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ABSTRACT

Infrared (IR) imaging technology has found many important application areas such as
military, automobile heads-up-displays (HUD), medical diagnostics, surveillance for
security, victim search for rescue teams, non — destructive testing for industrial applications,

and geo — thermal event detection for environmental control.

In this thesis, design and realization of an uncooled opto — mechanical IR detector with
optical readout is presented. It is shown that our calculated noise equivalent temperature
difference (NETD) is <10 mK including the readout noise sources (assuming S0um pixels,
f/1 optics and 60Hz frame rate). This performance level is far superior to the other current
state-of-the-art uncooled microbolometer-based detector arrays and is comparable to that of
the best cooled IR detector arrays, which are far more complicated and expensive compared
to the uncooled counterparts. In addition to the high-performance, the architecture proposed
is scalable to high-resolutions as the pixel readout is based on an integrated diffraction
grating and the pixelated readout electronics is completely eliminated by the use of MEMS

scanners for the serial pixel readout.

The detector pixels are tiny membranes that are connected to bimaterial legs, which are
connected to a substrate through thermal isolation legs. The conversion of IR radiation into
temperature difference causes deflection along bimaterial legs. The mechanical deflection is
detected optically with sub-nm accuracy using diffraction gratings placed underneath each
pixel. Fixed diffraction gratings and the movable pixel membrane form an interferometer.
This type of interferometric readout offers operation at detector shot-noise limit using a
coherent light source, thus the contribution of the readout noise to the overall system noise
level is negligible. Another important advantage of the optical readout is that electrical
conductive paths that increase the thermal conduction are not needed. Thus higher sensitivity

compared to microbolometers and some of the cooled detectors can be obtained.

il



As the design prototypes, different design variations for single pixels and small arrays of
3 x 3 pixels were fabricated. The microfabrication was done at Microelectronics Research
Center (MIRC), Georgia Institute of Technology, Atlanta-USA. The microfabrication
requires 4-lithography masks and uses the following standard IC materials: Silicon Nitride,
Aluminum, and Chromium on top of Quartz substrate and is limited to low temperature

processes that are below 250 °C.
Keywords: Infrared imaging, thermal image sensors, infrared absorber, bimaterial

cantilevers, thermal deformation, diffraction grating, interferometer, microscanners, MEMS,

microfabrication.
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OZET

Kizilotesi goriintiileme teknolojisinin uygulama alanlar1 cok genistir. Askeri uygulamalar,
otomotiv endiistrisi, tibbi goriintiileme, giivenlik uygulamalari, arama — kurtarma caligmalari,
endiistriyel test ve jeo — termal olay tespiti ile cevre kontrolii belli bashh uygulama alanlar

olarak sayilabilir.

Bu tezde; optik okumali, opto — mekanik tipi sogutmasiz kizilotesi detektor dizini tasarim
ve liretim calismalar1 sunulmaktadir. Detektorler icin hesaplanan NETD (Giiriiltii Eslenikli
Swcaklik Farkr) 10 mK’den daha kiiciiktiir (60 Hz’de okunan 50 pm’lik pikseller icin ve f/1
kizil6tesi lens ile birlikte). Bu performans seviyesi, en gelismis sogutmasiz mikrobolometre
tipi detektorlerle elde edilecek performanstan ¢cok daha ileride olup; en gelismis sogutmali
kizil6tesi detektor dizinleri — ki bunlar sogutmasiz detektorlere gore ¢ok daha karmasik ve
pahalidirlar — ile elde edilecek performansla karsilastirilabilir durumdadir. Piksellere entegre
edilmis dagitma 1zgaras1 (diffraction grating) tabanli optik okuma ve piksel seviyesinde
okuma elektronigi gereksinimini ortadan kaldiran MEMS tarayict sayesinde; Onerilen
konfigiirasyon yiiksek performansinin yami sira yiiksek coziiniirliikte detektor dizini

olusturmaya da uygundur.

Detektor pikselleri cift-katl bacaklara baglh kiigiik zarlardan olusmaktadir. Zarlar tutan
cift-kath bacaklar, termal yaliim bacaklar1 ile alttasa (substrate) baglanmistir. Emilen
kizil6tesi 1sinlarin sicaklik farkina ¢evrilmesi, ¢ift-kathi bacaklarda biikiilmeye yol acar. Bu
biikiilme her pikselin altina yerlestirilen dagitma 1zgaralariyla optik olarak nanometre-alti
hassasiyetle ol¢iilmektedir. Sabit dagitma 1zgaralariyla hareketli piksel zarlar1 girisim-6lcer
olusturmaktadir. Girisim-Olcer sayesinde okuma giiriiltiisii; okuma icin gerekli 151k
kaynaginin Shot-giiriiltii seviyesine indirilebilmektedir. Dolayisiyla okuma giiriiltiisiiniin

toplam giiriiltiiye katkis1 ihmal edilebilir.



Tasarim prototipleri olarak, 3 x 3 formatinda detektor dizinleri Georgia Institute of
Technology, Atlanta — USA biinyesindeki Microelectronics Research Center (MIRC) isimli
merkezde iretilmistir. Kuvars alttag {izerine Silikon Nitrat, Aliiminyum ve  Krom
materyallerini biiylitme ve asindirma adimlarini iceren mikrofabrikasyon, 4-lithografi

maskesine gereksinim duymakta olup, diisiik sicakliklarda tamamlanabilmektedir (<250°C).

Anahtar Kelimeler: Kizilotesi goriintiileme, termal goriintii sensorleri, kizilotesi
emici, ¢ift — kath kaldiraglar, termal biikiilme, dagitma 1zgarasi, girisim 6lcer, mikro

tarayicilar, MEMS, mikrofabrikasyon.

vi



ACKNOWLEDGEMENTS

Above all, I would like to express my sincere appreciation to my thesis advisor Prof.
Hakan Urey for his encouragement, support and advice throughout this work. Introducing me
to micro-optics and microsystems, the experience and knowledge he taught me is beyond
from this thesis. It was always a pleasure for me to be a member of Optical Microsystems
Laboratory (OML) under the supervision of Prof. Urey. Together with him I would like to
thank Prof. Levent Degertekin from Georgia Institute of Technology, Atlanta allowing me to
spend 4 months with his research group to fabricate the design prototypes. He was always
available to give me guidance and encouragement not only in Atlanta but during the entire
work. It has been an invaluable experience to work with both Prof. Urey and Prof.
Degertekin.

I also would like to thank Dr. Erdem Alaca and Dr. Alper Kiraz for taking part in my

thesis jury.

The most enjoyable part of being a member of OML was to work with Arda, Caglar,
Olgag, and Ozgiir. This work would not be complete without their friendship and support.
They were the most relaxing times when we had “raki-balik” together. I want to thank to

Caglar also being a perfect roommate for more than one year.

Many thanks go to Rasim, Wook, Omkar, and Baris for both helping me in cleanroom
and helping me to get used to Atlanta. Particularly, I would like to thank Rasim for spending
long hours in cleanroom with me. I also want to acknowledge Sherron for her help during my

stay in Atlanta and Julian for being a friendly home mate.

It is certain that this thesis would be impossible without the emotional support from my
family and Sonya. I appreciate the caring and understanding they have shown (especially
towards the end). Thanks to mom, dad, and Hande for their love and unlimited support and to

Sonya for adding a meaning to my life.

I’ll pay a beer to anyone I forgot.

vii



TABLE OF CONTENTS

LIST OF TABLES ....uuitiiiitiiiinticnnnnnsseesssesssisssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssass X
LIST OF FIGURES .......uuuitiiiinnniinninnninsnisssnsssssssssssssissssssssssssssssssssssssssssssssssssssssssssssssssssse xi
NOMENCLATURE....ccoiiiniinninsninnsissnisssisssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssasssss xiv
L@ 1 P2 1] 1) 0 1
INTRODUCTION....cuuiiiiiiuiinninsinsssncssnisssnesssnsssesssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssass 1
CRAPLET 2 aucccvveiciranicssancsssanessssscsssssesssssossasssssasssssasssssasssssssessssssssssssssasssssasssssasesssassssssssssasssssassss 5
LITERATURE REVIEW ....iiinniinnnicnsinssisnssisssisssssssssssssssssssssssssssssssssssssssssssssssssssssses 5
2.1 OVETVIEW .ttt ettt ettt et e s bt e st e et e e st e e s st e e ebbeeensbeesbteesnsbeesnsees 5
2.2 Photon Detectors or Cooled IR DeteCtOrs. ......couuiiiirriiieeiiiiieeeeiiiee et 7
2.3 Thermal Detectors or Uncooled IR DEtectors ..........ccceieviieeriieinieeiniieeieeeiieeeieee e 9
2.4 Thermo — Mechanical Thermal Detectors ..........cccueeriiiieriieeriieeiiee et 12
CRAPLET 3 ....uveiiiinniinsnicssnncsssnssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssssssssssssss 20
INFRARED ABSORBER ......uuuiiiiiiiinntinsnnisnisssecssisssnssssnsssessssssssssssssssssssssssssssssssssssssss 20
T8 I 118 (06 11 (o1 10 ) o F PSSP 20
3.2 BIackbody Radiation..........ceerieiiriiieiiiieeiiie ettt ettt et 20
3.3 Design Of IR ADSOTDET .......coiiiiiiiiiieeiie et e 23
3.4 IR ADSOTDEI AIEINALIVES ...ceouviiiiiieiiieeeiiee ettt ettt ettt et e e esaaee s 33
3.4.1 Thin Film Metal ADSOTDET .......cceiiiiiiiiieeiieceeceeee e e 34
CRAPLET 4 ....ouveiiivrniinsnicssnicssansssssnessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnsssssssssssssssssnssssss 39
MECHANICAL DESIGN OF THE DETECTOR..........iinnnisinnsnnnssissnnisnnsssncans 39
4.1 TNEFOAUCTION ...eeeuttieeitieeiiee ettt e eite e ettt e et ee et eeeateeesteeeaabeesnsaeeensaeeassaeensseeensseeensseeesseennes 39
4.2 Analytical Modeling and Verification of the Model...........ccccociiiiiniiiiiniiiiinienee. 39
4.2.1 Thermal Deflection for n — layer StrucCtures ............ccceeeveeeeiiieerieeenieeevee e 39
4.2.2 Verification of Model with a Test Structure .............ccceeveeeriieeniieenieeeieeeeeeeee 42

4.3 Thermo — Mechanical Response of the Detector...........ccocvveeiiieiiiieniieeiie e 48
4.3.1 FEM STMUIALIONS ...eeruvieiiiiiiiiiieiiiie ettt ettt ettt e et e et e st eesaees 52

4.4 NOISE ANALYSIS .vveeeerieeiiieeiieeetieeeieeeeteeeet e et e esteeeaseesnsaeessaeesssaeessseeenssesensseesssseennns 55
4.4.1 FIGUIES Of MIETIL ....eeeiuiiiieiiieiiiie ettt ettt et e et e et e e 55
4.4.2 Thermo — Mechanical NOISE .........ceeruieeriireiiieeiiee et e eeeeeieeesreeesreeesereeeereeenneas 57
4.4.3 Thermal Fluctuation NOISE .........c.eeiriiiriiieiniiieeiiee ettt 58
4.4.4 Background Fluctuation NOISE .........c.ceervuieeriieeiiieeiiieeieeeeieeesneeesneeeseveeeeveeennnes 59
4.4.5 Total Noise Performance of the Detector Array .........coeceeevviieenieeinieeenieeeieeeee, 60

4.5 Thermal Response Time of the Detector ...........coevviiiiiieiiiieiiieciieeee e 64

L0 1 P2 1] ) o N 67
OPTICAL READOUT DESIGN AND TESTING .....uuuiinvuriseinsnnnsnnnssnncssncsssncssncssecnnes 67

viii



5.1 INETOQUCTION ..ttt e e e e e e et eeeee e e e e e e ae e aaeeseeeeeeaaanaaaeeeeeeeeannns 67

5.2 Diffraction-Grating Interferometer Pixel Readout............cccooviieiiiiiniiiinniiinniienieene 68
5.2.1 Diffraction-grating — Interferometer Theory .........cccceevieieriiieeniiieeiiee e, 68
5.2.2 Micro — Interferometer Design for Membranes with Piston Motion..................... 73

5.3 Array Readout ATCRITECTUTIES ......cccuviiiiuiieeiieeeiee ettt e erevee e e e aveeeaaeeeareeenes 74
5.3.1 Optoelectronic REAAOUL ..........eeeiiiiiiiiiiiieeiieeie ettt 75
5.3.2 Scanned Beam Readout ..........ccc.ooiuiiiiiiiiiiiiiiieeccceeeeeee e 78

5.4 Testing of Micro — Interferometer with CMUTS ........c.cooiiiiiiiiiiiiiiiiiieeeeeeeeee 81

CRAPLET 6 .occcoveieireeicnsnicssnncssantessassossasssssasssssasesssasesssasssssssesssssessssssssssssssssssssssssssasssssasssssasssses 88
MICROFABRICATION OF TEST DETECTORS AND TESTING......cccccceeseescnrcsancsan 88

6.1 INTTOAUCTION . ...ceuiiiiiiiiiieeieeee ettt sttt ettt et seeeeneenanees 88

6.2 ProCESS FLOW ..cniiiiiiiiee ettt st e 88
6.2.1. Cleaning WafeTS.........eeiiuiiiiiiieiiiieeeite ettt ettt ettt et e st esaiees 88
0.2.2. LITt-0FT ..ottt et eaean 89

6.2.2.1 PhotOreSiSt SPINMNING ......ceevuiieriiiieniieeniieeniteertee et e et e esibeeerireesibeesireesnaeeens 89
6.2.2.2. PhotOlithOZIaphy .....ccccviiiiiiieiiieciieecee et e e e 89
6.2.2.3. Metal Deposition and Patterning ..........ccocceeevveeenieeeniieinieeeniee e 89

6.2.3. Deposition of SiO; layer to protect Sratings .........ccccveeeeveeeriveeerveeerveeenveeesnveesnnns 92
6.2.4. Deposition and Patterning of Cr Sacrificial layer...........ccooveeviiiiniiiinnicennieenne. 93
6.2.5. SIN DEPOSILON: ..eeeuvvieeiiieeiieeeiieeete ettt e et eesteeesebeeenaeeenbeeensseeenneas 93
6.2.6. Al Layer Deposition and Patterning: ............ccoecueeevvieeniiiiniieniieeeieeeiiee s 94
6.2.7. Patterning SilNy LaYer: ......ccooviiiiiiiiiieeieece ettt e 95
0.2.8. DICIINE: .ttt ettt ettt et e st e et e e et e e s aes 96
6.2.9. Releasing the DIES: ......ccuiiiiiiieiiieeiiece ettt e e e e e e e eanee e 97

6.3 Packaging REqUITEMENLS. .....ccccuuiiiiiiiiiiieeeiie ettt ettt ettt s esiee e 97
CRAPLET 7 aeeievrreicnsnncnsnncssanicssassossasssssasssssasesssasssssasssssasssssssesssssssssssssssssessssssssasssssasssssasssssassss 100
CONCLUSIONS ..uuciuiinicsninnnssecssnssnsssesssessasssessssssssssessssssssssssssssssssssssssssasssssssssssssssssssssassase 100
APPENDICES .....uouiiiiiininninsnissensnsssisssnssssssisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 104

