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ABSTRACT

Fourier transform infrared (FTIR) spectroscopy is a widely used non-contact optical
material characterization method that is used for chemical analysis of solids, fluids, gases,
and process flows. FTIR utilizes a black body light source with broad spectrum, moving
opto-mechanical components, and a detector. Current FTIR spectrometers offer good
spectral resolution (few cm™ or better); however, they are costly bench top laboratory
instruments, require very high opto-mechanical precision, sensitive to vibrations due to
interferometric detection principle, and have low measuring speed (few seconds to
minutes). A portable FTIR system is needed as it would allow field use and has the
potential to open up new research directions and applications.

The aim of this project was to build a miniaturized handheld FTIR spectrometer with
high measuring speed (1-2msec) and moderate spectral sensitivity (10cm™) that works
across a wide wavelength range in the mid-infrared (2.5-16um) region. The project is done
as a part of the European Commission funded project called MEMFIS within a consortium.
A novel lamellar grating interferometer (LGI) based on micro-electro-mechanical-system
(MEMS) technology and electrostatic actuation is at the heart of the FTIR system and
offers the required precision, speed, and the vibration immunity for a portable system. LGI
MEMS device was designed and microfabricated by our group prior to this thesis research.
LGI is a dynamic diffraction grating operated at resonance and functions as a high-
precision opto-mechanical interferometer with key important advantages compared to
other types of interferometers.

This thesis mainly focuses on the detailed optical and mechanical characterization of
the LGl MEMS device and its integration into a fully functional FTIR system using the
source, detector, and IR optics. For this purpose, MEMS devices fabricated in five separate

runs are characterized mechanically and optically. For mechanical characterization, two



automatized systems based on laser Doppler vibrometry and laser fringe counting are
developed using a Labview based controller. Physical optics simulations of the system are
performed in MATLAB and ray-tracing simulations are performed in ZEMAX to find the
optimum combination of optical components. A fully functional LGI based FTIR
spectrometer system is built on an optical table and successfully benchmarked with other
FTIR systems using polystyrene film samples. The system can currently achieve about
30cm™ spectral resolution. This is the best MEMS-based LGI system developed to date
considering the spectral resolution and clear aperture size of 10mm? To increase the
mechanical deflection (i.e., improve spectral resolution) and to avoid problems related to
electrostatic actuation such as pull-in and nonlinear frequency response, acoustic excitation
using a speaker and mechanically-coupled excitation using a piezoelectric-vibrator are
introduced as alternative actuation methods. As another application of the FTIR system,

measurement of photovoltaic solar cell thin film thickness uniformity is exploited.



OZET

Fourier doniisiimii kizilétesi (FTIR) spektroskopi temassiz optik yolla maddelerin
kimyasal analizinde yaygin olarak kullanilan bir yontemdir. Fourier donisiimii
spektrometrelerde kara cisim 1s1masi1 yapan 1sik kaynagi, hareketli optik-mekanik parcalar
ve dedektdr kullanilir. Meveut FTIR spektrometreler birkag cm™ veya daha iyi ¢éziniirlik
sunmalarma ragmen kullanimi laboratuarla kisitli pahali cihazlardir. Ek olarak ylksek
optik-mekanik hassasiyet gerektirir, girisimolger temelli algilama prensibi nedeniyle
sallanmaya duyarlidir ve birkag¢ saniyeden birka¢ dakikaya uzanan diisiik 6l¢iim hizlarina
sahiplerdir. Dolayisiyla saha kullanimina izin vermesi ve yeni arastirma ve uygulama
alanlar1 yaratma potansiyeli olmasindan 6tiirii taginabilir bir FTIR spektroskopi sistemi
gelistirilmesi gerekmektedir.

Bu projenin temel amaci orta kizil6tesi dalgaboyunda (2.5-16um) genis bir dalgaboyu
araliginda calisan hizli (1-2ms) ve ortalama ¢ozinirlukli (10cm™) kiiciik, taginabilir bir
FTIR spektrometre tasarlamak ve tiretmektir. Bahsi gecen proje, Avrupa Birligi tarafindan
desteklenen MEMFIS projesi kapsaminda tamamlanmigtir. Taginabilir bir sistem igin
gerecken hassasiyet, hiz ve sallanmaya duyarsizlik mikro-elektronik-mekanik-sistemler
(MEMS) temelli elektriksel olarak calistirilan kirmim 1zgarali girisimdlger tarafindan
karsilanabilir. LGI MEMS cihazi bu arastirma tezinden Once grubumuz tarafindan
tasarlanmig ve tiretilmistir. LGI, rezonans frekansinda ¢alistirilan ve diger girisimolgerlerle
kiyaslandiginda 6nemli avantajlar1 olan yuksek hassasiyetli bir optik-mekanik girisimolger
olarak tanimlanabilecek bir dinamik kirinim 1zgarasidir.

Bu tezde temel olarak LGI MEMS cihazinin detayl1 optik ve mekanik karakterizasyonu
ile cihazin 151k kaynagi, dedektor ve kiziltesi optik elemanlar ile birlestirilerek ¢alisan bir
FTIR sistemine doniistliriilmesi anlatilmistir. Bu amagla, bes kez {iretimi yapilan MEMS

cihazlar1 mekanik ve optik olarak test edilmistir. Mekanik testler i¢in Labview ortaminda
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lazer Doppler vibrometre ve lazer sacak sayimi temelli otomatik sistemler gelistirilmistir.
Optik masa iizerine LGI temelli FTIR spektrometre kurulmus ve polisitren Ornegi
kullanilarak diger sistemlerle basarili bir sekilde kiyaslanmistir. Mevcut sistemle yaklagik
30cm™ ¢cOziinlirlik saglanmaktadir. Coziiniirliik agisindan bakildiginda 10mm? acgik
aralikla gelistirilen bu sistem, bugiine kadar gelistirilmis en iyi MEMS temelli LGI
sistemidir. Hareket genligini artirmak (ya da c¢ozlnirligi iyilestirmek) ve cihazin
elektriksel olarak calistirllmasi sonucu ortaya ¢ikan tutulma ve lineer olmayan frekans
cevabr gibi sorunlari engellemek i¢in akustik dalgalar ve piezoelektrik-vibrasyon ile
calistirma alternatif yontemler olarak sunulmustur. Ek bir uygulama olarak FTIR sistemini

kullanarak 1s1l-elektriksel giines pili ince film kalinlik 6l¢timii 6nerilmistir.



vii

ACKNOWLEDGEMENT

| would like to thank Prof. Hakan Urey for letting me study in such a productive
research environment as OML. It was a privilege to participate in the MEMFIS project
with pioneer partners under his supervision. | am grateful to Thilo Sandner from
Fraunhofer IPMS for helping me during my internship, Adam Piotrowski from Vigo
Systems and Stephan Luettjohann from Bruker Optics for their valuable opinions. Above
all, I would like to thank Jean-Louis Stehle from SOPRA for answering all my questions
with patience. In addition, | would like to thank Dr. Caglar Ataman and Hiiseyin R. Seren
for building a solid background in the project and leaving behind two valuable theses for
me to learn new things each time | read. | am also thankful to Prof. Erdem Alaca and Prof.
Siikrii Ekin Kocabas for taking part in my thesis committee.

It would have been impossible to complete my studies without the help of my
colleagues and good friends at OML, especially Selim, Sven and Onur. | want to thank
Selim for helping me in everything regardless of the subject. He always had practical
solutions waiting for me. | am grateful to Sven for being a great project partner as well as
being a great geek friend. Working in the clean room was not only bearable but also a lot
fun with him. | also want to thank Sven for letting me improve my ninja skills on him
without getting hurt. My mentor, Onur always encouraged me even if he was thousands of
kilometers away.

I had the chance to work with many brilliant friends at OML. I want to thank Aslihan
for teaching me how to do characterization when | had no idea what characterization even
meant. | also want to thank Huseyin for kindly answering all my questions. It was a
pleasure to get to know Kutal and Adana culture inevitably. |1 want to thank Erdem for
helping me adjust to the university and being a great desk mate. It was a privilege to work

with Burak, learning geography with Zeynep, listening to a new song with Cem everyday,



viii

going to every fish restaurant in the city with Erhan, consuming less with Kaan, learning to
ride horse with Kivang and taking car rides with Onur and Ulas. I also want to thank my
colleagues Utku, Aref, Sridhar and Jaibir.

Last but not least, | am deeply grateful to my family for doubtlessly believing in me. |
would not be able to complete this thesis without the support of my family to whom |

dedicate it.



LIST OF FIGURES

Figure 1.1 ElectromagnetiC SPECIIUML. .......uoiiiiiiieiicie et 2
Figure 1.2 Infrared active and inactive MoleCules. ..........ccocveviieiiicic s 3
Figure 1.3 Fundamental vibrational modes of HoO. ......ccoovviiviieiicc e 4

Figure 1.4 (a) Michelson interferometer based, (b) LGI based FT spectrometer. (Dashed
frame SNOWS the INTErTErOMELET.) .....c.oiiiiie e 6

Figure 1.5 One of the first lamellar grating interferometers with Czerny-Turner optics [8].7

Figure 1.6 Lamellar grating (SI08 VIEW) .......ccuvoieieeieeie et 7
Figure 1.7 Term A of equation (1-11) for A = 100pum and A = 10pum. .....cccvevvvvvervreeenen. 10
Figure 1.8 Term B of equation (1-11) for A = 100um and 4 = 10pm. ...ccocvvvevverieneennn. 11
Figure 1.9 Multiplication of terms A and B of equation (1-11) for A = 100um and

A2 LI ettt ettt r et e et en e 11
Figure 1.10 (a) Term C for d = A/4 (blue) and d = 4/2 (red). (b) Multiplication of all
terms for d = A/4 (blue) and d = A/2 (red). ....ooeeieiie e 12
Figure 1.11 (a) LGI MEMS device by O. Manzardo [9]. (b) ARCoptix spectrometer
installed on an electronic board [10].........cccoiveiiiieiieri e 13
Figure 1.12 LGI MEMS device by KOC UNIVEISILY. .....cccoviiriiiieiieiieie e 14

Figure 1.13 LGI MEMS devices by National University of Singapore with (a)
electromagnetic actuation [12] and (b) electrostatic actuation [14].........cccccevveriviierieernenne. 14
Figure 1.14 LGI MEMS design with serpentine springs. (1) Stationary grating fingers. (2)
Moving grating fingers. (3) Rigid backbone. (4) Serpentine Springs. .......ccccccevevveervriennnns 16
Figure 1.15 First four natural oscillation modes of LGI with serpentine springs. ............... 17
Figure 1.16 (a)-(c) Microscope images of the fabricated device. (d) Frequency response

With 28V SINUSOIAAL EXCITALION. .....ee oottt e e e e e e e e e s 17



Figure 1.17 LGI MEMS design with pantograph springs (1% prototype). (1) Stationary
grating fingers. (2) Moving grating fingers. (3) Rigid backbone. (4) Pantograph spring....18
Figure 1.18 First four natural oscillation modes of LG with pantograph springs (1%

Q10 10] £/ o 1= IR SR SRSRRRN 19
Figure 1.19 LGl MEMS design with pantograph springs (2" prototype). (1) Moving

grating fingers. (2) Rigid backbone. (3) Pantograph Spring..........cccccveeneneneennnisneenennns 20
Figure 2.1 (a) MEMS device mounted on specifically designed PCB. (b) PCB designed for
MEMS TESTING. 1.veeteiiieite ettt e et e st e esbe e te e st e s re e teenaeareeteenaennes 24
Figure 2.2 Mechanical characterization setup with laser Doppler vibrometer. ................... 25
Figure 2.3 Front panel of laser Doppler vibrometer based Labview program..................... 26
Figure 2.4 Block diagram of LDV based LabView program. .........ccccceeeveenesiieseesesieenenns 27
Figure 2.5 Fringe counting based mechanical characterization setup..........c.cccccevvverviiienen. 28
Figure 2.6 Optical part of laser fringe counting SEtUP. ......cccvevvrierieeriieie e 29
Figure 2.7 Front panel of laser fringe counting based Labview program. ............cccccccevennen. 30
Figure 2.8 Block diagram of laser fringe counting based LabView. ..........cccccoovieeiininnnen. 31

Figure 2.9 Optical setup for comparison of laser fringe counting and LDV based systems.

