thekislat more detail. The system can
be divided into the following components

1) The hardware

2) The software

3) The optics

A bird’s eye view of the system design is represém Figure 5 - 1
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GPIB Interface Custom Digital
@nterface

Source: Agilent Tunable laser Detector: Sensors Unlimited Gallium

120 nm (1460 nm — 1580 nm) Arsenide Camera (0.9 um - 1.7 um)

N e

Interferometer

Figure 5 - 1: Block Diagram of Sub-millimeter Meltygy System

5. 2 Hardware

One of the financial advantages to the setup whibs an expensive tunable
laser and camera was the fact that these wereusehalready and ready to use. A new
computer system with 2 Gigabyte (GB) memory wasghouo facilitate as a stand
alone computer for this project. Apart from the e@uand detector additional hardware
included a digital frame grabber PCI (PeripheraiPonent Interconnect) card (for the
computer) along with a custom cable to connectcdraera with the computer and a
GPIB PCI card and GPIB cable to connect the tunablerce with the computer. A
wavemeter from HP model HP 86180 C was also ingatpd just to check the tuning
rate. A single mode fiber was deigned from Fibestimment Sales with a 95/5 split

ratio the 95 percent being used for the interfettemand the 5 percent to be diverted to
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the wavemeter. The source end of the fiber was ected to the high output (angled
connector) of the tunable laser source. A helngon laser was also incorporated to be
used in the experiment so as to keep the visitderansible (infra-red) beam coaxial as
possible over the given design length of the expeni.

The camera is a digital camera with an analog duwpd so a digital frame grabber
board from National Instruments NI PCI- 1422 wascpased to get frames from the
camera into the computer for processing. A custedhigable interface was built to
interact with the camera. This was done due to stoou pin-out and connector
configuration (DB37-S ) for the camera (37 pinsyl angeneral purpose frame grabber
board from National Instruments (100 pins). A &gt box was also purchased from
National Instruments (NI) to be used as an intefatedcoupler to connect the
appropriate pins from the frame grabber and theecamA customized cable was made
in-house to connect the camera with the set-top Bdre interface pin-out between the

camera and the frame grabber board is as showigumes - 2
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Figure 5 - 2: Interface pin-out between camerataedrame-grabber board (courtesy
Sensors Unlimited Inc)
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5. 3 Optics
Two interferometric configurations were considerethe design a) Fizeau

setup and (b) Twyman Green Setup.

I:I Detector 1

Reference Detector 2 )
cavity

(a) Fizeau Setup similar to the MST

Detector 1
J :7&_

]

[ 1 Reference arm or
Reference cavity

(b) Twyman Green setup

Figure 5 - 3: Fizeau and Twyman Green setups

The Fizeau setup in the MST uses two separate tdetecompared to the Twyman
Green setup with one detector. Also, the Fizeawpsaises a very expensive
transmission flat, more electronics and control parad to a simple optical setup of a

Twyman Green and so the choice of a Twyman Greafigtmation was implemented.
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Since the objective of this study is to demonstthgecapability of system to measure
sub-millimeter artifacts a simple setup such as magy Green was found to be more
economical. A collimator lens for the tunable seumas found to show enough
collimation over the length of the experiment fdretgiven tuning range. The
collimation of the laser was found to be sufficiener a length of 2m for a tune of 120
nm to facilitate single pixel thickness measuremment
5. 4 Software

The design of the sub-millimeter system consists tloé interferometer
(Twyman-Green), a wideband tunable source (120 unmmng) range from 1460 nm to
1580 nm) from Agilent, a near infra red camera S0 3.7 RT-V (spectral range 0.9
um to 1.7um) from Sensors Unlimited and a computer which astshe main control
unit to tune the laser and get frames from the canTéere are two software programs
which were used, 1) LabVIEW to interact with thmmable laser and the camera and
Matlab as a post processing software module toyaeahe intensity data from the
camera for computing the thickness of artifacts.
A GPIB (General Purpose Interface Bus) interfaces waed to send and receive
commands from the laser and a GPIB PCIl card wad usethe computer. The
LabVIEW driver to be used in software to send awkive commands to the instrument
was provided by Agilent technologies.
The software module consists of using a combinabbrLabVIEW and Matlab to
compute the thickness of artifacts. LabVIEW is uaedhe main driving engine to tune
the laser for a given tuning range, monitor the elevgth sweep from a wavemeter and

grab frames from the camera which are later usathiéatlab software for analysis.
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95%

Interferometer

Intensity over N Frames

Figure 5 - 4: LabVIEW as a driving engine for raale control and acquisition of data

Stored intensity  |ptensity at a single pixel
over all pixels over all the frames

MATLAB ‘ ' f
E—— = |
" opL

Intensity at one pixel

Figure 5 - 5: Matlab as a post-processing tooafwalysis and computing the thickness
of artifacts
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The experimental setup for the sub-millimeter sysés per the Tywman Green

configuration is as shown in Figure 5 - 8 and Fegbir 9.