AT MaSK LaYOULS ..ottt ettt et sb e et e et e e bt e e eaaee s 104
AT T OVEIall VIBW ..ttt ettt sttt st saeen 104
A.1.2 Pixels of DetectOr ATTAYS .......eeivuuiiiiiiiiiieiiiee ettt ettt 106

VIT Aeiieiiiinsnecsnicsnnsnncssncssnssnsssscssssssessesssesssssssssssssssssesssesssssssssssssassssssssssssssassssssssssassssssssss 112

X



LIST OF TABLES

Table2.1: Quantum efficiency values for given photon detectors. ........ccccveeruveerieeerieeenneenns 7

Table 4.1: Material PrOPETTIES. .....cc.utiiiiiiiiieiiiieeitie ettt ettt et e e 49



LIST OF FIGURES

Fig.1.1 Detector schematic of one of the IR detector pixel designs fabricated during this

TESCATCH 1.ttt ettt e 3
Fig.2.1 Classification of infrared deteCtOrS.........cevuieeriieiiiieeiiee et e ceeeeieeesiee e e enveeeanee e 6
Fig.3.1 Power radiated by unit area of a blackbody target in a spectral width of di.............. 22

Fig.3.2 Simplest estimation of absorption for a 500 nm thick nitride layer based on data given
TN REEA ettt sttt st ettt et 24

Fig.3.3 Active layer with infinite extent which absorbs incoming light with unity intensity. 25

Fig.3.4 Spectral response of a 500 nm thick SiNy layer .......ccccceevviieiiiieniiieieceeeee e, 28
Fig.3.5 (a) Schematics for multilayer infrared absorber (b) Equivalent structure after 1 level

EIIMINATION ..ottt et ettt e s bt e et e sae e st e e s bt e et esbeesaneesaeeenneesaneeane 28
Fig.3.7 Absorption at 10 pm wavelength as a function of resonant cavity gap..........c.cecuu..... 31

Fig.3.8 Variation of absorptance using 2.5 um resonant cavity as a function of nitride layer
thickness. Design point is chosen as 0.5UM..........cceeeiiiieeiiieeiiieeieeeee e 32
Fig.3.9 (a) One pixel of FPA; (b) Cross section of the detector pixels........ccccceeevveerrveennnenn. 33
Fig.3.10 Real and imaginary parts of the complex refractive index of thin Al layer as a
function of WavVelEN@th .........coouiiiiiiiiie e e e 36

Fig.3.11 The expected absorptance by thin Al layer as a function of thickness for important

TR WaVEIENZLNS. ...ccueiiiiiiie ettt e et ee et e e e tbeeeaaeeesbeeessbaeennreeennaaean 36
Fig.3.12 Theoretical enhancement of absorption for a thin Al layer by resonant cavity at the

wavelength of 10 UM .....oooiiiii ettt e s 37
Fig.4.1. One-end-fixed and one-end-free m-layered structure. All layers have same length (L)
along x-axis and width (b) alONg Z-aXiS. .....ccccureriiiieeiieeriieerieeerieeerteeerreeerveeereeeereeeeaeeas 40
Fig.4.2 Torsional raster pinch scanner (a) front and (b) back sides........c..ccoceevviniieiiinenne. 43

Fig.4.3 Thermal deformation for AT=46.5°C temperature rise for structure in Fig.4.2. (a)
Experimental result measured with an optical interferometer, only mirror surface is shown,

(b) FEM simulation result using ANSYS™ including mirror and the frame......................... 44

X1



Fig.4.4 Comparison of the deflection amplitude between analytical solution and FEM
simulation along paths a,b and c. Note that, for AT>0, §,, . >0 and &, < 0. .......cc0covevvennnnn. 45
Fig.4.5 Comparison of thermal deflection as a function of temperature difference for
analytical solution along path ¢, FEM simulation, and interferometric measurement results.46
FIG.4.6 (a) Thermal deformation of the scanner versus metal layer thicknesses. (b)

Comparison of exact (dashed) and approximate (solid) expressions. (¢) Deformation curve

given in dimensionless PATAMELETS ........eivuiieriiieeriieeriie et eriee et eeiteeeireeesibeesabeesbreesneeeas 48
Fig.4.7 Deflection values for a bimaterial made of Aluminum and Silicon Nitride............... 50
Fig.4.8 Deflection as a function of Al layer when the nitride layer is fixed at 500 nm.......... 51

Fig.4.9 Deflection as a function of SiNy layer when the Aluminum layer is fixed at 350 nm 52
Fig.4.10 FEM simulation for the deflection of thermal detector pixel.......c.cccooceevvieeiiennennne. 53
Fig.4.11 (a) 1* mode of the motion (b) 2" mode of the motion of the detector..................... 53

Fig.4.12 FEM simulation for the deflection analysis of the design of which the membranes

are connected from the Mid PATS........c.eeiviiiiriiiieiiiiee e 54
Fig.4.13 FEM simulation for the crab — legged detector pixel........ccocceeviieiniieiniieeniieeninenn. 55
Fig.4.14 Top view of design prototype with a scale in [M.........cccceeerviiieniiieeniiieeriee e 61

Fig.4.15 Noise Equivalent Temperature Difference as a function of thermal conductance... 61
Fig.4.16 Thermal Model of the Detector ...........ccoouiiiiiiiiiiiiiiieeeeee e 62
Fig.5.1 Schematics of the micro-interferometer with diffraction grating for readout optics.. 68
Fig.5.2 Detailed view for the OPD calculation............ccceovvieeiiieeiiieniieeiie e 70
Fig.5.3 Modulation of output intensity with the distance from the membranes to the
diffraction gratings with 10 periods of diffraction gratings..........cccceevveeerevieerieeenieeerieeenneens 72
Fig.5.4 Intensity of light going to diffraction orders as a function of the distance from the
membranes to the diffraction Gratings ..........cooceeviieeiriiieiiiie et 72

Fig.5.5 Modulation of output intensity at the observer plane with varying gap between the

membranes and the diffraction gratings..........cccveecvieeiiieriiieeiiie et 74
Fig.5.6 Pixelated optoelectronic readout architeCture...........oocuveeriieeniiieeniieeieeeiee e 7
Fig.5.7 Configuration for the illumination of multiple pixels with a single light source........ 77
Fig.5.8 Scanned beam readout architeCtUIES........cccveeerviieriiieeiieeeiieeeieeeeiee e eveeeeaeeeaaee e 78
Fig.5.9 The schematics of the setup for characterization............c.ccceeeeiveeeciieercieeeniee e 82

Xii



Fig.5.10 The photodetector response as the membrane of the sensor displaces due to the
EXCILALION VOILAZE ....eeiiuiiieiiiieiitee ettt ettt ettt e et e ettt e ettt e sabeeebbeesbbeesnbbeesaneeens 84
Fig.5.11 The deflection of the transducer membrane as a function of excitation voltage...... 84

Fig.5.13 Frequency response of the membrane after linearization at the excitation voltage of

Fig.6.1 General View of Pyrex wafer after lift-off process .........ccceevveiiviiiniiiiiiiiiicenee 90
Fig.6.2 Grating definition on top of Pyrex wafer by wet etching techniques with negative
PROLOTESIST ..uteeeiiieeiiieeiiee et ee et e ettt e et e e et e e e atee e ateeeabeeessaeeensseeansaeeansaeanssaeensseeessaeansseennsseenn 91
Fig.6.3 (a) General view of defined gratings on top of Quartz wafer by lift-off.

(b) Detailed view of gratings from one Specific deVICE........ccueevuiieriiiiniiiiniieiiieeieeeieeee 92
Fig.6.4 Anchor definition on Cr sacrificial [ayer...........cccccuvieviieeiiieniiieeie e 93
Fig.6.5 Aluminum layer patterned for bimaterial 1€gs...........cccuvevriieriiiiiniieeriie e 94
Fig.6.6 Definition of bimaterial legs made of Gold and Silicon Nitride .........c..ccoceevveennennee. 95
Fig.6.7 The devices on top of sacrificial layer after the RIE step........cccoecveeeviiiiiiiiniicennneen. 96
Fig.A.1 General view of mask layouts with clearly indicating the dies and alignment marks

............................................................................................................................................... 104
Fig.A.2 Unit cell in one die including all design variations ............ccocceeevveeenieeeneeennieeennnne. 105
Fig.A.3 Unit cells of each different design variations .............ccceeveeeriiieenieeenieeenieeeieeeeee 111

Xiii



ip

(2

NETD

NOMENCLATURE

the energy emitted per unit volume per unit wavelength from a blackbody
Planck’s constant

speed of light

specific heat coefficient

wavelength of the radiation

Boltzmann’s constant

spring constant

temperature of the black body

electron — hole generation rate

Fresnel reflection coefficient

Fresnel transmission coefficient

photon irradiance

absorption coefficient

current density

number of electrons per unit volume between energy E and E+AE
density of states per unit volume in the energy interval AE
distribution function that an electron is in energy state E
temperature coefficient of resistance

bolometer resistance

fill — factor

effective thermal conductance

absorption efficiency

bias current

optical angular frequency

effective thermal response time

noise equivalent temperature difference

Xiv



NEP noise equivalent power
responsivity
normalized detectivity
radiance

photon exitance

number of photons emitted per unit cavity volume of the blackbody target

<z ENg o=

average velocity of the photons
DOS density of states

P(A,T)dA  power radiated by unit area of a blackbody target in a unit time in a spectral

width of dA
n real part of complex refractive index
k imaginary part of complex refractive index
k thermal conductivity
A accumulated phase
ORr real part of the complex conductivity
o1 imaginary part of the complex conductivity
& permittivity of air
CTE, coefficient of thermal expansion
E Young’s modulus
p radius of curvature
Jro f-number
() transmittance of the medium

(dP/dT),,_,;, change in power per unit area radiated by a blackbody at temperature T

measured within spectral window A; to A,

Tp detector temperature

T background temperature

o Stefan — Boltzmann’s constant
0 quality factor

Af bandwidth of the detector

G thermal conductance

XV



emissivity

gravitational constant
viscosity

mass average fluid viscosity
kinematic viscosity
Grashof number

Reynold number

period of the diffraction gratings

XVvi



Xvil



Chapter 1: Introduction 1

Chapter 1
INTRODUCTION

Creating the thermal map of the environment finds itself a wide variety of applications in
several areas such as medical, military, industrial, and fire fighting. The devices used to
generate the thermal map of the targets are passive devices that collect the optical signal
radiated from the targets according to Planck’s radiation law assuming that the targets
behave as black bodies. According to Planck’s radiation law, the energy emitted per unit

volume per unit wavelength from a blackbody (E;) can be expressed as follows:

EA:_8ﬂhc 1 (1.1)

A o1- exp(h%kT)

where h, ¢, A4, k, and T are the Planck’s constant, speed of light, wavelength of the
radiation, Boltzmann’s constant and the temperature of the black body. It is possible to
generate the thermal map of the target by detecting the radiated energy since the only
parameters that determine the amount of energy are the temperature and the radiation
wavelength. The interested spectrum of the radiation is classified as infrared (IR) band and

IR band is further divided into bands as a function of wavelength as follows:

e Near IR (NIR): 0.78 = 1 um

e Short wavelength IR (SWIR): 1 —3 um

® Mid - wavelength IR MWIR): 3 -5 um

® Long — wavelength IR (LWIR): 8 — 14 um

e Very long — wavelength IR (VLWIR): 14 — 100um



Chapter 1: Introduction 2

Each of these specific bands has their own properties and specific detector technologies
have been developed for these bands. For infrared imaging applications, MWIR and LWIR
bands, where the transmittance of the atmosphere is high, are especially important.
Transmittance of air is reduced by several factors as a result of scattering and absorption
processes. The bands of operation should be selected specifically to each application. For
instance, MWIR band is favorable if the target is relatively hot and the weather is clear, on
the other hand LWIR band offers high sensitivity in hazy weather conditions. After choosing

the operation band, the detector can be designed.

Infrared imaging devices can basically be classified into two main groups according to
the detection mechanism. Photon detectors deal directly with the interaction of the incoming
photons with the electrons in the detector material. On the other hand, thermal detectors are
the devices whose properties can be modulated by its temperature. Therefore, the detection
mechanism of thermal detectors is indirect in the sense that the incoming radiation is first
converted into heat energy and the generated heat energy is used to change an appropriate

material property of the detector.

The infrared imaging device presented in this thesis is a thermal detector in which the
incoming radiation is first converted into heat energy and then the heat energy is converted
into mechanical energy that deflects the pixels of the detector array. To achieve mechanical
deflection, the working principle of thermostats is employed. The pixels in the detector array

have structures that are connected to bimaterial layers as shown in Fig.1.1
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T ANSYS

Eeflector for
readout optics

Bimaterial leg

Thermal 1solation legs Absorption pads

Fig.1.1 Detector schematic of one of the IR detector pixel designs fabricated during this

research

Functionlity of the different parts are labeled in the figure and treated in separate chapters

of the thesis:

The incident IR radiation is absorbed by the absorption pads to generate heat
energy. IR absorption, IR absorber design and optimization are discussed in
Chapter 3. A novel thin-film metal detector combined with an optical resonant
cavity is proposed to enhance the absorption and reduce the detector response
time.

The induced temperature difference causes thermal stress on the bimaterial leg
and as a result of this the reflector structure bends. The analysis of thermal
stresses and deformation is presented in Chapter 4. Compact analytical formulas
to compute the thermal deflection of multilayer MEMS structures are developed.
The bimaterial legs are connected to longer thermal isolation legs, which

thermally isolate the pixel from its substrate, and determine the “detectivity (D*)”
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of the detector. Isolation leg design and D* calculation are also detailed in
Chapter 4.

e The resultant deflection along the bimaterial leg can be detected in various
methods. We adapted an integrated optical readout method based on diffraction
grating interferometer, which is superior to the other types of detectors such as
capacitive, piezoresistive and other optical methods proposed in the literature. The
optical detector and the array readout mechanism is detailed in Chapter 5.

e Various different pixel geometries are analyzed and most promising ones are
fabricated at MiRC, Georgia Tech (USA). Microfabrication details are given in
Chapter 6.
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Chapter 2

LITERATURE REVIEW

2.1 Overview

Detection of optical signal requires interaction of optical signal with the medium called
the detector. Due to this interaction, generally reduction of the energy of the optical signal is
observed. From a general point of view the reason behind this reduction in energy can be
explained by using two physical phenomena which are absorption and scattering.
Absorption is defined as the loss in the power in the propagating EM wave which is due to
conversion of light energy into other forms of energy such as heat energy because of lattice
vibrations, polarization of molecules of the medium, local vibrations of impurity ions and
excitation of electrons from the valence band to the conduction band. On the other hand,
scattering can be defined as the light diffraction by particles, particularly if the particle
diameter is smaller than the wavelength. During the scattering process, light deviates at
arbitrarily arranged statistical objects. It is clear from the given definitions that the scattering
phenomenon is nothing to do with detection mechanism since the power in the optical signal

is not effectively coupled to the lattice of the detector medium.

The energy transfer from the optical signal to the detector medium by way of absorption
can be in various forms. Photon detectors and thermal detection are the two main categories
for optical detectors. Photon detection process deals with the concept of converting a photon
of light into an electron, therefore the excitation of electrons from valence band to
conduction band during absorption is the process used by photon detectors. The other type of
detector is called thermal detector. Thermal detectors respond to optical signal thermally.