.............................................................................................................................................. 32
Figure 2.10 Frequency sweeps obtained from both laser fringe counting and LDV based
SYSEEMS SIMUITANEOUSIY. ...t 33
Figure 2.11 Mechanical characterization results of FabRun 1_KOC. .......c.ccccooeviniiniinnnen. 35
Figure 2.12 (a) A bare LGI MEMS device from FabRun 1_KOC on a coin. (b)
WireDONAEA ABVICE. ... ..ttt 36
Figure 2.13 (a) SEM picture of a pre-deflected LGl MEMS device from FabRun 1_IPMS.
(b) Frequency response at 62V INPUL VOITAGE. .....ccvveerieriiiie e 37

Figure 2.14 Frequency response of an LGI device from FabRun 2_IPMS at various

PTESSUIES. ..t iuttee sttt ettt ettt ettt e et e ettt e s sttt e e sttt e st e ekt e ek e e e kbt e ekt e e eab e e e nmb e e nnb e e e bt e e e bn e e e bneeenes 38



Xi

Figure 2.15 Frequency and voltage responses of FabRun 2_KOC devVvices. .........ccccveuennen. 39
Figure 2.16 LGI MEMS device fabricated in (a) FabRun 2_KOC, (b) FabRun 3_KOC. ...39
Figure 2.17 Frequency sweeps with square and sine wave actuation, respectively............. 40

Figure 2.18 (a) Speaker actuation setup. (b) Piezoelectric actuation setup. (c) Frequency
responses with all actuation Methods. ...........cceiieiiiieiec e 42
Figure 3.1 (a) Interferogram before resampling. (b) Interferogram after resampling. (c)

Y 01101 {1 o T TP URT PR TRTPP 43
Figure 3.2 (a) Discrete Fourier transform of a single sided interferogram. (b) Fast Fourier
transform of a double sided interferogram. (c) Fast Fourier transform of a single sided
[T =T foTo | =14 o ARSI TRORURTRN 47
Figure 3.3 OPD calculation with nonzero incidence angle illumination. .............cccccoeeee. 48
Figure 3.4 Device 111-SM actuated with 30V, at 667Hz at various incidence angles........ 49
Figure 3.5 Optical characterization setup and data analysis algorithm.............c.c.cccccveieen. 50
Figure 3.6 (a) Interferograms measured with a red (A=632.8nm) and a reference blue
(A=408nm) laser at small deflection. (b) Interferogram before resampling at large
deflection. (c) Interferogram after resampling. (d) Magnitude spectrum. ...........c.cccooveenne 51
Figure 3.7 (a) Zoomed view of the laser interferogram. (b) Interferogram before
resampling with its DC offset removed. (c) Interferogram after resampling. (d) Magnitude
K 0 L=To1 {1 AP P TP P PR PP PP 52
Figure 4.1 Schematics of sSimulated SEtUP. .......ccvriiiieriii s 55
Figure 4.2 Flowchart of the algorithm. FBP(X): Fresnel beam propagation for distance Xx.
R1, R2: Amplitude reflectance function of moving, stationary grating fingers. L: Amplitude
transmittance fUNCLION OF IENS. ......c.ooiiiii e 56

Figure 4.3 Exemplary spectrum for SBR definition. ..........cccooceviiiiiiiiinienece e 59



Xii

Figure 4.4 Physical optics simulation results of case#3 for A=3.3um. (a) Interferogram. (b)
Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection. The
red box represents deteCtor WINAOW. .........ccuiuiiierieiie et 60
Figure 4.5 Physical optics simulation results of case#8 for A=3.3um. (a) Interferogram. (b)
Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection. The
red box represents deteCtor WINAOW. .........ccuiuiiierieiie e 61
Figure 4.6 Physical optics simulation results of case#13 for A=3.3pum. (a) Interferogram.
(b) Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection.
The red box represents deteCtor WINAOW. ........c.cccveieiieiieiieie e 62
Figure 4.7 Physical optics simulation results of case#3 for A=6.45um. (a) Interferogram.
(b) Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection.
The red box represents deteCtor WINAOW. ..........cocveiviieiieiieie e 63
Figure 4.8 Physical optics simulation results of case#8 for A=6.45um. (a) Interferogram.

(b) Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection.
The red box represents detector WINAOW. ..........cocveiiriiiieniiie e 64
Figure 4.9 Physical optics simulation results of case#13 for A=6.45um. (a) Interferogram.
(b) Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection.
The red box represents deteCtor WINAOW. ..........cccveiveieiiereeie e 65
Figure 4.10 Physical optics simulation results of case#3 for A=16um. (a) Interferogram. (b)
Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection. The
red box represents deteCtor WINUOW. .........ccviuriieieiieseece e nneas 66
Figure 4.11 Physical optics simulation results of case#8 for A=16um. (a) Interferogram. (b)
Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection. The
red box represents deteCtor WINAOW. .........ccuiiuiiierieiie et 67



Xiil

Figure 4.12 Physical optics simulation results of case#13 for A=16um. (a) Interferogram.

(b) Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection.

The red box represents detector WINAOW. ..........cocveierieiieiieie e 68
Figure 4.13 Physical optics simulation results for all lens combinations. ............c..ccccue.... 69
Figure 4.14 (a) ZEMAX design and (b) Detector view of case#3. ........ccccccevvvevvieerncriennn, 70
Figure 4.15 (a) ZEMAX design and (b) Detector view of Case#8. ..........cccceverieiieneniinnnnn 71
Figure 4.16 (a) ZEMAX design and (b) Detector view of case#13. ..........cccoovvveieereniennnns 71
Figure 5.1 MEMFIS source and itS SPECIIUM. ......c.coiveiviieriere e 74
Figure 5.2 MEMPFIS DELECIO. ......ocuveiiieiecie ettt neenneas 74
Figure 5.3 LGI based FTS operation. PD: Photodetector. ZCD: Zero-crossing detector,

ADC: Analog-to-digital CONVEIET. ......ccoiiiiieiieie i 76
Figure 5.4 Light absorption in Sample. ..o 77
Figure 5.5 (a) Excitation voltage and deflection curve vs. time. (b) Laser interferogram. (c)
| a1 =T o {=T (00 = PSS 79
Figure 5.6 Actual LGI based FTIR Spectrometer SEtUP. ........cocereerirreriienienesie e 80
Figure 5.7 Data acquisition and analysis with chirped clock sampling. ...........cccocevviienen. 81

Figure 5.8 Data acquisition and analysis with interpolated zero-crossing detection

Y210 010 11T TSRS 81
Figure 5.9 IR interferograms with and without sample before filtering. ..........ccccceeeenee. 84
Figure 5.10 IR interferograms with and without sample after filtering. ...........ccccccovvrenee. 85
Figure 5.11 IR interferograms with and without sample after filtering — zoomed in. ......... 86
Figure 5.12 Magnitude spectrum with and without sSample..........ccccocvrvevieiie s, 87
Figure 5.13 % Transmittance and absorbance SPeCtrUM..........cccvereieriieninisieeeeeeeee 88
Figure 5.14 Effect of deflection on reSolUtioN. ..o 89
Figure 5.15 Effect of data cropping on reSOIULION. ........cccvevveieiiesieie e 91

Figure 5.16 Effect of asymmetry in reSOIULION. ..........cccveeiieie i 92



Xiv

Figure 5.17 Effect of averaging on reSOIULION.........ccccevveieiieiece e 93
Figure 5.18 Effect of at which step averaging is applied on resolution. ...........c.c.ccecvenrnen. 94
Figure 5.19 Effect of reference laser interferogram on resolution. ............ccceeveiiencniinnnnn. 95
Figure 5.20 Spectra obtained with different lens combinations.............ccccccvovviviciiivcienen, 96

Figure 5.21 Spectrum comparison of LGI based FTIR spectrometer and Bruker Optics’
AIPa-T FTIR SPECIIOMETET . ....eeeiiiieiiieiteeie ettt ettt sae e 97
Figure 5.22 (a) LGI based FTIR spectrometer modified for film thickness measurement.

(b) Detailed view of sample plane [29].........coviieiiiiceee e 98
Figure 5.23 IR interferogram obtained with 20um silicon film in the optical path. ............ 99



XV

LIST OF TABLES

Table 1.1 Number of fundamental Vibrations. .........ooooeooeeoe e 4

Table 1.2 First four natural oscillation modes of LG with pantograph springs (2™

0101 0] 1Y/ o 1= IR SRRSO 20
Table 2.1 DeSIGN VANTATIONS. .....ccviiieieiiesiiesie ettt sttt neesneenae e 33
Table 2.2 LGl MEMS device fabrication SUMMArY.........ccccoveiiinenienieniee e, 34
Table 2.3 First four experimental oscillation modes of LGI_P2_Koc_D5 devices.............. 41
Table 4.1 Available optical COMPONENTS. ........ccvevieiiiicece e 56
Table 4.2 Physical optics SImulation results. ..........cccooveiieiii i 57

Table 4.3 Simulated detector power and experimentally detected signal amplitude for
Case#3, CASEHB aNU CASEHLI. .....veieeieee et e et e e ae e e reenes 72



XVi

Table of Contents

ACKNOWLEDGEMENT ...ttt sbe e vii
LIST OF FIGURES ..ottt bbbt iX
LIST OF TABLES ...ttt bbbt XV
1 INTRODUCTION ...ttt 1
1.1 Vibrational SPECIIOSCOPY ....veiveeieiiesieeiieeiesieerieeeese et e e te e e reeae e e nesneeneeens 1
1.2 Fourier Transform Infrared (FTIR) SPECtrOSCOPY .....c.eevvrieeiiinirniieiesie e, 4
1.2.1  Michelson INterferOmMELer..........coiiiieiieieeie e e 5
1.2.2  Lamellar Grating Interferometer (LGI).......ccoooveiiiiiiieiiiecieee e, 6

1.3 MEMS-based LGI Devices in the LIterature ..........ccoocvevereeieenenieseene e 13
1.4 LGl MEMS Devices Developed at KOC.........ccccviieiieiiiie e 15
1.4.1  LGI Design with Serpenting SPrings .......ccccceeveriveresriesieesesrieseeseseeseeseennns 16
1.4.2  LGI Design with Pantograph SPrings .......cccccecevierieeieineniesie e 18

1.5 Contributions Of the TNESIS ......ccceiiiiiiiiii s 21

2 MECHANICAL CHARACTERIZATION ....cccoceiiiiiieiseeeeieieiiee 23
2.1 Mechanical Characterization Methods............cccovveiiiiieiiicie e 24
2.1.1  Laser Doppler VIDrometry SEUD .....cccocveiverreiie e 24
2.1.2  Laser Fringe Counting SEUP .......cccueieeieiierieiesiesieeeesee e 28

2.2 Mechanical Characterization RESUILS...........ccccvevieieiiieir e 33
2.3 Alternative Actuation MethodsS.........c.ooveiiiiiiiriiee s 41

3 OPTICAL CHARACTERIZATION ....covoiiieee e, 43
3.1  Resolution in FT SPECLIOSCOPY ...vevrerrerrierieeiesieesieeiessaeseeeesseessesssesseessesseesseessesses 43

3.2  Effect of Incidence Angle on ReSOIULION .........ccccveiiiiiiiiie e 47



3.3

4.1
4.2

5.1
5.2
5.3
5.4
5.5

6

XVii

Optical Characterization RESUILS..........cccveiieiieie e 49

OPTICAL SIMULATIONS ..ottt 53
Optical Setup OPLIMIZALION..........ccviiieieiiesie e 54
Optical Setup Power CalCulations...........c.ccvvevveieiiieieeieseese e 69

SPECTROMETER SYSTEM INTEGRATION.......ccooviiiiiiiieieen, 73
Infrared SOUrce and DELECLON .......cc.oiiiiieiiiie e e 73
LGI based FTS System OpPeration ..........ccccoouereereiienieenesieseesiesee s ssee s 75
Data AcquiSItion and ANAIYSIS......cc.ecveiierieiieieerie e 80
SPeCtrum Of POIYSIYIENE ....ccveeiecc et 88
Application: Thin Film Thickness Measurement..........ccccocvveeienienieencnieeseeneenns 97

CONCLUSION ..ottt 100

BIBLIOGRAPHY ..o s 102



Chapter 1. Introduction 1

1 INTRODUCTION

Spectroscopy is the study of interaction between electromagnetic radiation and matter. It
is based on the principle that under certain conditions, materials absorb or emit radiation. It
is a widely used method for identification of materials due to its capability of monitoring
the sample without physical contact. There are several spectroscopic techniques operating

on different wavelength ranges depending on the application.

1.1 Vibrational Spectroscopy

Infrared spectroscopy is one of the most frequently used spectroscopic techniques since
the 1940s. Initially, dispersive elements such as prisms and later, gratings were being used.
By the introduction of Fourier transform spectrometers, the quality of infrared spectrum
increased substantially while reducing the acquisition time. Infrared spectroscopy works in
the infrared region of the electromagnetic spectrum which is divided into three subsections:
near infrared (0.8-2.5um), mid infrared (2.5-25um) and far infrared (25-1000um) exciting
rotations, vibrations and harmonics respectively. In this thesis, a Fourier transform

spectrometer working in mid infrared wavelength range (2.5-16um) is be investigated.
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Figure 1.1 Electromagnetic spectrum.

Mid infrared spectroscopy relies on the vibration of atoms in a molecule. In this
technique, infrared radiation is passed through a sample and the ratio of absorbed to
incident radiation is recorded. When the energy of radiation matches the energy of a
vibration, an absorption peak in the spectrum occurs. Vibration related to infrared radiation
can be represented with quantized discrete energy levels. When a molecule interacts with

radiation, a quantized energy given with the below equation is absorbed or emitted:

AE = hv = h% = hei (1-1)

where h is Planck’s constant (h = 6.6 X 10734 Js), v is frequency, c is velocity of light,
and v is wavenumber [1]. The energy difference (AE) for most of the vibrational modes
corresponds to the mid infrared range.

Infrared radiation interacts with a molecule only if the dipole moment of the molecule

changes due to vibration. The size of dipole moment deformation also determines the
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absorption strength. Dipole moment of N charges is calculated with the following formula

where p is dipole moment, g is charge, and d is position vector:

N
p=) aid, (12
i=1

Molecules which have a dipole moment that changes with vibration are called infrared
active (HCI, CO, etc.), whereas molecules with zero dipole moment are defined as infrared
inactive (O3, Hy, Cly, etc.). Examples of such molecules are shown below.

Infrared-Active Molecule Infrared-Inactive Molecule

+ No Net Dipole Moment
Equal and Opposite

Duy \ipom Dipoles Cancel Each Other

e ——— &

— — Dipole Dipole

Net Dipole Moment
Figure 1.2 Infrared active and inactive molecules.
For a diatomic molecule, frequency (or wavenumber) of vibration modes can be
described by the stiffness of the bond and the reduced mass (u), a combination of

individual atomic masses (m,, m,) at each end of the bond.