87

(Fused Silica)

Test Cavity
(Silicon Wafer) :
Reference Cavity

Figure 5 - 8: Experimental setup for sub-millimetgstem along with interferometric
fringes for the test and reference cavity (19 meetlsilica cavity) change picture
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@)

(b) (©)

Figure 5 - 9: a) Test and reference cavity b) mefilgdmeasurement beam) and visible
light (alignment beam) and c) detector

5. 5 Measurements of sub-millimeter thick windows
The smallest window size measurable with a tunagg rof 120 nm (wavelength

from 1460 nm to 1580 nm) is around 10 micrometeysuBing the formula for
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equivalent wavelength which is;A, /(A2-A1). The equivalent wavelength represents a
length corresponding to one full cycle for the giuaing range using a Fourier based
analysis. This can also be proved by looking at égeation for the frequency of a

cavity shown in the earlier chapters.

_OPD a4
© 24, oN

Equation 5- 1
where fc is the frequency per samyle,is the tuning range an@N is the total number
of samples. The smallest frequency for the givemlmer of samples will be f@N or
fc/N Since N anddN are one and the same, the smallest OPD measarethen be

represented as

A AA
OPD, =222 - s
1

Equation 5- 2
Any OPD smaller than the minimum will need anothechnique of modeling the
intensity to determine the thickness as is doneeffectometry which will be the
continuing project for this study and is discussethe following chapter. The largest
cavity which can be measured is limited by the tengprresponding to the Nyquist
frequency. For a camera sampling at 30 Hz, the maxi optical path difference
(OPD) that can be measured is around 70 mm. Tleearefe cavity chosen in this case
is a 19.415 mm (£ 0.001 mm) fused silica window sugad from the MST. Three
different windows were measured a 25 (x 5) micranetndow a 60 (x 5) micrometer
window purchased from Virginia Semiconductor cogimn and a 450 (x 10)

micrometer was obtained from the center for Optdedmics and Optical
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Communications and their physical thicknesses @swvshin Table 5- 1. A set of 10
readings were taken for each window and the OPDstoam was computed. By
computing the refractive index and the dispersomtigbution for the reference window
(fused silica) [77] and test window (silicon) [87] Figure 5 - 11, the physical thickness
was computed. Figure 5 - 10 shows one such peakh# 25 micrometer window

similar to the OPD transform in the previous chepte

Table 5- 1: Thicknesses for 281 + 5um,60um + 10um,450 + 10um silicon

windows
Physical Thickness Physical Thickness Physical Thicknes:
(25pum £ 5um) (60 pm = 5pum) (450pum = 10 um)
27.526¢ 49.1802 460.7719
27.60 49.4374 460.4787
27.641¢ 48.9327 460.1856
27.693 48.87 460.1869
27.707: 49.1169 460.7716
27.711¢ 48.6742 460.4838
27.692: 49.1304 459.5994
27.702: 49.0686 460.4838
27.647" 49.0626 460.094
27.696¢ 48.975 460.1236
27.662um (AVG) 49.045um (AVG) 460.318um (AVG)

0.059um (STD_DEV) | 0.203pm (STD_DEV) | 0.354um (STD_DEV)
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Figure 5 - 10: Large OPD peak (uppermost figurejespondingto a 25 um £ 5 um
cavity along with double reflection from a smaljterak at twice the location
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Dispersion for Fused Silica (120 nm)
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Figure 5 - 11: Dispersion for Fused Silica andcsiti