That means that their temperature can be modulated by the incident optical radiation. During
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the absorption process, because of lattice vibrations occurring in the detector medium, the
optical energy is converted into heat energy. The resultant temperature change in the
medium produces a corresponding change in another material parameter that can be used for
the detection purposes. Figure 2.1 shows different types of infrared detector technologies
based on photon detectors, discussed in Sec. 2.2, and thermal detectors, discussed in Sec.
2.3. This thesis focuses on a new type of thermal-detection-based thermo-mechanical

detector, which is reviewed in Sec. 2.4.

IR detector

IR radiation ——; h(t,x,y,z) — Output

v
Detection mechanisms

/N

Photon Thermal
*Photoconductivity «Bolometer
Intrinsic *Thermocouple/thermopile
Extrinsic *Pyroelectric
*Photovoltaic , *Thermo-mechanical
*Photoelectromagnetic
*Phototransistor
*Photon drag
*Quantum counter
*Photoemissive

Fig.2.1 Classification of infrared detectors
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2.2 Photon Detectors or Cooled IR Detectors

The efficiency of converting a photon of light to an electron is defined to be quantum
efficiency (mn). Quantum efficiency is a normalized parameter which takes into account
reflectance, absorptance, scattering, and electron recombination. This parameter can be used
to compare the performances of given infrared detector technologies, and is expressed in
percent in this case. Table 2.1 compares the quantum number for the given detector

technologies'.

The electron — hole generation rate as a function of distance into the detector (x) is given as:

gx)=(1-rEa™ 2.1

where r is the Fresnel reflectance coefficient of the detector, E, is the photon irradiance and

« 1s the absorption coefficient of the medium material.

Detector Type Quantum efficiency (%)
Photoconductor (intrinsic) 60
Photoconductor (extrinsic) 30
Photovoltaic 60
Photoemissive 10
Photographic film 1

Table2.1: Quantum efficiency values for given photon detectors.

Then the magnitude of the current density (A/em?) for a generic IR detector with an active

layer thickness of /; can be defined as follows':
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Ix Ix
J = qj g)dx=~1-r)-q-E, 'J-ae_‘”‘dx (2.2)
0

0

J=(1-r)-q-E, -(1-e") (2.3)
At this point, quantum efficiency can be given analytically as follows:

ﬂzg%;=ﬂ—ﬂ(bfﬂﬁ (2.4)

q

The Fresnel reflectance coefficient and /, terms are the parameters that can be engineered
for each detector design. What really determines the performance value for several detector
technologies is the absorption coefficient. Therefore for a given family of detectors, this

number, which is strongly dependent on the wavelength, should be known.

As wavelength of the optical radiation decreases, the absorption increases. That fact can
be explained in terms of band gap of the detector material. The power of the radiation
incident on the detector should be sufficient to excite an electron in the valance band to the
conduction band. Since the energy of a photon is directly proportional to its frequency
through Plank constant, the decrease in wavelength causes more and more electron liberation
from the valance band for a unit power of radiation. Therefore, as the wavelength of the
radiation decreases for a specific detector technology, the thickness of the detector slab can
be made thinner, on the other hand in order to compensate the drop in the absorption

coefficient the slab thickness should be thicker for detectors operating at longer wavelengths.

As the bandgap of the detector material decreases, the chance of liberation of electrons in

the valance band because of thermal energy. These electrons are not desired for detection
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purposes they contribute to dark — current generation. The total number of thermally

generated electrons per unit volume can be given as follows:

n(E)AE = g(E) f (E)AE 2.5)

where n(E), g(E) and f(E) are the number of electrons per unit volume between energy E
and E+AE, density of states per unit volume in the energy interval AE and the distribution
function that an electron is in energy state E, respectively. According to Maxwell —

Boltzmann, the distribution function can be defined as:

1
f(E)= W (2.6)

where A is a normalization term which may change with temperature. From Eq.2.6, it is
apparent that the total number of thermally generated electrons increases exponentially as
temperature increases. Therefore it is required to cryogenically cool the photon detectors to

prevent the thermally generated electrons become dominant.

2.3 Thermal Detectors or Uncooled IR Detectors

Although the cooled infrared detectors offer good performance, they have some
important drawbacks such as the need for the cryogenic coolers, having high cost, and
responding to specific spectral bands. Research on uncooled thermal detectors has been
going on to offer a technology to solve these problems so that it will be feasible to use
cameras for night vision applications. The microbolometer technology is the most mature
one among other uncooled thermal detector technologies like pyroelectric detectors or

thermopiles in the sense that they offer both better noise performance and resolution.
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Microbolometers are the sensors whose resistance can be modulated by temperature
changes as a result of absorption of incident infrared radiation. The sensitive element of the
detector can be a thin metal layer or a semiconductor layer. For a metal layer, the resistance
of the bolometer increases as the temperature increases2’3, whereas the resistance decreases if

. . . . 44
the active layer is made of a semiconductor material .

Special materials with high temperature coefficient of resistance (TCR), which is a
parameter specifying quantitatively how much resistance change per degree Kelvin change is

expected, such as VOy is used in order to increase the responsivity for microbolometers.

rcR =1 s
R, dT

2.7)

where Rp is the bolometer resistance. Together with TCR, responsivity of a

microbolometer can be defined as in Eq.2.8°:

_TCR-B-1-i,-R,

R 2 2\1/2
G,(1+w’t,”)"

(2.8)

where [ is the fill — factor of the FPA with pixels having an effective thermal
conductance G, including Joule heating effect as a result of heating of detectors due to the
bias current. 7}, i, @and 7, are the absorption efficiency, bias current, angular frequency of
IR radiation and the effective thermal response time, respectively. Using VO as the active
material Raytheon reported a TCR value of >2.2% / °C with a 25um pitch size
microbolometer®. Despite the increasing sensitivity, VOy is not a standard IC material;

therefore it requires expensive fabrication steps. One other disadvantage is the high stress

10
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inherent to that material. For low cost microbolometer, standard CMOS n-well layer is used
as the sensing layer4’7, with a TCR value of 0.34%/ °K that is much smaller than the one

obtained with VOx.

The current trend is to decrease the pixel pitch from 50 um without degrading the
performance of the FPAs. NEC reported a microbolometer with a pitch size of 37 pm® that
has NETD less than 0.1 K at 60Hz frame rate. NETD (noise equivalent temperature
difference) is the figure of merit for an infrared detector which specifies the temperature
difference at the target that causes unity SNR. Further decreasing the pitch size to 25 um
without performance degradation is reported by Raytheon’. Less than 50mK NETD at 30 Hz
is reported by Raytheon. Despite the decrease in the pitch size, the performance is not
degraded much. The solution for this is to fabricate the detectors in multi-levels, which

allows maintaining the active area space for thermal isolation.

Apart from microbolometers, pyroelectric thermal detectors with high performance have
been reported. The temperature difference on the pyroelectric detectors modulates the
electric polarization of the active material used. The responsivity of such detectors to steady
state temperature difference is zero since the polarization change is neutralized by surface
charges. Therefore, a mechanical chopper is usually used to detect the IR radiation. 100 x
100 FPAs with 100 pm pitch size pixels, 87 mK NETD value is reported by Marconi'
whereas the NETD value goes up to 130mK when the pitch size goes down to 40 pm in a
FPA configuration of 384 x 288. Earlier Texas Instruments worked on pyroelectric detectors

and they announced a NETD value of 120mK for a FPA with 50 pm pitch size pixels”.
Another category of widely used thermal detectors is the thermocouples. Thermocouples

employ Seebeck effect to map the temperature difference on the target to the voltage signal

on the detector. As the temperature on the active layer changes, voltage is simply generated

11
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between two ports of the detector. Such a single detector is called thermocouple, if several of
these structures are connected in series to increase the generated voltage; the device is called

as thermopile. Responsivity values of 12 and 28 V/W are achieved with detectivity of

1.7-10" cmN Hz /W '

2.4 Thermo — Mechanical Thermal Detectors

Thermo — mechanical thermal detector technology is the newest uncooled infrared
detection technology that offers high performance. The mechanical structure of the detectors
is borrowed from thermostats in the sense that they are composed of bimaterial layers that
undergo thermal deformation by inducing temperature difference on them. Further
classification among this detector technology is possible according to the detection
mechanism used for the thermally induced mechanical deflection. Researchers have studied

13,14,15,16 17,18,19 120,21,22,23,24,25,26,27,28,29

capacitive , piezoresistive and optica methods to map the

temperature of the target to the detection signal.

One method to map the incoming IR radiation into the capacitance change on the detector
is to design a parallel plate capacitor, whose top plate is in motion with respect to the bottom
one'. Top plate is anchored to the substrate through a bimaterial leg in series with thermal
isolation leg. In this configuration, top plate both serves as an IR absorber and a movable
electrode. One drawback of this configuration is the need to have an electrically conductive
path on the thermal isolation legs in order to sense the capacitance change that increases
thermal conductivity and decreases sensitivity. Another problem is the uniformity of pixels
in large format FPAs. As a result of microfabrication limitations for surface micromachining,
the pixels deform initially in an arbitrary fashion which reduces uniformity. In order to
increase the responsivity of this type of detectors, parallel plate capacitor architecture with

movable bottom electrode'® is introduced. In this configuration as the temperature of pixels

12
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increases bottom and top electrodes deflect in opposite directions, as a result of which higher
capacitance change is possible. One other advantage of such architecture is the design
flexibility in the sense that the resonant cavity to boost IR absorption and the parallel plate

capacitor gap can be engineered separately.

By coating commercially available piezoresistive microcantilevers with IR absorbing

materials, a NEP value of 70nW /+ Hz is estimated for another microcantilever type thermal
detectors'’. Although that cantilevers are not useful for the formation of large format FPAs,
the researchers obtained thermal images by scanning the target area by the sensor

cantilever'®.

The first optical readout scheme developed for thermo-mechanical thermal detectors at
ORNL was based on optical lever method commonly used in AFM instruments. In this
method, laser beam is focused on the tip of a microcantilever and the reflected beam is
monitored by a position sensitive photodetector (PSD). The cantilever sensor put in the
vacuum cell absorbs the incoming IR radiation and due to its bimaterial structure, it deflects.

A quad cell monitors the reflected light from the tip of the cantilever™.

This method is proved to be a high sensitive measurement technique for single detectors.
The readout optics is not integrated with the mechanical structure since the optical elements
used are bulky ones. Because of that fact, fine alignment of the optics with the mechanical
structure must be done by the user each time. Since the readout scheme is not a compact,
interference with the ambient light is a problem. This fact makes it clear that alignment must
be precise to get higher sensitivities. It is stated that the bandwidth of the PSDs limits the
high speed operation of the readout™. Pulsing the readout laser at high frequencies reduces

the thermal heating by the readout laser and lowers the power consumption significantly.

13
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There are several limitations that make this readout scheme not feasible for large area
FPAs. In order to implement an optical readout method for FPAs, one should offer an
integrated solution because of the space limitations. The same laser can be used to illuminate
all the pixels at the same time; however one quad cell or bi cell detector is required for each
pixel. One cell is composed of four sub — cells each of which is coupled to one separate
transimpedance amplifier. Therefore large number of optical elements that are not integrated
with the mechanical structure will be needed for the FPAs. The other important issue for this
readout is the power consumption. It is reported that SmW of laser power is required per
cantilever”. Therefore it is not feasible to offer a low cost solution with this method. Another
important drawback of such a high readout laser power incident on the cantilever heats up
the cantilever, introducing a large readout noise source and reducing the sensitivity of the

system

For the FPA readout, the ORNL group offers a solution by using a CCD rather than one
quad cell per cantilever™. In this scheme, the pixels in the FPA are illuminated by a readout
laser and the reflected beams fall onto a CCD. In terms of sensitivity, using CCD to monitor
the reflected light is not as good as quad cell. The reason behind low sensitivity is that the
ambient light will interfere with the reflected light, and this will reduce the sensitivity
significantly. This problem is solved in quad cell measurement method, since it offers
differential measurement opportunity which cancels the interference and refractive index

variations in the medium.

Another optical readout method is offered by the researchers at U.C. Berkeley, USA™.
The first design from that group is based on interdigitated fingers with a pixel size of 130 pm
x 100 pum. Again the incoming IR radiation is mapped to the motion on the pixels. Here,
some fingers are attached to the movable part of the detector and some stationary ones are

left on the substrate. Therefore the interdigitated fingers are in motion. By illuminating the

14
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fingers with a coherent light source, transmitted light can be steered to diffraction orders. The
intensities of light at diffraction orders created by interdigitated fingers are measured as the
detection signal. It is important that the grating frequency is much larger than the frequency
of the cantilever array, to achieve distinct diffraction orders in frequency domain at focal
plane of the lens. This principle works for a large pixel that is capable of accommodating
sufficiently large number of fingers. As the pixel size becomes smaller (<50um), this method
is not practical because of the fabrication limitations. Moreover the fill — factor for that

design is low as a result of the need for space for the fingers.

The second design®’, which solves the scalability problem, has a pixel size of 65um x
65um. For this design the laser light scattered from the edge of the pixels forms a diffraction
pattern. The intensities of light at the diffraction orders are measured to map the deflection of
the cantilevers to the temperature variations. Since the diffraction occurs only at the edges,
the orders can not be separated completely and the diffraction efficiency will be poor. That’s
the weakest point for this readout scheme. The structure is scalable; however the readout
signal is not reliable. For both designed structures, readout light escapes through the fingers
or edges. Therefore the power of the laser should be higher in order to obtain measurable
signal levels at the detectors. Similar to the architecture offered by ORNL, the components
given for this architecture are also bulky, since there is not an integrated readout solution for

this imager.

Interesting optical readout architectures that completely remove the need of optical
detectors to measure the intensity of readout beam are offered by different groups in which
the returning beam from the pixels directly steered to the retina of the viewer so that the
pattern can be imaged on to the viewer’s eye’®?. Still they do not provide an integrated

readout architecture since bulky readout lasers are needed for these thermal detector arrays.

15
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In this thesis, an integrated optical readout scheme is adapted from the ones used for
micromachined ultrasonic transducer arrays, which has a diffraction grating on the back side
of the deflecting membrane®’. The pixel and the readout scheme developed in this research

are covered in Ch. 5.

16
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Chapter 3

INFRARED ABSORBER

3.1 Introduction

The transmittance of atmosphere as a function of radiation wavelength is given in Ref.1.
Transmittance is over 80% from 3-5 pm in the middle infrared (MWIR) band and it is over
70% in the 8-14 um long-wave infrared (LWIR) band. Because of such a high transmittance
in these bands, they serve as a window for IR applications. Specific IR detector and imaging
technologies have been developed for these transmission bands. In this chapter, starting with
blackbody radiation physics, the infrared absorber design for both MWIR and LWIR bands
are detailed. The absorption formulas for 2-layer media with resonant cavity are developed.
One of the important contributions of this chapter is the proposal for use of thin-film metals
as IR absorber in microcantilever IR detectors. Thin film absorbers, when combined with
resonant cavities, give high absorption and low thermal mass, which are critical performance

parameters for IR detectors.