_ MMz 1-3
K my +m, ( )
1 |k
2mc U

Molecular vibrations can be divided into two groups, bending and stretching. A
molecule that has n atoms has a net number of fundamental vibrations as given in the table
below [2].
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molecule | degrees of freedom

linear 3n-6

nonlinear 3n-5

Table 1.1 Number of fundamental vibrations.

For instance, water (H,0), a nonlinear molecule, has 3 fundamental vibrations as shown

in Figure 1.3.

\/ AN he

symmetrical stretching asymmetrical stretching scissoring (bending)
Figure 1.3 Fundamental vibrational modes of H,O.

Interpretation of infrared spectra is easily done using well prepared IR absorption tables
instead of performing the aforementioned calculations. The identifying properties of an
absorption band are intensity, shape and position.

1.2 Fourier Transform Infrared (FTIR) Spectroscopy

An interferogram is created by dividing the source beam into two either by a beam
splitter (amplitude division) or a diffraction grating (wavefront division) and introducing
an optical path difference prior to interference. In Fourier transform spectroscopy, this
information is translated into spectral domain by means of the mathematical method of
Fourier transform [3].

In dispersive spectroscopy on the other hand, incoming light is dispersed into its
spectral components by a prism or a grating and then detected by a single detector or an
array of detectors. FTIR has three major advantages compared to dispersive methods:
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Felgett (Multiplex) advantage: In FTIR, all frequencies are measured
simultaneously and the entire targeted part of the spectrum is covered at once while
every wavelength is measured individually in dispersive spectrometers with single
detector. In FT spectroscopy data collection is faster than that of dispersive
spectroscopy [4].

Jacquinot (Throughput) advantage: Since the frequency reaching the sample is
limited with a slit in dispersive spectroscopy, the energy reaching the sample and
resultantly the energy observed at the detector is low. This results in a low signal-
to-noise ratio, thus low resolution in dispersive systems compared to FTIR. Hence,
optical throughput is higher in FTIR spectrometers [5].

Connes advantage: External calibration is required over time in dispersive
spectrometers while a HeNe reference laser is used in FTIR spectrometers, which

as a result are regarded as internally calibrated instruments [6].

FT spectrometers are classified according to the interferometers employed in the

system. Two main interferometer types are Michelson interferometer and lamellar grating

interferometer.

1.2.1 Michelson Interferometer

Michelson interferometer is the most commonly used interferometer in FTIR systems.

Two mirrors, one stationary and one moving are used to create an optical path difference.

The beam is divided into two by a beam splitter, which is placed at the center of the

interferometer and inclined at an angle of 45°. Ideally half of the light is transmitted and

the other half is reflected. The mirrors are located on both arms of the interferometer

perpendicular to each other. The beam gets reflected from both mirrors after amplitude

division by the beam splitter. Later, these beams are superimposed. By scanning the
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moving mirror over a distance, an interference pattern is created at the output of the

interferometer.
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Figure 1.4 (a) Michelson interferometer based, (b) LGI based FT spectrometer. (Dashed
frame shows the interferometer.)

The beam that is reflected from the stationary mirror passes through the beam splitter
three times while the beam that is reflected from the moving mirror passes through the
beam splitter only once. A compensation plate is used in the optical path of the moving
mirror to counterbalance the difference introduced by the beam splitter. The second
interferometer shown in Figure 1.4 (a), illuminating the backside of the moving mirror, is

used as a reference to correct for tilt and non-uniform velocity in the moving mirror.

1.2.2 Lamellar Grating Interferometer (LGI)

Lamellar grating interferometer was invented by John Strong in 1950’s [7]. One of the

first lamellar grating interferometers is shown in Figure 1.5.
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Figure 1.5 One of the first lamellar grating interferometers with Czerny-Turner optics [8].

Lamellar grating interferometer has basically the same working principle as Michelson
interferometer as illustrated in Figure 1.4(b) . In LGI both moving and stationary mirrors

are combined in one device. One set of grating fingers moves in the out-of-plane mode
while the other set remains stationary as shown in Figure 1.6.

......... o/ P Movingfingers

..................... e Stationaryfingers

Figure 1.6 Lamellar grating (side view)
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LGI systems offer several advantages compared to the Michelson interferometers.

e Since both stationary and moving mirrors are combined in one device, LGI
eliminates separate reference mirror.

e Michelson interferometer uses a beam splitter to divide the light coming from
the source into two beams whereas LGI does wavefront division by the grating
structure. As a result, neither beam splitter nor compensation plate is needed in
LGI.

e LGl does not require vacuum packaging of MEMS as Michelson configuration.

e There is no need for interference alignment efforts in LGI.

e LGl is less susceptible to vibration since it eliminates the use of interferometer
optics and combines both stationary and moving mirrors on the same device.

To summarize, LGI is smaller, more robust and easier to assemble.

Diffraction theory of lamellar grating interferometers is investigated in detail in [7] and
is summarized below. Total diffracted wave amplitude of a lamellar grating is given by the
equation below where Ep,qping aNd Estqrionary are diffracted wave amplitudes of moving
and stationary grating fingers respectively.

Etor = Emom‘ng + Estationary (1-5)

Diffracted wave amplitude of a set of fingers can be defined in terms of the diffracted
wave amplitude of a single finger (E5) and the interference function between diffracted

waves from a set of fingers (F).

E=EF (1-6)
[nA sina
21
Esa A sina (1-7)

21
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sin [M] (N —DrAsina
Fa A exp (—i l ) D (1-8)

sin [nA sAin a]

Since moving and stationary grating fingers are identical and there is only a phase
difference between the reflected waves, E;,; can be further described as follows:

Eipr = E;F + E;Fe'? (1-9)

where phase is ¢ = 2mp/A and the optical path difference is p = d[(1 + cosa) +

(A/2d)sina] for a normally incident wave. Therefore the total amplitude of the wave

diffracted from lamellar grating is,

[nA sinay] . [NnAAsin a]

21 ip),—ip -
Evocx A sin @ . [nA sin a] (1 te )e N (1-10)
21 A
where ¢y = [(N — 1)mAsin a]/A.
Since intensity is defined as I;,; = EtotEfot »
I A sin a] 2, [NnA sin a] 2
21 A 2 (¥
Tior @ A sin o ] [nA sin a] cos (2) (1-11)
2/1 Sin ﬂ. Term C
Term A Term B

Term A in the equation above is for a single finger while term B is for a set of either
moving or stationary grating fingers. Term C accounts for the phase difference. Terms A
and B are plotted in figures Figure 1.7 and Figure 1.8 respectively for A = 100pum and
A = 10um.
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Figure 1.7 Term A of equation (1-11) for A = 100um and A = 10um.

For even m values except for zero, term A becomes zero. Therefore, even orders do not
exist in lamellar grating interferometers. Constructive interference occurs when the second
term is at maximum, for which the denominator should be equal to zero. Thus the equation

below must hold where m is an integer.

mAsing (1-12)
A
This brings us to the grating equation where m is defined as the order of interference.
mAd = Asina (1-13)

Angular order separation can be calculated by using the equation above.
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Figure 1.8 Term B of equation (1-11) for A = 100um and A = 10um.

The multiplication of terms A and B gives the actual order positions and relative

intensity values.
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Figure 1.9 Multiplication of terms A and B of equation (1-11) for A = 100um and
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Term C in equation (1-11) inserts the deflection dependent phase difference into the
formula. There is a /2 phase difference between the 0" and the odd diffraction orders

which can be clearly observed in Figure 1.10 (a).
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Figure 1.10 (a) Term C for d = A/4 (blue) and d = 4/2 (red). (b) Multiplication of all
terms for d = A1/4 (blue) and d = 1/2 (red).
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Since the 0™ order’s position is independent of the parameters and has the highest
intensity compared to the odd orders of which the position is changing according to the
wavelength and the intensity is lower than half of the 0", the 0™ order is used in lamellar

grating interferometers. The working principle is summarized in Figure 1.4 (b).

1.3 MEMS-based LGI Devices in the Literature

The lamellar grating interferometer was first introduced in MEMS literature by O.
Manzardo [9]. The device was electrostatically actuated with a maximum optical path
difference of 145um. The size of the lamellas in one dimension was limited by the
thickness of the wafer, therefore, the aperture area and light collection was quite limited.
The technology was commercialized by ARCoptix (www.arcoptix.com), Switzerland as a
fiber-coupled FTIR system. It had an optical path difference of more than 1mm
corresponding to a resolution of 8cm™ which works in 2-4.5pum wavelength range [10],
Figure 1.11.

(b)

m :
AT

TTTTTTTTT{IEW

Figure 1.11 (a) LGI MEMS device by O. Manzardo [9]. (b) ARCoptix spectrometer
installed on an electronic board [10].
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Our group developed the first large clear aperture electrostatically actuated lamellar
grating interferometer MEMS device with 106um peak-to-peak out of plane deflection
[11]. The device shown in Figure 1.12 used the top surface of the wafer. Further details are

explained in the following section.

Figure 1.12 LGI MEMS device by KOC University.

Another lamellar grating based spectrometer is reported by National University of
Singapore in [12] and [13], Figure 1.13 (a). The MEMS is actuated electromagnetically
and works in the resonance mode according to the latter publication. A maximum
deflection of +62.5um is achieved. The same group later introduced an improved device

that moves 100pum bidirectional with electrostatic actuation Figure 1.13 (b).

Lamellar grating

interferometer Folded-beam

suspension

Figure 1.13 LGI MEMS devices by National University of Singapore with (a)
electromagnetic actuation [12] and (b) electrostatic actuation [14].
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1.4 LGI MEMS Devices Developed at KOC

LGI MEMS devices developed at KOC University are parametrically excited systems
based on electrostatic comb actuation. Electrostatic comb actuation is a widely used
actuation method in MEMS for not only translational but also rotational and in-plane
motions. The oscillation of comb actuated devices depends on the excitation frequency and
the eigenmode of the structure [15].

The coefficients of the equation of motion are time dependent in parametrically excited
systems. Such systems exhibit multiple resonances, hysterical frequency response and
subharmonic oscillations. A small parametric excitation can produce a large response when
frequency of the excitation is close to twice the natural frequency of the system. Thus, the
excitation signal frequency should be around twice the mechanical eigenmode frequency in
order to obtain maximum deflection from the device. As a result, LGI MEMS devices are
designed such that the excitation frequency is double the vibration frequency and other
modes are shifted such that they are not at integer fractions of double the excitation
frequency [11], [16], [17].

Note that LGI MEMS devices are symmetric structures, hence they do not respond to
DC actuation. They are driven with square waves instead of sinusoidal to maximize the
power delivered to the system. An experimental comparison of square and sinusoidal
excitation will be provided in Chapter 2.

Developing an LGI based FT spectroscopy was an ongoing project before MEMFIS
project started. The two main MEMS designs completed at Optical Microsystems
Laboratory that share the properties described above with different spring designs are
explained in [18] and [19] in detail. In this thesis the latter design is characterized and used

in the spectrometer system integration.
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1.4.1 LGI Design with Serpentine Springs
The first design developed by Dr. Caglar Ataman has a rectangular grating area and the
moving set of fingers is connected to the substrate by 45° serpentine springs on each corner

as shown in Figure 1.14.

Figure 1.14 LGI MEMS design with serpentine springs. (1) Stationary grating fingers. (2)
Moving grating fingers. (3) Rigid backbone. (4) Serpentine springs.

Grating fingers are used for both interferometric and actuation purposes. In order to
increase the robustness and keep the dynamic deformation at an acceptable level, the
moving grating fingers are placed on a rigid backbone. Grating period is optimized for
high optical efficiency and good order separation. The fingers are coated with 100nm
aluminum to enhance the reflectivity for infrared illumination. Serpentine springs are
designed with varying cross-sectional width to attain uniform stress distribution and low
stiffness.

The device is designed such that out-of-plane mode is the first mode, while the closest
mode is kept around 1.5 times higher frequency. The maximum stress is simulated as

1.25GPa at the corner of the serpentine springs.
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Mode 1: z-translation (1156 Hz) Mode 2: x-rotation (1913 Hz)

Mode 4: x-translation (3890 Hz)

T T

Figure 1.15 First four natural oscillation modes of LGI with serpentine springs.

The device was fabricated by Fraunhofer IPMS on a 30um thick SOI wafer. An

experimental deflection of £53um is obtained with 28V sinusoidal excitation.

(d) o0 A ————— Increasing swaep
Denreasing sweep
75
g Fi=2248H:
% 500 . Jy=22RRHz
- ]
s 2| £ S
: \
[:I T T T T 1
22 225 23 2.35 2.4 2,45

Excitation Frequency ( £5Hz)

Figure 1.16 (a)-(c) Microscope images of the fabricated device. (d) Frequency response
with 28V sinusoidal excitation.
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1.4.2 LGI Design with Pantograph Springs

In this approach, pantograph type of springs as originally introduced by Fraunhofer
IPMS are used [20], [21]. Pantograph springs translate torsional bending into translational
motion with higher deflection compared to flexure bending. Two prototypes using
pantographs are designed by Huseyin R. Seren and fabricated by Koc researchers.

In the first prototype, a rectangular grating area (2.5mmx5mm) including a 0.5mm wide
backbone is used. Instead of one spring, two parallel torsional springs on each side are
used in order to increase the overall stiffness of the system while keeping soft springs that
can handle torsional bending. The first mode is designed as out-of-plane at 500Hz. The

first four modes are given in Figure 1.18.