5. 6 Uncertainty Analysis

A similar simulation fo3 was used by changing the starting wavelength gndin
wavelength, tuning range etc over the tolerancédifor the two windows namely 25
um = 5um and 60um £ 5um. The value of for the 25 micrometer6 um) window
in the range from 2@m to 30um is aroundt 5.5 um while thep for the 60um & 5

um) window over the tolerance range of @# to 65um is aroundt: 10 um and the
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value off3 for the 450um window in the range from 44@m to 460um is aroundt 8

um.
Table 5- 2: Uncertainty budget for 25 pm £ 5 pmaduaiw
Main Secondary Paramters Absolute Fractional
Parameter Uncertainty Uncertainty
OPDr Temp nr= 3.4831« 1.5nm 6C/1C°
onrloT =1.87 x 10/ <C
L= 25um
ALt I( Lt .oT) = 4.6 x 1P/ <C
OPDR _Temp nr= 1.44404: 182 nm 9.4/1C°
ONR1AT =1.28 x 10/ <C
Lr=19.415 mm
ALr/(Lr.4T) = 5.5 x 107/ T
OPDR _calio +1.1um 14 nm 56/1C°
B 5.5um 22/1C?
ETuning 58 nm 2.91¢C°
Combined Uncertainty for single pixel 5.5um 22/1¢?
thickness
Table 5- 3: Uncertainty budget for 60 pm £ 5 pmadaiw
Main Secndary Parameters Absolute Fractional
Parameter Uncertainty Uncertainty
OPDr Temp nr= 3.4831« 3.5 nm 6C/1C°
onrloT =1.87 x 10/ <C
Lt=60um
ALt I( Ly .oT) = 4.6 x 1P/ <C
OPDR _Temp nr= 1.44404: 182 nm 9.4/1C°
ONR16T =1.28 x 10/ <C
Lr=19.415 mm
ALr/(Lr.0T) = 5.5 x 107/ T
OPDR_caiib +1.1pm 3nm 5¢/1¢°
B 10 um 17/1C2
(C,‘Tuning ZOE nm 33/1(:3
Combined Uncertainty for single pixel 10 pm 17/1C2

thickness
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Table 5- 4: Uncertainty budget for 450 pum + 10 pimdew

Main Secondary Parameter Absolute Fractional
Parameter Uncertainty Uncertainty
OPDr Temp nr= 3.4831« 26nm 6C/1C°

onrloT =1.87 x 10/ <C
L= 450um
ALt /( Ly .oT) = 4.6 x 10°/ T
OPDR _Temp Nr= 1.44404! 182nm 9.4/1(°

ONR1OT =1.28 x 16/ C
Lr=19.415 mm
ALr/(Lg .4T) = 5.5 x 107/ T

OPDR_caiib +1.1pm 26 nm 58/1C°

B 8 um 18/1¢°

ETuning 354 nm 8/1C4

Combined Uncertainty for single pixel 8 um 18/1C°
thickness

In one measurement, two 450 micrometer (physicaktiess) thick samples were
measured on the commercial wavelength scanniegfé@rtometer (MST) and one was
used a reference (457.618) and the other (457.0Q8m) was measured on the sub
millimeter system as shown in. The average of tadings was 455.586m with a
repeatability of 0.064m. measuring similar artifacts for the test ancenerfice does
reduce the repeatability by almost an order of ntade (64 nm) when compared to the
repeatability of a larger reference (354 nm). Bhia this case is about 9 micrometers
which is similar to the for the larger reference about 8 micrometers. Hewehe
uncertainty in knowing the optical thickness frane tMST is dominated bfy which is
around 1um and since the reference and the test samplesnaitar in their thickness
and material properties the absolute uncertaintgrizution for the test sample is also 1

um. Hence, although two similar samples give a lovegreatability contribution the
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accuracy of the sample will depend directly on a on one basis as the accuracy of the
reference. A more accurate reference is needeediace this uncertainty contribution.
Hence in most cases a larger reference is use@duoce this effect and ease the
accuracy requirements on the reference at theof@sslightly larger repeatability but a
smaller combined uncertainty. The valuepofvhich dominates all the measurements
can be reduced by increasing the sampling ratenqusimulation) for the test and
reference windows. A sampling rate of 2400 Hz @astmera) is found to givefaof
about 400 nm for a 450m window with reference cavities being either aeoth50

micrometer or the 19.415 mm fused silica windowdusarlier.