3.2 Blackbody Radiation

The first energy conversion takes place in IR detector is the transfer of the radiation
energy inherent to the target into heat energy on the detector. In order to express the radiation
energy quantitatively, the term radiance (L) is defined. Radiance is the amount of power
radiated per unit area of the target per unit solid angle. The explicit spatial dependence of
radiance is implicit for the term photon exitance (M,), which is the number of photons

emitted by unit area of a blackbody target in a unit time® as given in Eq.3.1. For a
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Lambertian source, which has an intensity directly proportional to the cosine of the angle

from which it is viewed, L = M/z.
M = 5 Ny =— 3.1

where N is the number of photons emitted per unit cavity volume of the blackbody target,
v 1is the average velocity of the photons and c is the speed of light. N can be found by
integrating the product of density of states (DOS) per unit cavity volume that is 1/4n” and the
expected number of photons (7 ) in any state with an energy of E = hv, over all B space. For

a spherical coordinate system:

1 1

N:jDOS-ﬁ-dﬁ=I4E3 exp(h%T)—l

Ampradp (3.2)

Where h, k, v and T are the Planck’s constant, Boltzmann’s constant, optical frequency
and the temperature of the blackbody, respectively. N can be interpreted in terms of
wavelength as given in Eq.3.3, since 3 = 27/A.

_ ¥ L (3.3)

2 exphy -1

Combining Eq.3.1 and Eq.3.3, power radiated by unit area of a blackbody target in a unit
time in a spectral width of dA can be interpreted as in Eq.3.4 since the energy associated per

photon is hc/A. For T = 300 °K, radiated power is plotted as a function of wavelength in

Fig.3.1.

21



Chapter 3: Infrared Absorber 22

2
P(AT)dA = 27%¢ ! di (3.4)

Eexp =1

3.5

s N
()] N (63}

P(lambda, T), Watt/(m?.m)

—_

0.5

wavelength of the optical radiation, um

Fig.3.1 Power radiated by unit area of a blackbody target in a spectral width of dA
Eq.3.4 is very important to quantify the radiation power. The total area under the curve

given in Fig.3.1 gives the total exitance from a blackbody at temperature T. This relationship

1s called Stefan — Boltzmann law.
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Historically the noise performance of infrared detectors is given in terms of temperature.
Therefore, it is important to figure out the rate of change in power per unit area radiated by a
blackbody at a temperature at T, with respect to T measured within the wavelengths of A —

A>. This parameter can be calculated numerically as follows:

1495
AL/ s = j A (3.5)
21 2% . sinh® (—)

For the LWIR and MWIR bands, the (A%T) 112, 18 given by 2.6285 W/m? and 0.2120

Wim?, respectively. Thus there is about 13x more radiation energy in the LWIR compared to

MWIR.
3.3 Design of IR Absorber

The absorption of the radiation from the target by the thermal detector should be
maximized in order to increase the responsivity, thus sensitivity. Simplest model for

absorption is given in Ref.4 in which the amplitude of the light inside an active layer with a
. . 27kd . . .
thickness of d is attenuated by a factor of exp(—T) where k is the imaginary part of the

refractive index of the medium. It is assumed that the power is not lost at the boundaries of
the active layer. The real and imaginary parts of the refractive index of LPCVD Silicon
Nitride, which is commonly used as an infrared absorber material in LWIR band, are given4
for the wavelength of 2 — 16 um. From that data the expected absorption can be plotted as a

function of wavelength for a nitride thickness of 500 nm.
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Absorption vs wavelength

Wavwelength (um)

Fig.3.2 Simplest estimation of absorption for a 500 nm thick nitride layer based on data

given in Ref.4

Since the building blocks of microstructures are thin layers with the current
microfabrication technology; the absorption process should be studied with a thin active
layer as generalized in Fig.3.2. For a complete analysis the Fresnel coefficients at the
boundaries and their effects on the power transfer should be modeled. For this analysis, the
incoming radiation, which is incident on the intersection of the boundary of the regions with
refractive indices ng and nj, is assumed to have unity intensity. Normal incidence is assumed
for the following analysis for the sake of simplicity for calculation of absorptance when the

active slab is composed of multi — layers.
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—_
-
D

Fig.3.3 Active layer with infinite extent which absorbs incoming light with unity

intensity

The Fresnel coefficients for the reflectivities (r;’s) and the transmittivities (ti’s) given in

Fig.3.2 are given as follows:

n_,—n n,—n,_,

r=———",; r'=s— (3.6)
ni,+tn n+n,
2n, . 2n.
t,=—— t'=—— (3.7
n;,_ + n; n;, + n;

where r; is the reflectivity coefficient for light incident from the boundary from the media
with the refractive index n;.; to the one with the refractive index n;; whereas r;’ is the
reflectivity in the reverse direction. Here the refractive indices nyg, n; and n, are complex
parameters for the sake of generality, n =7 —i-k . The amplitudes of the beams reflected
and transmitted successively are given clearly in Fig.3.2. The total amplitude of the reflected
beam (1) from the first boundary and the transmitted beam (t) into the third media are given

as follows:
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r=r +1,1,'r, exp(=2iA) — 1,1, r,r,” exp(—4iA) + ... (3.8)

1 =1,t, exp(=iA) —t,t,r,r, exp(=3iA) + 1,t,1,’r,” exp(=5iA) — ... (3.9)

2 . . o L
where A = TH ,d 1s the phase accumulated in the media with the refractive index n; for

each traversing of beam through the layer with thickness d.

The infinite sum given in Eq.3.8 can be rewritten as in Eq.3.10

r=rl+ax+ax2+ax3+...

a=1tt'r,exp(-iA); X =—nr, exp(—iA) (3.10)

Therefore, the resultant reflectivity amplitude and the corresponding intensity of the

beam (R = ngrr*) can be given explicitly as follows:

a t.t,'r, exp(—2iA
r=n+ _ 4 Il 7 eXp(Z2iA)

3.11.a
1-x ' 14nr, exp(=2iA) ( )

rl2 + r14r22 +1f12t1'2 r22 + 2t11f1'r12r22 +2nr, (rl2 +1,t,')cos(2A)
R =n, — (3.11.b)
I1+nr"r," +2nr, cos(2A)

The infinite sum given in Eq.3.9 can be rewritten as in Eq.3.12

t=b+by+by> +by’ +...

a=tt, exp(—iA); y =—nhr, exp(=2iA) (3.12)

Eq.3.12 can be used to give the amplitude of the transmittivity and the intensity of the light

(T = nytt*) that pass through the layer with a refractive index n; explicitly:
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jo_b __tt'expid) (3.13.2)
I-y 1+nrexp(=2iA)
2,2
1t
T=n L2 (3.13.b)

"1+ 1’ +2nr, cos(2A)

By the conservation of energy the absorption can be given as A = 1 — R — T; since light
generation cannot be possible in any of the media. The resultant reflectance, transmittance,
and absorptance is plotted in Fig.3.4. The effective absorptance is below 40% for the
interested infrared band 8 — 14 um. Therefore to use the thin dielectric slab itself as an IR
absorber is not the best choice. The absorption can also change with the angle of

incidence but the effect is ignored in this analysis.

It is well known that the optical absorption can effectively be enhanced for a specific
wavelength by implementing an appropriate resonant cavity. The idea behind the resonant
cavity enhancement of absorption is to trap the radiation in a transparent cavity with an
optical thickness of A/4 on top of a good reflector. The enhancement is theoretically shown in
Ref.3.5 and 3.6 for a structure composed of a thin absorber layer placed in between reflectors

that serve as an optical cavity.

For the sake of generality, the absorption is studied for a multilayer structure as given in
Fig.3.5.a where n; is the refractive index (n; =n; —i- Ej ,J=0,1...m) and r; is the reflectivity

amplitude of layer j with a thickness of d;.
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Reflectance (blue), Transmittance (green), Absorptance (red)
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Fig.3.4 Spectral response of a 500 nm thick SiNy layer

(b)

Fig.3.5 (a) Schematics for multilayer infrared absorber (b) Equivalent structure after 1

level elimination
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The effective amplitude reflectivity for the radiation incident on the boundary between

layers m-2 and m-1 can be found by modifying Eq.3.11.a as follows:

S —2iA
rm_l,m — rm_l m=1"m-1 rm exp( ‘l m—l) (314)
1 + rm—l rm eXp(_ZZAm—l )
where A | = 2Tﬁnm_la’m_1 is the phase accumulated in the layer with the thickness of m-1

together with the amplitude reflectivity and transmittivity defined in Eq.3.6 and Eq.3.7.
Recursively, the layers in the multilayer structure may be eliminated starting from the last
layers. After 1-level elimination, the equivalent structure is given in Fig.3.5.b. The second
step is to eliminate the layer with the thickness of d,,» by finding the amplitude reflectivity
“Im-2.m-1.m>- Following that pattern overall reflectivity “rj 3. m2m-1.m” can be calculated. The
explicit expression for the overall reflectivity and transmittivity is lengthy even for 3 layers
and closed-form formulas are not given in here. The calculations for n-layer media

absorption are carried out using MATLAB.

The multilayer infrared absorber solution is used to model the enhancement of absorption

of optical radiation for a hypothetical absorber with a resonant cavity as given in Fig.3.6
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IR Radiation

| SiNx absorption layer

A Resonant|{gap

Aluminum reflector

Fig.3.6 Hypothetical infrared absorber with a resonant cavity

By changing the gap between the absorption layer and the reflector of the cavity, the
wavelength at which the absorption is maximized can be engineered. For this design the
resonant cavity is designed such that the absorption at the wavelength of 10 um is maximized
since that is the point at which a blackbody at room temperature (300 °K) has its spectral

exitance peak as given in Fig.3.1.

The plot given in Fig.3.7 shows the dependency of absorptance to the wavelength of the
radiation for an active layer of 0.5 um thick SiNy. Theoretically it is expected to have the
peak point at a gap of quarter of the wavelength. Since the bottom reflector layer made of

Aluminum is not a perfect reflector, the absorptance peak point shifts as seen from Fig 3.7.
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(blue); Transmitt?nce green)

cavity gap, um

Fig.3.7 Absorption at 10 pm wavelength as a function of resonant cavity gap.

The absorption is at maximum when the gap of the resonant cavity is around 2.5 pum
independent of the active layer thickness. Therefore it is possible to further optimize the IR
absorber to maximize the absorption at the wavelength of 10 um, center of the LWIR band,
by varying the thickness of the nitride layer. Calculations show that the peak absorptance
level is achieved when the active layer is 770 nm thick. The analytical model for multilayer
absorber predicts absorption, transmission and reflectance considering the penetration depth

into account, which is given as:

A
= 3.15
penetration 47[ . k ( )

k is around unity for the band of 8§ — 12 pm4, which makes the penetration depth

approximately 0.8 um. This fact can also be seen from Fig.3.8 where absorptance is plotted
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Considering the above analytical results and the microfabrication constraints, a good

as a function of active layer thickness. When the active layer is thicker than the penetration
design choice for the infrared absorber is a 0.5 pm thick silicon nitride together with a 2.5um

depth, absorptance degrades since the resonant cavity is not functional anymore.
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thickness of the active layer, nm
32

layer thickness. Design point is chosen as 0.5um.
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Bimaterial legs Absorption
- pads Isolation legs

H B B =
2

IR reflectors
Cattz Wafer

(a) (b)
Fig.3.9 (a) One pixel of FPA; (b) Cross section of the detector pixels
3.4 IR Absorber Alternatives

One method to increase IR absorption is to use optically black materials among which
black — gold and black — platinum offer high absorptance. The blackness of the absorber
layer is due to the porous microstructure and the dendrites formed on the surface of the layer.
It is possible to reach an absorptance level of >90% in the far infrared band with black
platinum absorber’. Due to the porosity of the structure, the absorber behaves as if there are
many small cavities in which absorption process takes place. That is the main reason for the

enhancement of the absorption.

Generally the black — metal absorbers are deposited by the method of evaporation at
higher vacuum environment®. For the black — gold preparation, a two-step fabrication is
described in Ref.4.6. First, a droplet of gold is evaporated at low vacuum environment in

order to ensure the adhesion of gold layer to the substrate. Secondly, the vacuum chamber is
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rinsed by the gas for 20 min in order to increase the pressure and ensure the porosity of the
deposited layer. Then second droplet of gold is evaporated. The resultant layer is usually
very thick (>20 um). Therefore the heat capacity of a thermal detector employing black —
metal layer as an IR absorber becomes large, so does the thermal time constant, which
prevents to have a fast detector. Moreover such a thick and porous layer is not easy to
pattern, which is a must to realize a large format pixilated imager.

Metals are good absorbers in a wide optical spectrum; however they emit most of the
radiation they absorb. It was studied to make the surface of silver be very rough in order to
prevent it be reflective. By using a rough silver layer with a thickness of 5 to 7 um, it was
shown that near 100% absorption is possible’. Since the required surface roughness cannot
be guaranteed among an array of small pixels, that method is not very compatible with the
current microfabrication technology. Also, the layers need to be sufficiently thick to ensure

the required surface roughness, thus not suitable for small pixilated detector arrays.

3.4.1 Thin Film Metal Absorber

Finally a thin layer of metal is studied as an infrared absorber. It is experimentally shown
that a thin layer of gold is capable of effectively absorbing infrared radiation'’. The
researches measured that the absorptance for ~17 nm thick Au layer is ~50%. This
phenomenon is observable when the thickness of the metal layer is much smaller compared
to the wavelength of optical radiation. When that condition holds, the layer becomes partly
transparent. The reason for that can be explained by considering the granularity in the
structure of the layer. Due to the granular structure the conductivity of the metal layer
decreases. The decrease for Aluminum layer is as much as 500 times''. For such a large
difference from bulk material properties, thin layer of Aluminum behaves as if it is a
semiconductor. That’s why it can be used as an infrared absorber. The dependence of the

refractive index to the conductivity is given as follows'":
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nk = ;R (3.16)
£,0
nt k=g - 3.17)
£,0

where or and o; are the real and imaginary parts of the complex conductivity at the
optical angular frequency ®. The expressions given above may further be simplified as in

Eq.3.18 if A<13 pum.

3.18
2e,0 G-18)

where 6, = 1x10° Q'm™ is the DC conductivity for the thin Al layer, which is almost 500
times smaller than that of bulk material property. The resulting real and imaginary parts of

the complex refractive index of thin Al layer are plotted in Fig.3.10 as a function of

wavelength.

Once the metal’s refractive index components are known, the expected absorptance as a
function of layer thickness can be calculated by using the above analytical model. The
absorption results for Aluminum are given in Fig.3.11. In conclusion, 50% absorption can be

obtained at 10um wavelength using a 50nm thin Al film.
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Refractive index of thin Al layer
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Fig.3.11 The expected absorptance by thin Al layer as a function of thickness for
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The absorption can be further improved by implementing a resonant cavity under the

metal absorber as discussed earlier. As seen in Figure 3.12, in theory, 100% absorption is
possible at 10um wavelength using approximately 20nm Al layer in combination with a

2.5um thick resonant cavity.

Thin metal absorbers are important not only because they offer high theoretical

absorption, but only due to the fact that they decrease the heat capacity of the detector, which

Testing of the thin-film IR absorber concept

means faster response time is possible.

developed here is left as a future work.

Absorptance(red); Reflectance(blue); Transmittance(green)

thickness of the active layer, nm

Fig.3.12 Theoretical enhancement of absorption for a thin Al layer by resonant cavity at

the wavelength of 10 pm
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Chapter 4

MECHANICAL DESIGN OF THE DETECTOR

4.1 Introduction

This chapter gives the details of the mechanical structure designed for the thermal
detector pixels. The detector converts thermal energy into mechanical displacement. In
section 4.2 analytical formulations are given for a general multi — layered thin film
structures. The analytical model is then compared with finite element method (FEM)
simulations by using Ansys'. In section 4.3, the analytical and numerical results are

validated with a test structure and the experimental results agree well.