Figure 1.17 LGl MEMS design with pantograph springs (1% prototype). (1) Stationary
grating fingers. (2) Moving grating fingers. (3) Rigid backbone. (4) Pantograph spring.

Maximum stress for 533um deflection is simulated as 1.44GPa which is within the
stress limits of silicon. Mechanical stops are added around torsional springs to avoid
fracture. Dynamic deformation as well as static bending is an important factor determining

the optical efficiency. The limit for deformation is A/2 where a destructive interference
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occurs and degrades the interferogram. Also, a beam reflecting off a bent structure
diverges, which as a results decreases optical throughput. The MEMFIS project
requirement for dynamic deformation is set as A/10 as a rule of thumb, which is equal to
250nm for the shortest wavelength in the mid-IR range. In this design, dynamic
deformation is reduced to 300nm at the intended maximum deflection along the grating

fingers by introducing deformation absorbing suspensions.
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Figure 1.18 First four natural oscillation modes of LGI with pantograph springs (1%
prototype).

In the second prototype, the grating area is converted from a rectangular shape to a
diamond shape to lower the dynamic deformation even further. Actually the grating area
should be close to a circular shape to adjust with the remaining optical components, which

are circularly shaped. The reason for using a diamond shaped grating was the fact that a
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higher dynamic deformation was observed on the outer fingers compared to the ones closer
to the center. Active area is decreased to 9.6mm? approximately. Also, a more curved

pantograph spring is introduced Figure 1.19.

Figure 1.19 LGl MEMS design with pantograph springs (2" prototype). (1) Moving
grating fingers. (2) Rigid backbone. (3) Pantograph spring.

The first mode is out-of-plane at 462Hz. The closest rocking mode is shifted 2.5 times

away. First four modes are summarized in Table 1.2.

Mode Number | Resonance Frequency (Hz) Mode Shape
1 462 Out-of-Plane
2 1160 Rocking
3 1183 Rocking
4 1422 Pantograph Out-of-Plane

Table 1.2 First four natural oscillation modes of LGI with pantograph springs (2™
prototype).

Dynamic deformation at maximum deflection is reduced to 230nm by using variable
grating finger length and a non-rectangular backbone. A maximum stress level of 1.1GPa

IS obtained at the corner of the torsional spring.
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Both mechanical and optical characterization of the two latter designs will be

investigated in the next chapter in detail.

1.5 Contributions of the Thesis

Main contributions of this thesis are in the methods and apparatus developed for optical
and mechanical characterization of MEMS-based LGI devices and in system design and
integration to demonstrate an FTIR system based on MEMS devices.

Two separate LGl MEMS designs with pantograph type of suspensions are
characterized both mechanically and optically using automated characterization setups and
two new actuation methods are introduced to test the existing designs without requiring
electrical connections to the device. A miniaturized IR source and IR detector developed
within the MEMFIS project by our partners are used for system testing. A fully functional
LGI based FTIR spectrometer system is demonstrated on an optical table and successfully
benchmarked with other FTIR systems for the first time within our group. The optical
system analysis and optimizations are performed using both physical optics simulations (in
MATLAB) and ray tracing simulations (in ZEMAX).

Chapter 2 explains the automatized mechanical characterization methods and test
results. Electrostatic actuator has nonlinear response and has some inherent problems:
electrostatic stiction and pull-in problems limit the actuation voltages to about 70V, which
in turn limit the maximum achievable displacement and the spectral resolution. Two
alternative actuation methods are tried in this research: acoustic excitation using a speaker
and mechanically-coupled excitation using a piezoelectric-vibrator, which worked well and
improved the mechanical deflection and allowed us to test devices without requiring wire-
bonding. In Chapter 3, optical characterization work using a fringe counting setup and

Labview based controller is described in detail. In the fourth chapter, the theory and
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limitations of LGI are explained. The system analysis and optimization are performed
using (i) physical optical simulations using Fresnel beam propagation method and (ii) ray-
tracing analysis in ZEMAX optical design software. The system integration and sample
measurements with detailed data analysis are investigated in Chapter 5. Also a possible
application of LGI, thin film thickness measurement is explained in this chapter. Finally,

the thesis is summarized in the conclusion chapter.
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2 MECHANICAL CHARACTERIZATION

In this chapter, the mechanical characterization results of the LGl MEMS devices are
provided. For fast and reliable testing, two automatized systems based on laser Doppler
vibrometry and laser fringe counting are developed in Labview. Devices fabricated in five
separate fabrication runs are mechanically characterized using these systems. Also, the
effect of the driving signal’s shape is experimentally investigated. Finally, two alternative
actuation methods with sound pressure and piezoelectric-vibrator are introduced in
addition to electrostatic actuation.

Devices are wirebonded on specifically designed and fabricated PCBs as shown in
Figure 2.1 (a) to ease the handling of MEMS and to avoid electrical connection problems
during characterization and system integration. The center of these PCBs where the
moving part of the MEMS resides on is intentionally left blank to avoid air damping. The
pins on the sides of the PCB are connected to certain pads which are wirebonded to the
electrical connection pads on the MEMS device. This board with MEMS on it is mounted
on another PCB as given in Figure 2.1 (b) with a hole in the center and pins and female
headers on the upper and lower sides for electrical connection. This PCB is designed such
that the pins in the middle row of three-row sets on both the upper and lower parts are
connected to the headers one by one. Every five pins of the rest of the rows are shorted and
a row on the upper part is connected to another row on the lower part. The same is applied
to the remaining two rows. A pin in the middle row can be connected to the upper or the
lower row with the help of a jumper. As a result two separate voltage levels can be applied

to the MEMS device according to the position of the jumper.
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Figure 2.1 (a) MEMS device mounted on specifically designed PCB. (b) PCB designed for
MEMS testing.

MEMS mirrors in an FTIR spectrometer must avoid mode coupling and sustain
dynamic deformation at tolerable levels. Optical path difference (OPD), which is double
the deflection of an LGI MEMS device, defines the resolution of an FTIR spectrometer as
described in the following chapter among other factors such as incidence angle of IR beam
on the grating, mode coupling and dynamic deformation. In order to be able to use the
MEMS device as the interferometer part of an FTIR spectrometer, frequency and voltage
responses are obtained.

2.1 Mechanical Characterization Methods
MEMS devices are mechanically characterized by both laser Doppler vibrometer and a
custom built fringe counting based setup.

2.1.1 Laser Doppler Vibrometry Setup

A laser Doppler vibrometer (LDV) measures the velocity and deflection based on the

Doppler effect; sensing the frequency shift of back scattered light from a moving surface.
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The instrument is composed of an interferometer and an acousto-optic modulator (Bragg
cell) to detect both the amplitude of the movement and the direction of it. A HeNe laser is
used as the light source which limits the theoretical resolution to half the wavelength,
316nm. However, Polytec laser Doppler vibrometers are claimed to have an improved
resolution of 2nm with the help of suitable interpolation techniques.

For the measurements, Polytec OFV-2500 vibrometer controller and OFV-534 sensor
head are used. A Labview program is prepared for controlling the instruments and plotting
the output. The automatized setup is shown in Figure 2.2. The device is actuated with a
square wave of 50% duty cycle with half of its amplitude given as offset. The sinusoidal
vibration at half the excitation frequency is measured by the oscilloscope and sent to the

computer.

Function Generator Labview Program

o— == = ——
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spe e RENRRRREE

Oscilloscope |

Takeroaty U8 DR e T

olts
o MEMSdevice
Voltage under test
]

Amplifier (x50)

Figure 2.2 Mechanical characterization setup with laser Doppler vibrometer.
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The left part of the program controls the function generator. Waveform, start and stop
frequencies, frequency step and the applied voltage can be set via this part. The switch on
the corner is for turning the channel on and off. The middle part is in charge of the LDV.
Since this is a passive system in terms of vibrometer control, only the LDV multiplication
factor, which is already set in the instrument is entered by the user. Lastly in the rightmost
part, excitation frequency vs. p-p deflection curve is plotted. Current p-p deflection value is

printed on the screen at each frequency.
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Figure 2.3 Front panel of laser Doppler vibrometer based Labview program.

The whole program runs in a while loop which is terminated if the stop frequency is
equal to the frequency at that time. The program waits for 5000ms at each step, which can
be set as a constant on the upper right-hand side. VVoltage amplitude is calculated assuming
that an amplifier with a gain of 50 is used. So; if the user enters 30V as the input voltage,
the program divides it by 50, sends the result to the instrument as amplitude and uses half
of this result as offset. At each cycle, the displacement output of LDV is sent to the
oscilloscope. The peak-to-peak voltage measured in the oscilloscope is sent to the
computer and multiplied with the LDV multiplication factor entered by the user. The
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current frequency and corresponding p-p amplitude is plotted on the screen until the loop is
terminated.
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Figure 2.4 Block diagram of LDV based Labview program.
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2.1.2 Laser Fringe Counting Setup

The laser fringe counting setup relies on the interferometric nature of the MEMS device.
Stationary and moving grating fingers act as an interferometer by creating optical path
difference thus resulting in constructive and destructive interference patterns at well
defined distances in terms of wavelength of the illumination. The deflection of moving
grating fingers can be calculated using this distance since optical path difference and
deflection are directly related.

In the setup, a square voltage signal is generated in the function generator and then sent
to the amplifier. The amplified signal is used for exciting a device that is wirebonded and
mounted on a PCB. In the optical setup, a red HeNe laser with 632.8nm wavelength is
directed at the MEMS device as given in Figure 2.5.

e — E Function Generator
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_ - by the program Voltage Amplifier
Frequency Optical Setup - e
Counter N oo [T pRG V
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HeNe Laser
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Beam .L l
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Splitter

Figure 2.5 Fringe counting based mechanical characterization setup.
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On the way, it passes through a beam splitter at 45° angle. After the beam is reflected
from the device, it goes through the beam splitter again and gets imaged onto the detector.
An aperture is used for blocking orders other than the 0™ order. (Figure 2.6) The output of
photodetector is a chirped sinusoidal signal, which is made up of fringes. After DC
cancellation, the signal is amplified if needed and then sent to the frequency counter, which
is set to work in count event mode in order to count fringes. In the Labview program, these
instruments are controlled from the computer and excitation frequency vs. p-p deflection
curve is plotted by multiplying the number of fringes with half of the wavelength of the
laser used.

Beam
Splitter

HeNe Laser

Figure 2.6 Optical part of laser fringe counting setup.

The front panel of the laser fringe counting based Labview program is given in Figure
2.7. The left part of the program controls the function generator. Waveform, start
frequency, stop frequency, frequency step and the applied voltage can be controlled via

this part. The switch on the corner is for turning the channel on and off.



Chapter 2. Mechanical Characterization 30

The part in the middle of the program is in charge of the frequency counter. Start and
stop channels are used for triggering purposes. Channel B is chosen for both of them for
which a 5V p-p square signal with the same frequency as the input voltage is applied. Also,
start and stop slopes are set as positive, meaning that the measurement is done in one
period of the input voltage. (Setting both of them as negative will work as well.) If
excitation at fyipration iNStead of 2fyiprtion 1S USed, Which is the case in speaker actuation, start
and stop slopes should be set as positive and negative respectively or vice versa. 20ns is
used as start channel delay, which is the smallest possible value.

Last part on the right-hand side of the program is the frequency response curve.

ON/OFF

Current Frequency Current Count Current pp Deflection (um) - Fringe Counting
‘ 671 6 1905
Frequency Response
{Fringe Counting) rioto [
Function Generator Frequency Counter ile S E—
% FunctionGenerator v % FrequencyCounter j 260.0 I’ \
240.0+ |
s s Start Channel (0: 4) 2200
-) Square ,) B 1 2000-
E 1800
e e Stop Channel (3: &) o
7 b -
g Je 1 E]
% £ 1400
Start Frequency £ 100
A Start Arm Delay (20£-9) o
i L ™ 100.0
712 2 &
il s -
Stop Frequency 60.0
A Start Slope (0: Positive) e M=l
v 4 positive 0 0. 1
‘Frequency Step -+ 0.0 T T T T T T U T
) 02 _Stop Slope (0: Positive) 6700 6750 630.0 685.0 690.0 695.0 7000 705.0 7100 715.0
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1 P 0 Ex Frequency (Hz)

Figure 2.7 Front panel of laser fringe counting based Labview program.

Below is the block diagram of laser fringe counting based Labview program (Figure
2.8). The program runs in a while loop as explained before for LDV based system. The
upper part controls the function generator, while the lower controls the frequency counter
and plots the graph of excitation frequency (Hz) vs. p-p deflection (um). In “FCA

Counter” block, the frequency counter is set to work in the event count mode as default.



Chapter 2. Mechanical Characterization

b

CE:

FrequeT Ste;‘Ej
iz

L

Start Frequency

Stop Frequency

5000

"
TE T

Current Frequency

Waveform

Signal Generator

YISA
T7n P

1

I II

Frequency Counter

]

5]
=]

Amplitude (pp)

i S

£ sof 15>

T/

Start Channel (0: 4)

E

Stop Channel (0: A)
152

g

Start Slbpe (0: Positive) |

E

Stop Slope (0: Positive)
132

Current Count

Start Arm Delay (20E-9)
||E *

D

031755

Configu

OM/OFF

TF

e Standard Wai!.reform.\.ri

[
QUTEUT|

T E
i A
r »

Build XY Graph
X Input

¥ Input

Em@
XY Graph ¢

XY Gra

ph

Figure 2.8 Block diagram of laser fringe counting based Labview.
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These two systems are compared by integrating two separate programs in one Labview
program and combining the optical setups as given in Figure 2.9. Since resonant behavior
changes in terms of deflection and frequency according to how the device is mounted, the
comparison is made by capturing the data simultaneously. A vertically mounted MEMS
device is illuminated by the LDV from the front side and by the HeNe laser from the
backside. The deflection is captured simultaneously from both systems and plotted on the
same graph as in Figure 2.10. It is obvious from this data that the fringe counting setup
works as good as LDV if the optical alignment is done properly. However, at large
deflections the fringe pattern deteriorates, which results in fluctuations in measurement.