Table 5- 5 : Measuring a 457.006n + 1.1um test window with a 457.638n + 1.1
um reference window

Physical Thickness of samp
(457.009um = 1.1 um)

455.6709
455.4971
455.5593
455.5802
4555147
455.5636
455.6723
4555812
455.5535
455.6697

455.5863um (AVERAGE)
0.064096um (STANDARD DEVIATION)
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Table 5- 6: Uncertainty budget for 457.009 + 1.1um test window

Main Secondary Parameter Absolute Fractional
Parameter Uncertainty Uncertainty
OPDr Temp nr= 3.4831« 26 nm 6C/1C°

onrloT =1.87 x 10/ <C
L= 450um
ALy I( Ly .OT) = 4.6 x 1P/ T
OPDR Temp nr= 3.4831« 26nm 6C/1C°
Onr 16T = 1.87 x 1071 <C
Lr=450 um
ALr/(LR.OT) = 4.6 x 10°/ T
OPDR_caiib 1.1pm 1.1pum 2.41C
/] 9um 2/1C*
ETuning 64nm 1.41¢*
Combined Uncertainty for single pixel 9 um 2/10?
thickness
5. 7 Summary

The OPD transform used in the commercial instrunvesg used in obtaining
the physical thickness of various silicon artifa@s um, 60um and 45Qum, reference
window 19.415 mm fused silica) from a custom builivelength scanning system
thereby providing a proof of concept for sub-militar window measurements. The
dominant source of uncertainty is tiffe value which is heavily dependent on the
sampling rate of the camera (currently at 30 Hz) timough simulation has shown to
reduce to by an order of magnitude for a samplatg of 2400 Hz. The repeatability in
the instrument is the next source of uncertainty ean be reduced by having the test
and reference cavities of similar thickness (phglssmd material i.e. refractive index).
In such a scenario the uncertainty will be domiddig the reference cavity accuracy. If

an accurate reference is not available then arlaejerence should be used to reduce
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the uncertainty in the test sample. In such cabes répeatability will be larger
compared to the case using similar reference astl ¢avities. The effects of
temperature on the cavities offer the least unicegytaontribution in stable laboratory
environments when the temperature variations alevass 0.2 degrees over a couple
of hours. Future work on this project and comboratwith another technique is

provided in the next chapter on continuity.



CHAPTER 6: CONCLUSIONS AND CONTINUITY

6. 1: Conclusions

The study has presented length measurements efatiff artifacts transparent
planar, transparent spherical and opaque planargadith a detailed uncertainty
analysis. A detailed study of the instrument, tR@TMMultiple Surface Transform) and
the technique of wavelength scanning with a spe@lrier transform, the OPD
Transform was undertaken and the working was eerifivith a simulation based
analysis with experimental inputs. The major cdnttibn towards uncertainty for
windows is from thgl term which represents the uncertainty range ferdbktimated
value of thickness over a given tolerance for meré®nditions (wavelength slope) in
the technique followed by the uncertainty in knogvithe calibrated value of the
reference cavity for a given temperature and tipeatability in the instrument. A sub
millimeter system was designed using an in housaltle laser, and detector and the
thickness of different silicon windows was demoat&td as proof of concept. In this
case to the value @ dominated the measurement uncertainty and a dwnuishowed
the measurement uncertainty to reduce by increalsengampling rate.
6. 2: Continuity (extension of the project to inddusurface profile measurements)

In order to extend the measurement range from glesipixel to a surface
profile, in house color corrected objectives (fravitutoyo Corporation) along with

parabolic
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reflectors have been collected to be used for éutesearch. A model of such a setup is

as shown in Figure 6- 1.

_ ~ Reference o026 To0 Ta05
Ii E -------------- 50X | 0.42 |30 | 17
) i E i units in mm DeteCtOF

Collimated beam

f,=20
t> | f, = 150
—
=l Tunable f;=75

Source

Figure 6- 1: Sketch of a future broadband tunalaeelength scanning system with
reflective elements for beam shaping

The initial system sketch will provide a magnificat of 3X with the sample footprint
being 1.5 mm and the detector footprint being 4tb.18ince the proof of concept for a
single pixel has been demonstrated, the systergrdesll focus more on the optical

and mechanical design constraints over the giveimgurange.
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6. 3 Wavelength scanning and reflectometry techesqu

Another interesting avenue for thickness measurésnbalow the minimum
thickness using wavelength scanning with the OP&anJiorm has been demonstrated
by combining the concept of wavelength scanningdamng the laser and reflectometry
(modeling) for analyzing the data. The minimum khiess limits in wavelength
scanning using the OPD transform or any Fouriensfia@m method is based on
obtaining at least one cycle of the waveform ovee tmeasurement time. For
thicknesses smaller than the minimum limit, a mindelapproach can been
implemented by using the principle of reflectometity [ ] the authors have shown
proof of concept by demonstrating the measuremaEnds60um thick wafer (optical
thickness ~ 20um) using the commercial wavelength scanning syiie MST)
which has a minimum optical thickness limit of 6@®. This technique can then be
used in the sub-millimeter system to increase jytsadiic measurement range well

below the minimum thickness of 10n.
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