Noise analysis, which gives a measure of the performance of the detector, is given
together with the thermal model of the detector. In section 4.4, fundamental noise sources are
discussed and formularized. In section 4.5, a thermal model of the detector is developed and
detector noise and response time is computed using the mechanical model developed in this

chapter. It is shown that the detector arrays are suitable to be operated as imaging systems.

4.2 Analytical Modeling and Verification of the Model

4.2.1 Thermal Deflection for n — layer Structures

Many micromachined structures are formed by adding layers of materials on top and
bottom of a substrate wafer. Coefficients of thermal expansion (CTE) mismatch between
those layers can produce large stress and strains and deform the structure. Thermal
deformation can have a significant effect in the device performance, particularly in optical

MEMS applications where optical grade surface flatness is required' and in applications that
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employ an array of microstructures where the array uniformity is critical>>. CTE mismatch
problems are often encountered in silicon MEMS devices that employ metallic films due to
low CTE of silicon. Thermal deformation for two layers can be found in the literature®. A
recent theoretical work discusses the deformation on hinged multilayer media considering

developed initial strains’.

The same phenomenon may also be implemented as a transducer that converts thermal
energy into mechanical deflection, which is the basic energy transformation for the designed
thermal detector arrays. In order to understand the basics, thermal deflection is studied for
multi — layer structures. Fig.4.1 shows a general m-layer structure anchored from one edge.
Assume the thickness, CTE, and Young’s modulus of material in “layer i are h;, @; and E;,
respectively, and all layers have the same length (L) and width (b). N; and M; are the
effective force and moment assigned to the tip of each layer with the sign convention

illustrated in the figure.

layer m |_> M, ) ML,

A layer 2 — NQQ Lo

4 layer 1 — 1) ?Ml
%

Fig.4.1. One-end-fixed and one-end-free m-layered structure. All layers have same length

(L) along x-axis and width (b) along z-axis.

From conservation laws, the sum of forces and moments should sum up to zero when the

static equilibrium is reached:

N, +N,+...+N, =0 4.1)
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h h h
M, +M,+..M, +N1?1+N2(h1 +?2)+...+Nm(h1 +h,+...h, +7’"):O 4.2)

Equation relating the moment to force for each layer can be written as:

3
M;:% fori=1tom (4.3)
12p

where p is defined as the radius of curvature for the bent structure. Total strains at layer

boundaries should be equal, resulting in a set of (m-1) equations:

N. N, h,
AAT +—— 4 =g AT +— T fori=ltom-1 (4.4)
Ebh;  2p E,bh,, 2p

Where AT is the induced temperature difference. Combining Eqn. 4.1 thru 4.4 results in a
set of (m+1) linear equations for a general m-layer case with one-end-fixed and one-end-free

structures with (m+1) unknowns Ny, Na,..., Ny, and (1/p )°:

1 1 1 1 0
m 3
h hl+]72 hl+h2+g hl+h2+...+h—m ZE"bh" _
2 2 2 2 512 |y 0 ]
1 -1 hl +h2 1
Ebh, Ebh 0 0 - 0 2 N, 0 (4.5)
i 272 : (o, —a))AT
o 1 -1 0 0 m+h || 0 |=] BTH
Ebh,  Eph, B 2 N, | | @T®AT
. . 1 N
_/"J (@, -a, )AT |
0 0 0 1 -1 ho+h
I E, bh E,bh, 2|
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p can be solved using the above matrix of equations. Assuming the tip deflection at the
free-end of the structure () is small compared to its length, then it can be expressed in

terms of p as:

O0=—1IDAT (4.6)

4.2.2 Verification of Model with a Test Structure

Before the fabrication of the thermal detectors, the analytical model and FEM
simulations are verified with a MEMS scanner. MEMS structure analyzed for the verification
of the developed analytical solution and the FEM simulations is a raster correction scanner
(RCS), which can be added as a third scanner to retinal scanning display systems’ to improve
the raster and image quality. Retinal scanning displays employ two uniaxial or one biaxial
scanner to paint a scanned image on the viewer’s retina in a 2-D raster format using point

light sources with high-luminance.

The scanner is fabricated by Microvision, Inc. at the Washington Tech. Center using a
double-side polished 100 Silicon wafer. The mirror and the flexures are formed using DRIE
as opposed to KOH etch to maintain better tolerances while etching through the relatively
thick wafer. A thin Aluminum film (0.2 um) forms a highly reflective mirror surface and the
gold coils (6 um) for electromagnetic actuator are deposited at the back surface (see Fig.4.2
for illustration). The scanner is a multi layer MEMS structure and can be thermally deformed
during normal operation due to temperature increase induced by the current flowing across

the coils of the actuator.
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Backside Front side

Silicon frame

(2] (b)

Fig.4.2 Torsional raster pinch scanner (a) front and (b) back sides.

For a three layer structure with thick middle layer (i.e., h,>>(h;,h3)), we can find a I

order approximate solution for d using Eq.4.4 — Eq.4.7.

L*AT

§=[BEh(a, - a)+3E;h(a; —a,)] —
EZhZ

(4.8)

For a parametric design study, we can define dimensionless layer thickness ratio

parameters: x = (h; / hy) << 1 and y = (h3 / hy) << 1 and rewrite the above equation:

L*AT

8 =BEx(e, —a)+3E,y(e, — )]
E2h2

4.9)

Mirror deformation was measured with an optical interferometer while applying DC
current to the coils without the external magnets. The scanner remains still but heats up due
to resistive power dissipation. The zero-stress temperature for the structure is near the
deposition temperature of the coils, which is around 35 °C. When the power dissipated at the
coils is 245 mW, the coils heat up an additional AT = 46.5 °C from its zero-stress

temperature and the deflected mirror shape is as shown in Fig.4.3.a with a maximum p-v
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deflection of 0.51 um observed at the corners. The FEM simulation result for the same case
is given in Fig.4.3.b and shows a maximum p-v deflection of 0.54 um at the corners, which

is in good agreement with the experimental result.

PV 051 pm —p—
FIvIS: 0077 : P-¥ (pathcj: 0.54 pra

(a) (b)

Fig.4.3 Thermal deformation for AT=46.5°C temperature rise for structure in Fig.4.2. (a)
Experimental result measured with an optical interferometer, only mirror surface is shown,

(b) FEM simulation result using ANSYS™ including mirror and the frame.

Analytical results can be compared with FEM and experimental results along the three
cross-sectional paths a, b, and c as defined in Fig.4.3.b. Fig.4.4 shows a comparison between
analytical and FEM solutions where Si thickness is a parameter, while Au and Al thickness
are fixed at 6um and 0.2um. Deformation decreases with square of the Silicon thickness as
predicted by Eq. 4.8. Results agree very well along path a as the fixed-free beam assumption
is valid. Along path b, analytical prediction for deflection amplitude is smaller by 13% (note
the sign of deflection is negative in this case). This error is expected as the scanner cross-
section behaves as fixed-guided beam from anchor-to-center of the mirror while our formulas
predict the deformation for a fixed-free beam. For path c, analytical predictions are larger by

18%. The error is again expected as the scanner cross-section behaves as guided-free beam

44



Chapter 4: Mechanical Design of the Detector 45

from center-to-corner of the mirror while our formula predictions are for a fixed-free beam.
For this geometry, the corresponding error factors can be added to the actual analytical

predictions to make the analytical predictions more accurate.

deflection ws. 31 thickness
151

104

30 400 500 600 -.--7B6--o- 500

deflection [noot=]

51 thickness [um]
¥ analytical, path e
B8O FEM, path ¢
=+ analytical pathoa
—% - FEM, path b
20 FEM, path a
""" analytical path b

Fig.4.4 Comparison of the deflection amplitude between analytical solution and FEM

simulation along paths a,b and c. Note that, for AT>0, J,, d. >0 and Jy, < 0.

Figure 4.5 shows the thermal deformation as a function of temperature and demonstrates
that FEM and experimental results agree particularly well for large temperature differences,
while the analytical predictions (calculated along path c) are larger than FEM predictions by

18% due to the approximations made by modeling the 3D structure by a fixed-free simple

beam.
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deflection vs. temperature difference
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Fig.4.5 Comparison of thermal deflection as a function of temperature difference for

analytical solution along path c, FEM simulation, and interferometric measurement results.

Fig.4.6.a illustrates the analytical results for thermal deflection vs. temperature for a large
range of Au and Al thickness values assuming Si is 300 um and the scanner is 5x Smm>.
The approximation given for Eq.4.9 is valid for small & and for x, y smaller than 1/30
(validity range of the assumption is illustrated in Fig.4.6.b). Film thickness larger than 10um
is hard to achieve with standard deposition methods. Even though figure shows one
particular design point, the contour plot remains valid if all the thicknesses in the figure
labels are divided by a scaling factor and the contour line values are multiplied by the same

scaling factor. If the size of the scanner changes, then contour values should be scaled by L.

Fig.4.6.b shows the analytical solution given in Eq.4.5 and Eq.4.6 and the approximate
analytical solution in Eq.4.8 for a thick Si structure sandwiched between thin Al and Au

films. Note that, the approximate formula works well for thin films, particularly around the
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0=0 curve, which gives the thickness combinations that make the structure athermal. For the

microscanner application, such a tradeoff helped improve the performance of the scanner.

Initial design had 6 wm Au coils and 0.2 um Al, which is sufficiently thick for good

reflectivity. Later the Al thickness was increased to about 3 pwm, which reduced the thermal

deformation from +7.5 nm/°C to about 1 nm/°C.

Fig.4.6.c illustrates the approximate deformation formula in Eq.4.9 using the thickness

ratios x and y. The contour labels show the deformation normalized with a Si thickness,

temperature difference, and the scan mirror size. The figure allows for easy performance

trades for the 3-layer structure used in our case study.
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F1G.4.6 (a) Thermal deformation of the scanner versus metal layer thicknesses. (b)
Comparison of exact (dashed) and approximate (solid) expressions. (¢) Deformation curve

given in dimensionless parameters
4.3 Thermo — Mechanical Response of the Detector

The temperature induced on the detectors as a result of the absorption of radiation is
converted into mechanical deflection by the help of the bimaterial legs that support the
membranes. Since the deflection is to be sensed by optical means, the deflection per Kelvin
temperature induced on the detectors should be maximized. The amount of deflection
depends on the material properties as well as the thicknesses and lengths of the cantilever
legs as given in Eq.4.5 and Eq.4.6. The general solution for m — layer structures can be

simplified for bimaterial (two layer) cantilevers as below:

3-E -E, h-hy-(h+h) (&, —,) AT - I’

o=
(E,-h+E, 1) (E, -h’+E, -h,2')+3-E -E,-h h,-(h +h,)’ 4.7)
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It is apparent that the larger the mismatch between CTE’s of the materials, larger the
deflection. Table 4.1 shows some other material constants for the common materials for
microfabrication. Table 4.1 illustrates material properties for common IC materials. For our

prototypes Al and SiNy are preferred for large CTE mismatch.

Material | CTE, o (10°K") | E (GPa) k(W/K) | cU/kgK) |dkgm)
Si 2.6 162 149 700 2420
Al 25 69 237 908 2700
Au 14.3 80 318 130 19400
SiN, 0.8 180 18.5 691 2400
SiO, 0.4 67 1.4 1000 2660

Table 4.1: Material Properties

The deflection increases quadratically with the bimaterial layer length. On the other hand
the dependence of the deflection on the layer thicknesses is more complex. The length of the
bimaterial layer is limited by the pixel pitch size for the detector implementation. Pixel pitch
size of typical detectors at present is 50 um and the trend is to design and implement FPAs
with 25 um pixel pitch size. Pixels with 25, 50, 100 and 200 pm pitch sizes were designed
for the prototypes. For the design variation that has the longest bimaterial leg, the bimaterial

leg length is equal to the pixel pitch size.

Fig.4.7 shows the expected deflection as a function of Al and SiNy thicknesses assuming

50 um pixel pitch size.
It is apparent from the given figure that the larger deflection values are achievable for

using thinner layers. One limitation for the nitrite layer thickness comes from the IR

absorption analysis. The optical absorption is maximized when the thickness of the nitride
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layer is about 500 nm. For this specific point, the deflection could be maximized when the
thickness of Al layer is about 350nm. The limitation on the thickness of Aluminum layer
usually comes from microfabrication. Aluminum is one of the best choices to give large CTE
mismatch with Silicon Nitride; however it may easily be oxidized. The material properties
may change tremendously if the metal layer is oxidized. Since the oxidation takes place at
the surface of the layer, it affects the thinner layers more than the thicker ones. As a result,
the metal layer thickness of the fabricated arrays was each varied between 300 nm and 600

nm.

Contour plot for deflection vs thicknesses of layers, nm
800

700

600

500

400

thickness of SiN, nm

300

200

100 &

300 400 500
thickness of Al, nm

Fig.4.7 Deflection values for a bimaterial made of Aluminum and Silicon Nitride
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SiN layer thickness is fixed

amount of deflection, nm

thickness of the Al layer, nm

Fig.4.8 Deflection as a function of Al layer when the nitride layer is fixed at 500 nm

The dependence of the deflection to the thickness of SiNy layer for a fixed thickness of
Al is stronger as seen from Fig.4.9. In this graph, the thickness of Al layer is fixed at 350 nm
as a case study, which gives maximum deflection for a nitride layer of 500 nm. The
deflection can nearly be doubled for thinner SiNy layers from the optimization for a fixed
thickness of Al. To operate the detectors at those thicknesses at bimaterial legs without
degrading the absorption, it is necessary to deposit the dielectric layer in two levels, which
means another mask is necessary. In order to keep the microfabrication simpler, one nitride

layer is deposited at 500 nm, which maximizes IR absorption.
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Al layer thickness is fixed

deflection, nm

; ; | | |
0 100 200 300 400 500 600 700 800
thickness of the SiN layer, nm

10

Fig.4.9 Deflection as a function of SiNy layer when the Aluminum layer is fixed at 350

nm

4.3.1 FEM Simulations
The deflection simulation of the detector with a bimaterial leg of 50 um for an induced
1°C temperature difference induced on it is shown in Fig.4.10. The maximum deflection is

0.453E-7 m for a bimaterial leg of 500 nm Al on top of 500 nm SiNy. The analytical model

gives a deflection of 45.38nm which is in very good agreement with the FEM results.
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Fig.4.10 FEM simulation for the deflection of thermal detector pixel

For the same detector pixel, modal analysis is performed. As shown in Fig.4.11 the first
resonant frequency is almost 40 kHz, and there is a good separation between 1% and 2™

modes, which is around 120 kHz.

- ANSYS ANSYS
iy Jun ¥ zo0s CTIPLACEMENT 2
.: 16:15:39 Jre— ‘SULlifﬁi?:;
FREQ=33516 E
DM =34547% FREQ=11%603

EHE = 1ZFR40T

Fig.4.11 (a) 1* mode of the motion (b) 2" mode of the motion of the detector
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FEM deflection result for another design, which was fabricated, is given in Fig.4.12. For
this design the bimaterial legs connect the middle of the membranes to the isolation legs. It is
apparent from the given figure that the deflection along the bimaterial legs displaces the
isolation legs because of the boundary conditions at the intersection points, as a result of

which larger deflections are possible.