==

Photo &
Detector % Aperture

Beam

HeNe Laser splitter

Figure 2.9 Optical setup for comparison of laser fringe counting and LDV based systems.
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Figure 2.10 Frequency sweeps obtained from both laser fringe counting and LDV based
systems simultaneously.

2.2 Mechanical Characterization Results
The two prototypes introduced in section 1.4.2 are fabricated by both OML researchers
at EPFL and Fraunhofer IPMS, one of our MEMFIS project partners. Design variations

and fabrication runs are summarized in Table 2.1 and Table 2.2.

Design name Grating period (um) Die size (mmz)
LGI D1 60
LGI D2 80
Prototype 1 11x11
LGI D3 100
LGI_D4 30, 50, and 130 (variable)
Prototype 2 LGI_D5 130 13x13

Table 2.1 Design variations.
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Fabrication run

Designs included

Remarks

FabRun 1_KOC
(fabricated by
KOC researchers
at EPFL)

LGI_P1_Koc_D1
LGI_P1_Koc_D2
LGI_P1_Koc_D3
LGI_P1_Koc_D4

FabRun 1_IPMS

LGI_P1_IPMS_D1
LGI_P1_IPMS_D2
LGI_P1_IPMS_D3
LGI_P1_IPMS_D4

Same designs as above; masks are different due to
Stepper used at IPMS.

FabRun 2_IPMS

LGI_P1_IPMS_D1
LGI_P1_IPMS_D2
LGI_P1_IPMS_D3
LGI_P1_IPMS_D4

Same masks as previous IPMS run, dicing
problems solved to improve yield.
*Pull-in is observed in grating fingers at 50V. The
input voltage could be increased up to 60V if
comb fingers are used for actuation only. At 70V,

comb fingers are burnt.

FabRun 2_KOC

LGI_P2_Koc_D4
LGI_P2_Koc_D5

Au is replaced by Al.
All comb-finger corners are rounded.
The D5 five devices with improved mechanical

design are fabricated for the first time.

FabRun 3_KOC

LGI_P1_Koc_D3

LGI_P1_Koc_D4

LGI_P2_Koc_D5
(T3/T4)

Reduced Al thickness on grating fingers to
reduce static deformation.
Two different types of D5 devices are made: T3
and T4. In T3 the static grating fingers are shorted
with the moving part to easier avoid grating finger

pull-in.

Table 2.2 LGl MEMS device fabrication summary.
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The devices fabricated in FabRun 1_KOC were initially characterized using electrical
probes in ambient pressure. Maximum peak-to-peak deflection observed at the center of
the device is 400um with 80V input voltage. Both excitation and vibration frequency is
around f=550Hz. Excitation at 2f resulted in coupling with a rocking mode. Most of the
devices suffered from short circuit and got broken during characterization. Limited

mechanical characterization data acquired in ambient pressure is shown in Figure 2.11.

Frequency Sweep at 50V p-p Voltage Sweep

200 200.0
— 180 ~ 180.0
E 160 E 160.0
3 3
S~ 140 S~ 140.0
S 120 g 120.0
100 % 1000
§ 80 Up-sweep E 80.0
"g 60 ——Down-sweep ‘g 60.0 "
a 40 o 40.0
6_ 20 6_ 20.0 —

0 0.0
540 550 560 570 580 590 25 30 35 40 45 50 55 60
Excitation Frequency (Hz) Input Voltage (V)

Figure 2.11 Mechanical characterization results of FabRun 1_KOC.

For vacuum testing, where the air damping effect is avoided, the devices were
wirebonded at Bogazici University since the wire bonding machine in our laboratory was
not functional at that time. A maximum peak-to-peak deflection of 600um is obtained at

60mTorr with an excitation voltage of 42V.
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I. .,!IR._. g 4 Fid |

Figure 2.12 (a) A bare LGI MEMS device from FabRun 1_KOC on a coin. (b)
Wirebonded device.

Devices fabricated in this run had problems such as early comb finger pull-in, fragile
flexures, mode coupling and low metal quality. The design and layout were accordingly
updated for the following fabrication runs.

The same design is also fabricated by Fraunhofer IPMS twice. The devices obtained
from FabRun 1_IPMS were mechanically characterized and the results were presented in
[22]. These devices only worked in vacuum and a maximum peak-to-peak deflection of
355um was achieved with an input voltage of 76V at 0.15mTorr (=20mPa). The excitation
was double the vibration frequency of 485.5Hz. SEM picture of a pre-deflected device and
a frequency sweep at 62V input voltage is given in Figure 2.13.

Only two out of four comb finger sets were used in these experiments since
wirebonding was done so. Deflection was expected to be higher if all comb fingers were
used for actuation. Mode coupling was not observed and 2f excitation was achieved.

However, ambient operation was not possible.
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Figure 2.13 (a) SEM picture of a pre-deflected LGl MEMS device from FabRun 1_IPMS.
(b) Frequency response at 62V input voltage.

Later, Fraunhofer IPMS made another fabrication run for the same design. Mechanical
characterization of FabRun 2_IPMS devices was performed by the author during her
internship at Fraunhofer, IPMS in Dresden, Germany. A maximum deflection of 320um
peak-to-peak is obtained with 60V input voltage in ambient conditions. The frequency
responses for this particular device at various pressures are plotted in the figure below. The
movement gets problematic at 1KPa but a maximum peak-to-peak deflection of 440um is
observed 50Pa with 30V input voltage while only 144um peak-to-peak deflection is
obtained with the same voltage in ambient pressure. All comb fingers are used for
actuation compared to the characterization of previous fabrication run.
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Figure 2.14 Frequency response of an LGI device from FabRun 2_IPMS at various
pressures.

In FabRun 2_KOC, the improved design (2" prototype) discussed in section 1.4.2 was
fabricated with aluminum coating on grating instead of gold. The devices exhibited stable
vibration at f when excited at 2f. A maximum peak-to-peak deflection of 712um is
achieved at 340Hz with an input voltage of 71V in ambient. However, they suffered from
static bending of grating fingers which deteriorates the interference pattern quality

substantially.
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Figure 2.15 Frequency and voltage responses of FabRun 2_KOC devices.

Lastly in FabRun 3_KOC, 2" prototype devices are fabricated with thinner aluminum
coating on grating fingers to avoid static bending. As a result, these devices are decided to
be suitable for optical characterization and integration with IR optics [23]. A similar
frequency response was obtained from FabRun 3_KOC devices as the previous fabrication

run.

Figure 2.16 LGI MEMS device fabricated in (a) FabRun 2_KOC, (b) FabRun 3_KOC.
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The vibration frequency turned out to be lower than the designed value due to thinning
of the comb fingers in both prototypes fabricated in FabRun 3_KOC. An extra version of
LGI_P2_Koc_D5 was fabricated with additional grating finger actuation option. A larger
deflection was expected with grating finger actuation in addition to comb fingers however
pull-in was observed at very low voltages.

All the aforementioned mechanical characterization is done by electrostatic actuation
applying a square voltage with half of its amplitude applied as offset. A square wave is
used instead of sinusoidal because a square wave has more power than a sinusoidal with
the same amplitude. This is experimentally shown in the following figure where the device

is actuated with a 30V signal and a frequency sweep is performed.

300 4
3 Sine Wave
—— Square Wave
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Figure 2.17 Frequency sweeps with square and sine wave actuation, respectively.
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Natural oscillation modes of a 2" prototype device are extracted experimentally. The
device is driven with 25V sinusoidal signal to make sure that the device is excited
exclusively at the desired frequency. Square wave actuation is intentionally avoided in this

experiment since harmonics of a square wave could excite other modes as well.

Mode Number | Resonance Frequency (Hz) Mode Shape
1 335 Out-of-Plane
2 948 Rocking
3 974 Rocking
4 1322 Pantograph Out-of-Plane

Table 2.3 First four experimental oscillation modes of LGI_P2_Koc_D5 devices.

2.3 Alternative Actuation Methods

The deflection required for 10cm™ resolution could not be met with electrostatic
actuation. Two different alternative actuation methods are proposed to meet the project
specifications: air pressure and piezoelectric-vibrator.

Air pressure actuation is done with the help of a speaker. The device is mounted on the
previously described PCB which is placed on the speaker such that the moving part of the
MEMS device is located at the center Figure 2.18 (a). The speaker is driven with a
sinusoidal signal at the resonance frequency. The system behaves in a more linear fashion
with a small spring hardening effect clearly seen in Figure 2.18 (c) while spring softening
is dominant in electrostatic actuation shown in the same figure. Spring hardening and
softening effects are explained in [24] in detail.

When actuated with speaker a maximum peak-to-peak deflection around 700um is
obtained with LGI_P2_Koc_D5 devices. Deflection is limited by the mechanical stoppers
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in the 2" prototype. LGI_P2_Koc_D3-4 devices on the other hand functions in a stable
fashion up to approximately 1mm p-p deflection, while fracture is observed at 1.4mm.
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Figure 2.18 (a) Speaker actuation setup. (b) Piezoelectric actuation setup. (c) Frequency
responses with all actuation methods.

The second alternative actuation method makes use of piezoelectricity. A piezoelectric
material produces a mechanical stress (extracts or contracts) when an electric field is
applied or vice versa. If an AC signal is applied, the material vibrates at the excitation
frequency. Actuation with piezoelectric-vibrator is done by mounting the device on the
vibrator with a double sided tape in-between (Figure 2.18 (b)). A sinusoidal signal without
offset at the resonance frequency is applied to the piezoelectric material and a frequency
response very similar to speaker actuation is obtained (Figure 2.18 (c)). Note that some
space is left intentionally between the MEMS device and piezoelectric-vibrator to avoid air

damping.
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3 OPTICAL CHARACTERIZATION

It was stated in the previous chapter that factors such as optical path difference and the
incidence angle of the source determine the resolution in FTIR spectrometers. In this
chapter, these factors are firstly formularized and then experimentally observed using a

collimated HeNe laser.

3.1 Resolution in FT Spectroscopy

Assume an interferogram obtained by illuminating an LGl MEMS device moving
d=500um zero-to-peak at f=350Hz with a monochromatic source of 10um wavelength.
Below is the half of this interferogram illustrating the signal taken while the MEMS device

deflects from peak-to-peak. Three subplots show the signal before resampling, after

£ T

resampling, and the magnitude of the computed Fourier spectrum.
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Figure 3.1 (a) Interferogram before resampling. (b) Interferogram after resampling. (c)
Spectrum.
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It was previously explained in Chapter 1 that 0™ order was used in FTS systems since its
location is independent of the light source’s wavelength and it has the highest intensity. At
the center of the diffraction plane (a=0° in Figure 1.6), where 0" order is observed, term A
and term B in equation (1-11) becomes unity. The intensity at this point is described by

term C as given below.

I(p) = cos? (%) = cos? (T[;) = %[1 + cos (211 %)] (3-1)

The spectral information regarding the source solely depends on the sinusoidal part of
equation (3-1). However in practice, the intensity recorded at the detector is affected by
wavelength dependant factors such as beam splitter efficiency, detector responsivity and
amplifier characteristics. Therefore equation (3-1) can be simplified to the below equation
where all wavelength dependant factors are combined.

1(p) = B(k) cos(2mkp) (3-2)

The spectrum is calculated from interferogram by computing the cosine Fourier
transform of I(p), which is the reason that the technique is named Fourier transform
spectroscopy [25].

Practically, complex Fourier transform is used instead of cosine Fourier transform due
to asymmetry in the interferogram resulting from phase errors. The operation is performed
on a double sided interferogram using fast Fourier transform (FFT) which reduces the
computation time substantially. Zero padding is applied to increase the resolution and the
size of data points to a power of two [26].

Fourier transform algorithm is based on transforming equally distanced time domain
samples to the frequency domain, which can be correlated to transforming equally
distanced optical path difference (or deflection) domain samples to wavenumber domain.

However, due to sinusoidal speed variation of the LGI MEMS device, the interferogram of
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a monochromatic source is a chirped sinusoid. This is fixed by interpolation and
resampling to create a spatially equidistant interferogram with a period of A in OPD
domain.

Resampled interferogram and its Fourier transform can be defined as,

I(p) = rect (ﬁ) cos (2n§)

I(k) =FT {rect (ﬁ)} * FT {cos (2n§)} (3-3)

= 4dsinc(4dk) * % [5 (k + %) +9 (k B %)]

Above convolution results in two sinc functions located on 1/ in the k-space, where k
is called the wavenumber and defined as 1/A (not as angular wavenumber 2x/A) and
expressed in cm™. Resolution is the distance between the first zero crossings of this sinc
function which is called the main lobe width.
sin(m4dk)

i = 3-4
sinc(4dk) —1dk (3-4)
Equation (3-4) is equal to zero when m4dk = nmtforn = +1,2,3, ...
Therefore, the first zero crossings are at k4, = % + ﬁ
The resolution based on the main lobe width is given by:
1 1 1 1 1 1
de=k k= (+22) = (5-73) =35 = 555 3-5
! 1= %a) 372/ "2d " omp (3-5)

Another representation method for resolution is full-width-half-max (FWHM). Since the
sinc function has a FWHM of 0.605, FWHM resolution of a monochromatic source can be
described as:

0.605
Akpwum = OPD (3-6)
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However, resolution is a wavelength dependent value and this dependency could be

. 1 dk 1
introduced as = ridTiaia T
. . . AL 1 A?
Ignoring the negative sign, Ak = = =55 AL = 58D
Thus, FWHM representation is,
AZ

Let’s say single sided interferogram starting from resting point (zero deflection) to
d=500um is used. Then equation (3-3) and (3-4) become,

I(p) = rect (%) cos (2n§)

I(k) =FT {rect (%)} * FT {cos (2n§)} (3-8)
= 2dsinc(2dk) * % [6 (k + %) +6 (k — %)]
sinc(2dk) = % (3-9)

which results in a change in main lobe width. Similar to equation (3-3), m2dk = nm for

n = +1,2,3, ... must hold for the zero crossings of the sinc function.