1

NODAL S0LUTION ANSY’S
STEP=1 JUL 26 2004
JUB =1 05:07:22
TIME=1

i} 4 (AVG)

RS¥S=0

DHE =.356E-07

JMN =-.l3ZE-11

S =.356E=
o

-1IEE=1L ST91E=08 L158E=07 LEZFTE=0T 3LET=07
. 2P5E-08 .119E-07 - LIBE-07 -27TE-07 . IEEE-0T

Fig.4.12 FEM simulation for the deflection analysis of the design of which the

membranes are connected from the mid parts

For the design given in Fig.4.13, the bimaterial legs are connected to the isolation legs at
right angles in order to save space and increase the detector fill — factor; however due to that
intersection displacement cancellation occurs. As it may be noticed, the isolation legs bend
towards substrate whereas the bimaterial legs bend in the opposite direction. As a result of
this, the net displacement becomes negligible, ~0.3 nm. Thus the design is not considered in
our prototypes. This design can be modified to give a very good performance by swapping

the Al and SiNy layersg.
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Fig.4.13 FEM simulation for the crab — legged detector pixel

4.4 Noise Analysis

The detector noise performance can be predicted by combining the IR absorption and

thermo — mechanical response models developed so far.

4.4.1 Figures of Merit

Noise equivalent power (NEP): defined as the input signal power that gives a signal-to-

noise ratio of one.
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NEP="— (4.10)

where N is the RMS noise magnitude of the measured quantity. For microcantilever type
thermal detectors, the measured quantity is the displacement of the microstructure from its
rest position. R is the detector responsivity and can be defined as the displacement per

absorbed power by the detector.

Detectivity (D*): Since NEP strongly depends on the absorbed power which depends on
the various parameters such as the size of the detector and its bandwidth, one can not
compare the actual performances of different detectors by just looking at the values of NEP.
D* is a commonly used normalized parameter defined to predict the detector performance

more realistically.

proNB AN @.11)

NEP

where A, B and Af are the area, fill factor, and the bandwidth of the detector, respectively.

Detectivity is usually reported for a lem” detector using 1 Hz bandwidth.

Noise Equivalent Temperature Difference (NETD): Detectivity gives much more
information on the performance of detectors as compared to NEP, however by definition it
still includes dependency on some of the crucial parameters such as the spectral information
of the emitted IR radiation from the target, transmission losses of the emitted radiation
through propagation, and the ratio of the collected radiation by the IR optics of the detector.

NETD, is defined as the ultimate figure of merit that shows the performance of detectors’.
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4-f % NEP
n‘To.ﬂ‘A‘(dP/dT)ﬂl—ﬂz

NETD =

4.12)

where f,, is the f-number of the IR optics, 77 is the emissivity of the detector, 7y is the
transmittance of the medium in which IR radiation is propagating and (dP/dT) shows the
change in power per unit area radiated by a blackbody at temperature 7" measured within

spectral window A; to A,.
4.4.2 Thermo — Mechanical Noise

Thermo — mechanical noise is a fundamental noise source due to the nature of the
released mechanical structures such as microcantilever based thermal detectors. The driving
force of this noise source is the thermal energy, which is the product of Boltzmann’s constant
(kg) and the temperature (T) in Kelvin specifying the average amount of thermally induced
energy that is available per mode of the mechanical structure. For any mechanical structure,
which is kept in thermal bath with its environment, there is a continuous energy exchange

between the mechanically stored energy and the thermal energy present in the environment.
Microcantilever thermal detectors can be considered as mechanical resonators. The

described energy exchange causes some mechanical fluctuations in the vibrating

microcantilever. For off-resonance operation the mechanical fluctuations can be formulated

3
4k, T, Af
gy = kw0 (4.13)

as™:
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where ¢z is the RMS noise magnitude of the displacement, kg is the Boltzmann’s constant T
is the temperature of the detector, and k, Q and ay are the spring constant, quality factor and
resonant frequency of the mechanical structure, respectively. This expression, giving a
measure of noise specific to the thermomechanical noise, can be combined with Eq.4.10,
Eq.4.11 and Eq.4.12 so that the NETD as a result of thermo — mechanical noise can be

calculated as:

8- f, 7 \Jky T, -Af
NETD,,, = (4.14)
n-Ty-B-A-(dP1dT), ,,-R-\Jk @, -Q

4.4.3 Thermal Fluctuation Noise

Thermal Fluctuation noise is the fundamental noise source for all types of thermal
detectors, since it causes fluctuations on the temperature of a detector as a result of
continuous heat exchange between the detector and its environment. The fluctuations on the
temperature can be minimized if the detector is thermally isolated from its environment. In
the best case, the heat exchange is only through radiation and this case sets the background
fluctuation noise limit. Since this is a special condition, the noise associated to it is examined

separately. Apart from that the temperature fluctuations on the detector can be expressed as:

&:%Wﬁﬁgﬁ (4.15)
G

where G is the thermal conductance of the detector. Sticking to the definitions given before,
the temperature fluctuation should be related to the noise magnitude of mechanical
displacement in order to calculate the noise equivalent temperature difference value

associated with temperature fluctuation noise. Responsivity of the detector can be defined as
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the product of temperature difference induced on the detector per absorbed IR power (Py) and

the deflection along the bimaterial leg (z) per temperature difference:

TD

Z
R=:2. 2% 4.16
T, (4.16)

Thermal conductance is defined as the power increase per unit temperature increase on a
system. Combining these definitions together with the Eq.4.15 and Eq.4.16, mechanical
fluctuation on the detector as a result of thermal fluctuation and the corresponding NETD can

be expressed as:

%y =R-T, |4k, -Af-G 4.17)

NETD, =S S Tonlky G- (4.18)
F n-t, f-A-(dP/dT),, ,,

4.4.4 Background Fluctuation Noise

Thermal conductance for any type of structure cannot be minimized any further than the
value for which the heat exchange between the detector and the environment is through
radiation. This is the fundamental limit for any kind of device that is used to detect infrared

radiation. For radiation limited case, heat flux can be given as 0.

q,., =0T, =T,") (4.19)
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where o'is the Stefan — Boltzmann’s constant, £is the emissivity of the detector and Tp
is the temperature of the background. The thermal conductance for radiative heat transfer can
be defined as in Eq.4.20 due to the fact that the detector is operational at a temperature very

close to background:

Gy=4-B-A-c-gT,)’ (4.20)

This equation is valid if the detector temperature is close to the temperature of the
background environment, which is the case for the uncooled thermal detectors. Substituting
the conductance value into equation (4.18), one can get the NETD value associated with the

background fluctuation noise:

16-an2 '\/kB .()-.Af-TD5
N7, B -A-(dPldT),_,,

NETD,, = (4.21)

Note that the BF noise is much lower for cooled detectors at cryogenic temperatures.

4.4.5 Total Noise Performance of the Detector Array

The noise components for the pixel design illustrated in Fig.4.14 are plotted as a function
of thermal conductance in Fig.4.15. For the noise analysis, the transmittivity of the
atmosphere is assumed 0.9, the operating temperature of the detector array is assumed 300 K,
and F/1 imaging lens is assumed. The achievable absorptivity was shown to be 0.8 in
Chapter 3. Mechanical parameters such as the spring constant and the resonant frequency are

obtained from FEM simulations given in Fig.4.11.
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Fig.4.15 Noise Equivalent Temperature Difference as a function of thermal conductance
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As seen from Fig.4.15, it is crucial to optimize the pixels such that the thermal
conductance would be minimized for better performance levels. The thermal model of the
detector design given in Fig.4.14 is given in Fig.4.16. Here R is the corresponding thermal

resistance, which is 1/G.

Yo
R
o Rbimaterial, SiN Riso, left
Rcond,air
Yo Rbimaterial, Al Riso, right S
Rrad ,
S

Fig.4.16 Thermal Model of the Detector

First of all there is a thermal path to transfer heat from the absorption pads to the
substrate through air by radiation for which the thermal conductance is given in Eq.4.20. For
the design prototype, Grq = 6.45 nW/K. Secondly, heat transfer can be made through air

convection. For that analysis, Grashof (Grp) and Reynold (Rep) numbers are defined as'!:

_ gﬁ(TD — T )L3

,UZ

(4.22)

Gr,
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pu. L
U

Re, =

(4.23)

where g, B Tp, Ts, L, vV, p, u, and i are respectively the gravitational constant,
volumetric CTE, temperature of the detector, temperature of the heat sink (i.e. substrate),
length between the membrane and the substrate, kinematic viscosity, mass density, mass
average fluid viscosity and viscosity, respectively. It is assumed that the detector operates at
300 °K with unity temperature difference between the detector and the substrate. According

to these assumptions, the parameters in Eq.4.22 and Eq.4.23 are given in Ref.12. Natural

convection may be neglected if G%e <<1 holds. Assuming the membrane displacement
L

is 1 ym in 1 ms, the given ratio becomes 0.033, then the conductance due to convection

(Geonv) can be neglected.

Thermal conductance due to the legs that connect the membranes to the substrate may be

calculated from Eq.4.24.

-1

1 \L 1 1! 1
+Rhimaterial,Al ) +(Rim,left +Riso,right ) } (424)

Gmnd = [(Rhimaterial ,SIN

where thermal resistance is defined as:
R=— (4.25)

where L is the length of the structure that connects the bodies in heat transfer, k is the
thermal conductivity, and A is the cross sectional area of the structure. For the design

geometry, Geong = 0.32 pW/K.
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Thermal conductance due to air (Geondair) 1S usually neglected for conventional
mechanical structures, however for microstructures, the effect may be dominant. For
instance, Geondair = 50 pW/K for the design geometry since thermal conductivity of air at 300
°K at atmospheric pressure is 26.3E-3 W/m.K. Therefore the performance would be
dramatically degraded if the detector is operated at atmospheric pressure. Thermal
conductivity of air reduces with pressure, thus the detector needs to be operated in vacuum a
common requirement for all IR detectors. In order to decrease the air conductance to an
acceptable level, the pressure should be decreased since the thermal conductivity of air
depends on pressure'’. The thermal conductance due to air through conduction can be
decreased below 10 nW/K at a pressure of ImTorr. For that case, the thermal conductance is
limited with the conduction through the legs that connect the membranes to the substrate.
The legs are optimized such that the conductance is low by selecting the materials with low

thermal conductivity and maximizing the length of the isolation legs.

In terms of NETD, going below 10 mK is challenging even for uncooled IR detectors. It
is calculated that NETDggr = 1.3 mK, NETDtr = 7.1 mK, and NETDgg = 2.1 mK which
makes total NETD 7.5 mK with the current thermal isolation level for the fabricated thermal
detector pixels. Further improvements in thermal isolation can be possible by making the
legs narrower by decreasing the minimum linewidth for the microfabrication. Moreover, with
the optimization of IR absorber and bimaterial legs given previously, it is possible to have an

NETD value less than 5 mK.
4.5 Thermal Response Time of the Detector
The membranes should be thermally isolated for the best noise performance. On the other

hand, as thermal isolation gets better, it takes longer for the membranes to reach the steady

state temperature. For imaging applications it is crucial to limit the time needed to reach
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steady state condition, which defines the frame rate of the imager. Quantitatively, the heat

diffusion may simply be modeled as in Ref.4.14:

‘;_f . ;’CAV (T-T.) (4.27)

where h ( W/m’K ) is the heat transfer coefficient, A is the area of the thermal body, ¢
(J/kgK) is the specific heat capacity, and V is the volume of the body. The product of area
and heat transfer coefficient is defined as the thermal conductance; whereas pcV is the heat
capacity (C) of the structure. Therefore, the solution of this equation for the thermal detector

can be given as follows:

T-T t
= =exp(—— 4.28
= e (428)

where 7 = % is the time constant of the detector. In order to make a faster detector
without degrading noise performance, the heat capacity of the detector should be decreased.

For the design shown in Fig.4.10 where SiNy is used as IR absorber, thermal time constant is

calculated to be 13 msec, which allows the detector to operate at 60 frames per second (fps).
Thin metal films can be used as IR absorber so that the heat capacity is lower. That is due

to the fact that the thermal conductivity for metals are usually much larger than that of

dielectric films.
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Chapter 5

OPTICAL READOUT DESIGN AND TESTING

5.1 Introduction

The deflection of the cantilever like micro-structures is determined by optical methods.
For that purpose, pixel level micro-interferometers with diffraction gratings, which serve as
reference reflectors, are designed. Under each membrane of the pixels there are diffraction
gratings, through which the membranes are illuminated by coherent light as illustrated for a
generic pixel in Fig.5.1. The reflected light from the gratings and the membranes create
interference pattern on the observer plane with intensity I,,. The gap between the
membranes and the gratings, denoted by d is modulated by the absorbed IR radiation incident
on the membranes due to the thermal deformation on bimaterial legs. On the other hand, the
displacement of the membranes modulates the output intensity on the observer plane.
Therefore the thermal distribution of the target on which the focal plane array is looking can

easily be mapped to the intensity of the readout light reflected from the pixels.

The same readout method, which offers atomic level displacement measurement, has
been implemented successfully before for measuring the deflection of the membranes of
capacitive micromachined transducers (CMUT)"*?. It was experimentally shown that the

minimum detectable displacement® is 2.08x10™ A/+/Hz at 20 kHz.
In the remainder of this chapter diffraction-grating interferometer theory, pixel optical

readout, optical array readout architectures, the effect of the readout on the system NETD,

and finally optical readout test results using other similar devices are discussed.
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Fig.5.1 Schematics of the micro-interferometer with diffraction grating for readout optics

5.2 Diffraction-Grating Interferometer Pixel Readout

5.2.1 Diffraction-grating — Interferometer Theory

For the analysis of the intensity of the light at the observer plane, the problem can be
simplified by separately computing the components of the light at observer plane. Instead of
computing the amplitude of the output light reflected from the pixel of the detector,
equivalent problem deals with a unity intensity light transmitted through a diffraction grating
that models the light reflected directly from the diffraction grating; together with a unity
intensity light propagated in free space having an optical path difference (OPD) of 8 with the
former one that models the light reflected from the reflector and absorption pad as labeled in
Fig.5.1. The resultant amplitude of the output light is the sum of the amplitudes of each

component.
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The problem of diffraction by many slits is a well-known one and the output optical
disturbance is given as follows’, assuming half of the amplitude of light is incident on the
grating.

N sin( ) ' sin(2Np)
our! B sin(2p)

-sin(ax —kR +2(N —1) )

T .
B = 1 Asin(6)

(5.1)

where A is the period of the diffraction gratings with N fingers having a duty cycle of
50%, O is the diffraction angle at which the output wave propagates and R is the distance
from the diffraction grating to the observer plane along the output wave. From the optical

disturbance, the output intensity can be given as:

" (sin(ﬂ)j _(sin(2Nﬂ)J (5.2)
il ZanT\ T B sin(2/8)

For the computation of second component of the amplitude and intensity of light at the
observer plane, the OPD should be taken into account. The detailed illustration for the OPD
is given in Fig.5.2. From that figure, the total OPD is divided into two components as ; and
0,. From basic geometry, the OPD components are given in Eq.5.3. As a result of the
resultant optical path difference; phase shift, which is given in Eq.5.4, is created between the
portion of light directly reflected from the gratings and the other portion of light reflected

from the membrane.