Therefore, the first zero crossings get shifted away such that k;, = % + %

The resolution gets twice worse than using double sided interferogram.

Ak =k, —k —<1+1) (1 1)—1— ! 3-10
St T 2d) \W 2d/ T d T opDy2 (3-10)

Above discussion about Fourier transform calculations is finalized with spectral results

of an interferogram created in MATLAB for 1mm p-p deflection for a HeNe laser with
632.8nm wavelength. Figure 3.2 shows discrete cosine transform (DCT) of a single sided

interferogram, fast Fourier transform (FFT) of a double and single sided interferograms
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respectively. The results also suggest that the best resolution is achieved by applying FFT
to a double sided interferogram.
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Figure 3.2 (a) Discrete Fourier transform of a single sided interferogram. (b) Fast Fourier
transform of a double sided interferogram. (c) Fast Fourier transform of a single sided
interferogram.

3.2 Effect of Incidence Angle on Resolution
One of the main advantages of LGI over Michelson configuration is that it requires less

number of optical elements. Since no beam splitter is used in LGI, the incoming beam is
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compelled to be sent with an incidence angle. A nonzero incidence angle changes the

optical path difference, thus the resolution.

N

------------------ L — Stationaryfingers

Figure 3.3 OPD calculation with nonzero incidence angle illumination.

OPD=2x—a=2 — 2dtan©sin 6
cos 9
d sin 0 2d

=2 —2d sin® = —— (1 —sin?09) (3-11)

cos© cos© cos 9

2d
= cos? 0 = 2d cos O

cos 0

The effect of incidence angle can be observed experimentally in Figure 3.4. Note that
the resolution (or main lobe width) deteriorates with increasing incidence angle. When the
light impinges on the MEMS device perpendicularly (6 = 0), the cosine term becomes
unity and OPD will be calculated as double the deflection. As explained in the next
section, optical characterization with monochromatic source is done with zero incidence
angle using a beam splitter for the sake of simplicity. However, in the full system
integration where no beam splitter is used, an incidence angle around 17° is introduced.
Both theoretical and experimental resolution of the final system is discussed in Chapter 5

in detail.
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Figure 3.4 Device I11-SM actuated with 30V at 667Hz at various incidence angles.

3.3 Optical Characterization Results

MEMS devices are optically characterized with a monochromatic source before
integration with IR optics. Spatially equidistant sampling is assured by using a reference
monochromatic light source with known wavelength. Since a constructive interference
occurs when the optical path difference is equal to the wavelength of source, the distance
between the peaks of sinusoids in the laser interferogram is equal to the wavelength of
source. For optical characterization, a blue reference laser (A=408nm) is used for sampling
the interferogram of the unknown source which is a red HeNe laser (A=632.8nm) in the
experiment. The device is illuminated with HeNe laser on the front side while the blue
laser is directed at the backside of the MEMS. 0" order interference patterns obtained from
both lasers are recorded by separate photodetectors. Interferogram of the unknown source
is sampled at the peaks and zero crossings of the reference source’s interferogram. After

interpolation, the Fourier transform is applied and the spectrum is acquired.
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Figure 3.5 Optical characterization setup and data analysis algorithm.

Only a small part of the grating is illuminated since dynamic deformation is the key
factor in the construction of the spectrum. As described in chapter 1, the targeted
wavelength range gives an allowable dynamic deformation of 250nm, which is
significantly over the limit for the visible range. Hence only a small part in the grating area
of an LGI MEMS device is illuminated with aforementioned lasers.

In Figure 3.6 (a), interferograms measured with a red (A=632.8nm) and reference blue
(A=408nm) lasers at small deflection are plotted to show the chirped nature of the signal
before resampling. In subplots (b) and (c), interferogram before and after resampling for a
2" prototype device that is deflecting 448um p-p with 50V at 296Hz are given
respectively. Note that the DC offset is subtracted from the interferogram before

performing the Fourier transform.
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Figure 3.6 (a) Interferograms measured with a red (A=632.8nm) and a reference blue
(A=408nm) laser at small deflection. (b) Interferogram before resampling at large
deflection. (c) Interferogram after resampling. (d) Magnitude spectrum.

Theoretical FWHM resolution at this deflection is calculated as 0.54nm using equation
(3-6). The experimental FWHM resolution of the spectrum shown in Figure 3.6 (d) is
measured as 0.56nm which is consistent with the theoretical value.

Optical characterization with two lasers is performed at a relatively low deflection due
to obligatory electrostatic actuation. The same test is done using only one laser source with
speaker actuation, where a higher deflection could be achieved without pull-in risk but

only one side of the device is suitable for illumination.
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Figure 3.7 (a) Zoomed view of the laser interferogram. (b) Interferogram before
resampling with its DC offset removed. (c) Interferogram after resampling. (d) Magnitude
spectrum.

A prototype 1 device from the last fabrication run that deflects 803um p-p at 361.7Hz
with speaker actuation is used. In Figure 3.7 (a), zoomed view of the laser interferogram
before resampling is shown. The signal in (b) is resampled at its own zero crossings and
peaks to get equidistant sampling. Later, this resampled signal shown in (c) is transformed
to Fourier domain and spectrum is obtained as shown in (d). Both experimental and

theoretical FWHM resolutions are calculated as 0.3nm.
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4 OPTICAL SIMULATIONS

LGI based spectrometer design is optically optimized as described in [27] by our group

previously. Four main constraints discussed can be summarized as follows:

Deflection (d): Since the resolution of a Fourier transform spectrometer is
dependent on the optical path difference between two mirrors, which is double
the deflection, a resolution limit of 10cm™ set by MEMFIS project brings a
minimum deflection requirement of 500um as calculated by equation (3-3).

Half divergence angle (04): Divergence is a term used for quantifying the degree
of collimation of a source. To obtain the desired resolution optical elements
must be chosen such that the below criteria is satisfied. (Note that MEMFIS
detector is designed to work in 2.5-16pum wavelength range which corresponds

to 625-4000cm™ in wavenumbers)

Ak 10cm~1
0, < = / = 2.86° (4-1)
T kpmar A 4000cm=1

The half divergence angle is chosen as 2.5°.

Order separation: 0™ and 1% order separation is assured under the condition

given below.

1.
sin(26,) < Xm (4-2)

which requires that the grating period should be less than or equal to 28.6um (A
<28.6um).
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e Talbot phase reversal: Phase reversed Talbot images appear at integer multiples
of A%\ which deteriorates the interferogram if the deflection is smaller than this
value. Therefore, the below equation must hold bringing the second condition
for the grating period, A > 89.4um.

A > [ Amaxd (4-3)
The optimization result showed that the Talbot phase reversal was the critical factor
determining the resolution. Hence devices with A=100um and A=130pm are fabricated.
In this chapter, optical simulations are ran to find out the best lens configuration taking
into account the available optical elements, detector window size and properties of

working MEMS devices.

4.1 Optical Setup Optimization

The current optical setup is simulated in MATLAB to find the optimum configuration
using a Fresnel beam propagation code based on scalar diffraction theory. Firstly, a plane
wave is created taking the divergence introduced by the collimating lens into account. The

half divergence is defined as,

64 = tan™1 <£) (4-4)
2f

where D is the diameter of the IR source and f is the focal length of the collimating lens.
Then, the beam is propagated through LGI which is done in a loop that describes the

movement of the MEMS device. In LGI, the incoming beam is multiplied with the

amplitude transmittance function of the moving grating, propagated for a distance X,

multiplied with the amplitude reflection function of the fixed grating, propagated for a

distance x again and then multiplied with the amplitude transmittance function of the

moving grating for the last time. Afterwards, the reflected wave pattern from the moving



Chapter 4. Optical Simulations 55

grating is added to the calculated diffracted pattern. There is some propagation distance to
the focusing lens but the lens is assumed adjacent to the LGI since it has little effect on the
result. Then, the resulting beam is passed through the focusing lens, where a phase factor is
introduced. Later the beam is propagated from the focusing lens to the detector which is
located at the focal point of the lens. Intensity at the detector is calculated by adding the
amplitude squared beam pattern that fits in the detector window (D getector=1.4mm, extracted
from ZEMAX simulations) which is acquired in the steps repeated for a deflection of x=[-
468um — 468um] with divergence angle ranging between -04 to 64 . The propagation from
both collimating lens to LGI and from LGI to focusing lens are skipped due to their

negligible effects on resolution.

IR Source
LGI
) I Focusing
A I Lens
Collimating I
Lens l |
d
LGl is a reflective element, illustrated as .
transmissive for convenience. Detector

Figure 4.1 Schematics of simulated setup.
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Figure 4.2 Flowchart of the algorithm. FBP(X): Fresnel beam propagation for distance Xx.
R1, R,: Amplitude reflectance function of moving, stationary grating fingers. L: Amplitude
transmittance function of lens.

The available lenses are summarized in the table below.

Lens Type Focal Length (mm) | Available Quantity
Off-axis parabolic (90°) 5.8 1
Off-axis parabolic (90°) 10 1
Off-axis parabolic (90°) 20 3
Positive Meniscus 12.85 1

Table 4.1 Available optical components.

All the cases with available optical elements are investigated and summarized in the

table below.
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Order Separation (um) Max. 0t Akeyrng (cm-l) SBR
Case | fiollimsting | Frocusing ) Half order
# (mm) (mm) Dwergjnce: }=33um | }=6.45um | A=16um shift }=33um | }=6.45um | A=16um | 2=3.3um | 2=6.45um | A=16um
8(%) ()
1 20 58 0.71 19143 37436 932 725 2322 17.74 852 0.01 0.05 0.79
2 12.85 58 1.11 19143 37436 932 112.84 2282 12.66 8.53 0.01 0.05 0.78
3 20 12.85 0.71 42412 8294 206487 160.63 18.19 6.58 852 0.03 0.71 08
4 20 10 0.71 330.06 64544 1606.91 125 17.54 10.6 8.52 0.03 0.17 0.73
5 12.85 10 1.11 330.06 64544 1606.91 | 19455 17.2 6.53 852 0.03 0.21 0.72
6 10 58 143 19143 37436 932 145 145 12.92 8.53 0.01 0.04 0.78
7 58 10 246 330.06 64544 160691 | 431.03 8.07 763 8.49 0.03 022 0.71
8 58 12.85 246 42412 8294 2064.87 5538 7.63 728 8.57 0.12 0.36 0.76
9 58 20 246 660.12 1290.89 321381 862.07 738 6.88 848 0.16 052 0.72
10 10 12.85 143 42412 8294 2064.87 | 32125 73 6.75 8.57 0.04 0.46 0.79
11 10 20 143 660.12 1290.89 321381 500 712 6.7 854 025 091 0.74
12 12.85 20 1.11 660.12 1290.89 | 3213.81 | 389.11 7.03 6.64 8.54 0.25 0.92 0.74
13 20 20 0.71 660.12 1290.89 321381 250 6.86 6.59 852 026 093 0.73

Table 4.2 Physical optics simulation results.

Simulation is ran for both short (A=3.3um, corresponds to k=3030cm™) and moderate
(A=6.45um, corresponds to k=1550cm'1) and long (A=16um, corresponds to k=6250m'1)
wavelengths. 1% and 0™ order separation and maximum 0™ order shift due to divergence are
calculated as well as FWHM resolution and signal-to-bias ratio. Order separation is
reported as the distance between the 0™ and the 1% orders at the detector plane. It is
calculated by multiplying angular order separation with the focal length of the collimating
mirror as given in equation (4-5).

A
Order separation = sin™? (K) * frocusing (4-5)

Maximum 0™ order shift stems from the divergence introduced by the collimating

mirror. It is calculated by the formula given below.
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Max.0™ order shift = tan(64) * frocusing

D
=tan(|tan ! =——— ) | * frocusi
( <2fcollimating )) Jocusing (4'6)
D

- 2fcontimating *frocusing

The latter two parameters are important factors for determining SBR. For a high SBR,
order separation should be large enough to avoid order mixing when divergence is
introduced. At the same time, the maximum 0" order shift should be smaller than half the
detector window size so that none of the 0" orders leak.

In SBR calculation, signal (S) is defined as the amplitude of the resulting spectral
component at the source wavelength while bias (B) is the amplitude of interferogram’s DC
offset at the frequency domain as shown in Figure 4.3. Due to sinusoidal nature of the
interferogram, two symmetric peaks, previously defined as signal, are observed at +Ao.

Thus, for SBR calculation these signals are added together or equivalently one of them is

doubled since they are identical.

SBR = — (4-7)
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Figure 4.3 Exemplary spectrum for SBR definition.