5 =d, 5, = d cos(6) + %sin(é’) (5.3)
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92277[(51+52) (5.4)

The resultant optical disturbance at the observer plane can be written as follows, where u
is the amplitude of the disturbance due to the portion of light directly reflected from the
grating as given in Eq.5.1.

E, = u{l + exp(— ]'277[(51 +0, )H (5.5)

Fig.5.2 Detailed view for the OPD calculation

From the optical disturbance given above the resultant intensity at the observer plane can

be found as follows:

2
I, = 2|u|2{1 + 005[277[(51 + 52 )j:| = 4|M|2|:COS[%(51 + 52 )j} (5.6)

where lul® = uu* is the output intensity given in Eq.5.2 due to the transmitted light through

the diffraction grating. Combining Eq.5.2 and Eq.5.6, the overall intensity is given in Eq.5.7.
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I =Ii(sm(ﬁ )J -(Sh.l(ZNﬁ )j {cos(z(é'l +52)H (5.7)
N> B sin(2/3) A

Finally the diffraction angle 0, along which the reflected beam from the pixels

propagates, can be given as follows”:
Asin(@,)=mA, m==%11243 ... (5.8)

where m is the diffraction order. Eq.5.7 together with Eq.5.8 is very important in the
sense that they quantitatively specify how the intensity at an order at the observer plane is
modulated as a function of gap, d between the membrane and the diffraction gratings. It is
shown in Fig.5.3 that all of the optical power falls in the 0" order when the gap is the half
wavelength. Theoretically, the power fell on 0™ order vanishes when the gap is the quarter of
the wavelength, and the power is shared when the gap is A/8. By measuring 0", or +1%, or
both orders; one can specifies how much the membrane displaces. Therefore, the intensity

fell on these orders are important and are given explicitly as follows:

2 2
=1 (CO{%D ’ =t (sm(%n (5.9)
T

Based on the expressions given above, the intensities of light going to 0™ and 1%
diffraction orders are plotted as a function of ratio of the gap to the wavelength, which is an

unitless expression as seen in Fig.5.4.
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Fig.5.3 Modulation of output intensity with the distance from the membranes to the
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Fig.5.4 Intensity of light going to diffraction orders as a function of the distance from the

membranes to the diffraction gratings
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5.2.2 Micro - Interferometer Design for Membranes with Piston Motion

The pixel overview of the detector design is shown in Fig.5.1 where the membrane is
hanged from the mid portions by the cantilever like structures. Due to the symmetry in the
design the membrane motion is parallel to the substrate on which there are the fingers of
diffraction gratings. As the membrane moves up and down relative to the gratings as a result
of absorbed IR radiation, the light intensity at the diffraction orders is modulated. For this
design the period of diffraction gratings and the number of periods are selected as 4 um and
4, respectively. The minimum size is limited by microfabrication. Assuming that the readout
laser has a wavelength of 632 nm, the diffraction angle is approximately 0.158 rad in air
from Eq.5.8. The refractive index of quartz substrate is 1.5 and taking that into account, the
separation between orders in the substrate becomes 0.107 rad. The thickness of quartz
substrate is 500 um and the output intensity as the gap between the membrane and the
diffraction grating changes is shown in Fig.5.5. Comparing Fig.5.4 with Fig.5.3, it can be
clearly observed that the tails of the sinc function is more dominant as the number of

diffraction grating period decreases.
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Fig.5.5 Modulation of output intensity at the observer plane with varying gap between

the membranes and the diffraction gratings

5.3 Array Readout Architectures

The light from each pixel is deflected into diffraction orders. One can use a laser diode
and a detector per pixel, which we call the optoelectronic readout. This can be accomplished
by integrating a VCSEL array and a PIN photodiode array as discussed in 5.3.1. However,
this architecture doesn’t lend itself well into scaling to large array sizes. A better method is to
use a single light source and use one or a few detectors to capture the light from all the

pixels. This can be accomplished using a MEMS scanner that addresses each pixel in a raster
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fashion. This scanned-beam array readout method, discussed in 5.3.2, is simpler and scalable

up to SVGA resolution (800x600 pixels) detector array architectures.

5.3.1 Optoelectronic Readout

One of the architectures for measuring the output intensity at the diffraction orders is to
illuminate each pixel with a vertical cavity surface emitting laser (VCSEL) and collect the
light at orders with photo detectors. For the capacitive transducers, this architecture was

implemented for both single transducers or an array of transducers'**.

The proposed pixelated readout optics for the designed thermal detectors is illustrated in
Fig.5.6. In this architecture the pixels are illuminated by a VCSEL on a Ga-As chip from
backside. The Ga-As chip is bonded to a Fused Silica one with a thickness of t3 on top of
which there is a microlens to collect and collimate the beam emitted by the VCSEL. The
Fused Silica chip is bonded to Silicon one on which there are through holes to let the beam

pass through and the PIN diodes to collect the beam reflected from the detector pixels.

The spot size of the beam on the diffraction grating plane (sgr) is set to 16 pm since the
period of diffraction gratings is 4 pm and the total number illuminated periods is 4.
Assuming that the microlens collimates the beam incident on itself, the thickness of Fused
Silica wafer (t3) can be calculated from Eq.5.10. Here the emission area of the VCSEL is

assumed to be 5 um with a numerical aperture (NA) of 0.15.

t3=% (5.10)

75



Chapter 5: Optical Readout Design and Testing 76

where n is the refractive index of Fused Silica. The thickness t3 is calculated to be 80
um. The focal length of the microlens should be equal to t3 so that the beam is collimated.
Collimated beam, incident on the grating, is then reflected back. The reflected beam is
diffracted in the orders and the separation angle between them is given in Eq.5.8. For the
small angle approximation, the separation between the orders at the PIN diodes plane
(dseperation) 18 given in Eq.5.11. By placing PIN diodes with the given spacing, it is possible to
measure the intensity of light at the diffraction orders -1, 0 and 1. The intensity of light at 0"
order can be collected partly by PIN diodes located adjacent to the through holes.

_ta 5.11)

seperation
nA

For the VCSEL emitting light at 850 nm, the separation between orders can be calculated
to be approximately 71 pum for 500 pum thick Quartz wafer. The given architecture requires
one VCSEL per pixel and at least one PIN diode to capture the reflected light. For large
FPA’s such a configuration adds complexity and increases the power consumption due to
large number of elements. Many pixels of the FPA can be illuminated with one light source

using a diffractive optical fan-out grating as suggested in Fig.5.7.

In that case, a single laser diode can illuminate 1000 or more pixels; it is possible to
illuminate even larger number of camera pixels with some sacrifices in the light source
efficiency. For high-resolution thermal camera systems that have more than 100,000 pixels,
two DOE-based illumination modules can be used in series to increase the number of
diffraction orders. Using an array of light source-DOE modules where each module provides
illumination to a set of pixels, allows a scalable architecture for higher resolution camera

systems.
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Fig.5.6 Pixelated optoelectronic readout architecture

Fig.5.7 Configuration for the illumination of multiple pixels with a single light source
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5.3.2 Scanned Beam Readout

With the given read — out configurations, the number of laser diodes can be either one for
the whole FPA or one for each pixel, but in any case the number of photodiodes is at least
one for each pixel. To reduce the number of photodiodes, even make it one for the whole
FPA is possible with a use of scanner architecture. MEMS scanners are already quite well
developed. As an example, the 2D MEMS scanner developed by Microvision Inc. is capable
of producing a 2D raster at 60fps with SVGA (800x600) resolution and already used in

commercial products®’.

In this configuration given in Fig.5.8, a 2D raster pattern is scanned at the detector plane
by collecting the reflected light from the scanner with the focusing lens. The beam reflected
from the pixels of the detector array is then collimated by the same lens. The Collimated

beam is then focused onto PIN diodes located at diffraction orders by using other lenses.

2-axis MEMS
scanner

Micro
Processor
HSYN( /VSYNC

PIN N

diode 1 ‘ 1st order
light

J b

Fig.5.8 Scanned beam readout architectures
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System architecture for retinal scanning display technology is presented in Ref. 8 and
sticking to the definitions given there, the required speed for scanning a whole FPA (sppa)

can be calculated as follows:

_NNA

Sppy = 5.12
FPA Kd ( )
where N, and N, are the number of pixels in columns and rows of FPA, respectively. Af

is the measurement bandwidth of single detector and Ky is the pixel duty-cycle. Assuming
50% duty-cyle and K,s=0.8, sppa becomes ~37 Mps (mega-pixels per second). Therefore total
time period allocated for a single pixel is 27 ns, which means that PD is read for about 9 ns,

and 18 ns is the waiting time between pixels, and then next pixel can be readout similarly.
5.3 Noise Contribution of Optical Readout

From the intensity distribution at the diffraction orders given in Eq.5.9, the current

generated on the PIN diodes can be calculated as follows:

2 2
i’=1,AR cos(@j , i =i21mAR sin(@j (5.13)
A V4 A

where R is the responsivity (in A/W) and A is the effective area of the diodes. The
maximum sensitive point for the diodes can be calculated by equating the second derivative
of the PIN currents with respect to the value of the distance between the membrane and the
diffraction gratings to zero. For both orders, the maximum sensitive point can be achieved

when d = mA/8 where m=1,3,5,... as apparent from Eq.5.14
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2.0 2 2 .%1
AL IMARcos(ﬂj, Oi _32) ARco (@j (5.14)
od A A ad A A

At the maximum sensitive point the sensitivity of the PIN diodes is given as follows:

2° 2& it 8
S :—=""1_AR, S :——=""1_ AR 5.15
“‘od A "od mA " (5.15)

The minimum detectable displacement MDD can be defined as the ratio of the noise

current on the diodes to the sensitivity given above. Assuming shot noise limited detection,
the noise current is given as i, =+/2¢q P, R (A/NHz), g=1.6x10"° C, where P;, (P, = Al,)

is the power incident on the diodes. Therefore MDD can be calculated as:

j ,/2 P. R 1/2 P. R
MDDO _Iv lN qr;, /1 , MDDl N q N i 7[2 (516)
S, T 2P R S1 ZPMR

2 p R —PR
A

With R = 0.6 (A/W), A = 850nm, and P;, = 150 uW, the values of MDD, and MDD can

be calculated numerically as =8-107" m/ VHz and =2-107" m/ v Hz , respectively. These

noise parameters can be mapped to NETD due to readout optics (NETD;,) with following

equation:

MDD

= A
AT, /
AT,

NETD,, (5.17)
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where Af is the bandwidth of the readout electronics and AT% is the temperature

TS
response of the thermal detector, which is defined as the amount of temperature difference on

the detector pixels per unity temperature difference on the target’.

AT'D :lnTO ﬂA(dP/dT)/ll—ZZ (5 18)
ALy G 4f,," |

Together with the performance parameters of the detector given in Chapter 4, NETD,, can be
calculated as 0.98 mK and 2.42 mK for 0" and 1% order PIN diodes, respectively. Combining
the readout noise together with the mechanical noise presented in Chapter 4, the overall

NETD of the design becomes 7.9 mK.
5.4 Testing of Micro — Interferometer with CMUTs

The pixelated readout architecture was first implemented for the capacitive transducers
that were designed and fabricated at Georgia Institute of Technology, Atlanta. Since this
architecture is the same as our proposed readout for the thermal detectors, we obtained some
samples and performed some test and characterization experiments using the capacitive
transducers with optical readout. The tests increased our understanding of the optical readout
architecture and helped with out modeling efforts.

For the tests, a sensor with a circular membrane, which is anchored to the quartz
substrate 2 pum below itself with a radius of 160 pum, is used. The membranes of the
transducers can be actuated by applying a voltage difference between the electrodes attached
to the membranes and the gratings on the substrate. For that configuration, the transducers

can be modeled as parallel plate capacitors, assuming that the gratings act as a planar
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electrode. Therefore, the net force on the membrane can be written as follows for a voltage

difference of ¢ applied between the electrodes:

E,AY
2d*

Fnet:k(do_d)_ (519)

Where k is the spring constant, dy is the initial gap between gratings and the membrane,
€ is the permittivity of air, and A is the area of the membrane. As seen from Eq.5.18 the
dependence of the membrane displacement to the applied voltage is nonlinear. In order to
map the voltage to the displacement, the setup given in Fig.5.9 is built. The backside of the
transducer is illuminated by using a HeNe laser (A = 632 nm) and the reflected light at 0™
order is detected. In order to collect 0™ order of the reflected beam, the transducer is slightly

(<10°) rotated.

Fhotodetector

HeMe Laser 7

1 Z

N
Collecting lens “ 0
Collimating lens i C
Focusing lens

Mon-polarizing beam splitter

Focusing lens

bhoks b b e

Fig.5.9 The schematics of the setup for characterization
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The experimental result is given in Fig.5.10 with the label “experimental, 0" order”,
where the photodetector (PD) output is normalized to its maximum in order to get rid of DC
bias present at the PD output due to the sum of ambient light and the reflected light from the
stationary parts of the transducer. Thereafter it can be said that the PD output vanishes at
around 30 VDC. According to Fig.5.5, the membrane height from the substrate should be
quarter wavelength. From Eq.5.13, the behavior of the membrane displacement can be
modeled and the PD output as a function of excitation voltage is plotted in Fig.5.10 where
the spring constant is ~220 N/m. The model fits to the experimental data well when the
excitation voltage is larger than 30 VDC. For smaller voltages the experimental data is ~30%
larger than that of the model, which is an anticipated result since the membrane displaces
with very small amplitudes for lower voltages due to nonlinear behavior. The smaller
amplitudes cannot be measured precisely with the given setup in which bulky optical
elements are used. As seen in Fig.5.10, the power of the reflected light at 1% diffraction
order, which is normalized to its maximum, is also estimated by using the model and the
normalized. Finally the deflection vs. excitation voltage plot is given in Fig.5.11 by using the

model developed from the experimental data.
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Fig.5.10 The photodetector response as the membrane of the sensor displaces due to the

excitation voltage

Deflection (um)

Excitation Voltage (VDC)

Fig.5.11 The deflection of the transducer membrane as a function of excitation voltage
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After DC characterization of the transducers, the excitation voltage is changed to a
sinusoidal one on top of a DC bias. DC bias is required to pull the membranes to a point so
that the sensitivity of the membranes as a function of applied voltage is increased. By
sweeping the frequency of the sinusoidal signal, the frequency response can be obtained. The
experimentally derived frequency response is given in Fig.5.12. Then the nonlinear model is
linearized around the DC point for which the excitation voltage is 40 VDC. The bode plot of
the linearized model, which is in good agreement with the experimental frequency response
is given in Fig.5.13. Here the output parameter is selected as the ratio of the displacement to

the applied DC voltage.

Drive signal: 40VDC + 10VAC, p-p

500

400 H

300 H

200

100

PD out, Oth order, p-p (mV)

T
1e+0 1e+1 1le+2 1e+3 1le+d 1e+5 1e+B 1e+7

Frequency (Hz)

Fig.5.12 Frequency response of the membranes found experimentally
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Fig.5.13 Frequency response of the membrane after linearization at the excitation voltage

of 40 VDC

The tests performed with the given characterization setup shows that the theoretical
results developed for the interferometer readout is in good agreement with the experimental
results. Moreover, it is also possible to characterize the mechanical structures by the help of

diffraction — grating interferometer as Fig.5.12 and Fig.5.13 suggests.
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Chapter 6

MICROFABRICATION OF TEST DETECTORS AND TESTING

6.1 Introduction

In this chapter the developed fabrication steps are detailed for the design prototypes
fabricated at Microelectronics Research Center, Georgia Institute of Technology, Atlanta,
USA. As explained in the previous chapters; smaller the design features, better the
performance. On the other hand, due to the process limitations, the photolithography masks
were designed such that the minimum line width is 2 pm. In that sense the performance is
mainly limited by the microfabrication. A 4-mask process was developed with standard
materials that are commonly used in the semiconductor industry. Pyrex and Quartz wafers,
which provide transparent media for the readout optics, were used in the batches. Chromium,
Aluminum and Gold layers were deposited as metal layers by using DC Sputterer and
filament evaporator. Silicon dioxide and silicon nitride layers that are deposited using Plasma
Enhanced Chemical Vapor Deposition (PECVD) machine at 250 °C were the dielectric
layers. Reactive Ion Etching (RIE) machine together with wet etching techniques were used

to pattern the layers.

6.2 Process Flow

6.2.1. Cleaning Wafers

Cleaning step is necessary before starting the processing steps for each batch. For both

pyrex and quartz wafers, cleaning was performed by using acetone and methanol.
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6.2.2. Lift-off

Lift-off step is divided into three sub-steps as follows: Photoresist spinning,

photolithography, metal deposition and patterning.

6.2.2.1 Photoresist Spinning

For the success of lift-off process, the PR should be as thick as possible compared to the

thickness of metal layer. Photoresist SC1813 was used to give the desired profile.

6.2.2.2. Photolithography

Photolithography for each processing steps was performed by using Karl Suss™ MA-6
Mask Aligner. The exposed wafers were then developed by PR developer “MF319”. The
exposure time was first calculated theoretically using the sensitivity data for SC 1813 given
by Shipley™. Then the correct exposure time was found experimentally by varying the

calculated exposure time.

The successful results for the lift off process can be obtained if the PR is soft. Therefore,

the wafers were not prebaked after development.
6.2.2.3. Metal Deposition and Patterning
The metal deposition for the lift — off process was performed with Kurt J. Lesker™ PVD-

75 Filament Evaporator. The first batches were started with Pyrex wafers, however after few

attempts Pyrex wafers were replaced by Quartz ones. The main problem observed during
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photolithography was the low adhesion between the wafers and PR. As the wafers were

developed, the PR layer tended to be stripped off.

Even if the photolithography step was accomplished successfully with the Pyrex wafers,
the metallization step failed as a result of adhesion problem between metal and the layer.
Initially the material for the gratings was selected as Al, but due to low adhesion, some Cr
layer was used as an adhesion layer. Even though the results improved by the help of
adhesion layer, the yield was very low. The stiction problem is apparent in Fig.6.1 which

shows a portion of a Pyrex wafer after the lift-off.

Fig.6.1 General View of Pyrex wafer after lift-off process

After a few unsuccessful attempts with Pyrex wafers, wet etching was tried to define the
gratings. Since the mask was designed for the lift — off process, negative photoresist was
needed. First Chromium, then Aluminum blanket layers was deposited on top of Pyrex

wafers. After the deposition, the metal layers were patterned by proper wet etchants.
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As seen from Fig.6.2, the adhesion between the wafer and the metal layer is good in this
case; although the resolution is not good enough to have operational diffraction gratings.
That problem could not be solved and as a result of this, Pyrex wafers were replaced by the

Quartz ones as explained before.

Even with quartz wafers, development step should be carried out with extra care to
prevent PR from peeling off the wafer. After metallization, the wafers were put in a dish full
of acetone to lift the PR layer together with the metal on top of it. The lift — off step was
completed by using the ultrasonic cleaner. Successfully defined gratings on top of Quartz

wafers can be seen in Fig.6.3.

R R
=H
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Fig.6.2 Grating definition on top of Pyrex wafer by wet etching techniques with negative

photoresist
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() (b)
Fig.6.3 (a) General view of defined gratings on top of Quartz wafer by lift-off.

(b) Detailed view of gratings from one specific device

6.2.3. Deposition of SiO; layer to protect gratings

The best candidate for the sacrificial layer was Chromium. That is due to the easiness of
removing Cr layer by wet etchants and good adhesive properties of Cr layer. On the other
hand, one problem for deposition of thick Cr layer is the high stress inherent to the Cr layer.
After depositing thick Cr layers (> 2 um) on top of test wafers, it was observed that the

wafers were buckled slightly even though the buckling was not quantitatively measured.

In order to use Cr as a sacrificial layer, it was needed to protect the gratings during the
etching phase to release the devices. As a result, SiO, layer was deposited on top of gratings
to protect them. Apart from that, the dielectric layer served also as a protection layer from the

collapse and permanent stiction of the membranes to the gratings.
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6.2.4. Deposition and Patterning of Cr Sacrificial layer

After the deposition of Cr sacrificial layer, photolithography was needed to define the
anchors. By experimentally finding the optimum exposure time, the steps given in 6.2.2.2
were followed. Then the Cr layer was patterned with Cr etchant and after patterning the
openings for anchors, the PR on top of the wafers were removed with acetone. In order to
completely remove the PR, the wafers were cleaned using RIE by O, plasma. The patterned

anchors can be seen in Fig.6.4.

Fig.6.4 Anchor definition on Cr sacrificial layer

6.2.5. SiNy Deposition:

Silicon nitride is the material choice for the absorption pads and bimaterial legs as

explained in earlier chapters. 0.5 um SiNy was deposited at 250 °C
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6.2.6. Al Layer Deposition and Patterning:

After the blanket deposition of Al layer, photolithography was needed to define the
bimaterial legs. No problems regarding to adhesion were faced for the deposition of Al layer

on top of the nitride layer. The deposition was performed with CVC™

DC Sputterer. After
photolithography, the bimaterial legs were defined by using the aluminum etchants. The

patterned metal layer can be seen in Fig.6.5.

Fig.6.5 Aluminum layer patterned for bimaterial legs

Apart from Al, Au is also deposited and patterned as the metal layer in bimaterial legs as

a design variation, and Fig.6.6 shows the patterned gold layer for the bimaterial legs.
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Fig.6.6 Definition of bimaterial legs made of Gold and Silicon Nitride
6.2.7. Patterning SiN, Layer:
PlasmaTherm™ RIE machine was used to etch the nitride layer in order to define the
isolation legs and absorption pads. Since the recipe for RIE attacks PR, SC 1813 was

replaced by SC 1827 that gives thicker profile. Different devices can be seen in Fig.6.7 after
this step.
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Fig.6.7 The devices on top of sacrificial layer after the RIE step

6.2.8. Dicing:
The wafers were taken outside the cleanroom for the dicing and then the releasing steps.

The wafers were coated with PR to protect the features on top of the sacrificial layer. The

dies were designed such that each one is a 1.5 cm x 1.5 cm square as seen from the mask
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layouts given in the appendices. In order to have a good edge profile after the dicing, the

intersection regions between the dies were left as metal coated quartz wafer.

6.2.9. Releasing the Dies:

The releasing of the devices started with the removal of protective photoresist layer with
acetone. After the removal of photoresist, it was needed to etch the Cr sacrificial layer. The
etching step should not attack the Aluminum and the nitride layer. For that reason, a highly
selective Cr (Cyantek ™ Cr-14S) etchant was planned to be used. Since the etchant was not

available immediately, the ingredients of the etchant were added together.

6.3 Packaging Requirements

The first requirement for the package is to provide a vacuum environment to the devices
so that the thermal conductance of air between the membranes and the substrate is negligible.
The relationship between the conductivity of air and the environment pressure level is given
in Ref.6.1. The thermal conductance due to air through conduction can be decreased below
10 nW/K as described in Chapter 4.4.4 at a pressure of ImTorr, which requires a vacuum

sealed package.

The second requirement for the package is to provide thermal stabilization between the
environment and the focal plane array. Thermoelectric coolers (TEC) from Marlow™ are
used to stabilize the arrays at the room temperature by a closed loop controller. For the
closed loop system, temperature sensor IC’s (LM335, National SemiconductorTM) are used to
sense the temperature of the detector array. Fig.6.8 shows a conceptual drawing of the

package, where TEC and the temperature sensor are placed on the edges of the detector
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array, which is attached to the case of the package through the heat sink required to cool the

hot side of TEC.

The control algorithm of the temperature controller LDC3724B from ILX Lightwave™
offers a hybrid PI one that is capable of regulating the temperature of the FPA with the
temperature measurement noise due to the feedback sensor LM335. Temperature error for
the sensor is given2 as 0.5 °C. To further improve the temperature stability, feedback control
loops with Kalman filters were demonstrated’ in the literature to regulate the FPA

temperature with a standard deviation less than 100 uK.

IR window

Temperature
sensor

Readout
window Heat Sink

Fig.6.8. The devices on top of sacrificial layer after RIE step
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Chapter 7

CONCLUSIONS

In this research, a novel thermo — mechanical type uncooled thermal detector array with
optical readout is designed and fabricated. The primary aim of the device is to generate a
thermal map of targets based on the absorbed infrared radiation in LWIR band. The
mechanical structure of the detector array is pixelated to allow for large format FPAs for
imaging applications. The NETD of our optimized system including the readout optics is
about 8 mK and mainly limited by the thermal fluctuation noise. The assumptions are S0pum
pixels, 60fps, and f/1 optics. This performance level is far superior to the other current state-
of-the-art uncooled detector arrays and is comparable to that of the best cooled IR detector
arrays. In addition to high-performance, the architecture proposed is scalable to high-
resolutions as the pixel readout is based on integrated diffraction gratings and the readout

electronics is completely eliminated by the use of scanned beam readout.

The design phase of the research focused on the design and optimization of pixel
structures that form the FPA. The main design effort has three important parts where
significant contributions were made: (i) IR absorber design, (ii) thermo — mechanical

deflection analysis, and (iii) optical readout design. .

(i) IR Absorber Design: For the IR absorber design, a multilayer IR absorption analysis
method is presented. Using the analytical model, the theoretical IR absorption structure is
designed. The optimization is focused on maximizing the absorption in LWIR band by
selecting suitable materials and engineering the geometrical properties of the absorber.
Among the different possible absorber structures, the one with silicon nitride is selected since

it is a good absorber in LWIR band and is a widely used material in IC industry. A novelty in
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the current design is the addition of the optical resonant cavity to improve the absorption.

Theoretical calculations show that > 85% absorptance is possible with the offered structure.

One of the most important drawbacks of thermal detectors for infrared imaging is the
slow response time. The reason behind this is the relatively high heat capacity of the
structures that limits the response speed. Silicon nitride, whose specific heat capacity is 974
J/kg K, can be a good absorber but the required thickness for good absorption is in the order
of 500 nm, which results in a large thermal mass. We proposed, for the first time to our
knowledge, the use of thin metallic films in combination with optical resonant cavities to
achieve good IR absorption while providing very low thermal mass, thus fast response time.
Thin metallic films show interesting properties apart from bulk ones that make them a good
candidate for IR absorbing applications. As a case study, it is shown that a unity theoretical
absorptance is possible with a resonant cavity by using ~50 nm thick Al layer, whose specific
heat capacity is 900 J/kg.K. Therefore 10 times reduction in heat capacitance is possible by
using thin Al as an absorber. Moreover, in the literature the researchers showed that 17 nm
thick Au — with a specific heat capacity of 130 J/kg.K — layer is capable to absorb ~50% of
IR radiation even without a resonant cavity. With a resonant cavity it is possible to enhance
the absorption close to unity. That implies a 220x reduction in the heat capacitance and the
response time. We have sufficient evidence from the literature that thin metal IR absorber
and the resonant cavity concepts should work as proposed, however, the experimental

verification remains as future work.

(ii) Thermo — mechanical deflection analysis: Thermo — mechanical response of the
detector pixels are presented with analytical method that estimates the deflection for n-layer
structures as a result of thermal stresses. The analytical results are in good agreement with
FEM simulations carried out for the design variations. Before fabricating the detector arrays,

both analytical and FEM results are compared with the experimental data obtained from a
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test structure to show the accuracy of the models. Optimization is focused on maximizing
the possible deflection for a fixed pixel area. The results of this study will soon be submitted

to the AIP Journal of Applied Physics.

The structures that are responsible for the deflection of the pixels are bimaterial
cantilevers which are attached to single layer cantilevers to provide thermal isolation, which
is the most important parameter that determines the noise performance of the detector. Noise
components for the detector array are presented and it is shown that the detectors are thermal

fluctuation noise limited.

(iii) Optical readout design: It is proposed to measure the deflection of the pixels by
optical means. The proposed architecture for that purpose is pixel level micro -
interferometers with diffraction gratings. This method was successfully implemented for the
capacitive ultrasound transducers designed and fabricated by Prof. Levent Degertekin’s
group at Georgia Institute of Technology, Atlanta. Such a readout method offers an atomic
level displacement measurement. Therefore it is possible to detect the temperature difference
on the target with a resolution on the order of mK (i.e., temperature resolution of a few 10s
of uK at the detector). The analytical model explaining how that method works is presented
together with the experimental results obtained with the capacitive transducers. Two array
readout architectures are proposed: VCSEL and photo diode array based optoelectronic
readout, and the MEMS scanner-based readout. MEMS scanner based readout is easily
scalable up to SVGA resolution using existing state-of-the art MEMS scanners. The scheme
simplifies the system as no electronic wires are needed at the FPA for the readout. The only
thing that might be needed at the FPA is electrostatic or electromagnetic tuning mechanism

to tune the air gap for optimal pixel performance and to improve the pixel uniformity.
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Microfabrication: The designed detectors were fabricated at Microelectronics Research
Center, Georgia Institute of Technology, Atlanta. A 4-mask process is developed using
standard IC materials for the microfabrication. The pixels were fabricated on top of a
transparent (Quartz) substrate using low temperature processing steps. The fabricated
structures look good under the microscope; however, we haven’t been able to complete the
thermal tests. Our initial tests will be performed in ambient pressure using TEC and by
directly heating the substrate and later by localized heating using IR lenses and targets. In the
future, a packaging solution that includes TEC and 1mTorr vacuum, where one side is IR
window and the other side is a visible window need to be developed. We expect the initial

tests will be completed during the next few months.

Fabricated devices do not include integrated readout electronics or the special packaging.
As a future work, the fabricated FPAs can be integrated to additional chips including
VCSELs and photodiodes or alternatively can be integrated with a scanned beam readout
architecture. After integrating with the readout architecture and the proper package, we

expect to be able to obtain thermal images.
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APPENDICES
A.1 Mask Layouts
The mask set designed for the microfabrication of the detector arrays is given in this
section. Four quartz optical photolithography masks with a minimum linewidth of 2 pm were

designed and the masks were manufactured by Adtek Photomask, Montreal, QC, Canada.

A.1.1 Overall View

-—— _ .

Allignment
marks

Dies

Fig.A.1 General view of mask layouts with clearly indicating the dies and alignment

marks
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Fig.A.2 Unit cell in one die including all design variations
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A.1.2 Pixels of Detector Arrays

Mask layouts for the unit cells of the different design variations are given below. Here
different colors represent separate photolithography masks. Each material associated with the

masks are labeled on the figures together with a scale in um.

(a)
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Fig.A.3 Unit cells of each different design variations
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