IR experiments are conducted for case#3, case#8 and case#13 to compare the optical
simulations with actual measurements. The simulation results are shown for these cases in
Figure 4.4 to Figure 4.12 while the experimental results are explained in the next chapter in
detail.
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Figure 4.4 Physical optics simulation results of case#3 for A=3.3um. (a) Interferogram. (b)
Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection. The
red box represents detector window.
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Figure 4.5 Physical optics simulation results of case#8 for A=3.3um. (a) Interferogram. (b)

Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection. The

red box represents detector window.
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Figure 4.6 Physical optics simulation results of case#13 for A=3.3um. (a) Interferogram.
(b) Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection.
The red box represents detector window.
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Figure 4.7 Physical optics simulation results of case#3 for A=6.45um. (a) Interferogram.
(b) Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection.
The red box represents detector window.



Chapter 4. Optical Simulations

(a) Interferogram (b) Magnitude Spectrum

,,,,,,,,,,,,,,,,,,,,,,,

0.8 08 \

3 ..=;

L 06- S 0.6

& ! |

2 N |

g 2 |

~ 04- =04 \

} |

02 0.2 l

o
o

/

Fat
AN
N BRTANYY
0 500 1520 1540 1560 1580 1600
Deflection (um) Wavenumber (cm™")

(C) Wave Pattern at the Detector Plane
140 -

120

=

[=]

=]
T

=]
=

Intensity (a.u.)

60—

Ll

=25 =2 -1.5 -1 -0.5 0 0.5 1 1.5 ‘ 2I 25
Detector Baseline (mm)
Figure 4.8 Physical optics simulation results of case#8 for A=6.45um. (a) Interferogram.
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Figure 4.9 Physical optics simulation results of case#13 for A=6.45um. (a) Interferogram.

(b) Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection.
The red box represents detector window.
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Figure 4.10 Physical optics simulation results of case#3 for A=16um. (a) Interferogram. (b)
Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection. The
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Figure 4.11 Physical optics simulation results of case#8 for A=16um. (a) Interferogram. (b)
Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection. The
red box represents detector window.
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Figure 4.12 Physical optics simulation results of case#13 for A=16pm. (a) Interferogram.

(b) Magnitude spectrum. (c) Wave pattern at the detector plane at the highest deflection.

The red box represents detector window.
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FWHM resolution and SBR values calculated for all lens combinations are summarized
in Figure 4.13. It is clearly seen that the order separation is very large for longer
wavelengths and the mixing of the 0™ and 1% orders is not a problem. For shorter
wavelengths on the other hand, the order mixing partly cancels the interference and
reduces the signal-to-bias ratio. From case#1 to case#13, SBR of shorter wavelengths
exhibits an improving trend however remains worse than that of longer wavelengths. For
A=3.3um, case#13 gives the best results in terms of both resolution and SBR. These results

are experimentally verified as explained in the next chapter.
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Figure 4.13 Physical optics simulation results for all lens combinations.

4.2 Optical Setup Power Calculations

Non-sequential ray tracing is performed in ZEMAX for case#3, case#8 and case#13 to
compare the power acquired at the detector. An MIR source with 0.5mmx0.5mm size is
created at 5um wavelength. The half angle of cone of rays is assumed to be 25°. The off-
axis parabolic mirror is placed 20mm away from the source where the beam gets partially
collimated. Then the beam impinges on the MEMS device which is defined as a

rectangular reflective surface of 2.5mmx5mm. The distance between the mirror and LGI is



Chapter 4. Optical Simulations 70

approximately 2cm as measured in the experimental setup. Later, the reflected beam
propagates for 6cm as in the actual setup and gets focused on the detector by a positive
meniscus lens which is followed by a hyperhemispherical GaAs immersion lens. Note that
the LGI device is tilted 17°. The power of the source is assumed to be 175mW.

GaAs hyperhemispherical

immersion lens and detector
L]

4178467

376.0820

Positive meniscus

lens, f=12.85mm \

334.2773
252 .4927
250.7080

208.9233
90° off-axis parabolic
mirror, f=20mm

167.1387
125.3540
83_5893

Source 41.7847

0.0000

Detector Image: Incoherent Irradiance

HP 27.02.2012

Detector 8, N3CG Surface 1: Physical MIR detector

Size 0.140 W X 0,140 H Millimeters, Pizels 301 W X 301 H, Total Hits = 3979
Peak Irradiance : 4.1785E+002 Watts/cm~2

Total Power: 2.9738E-003 Watts

Figure 4.14 (a) ZEMAX design and (b) Detector view of case#3.

In case#8, the collimating mirror is replaced by an off-axis parabolic mirror with 5.8mm
focal length. The distance between the source and the collimating mirror is decreased to

5.8mm and the rest of the layout remains the same as in the previous case.
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Figure 4.15 (a) ZEMAX design and (b) Detector view of case#8.

In case#13, the first off-axis parabolic mirror is placed 20mm away from the source.

The propagation until the second and last off-axis parabolic mirror is the same as the

previous cases. Focusing is done by an off-axis parabolic mirror followed by a GaAs

hyperhemispherical lens. The ZEMAX design and the detector view are given in the

following figures.

90° off-axis parabolic (b)
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Peak Irradiance : 3.2956E:+002 Watts/cm*2

Total Power: 4.1948E-003 Watts

Figure 4.16 (a) ZEMAX design and (b) Detector view of case#13.
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The power calculated by ZEMAX simulations and the voltage measured in the actual
setup without sample is summarized below. Although the low detector signal level might
be misleading, the total power calculated in ZEMAX is in accordance with the

experimentally measured IR signal level at the detector.

Case # | Total power at the detector, ZEMAX (mW) | p-p IR signal at the detector (mV)
3 2.9 22
8 23.7 141
13 4.2 24

Table 4.3 Simulated detector power and experimentally detected signal amplitude for
case#3, case#8 and case#13.

The ray tracing simulations suggest that case#8 is the best case due to high power
obtained at the detector. However, physical optics simulations show that source
wavelength and the grating period of the LGI MEMS device have dominating effects in
terms of resolution and SBR. Despite the low power acquired at the detector, case#13

provides the best resolution and SBR for all wavelengths.
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5 SPECTROMETER SYSTEM INTEGRATION

A bench top LGI based FTIR spectrometer is built using a MEMS device with good
mechanical and optical performance. A broadband source and a mid-IR detector developed
by Bruker Optics and Vigo Systems, respectively, are employed in the system. The rest of
the optical components are provided by another MEMFIS project partner, CTR. In this

chapter, details of the system will be explained as well as the spectral performance.

5.1 Infrared Source and Detector

In infrared spectroscopy, thermal emitters are commonly used broadband sources. The
spectrum of the source is defined by Planck’s Law which describes the electromagnetic
energy emitted in terms of temperature and wavelength. Conventionally, resistively heated
emitters are used. However, these emitters suffer from heat leakage through electrical
connections. In the MEMFIS source developed specifically for the project, an infrared
laser diode at 808nm with 2W optical power is used to heat the emitter. The laser is
focused on the emitter by two aspheric lenses. The emitter made of silicon carbide (SiC)
which has a high thermal conductivity and good spectral emissivity is held by a zirconium
oxide (ZrO;) holder that has a very low thermal conductivity. Hence, heat leakage is
reduced substantially. To further improve the emissivity, 40um sized cavities are drilled
and C ions are implanted for creating an anti-reflective layer. The 25mm long source has a
diameter of 12.5mm with a circular emission surface of 0.5mm. The source connected to a

heatsink and its spectrum are shown in Figure 5.1.
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Figure 5.1 MEMFIS source and its spectrum.

The thermoelectrically cooled detector developed for MEMFIS project responds to
wavelengths in the 2-16um wavelength range. Incoming light is focused on the detector
element by a ZnSe positive meniscus lens with 12.85mm focal length followed by a GaAs
hyperhemispherical immersion lens with a radius of R=0.8mm. The size of the detector
element is 140umx140um. The detector module provided to KOC by Vigo Systems does
not include the positive meniscus focusing lens. Instead, it is separately employed in the

optical system.

Figure 5.2 MEMFIS Detector.
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5.2 LGI based FTS System Operation

LGI based FTS system operation is summarized in Figure 5.3. The MEMS device
works in the out-of-plane mode with electrostatic actuation. The front side of the device is
illuminated with an infrared source after collimation. The reflected light is then focused on
the sample plane by an elliptic mirror, from which it is collected by another elliptic mirror
which sends the light to the infrared detector. Thus, the IR interferogram is obtained. At
the same time, the backside of the device is illuminated with a reference laser to create a
nonuniform sampling clock. The 0™ order is collected by the photodetector, which gives
the reference laser interferogram, and a sampling clock is created by taking the zero
crossings of this interferogram. After digitizing the IR interferogram with the nonuniform
sampling clock, Fourier transform is applied and spectrum is acquired.

The spectrum is reported as percent transmittance and absorbance which are based on
Beer-Lambert’s Law. This law relates the absorption of the light to the properties of the
material it is passing through. Its derivation as explained in detail in [28] is summarized as

follows.
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Figure 5.3 LGI based FTS operation. PD: Photodetector. ZCD: Zero-crossing detector,

ADC: Analog-to-digital converter.

Assume that the light is propagating through a sample in x-direction (Figure 5.4). The
change in intensity is proportional to the intensity by absorption coefficient, a, which has a

measure of inverse length as given in equation (5-1).
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Figure 5.4 Light absorption in sample.

dl(x)
= — 5-1
7 al (x) (5-1)
After rearranging, this differential equation can be solved as shown below.
di(x)
0 —adx (5-2)
In[I(x)] = —ax+C (5-3)

The constant C is determined by the initial condition which is I;,, = I(x = 0) = I, in

this case. Equation above can be written as the following instead. Note that I, = e€.

I(x) = Ie™** (5-4)
If the light passes through a sample with thickness I, the intensity after the sample is,
Loye = 1(1) = IOe_al (5-5)

Transmittance (T) is defined as the fraction of the light that passes through the sample
such that,

—-al
T = Lot _ le™@ _ o (5-6)
Iin 10

Equation (5-5) can be written as below by introducing the complementary of
transmittance, absorbance (A):
Loye = 1(1) = IOe_A (5-7)

Practically, base 10 is used instead of e in most cases. Hence equation (5-7) becomes,
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Ioue = 1(1) = 151074 (5-8)
Then absorbance is defined as,
1
A=— log( Out> = —log(T) (5-9)
Iin

Thus, Beer-Lambert’s Law can be extracted as follows where € is molar absorption
coefficient and c is molar concentration.

A = ecl (5-10)

In spectroscopy, transmittance is reported as percent transmittance (%T) and absorbance

is calculated accordingly as given in equation (5-11).

1
%T = £ 100
Iin (5-11)
A = —1log(T)

For spectral measurements, first a measurement is done without the sample which is
used as li,. Then, another measurement with the sample placed in the optical path is run
that is recorded as I,y . After data sampling and Fourier transform, percent transmittance
and absorbance spectra are calculated by equation (5-11).

Interferogram of a broadband source is composed of individual contributions of all
wavelengths in the range. This corresponds to addition of sinusoids with various
frequencies. The resultant wave pattern is shown in Figure 5.5 (c). This figure is created in
MATLAB for a device deflecting 400um p-p at 350Hz with an input voltage of 20V. As
shown in the first plot, the moving grating fingers get pulled to the level of the stationary
grating fingers when the voltage is applied. After zero deflection level, the moving part
goes with its own inertia until the voltage is applied again. When OPD is zero (both

moving and stationary fingers are at the zero deflection level), all wavelength components
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interfere constructively that results in the highest intensity in the interferogram which is

called centerburst.
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Figure 5.5 (a) Excitation voltage and deflection curve vs. time. (b) Laser interferogram. (c)
IR interferogram.

The actual spectrometer setup built with LGI MEMS device and MEMFIS optical

elements is shown in Figure 5.6.
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Figure 5.6 Actual LGI based FTIR spectrometer setup.

5.3 Data Acquisition and Analysis

The basic operation principle of LGI based FTIR was described in the previous section.
There are two ways to capture and analyze the interferogram data. The first one is
summarized in Figure 5.7. In this method, laser interferogram is passed through a zero
crossing detector, which is a comparator with negative input connected to the ground, and
then fed to the ADC clock input. At the same time, the MEMS driving signal is used as
trigger to start/stop data acquisition. Then, digitized IR interferogram is sent to the
computer and Fourier transform is applied. This method requires a comparator with a very

small delay.
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Figure 5.7 Data acquisition and analysis with chirped clock sampling.

The second method on the other hand, relies on digitizing both IR and laser
interferograms and then computing the spectrum on computer. The method is summarized
in Figure 5.8. This method requires more post processing than the first method, therefore

takes more time to compute the spectrum.
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Figure 5.8 Data acquisition and analysis with interpolated zero-crossing detection
sampling.

The Nyquist sampling theorem states that a band limited signal with B being the highest

frequency, can be reconstructed if sampling frequency is at least 2B. B can be correlated to



Chapter 5. Spectrometer System Integration 82

the spectral domain where Kmax is the maximum wavenumber at the detector. The
frequency of the sine wave in the interferogram is then VK., Where V stands for the
optical velocity. Therefore according to the Nyquist criterion, the interferogram must be
sampled at 2VKkyax Hz or 1/(2VKmax) Seconds. This corresponds to a sampling distance of
1/(2kmax) in OPD domain [25]. The wavelength range of MEMFIS project is defined as
2.5-16pm, so the highest wavenumber is kma=4000cm™. In order to meet the Nyquist
criterion, the IR interferogram must be sampled at every 1250nm at least. In most FTIR
systems, including our LGI based spectrometer as well, a HeNe laser with A=632.8nm
wavelength is used as reference. IR interferogram is sampled at every zero-crossing of
laser interferogram that corresponds to a sampling distance of A/2=316.4nm in OPD
domain meaning that Nyquist criterion is met.

There are M resolution elements in a spectrum measurement for Kmin-Kmax range with

Ak resolution such that,

kmax - kmin (5_12)
Ak

From this, the resolution of the analog-to-digital converter (ADC) can be calculated by

M =

multiplying the dynamic range of the spectrometer with M*/? [25].

The desired dynamic range for MEMFIS spectrometer is defined as 500:1 while the
wavenumber range is 625-4000cm™. As stated in the previous chapters, 10cm™ resolution
is aimed. The minimum required ADC resolution for MEMFIS can be calculated by
multiplying the square root of number of resolution elements, M=(4000-625)/10=337.5,
with the dynamic range of the spectrometer. Thus, ADC must have a resolution of
approximately 9185 that corresponds to 14 bits at least.

For the electronics part of LGI based FTIR spectrometer, evaluation board for a 16 bit
ADC from Analog Devices (AD9269) with internal clock of 80MSps is employed. To
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transfer the digitized data to computer a compatible data capturing board, HSC-ADC-
EVALC is acquired. These instruments are mainly targeted for telecommunication
applications however; this was the only available 16 bit ADC data capturing system on the
market at the time. Since the evaluation board was specialized for much higher
frequencies, heavy filtering was built. To be able to detect our signals, we modified the
evaluation board, particularly by-passed the filters.

To realize the first method for data acquisition and analysis with chirped clock
sampling, a comparator from Linear Technology (LT1715) with a delay of 4ns is used.
However, the evaluation board strictly required a noise free clock input. Any instrument
connected to the evaluation board other than function generator introduced noise in the
signal. On top of it, the output of the zero-crossing detector was not recognized by the
evaluation board at all.

Although the computational time of the first method is less than the second, we were
forced to use the second method with extensive post processing. In this method, both IR
and laser interferograms are captured and transferred to computer by using the
VisualAnalog software. Since the FPGA module on the data capturing board has a memory
of 32kB and the data is not continuous, an external clock of 10MHz is applied to make sure
that at least one double sided interferogram was involved in the captured data. 32kB
memory corresponds to 32768 datapoints so, for LGI MEMS devices working at around
350Hz (T=2.8ms), 10MHz sampling frequency was enough. Not only for the continuity of
the data but also for the sampling frequency to meet the Nyquist rate for the laser
interferogram, 10MHz was suitable. Note that the most frequent sinusoid in the chirped
laser interferogram of a HeNe laser with 632.8nm wavelength for an LGI MEMS device

moving 1mm p-p at 350Hz has a frequency of 3.5MHz.
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After the data both with and without sample is stored, it is imported to MATLAB for

analysis.
IR Interferogram without Sample

— Q.7 T T T T T T T
b
= 075 B
=}
o
5 08+ =
a i
S 085 .
(8]
]
o D9 |
)

095 \ L \ \ L | L L

o 2000 4000 6000 8000 10000 12000 14000 16000
Datapoint
IR Interferogram with Sample

o \ \ T \
b
~ 075 B
=}
j=
S 08 |
(o]
5 085 —
3
' 09 —
a)

095 \ l \ \ | | | |

0 2000 4000 6000 8000 10000 12000 14000 16000

18000
Datapoint

Figure 5.9 IR interferograms with and without sample before filtering.

Firstly, all data is filtered to remove the noise from both interferograms and especially

to remove the sinusoidal noise on the IR interferogram. For this, a second order

Butterworth filter is used. The cutoff frequencies are determined by trial and error. After

that, data is cropped such that double sided interferograms from both IR and laser signals

are obtained at each dataset where a dataset is defined as 32768 datapoints long data

chunk. For data cropping, a peak detection algorithm is developed.
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Figure 5.10 IR interferograms with and without sample after filtering.
The effect of sample is clearly observed when IR interferogram is zoomed in. Extra

sidebursts emerge as seen in Figure 5.11.
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Figure 5.11 IR interferograms with and without sample after filtering — zoomed in.

Then, IR interferogram is resampled at the zero crossings of the laser interferogram to
ensure equidistant sampling in OPD domain. After zero padding, Fourier transform of
resampled IR interferogram is computed. This procedure is repeated many times and all the
spectra acquired are averaged. These steps are performed for data both with and without
sample. At the end, two spectra are obtained, one with sample and one without sample.
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Figure 5.12 Magnitude spectrum with and without sample.

Finally, percent transmittance and absorbance spectra are calculated using equation (5-
11).
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Transmittance Spectrum
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Figure 5.13 % Transmittance and absorbance spectrum.

For analysis, several computation options are investigated. These options will be

explained in the next section with related spectrum results.

5.4 Spectrum of Polystyrene
Polystyrene is a polymer that is widely used as reference in infrared spectrometry. A
thin polystyrene film is used for characterizing the IR setup. For comparison, the same film
is measured by Alpha-T FTIR Spectrometer from Bruker Optics that has 4cm™ resolution.
Firstly, the effect of deflection on resolution is observed. Device I1I-SK is actuated
electrostatically; increasing the input voltage thus the deflection in each step. For analysis,

32 datasets are averaged after Fourier transform.
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Figure 5.14 Effect of deflection on resolution.
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As clearly seen in Figure 5.14, the experimental resolution is improved as well as the
theoretical resolution that is provided in the figure as deflection increases. However, it
should be noted that experimental resolution is worse than the theoretical. The most
significant example is change in the resolvability of two absorption peaks around 750cm™
from plot (a) to (c). Less distinctive changes in resolution or smaller absorption peaks can
be seen around 970cm™, 1050cm™ and 1490cm™. Note that the resolution values given for
each plot are theoretical values assuming an incidence angle of 22°.

Another feature investigated in the analysis is data cropping. Device I11-SK is actuated
electrostatically with 50V at 518Hz and a p-p deflection of 533um is obtained. Results of
data cropping effect on resolution are given in Figure 5.15. Cropping the interferogram
means decreasing OPD, and this results in a worse resolution. However after a certain
point in the interferogram, the data becomes useless and does not contain any spectral
information. For this particular OPD, using double sided interferogram or cropping 50%
from both ends did not make any difference. Nevertheless, it is safer to use the double

sided interferogram.
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Figure 5.15 Effect of data cropping on resolution.

The asymmetry created by slightly inclined sinusoidal noise on the IR interferogram
remained after filtering. In order to see if it can be overcame by using one sided

interferogram and flipping it to make a perfectly symmetric double sided interferogram,
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two more analysis are done. As it can be observed in Figure 5.16 (b) and (c), the resolution
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Figure 5.16 Effect of asymmetry in resolution.

The effect of averaging on increasing signal-to-noise ratio, thus improving the

resolution can be seen in the spectra below, calculated with LGI MEMS device I-SA

moving 931um p-p at 311.6Hz with speaker actuation. It should be noted that after

averaging 32 datasets, SNR does not seem to be improving much.
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Figure 5.17 Effect of averaging on resolution.

Not only averaging operation but also when it is done has a huge effect on resolution.
Aforementioned averaging was done after Fourier transform was applied. However,
averaging can also be done at interferogram level. Below figure shows the % transmittance
spectrum comparison between spectra calculated by averaging 32 datasets after Fourier
transform is applied, before interferogram resampling and after interferogram sampling. It
is observed that averaging before interferogram resampling gives the clearest spectrum. In

addition, the computational time substantially decreases compared to spectrum averaging

since Fourier transform is applied only once.
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Figure 5.18 Effect of at which step averaging is applied on resolution.

As stated before, IR interferogram resampling is done by using the reference laser’s

zero crossings. If the deflection and vibration frequency of the MEMS device is known,

laser interferogram could be created in MATLAB. Figure 5.19 shows that an artificially

created reference laser interferogram works as good as the actual reference laser. This

property makes the LGI based FTIR spectrometer much smaller than its counterparts. The

only possible drawback of this method is mechanical instability in MEMS device which

can lead to a change in vibration frequency or deflection.
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Figure 5.19 Effect of reference laser interferogram on resolution.

Thirteen cases with different lens combinations were simulated in the previous chapter.
Case#l, case#12 and case#13 are experimentally realized. The results turned out to be
quite consistent with simulations. The best spectrum is obtained in case#13, where one-to-
one imaging is done using an off-axis parabolic mirror with 20mm focal length as both
collimating and focusing mirror. Although similar experimental conditions were tried to be
created for consistency, there happened to be slight changes in vibration frequency,
deflection, number of datasets, incidence angle and the distance between optical
components. Device I-SA was deflecting 931um p-p at 311.6Hz with speaker actuation for
case#l as shown in Figure 5.20 (a). Incidence angle is measured as 14° and spectrum is
obtained by averaging 32 samples before resampling. In case#12 and case#13, device I-SA
was deflecting 936um p-p at 312Hz with speaker actuation as shown in Figure 5.20 (b) and
(c) respectively. The incidence angle is 17° and 72 datasets for case#12 and 86 datasets for

case#13 are averaged before resampling.
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Figure 5.20 Spectra obtained with different lens combinations.

Consequently, the best spectrum is obtained using double sided interferograms averaged

before resampling with off-axis parabolic mirrors with 20mm focal length are used as both

collimating and focusing mirrors. The highest stable deflection achieved was 936um p-p

with speaker actuation. Despite the spectrum being noisy due to low performance of the

detector mainly, absorption peaks are coherent with the spectrum measured with a

commercially available FTIR spectrometer. The figure below shows our best spectrum

compared to the one measured with Bruker Optics’ Alpha-T spectrometer.
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Figure 5.21 Spectrum comparison of LGI based FTIR spectrometer and Bruker Optics’

Alpha-T FTIR spectrometer.

5.5 Application: Thin Film Thickness Measurement

In IC industry, epitaxial layer thickness is a critical parameter that must be monitored

during fabrication. FTIR spectrometry provides a non-destructive and fast way for

measuring thin film thickness. Basic working principle can be described as follows.

Radiation from the IR source is modulated in the interferometer, and then gets reflected

from the sample creating an interferogram that includes thickness information as shown in

Figure 5.22 (a).
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Figure 5.22 (a) LGI based FTIR spectrometer modified for film thickness measurement.
(b) Detailed view of sample plane [29].

In the sample plane, the light coming from the LGl MEMS device partly reflects from
the sample surface while the remaining light passes through the epitaxial layer, and then
reflects from the interface of the film and the substrate. The optical path difference
between these two reflected lights results in an interference pattern which introduces two
distinctive sidebursts located at a certain distance to the centerburst. The film thickness is

related to the position of these sidebursts with the formula given below,

__ 4 (5-13)
2n, cos O
where 2A is the distance between sidebursts in OPD domain, t and n; are the thickness and
refractive index of the epitaxial layer respectively, and 0 is the angle of refraction in the
epitaxial layer [30].
For experimental implementation, a 20um thick silicon on top of a silicon-oxide
substrate is used. The recorded IR interferogram is plotted in the OPD domain using laser
interferogram for deflection calculation. The distance between sidebursts is measured from

Figure 5.23 as 2A=266um. Assuming the refractive index of silicon as n;=3.45 and
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calculating the angle of refraction from Snell’s Law as 6=15.6°, the thickness of the silicon
can be calculated as t=20.01 which is quite accurate.
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Figure 5.23 IR interferogram obtained with 20um silicon film in the optical path.

Nonetheless as the epitaxial layer gets thinner, the sidebursts get closer and closer to the
centerburst and becomes indistinguishable. Thus, this method is not suitable for measuring
very thin films. However, there are still other techniques for extracting the thickness

information from the interferogram which are beyond the scope of this thesis [31].
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6 CONCLUSION

In this thesis, mechanical and optical characterization of LGl MEMS devices is
explained and integration of a bench top LGI based MEMS FTIR spectrometer is described
with optically optimized lens combinations. An experimental resolution of 25-30cm™ is
achieved with a device that deflects 936um p-p with speaker actuation. Although the
theoretical resolution requirement of the MEMFIS project (10cm™) could not be met fully,
LGI based FTIR spectrometer is shown to perform the best in the LGI MEMS literature in
a wide wavelength range (2.5-16pum).

For mechanical characterization, two automatized systems based on laser Doppler
vibrometry and laser fringe counting, respectively, are implemented in Labview. MEMS
devices are characterized easily, accurately, faster and in a more reliable fashion with these
systems. Alternative actuation techniques with speaker and piezoelectric-vibrator are
suggested to increase the deflection and to avoid electrostatic actuation related problems.
These techniques both worked very well and probably will be used for the next generation
LGI MEMS devices. A maximum p-p deflection of around 1mm is achieved stably with
acoustic actuation with a relatively more linear frequency response. Preliminary results
show that piezoelectric-vibrator actuation is a strong alternative as well. Further tests will
be run with different custom piezoelectric elements.

The definition of resolution in LGI based spectrometers is investigated in detail
followed by a comparison with experimental results. MEMS devices are optically
characterized using a red HeNe laser and the experimental resolution turned out to be fully
consistent with theoretical value. The optimum lens combination is found by simulating

the system using a scalar diffraction theory based beam propagation code in MATLAB. In
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addition, the power efficiency of three of these lens combinations is calculated with ray
tracing in ZEMAX. Also, it was shown that LGI based FTIR spectrometer could be used as
an instrument for measuring epitaxial layer thickness. The thickness of a 20pum silicon on
top of a silicon-oxide substrate is measured accurately using LGI based FTIR

spectrometer.
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