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Abstract

The distinctive properties of terahertz radiatidrave driven an increase interestto
develop applications in the imaging field. The fonising radiationpropertiesand
transparency to common naonductie materialshave led research into developing a
number of important applications includingcsirity screening, medical imaging, exgive
detection and wireless communicationhe proliferation of these applications into
everyday life has bedninderedoby the lack of inexpensive, compact and re@mperature
terahertz sources and detectdrsese issues are addressedhis workby developingan
innovative, uncooled,compact, scalable and legost terahertzletectorable to target
single frequency imaging applications suclst@ndoff imaging and nofanvasive package
inspection.

The development of two types wietamateria(MM) basel terahertz focal plane arrays
(FPAs)monolithically integrated ira standarccomplementary metaidxide semiconductor
(CMOS) technologyare presented in this Thesi$he room temperature FPAs are
composed ofperiodic crosshapedresonant MM absorbgr microbolometer senssrin
every pixelandfront-endreadoutelectronicdabricated in a 186m six metal layelCMOS
process from Texas Instruments (Tlhe MM absorbers are used due to the lack of natural
selective absorbing materials of terahertz radiatidrese subwavelength structures are
made directly in the metallic and insulating layers available in the CMOS foundry process.
When theMM structuresare distributed in a periodic fashion, they behave as a frequency
selective material and are able to absatlthe required frequencyhe electromagnetic
(EM) properties are determined by theMM absorber geometry rather than their
composition, tha beingcompletely customisable for different frequenci€mgle band
and broadband absorbers were designed and implemented inAthéoFbsortat 2.5 THz
where anatural atmospheric transmission windswound thusreducing the signal loss in
the imaging syem.

The new approach of terahertz imaging presented in this Thesis is based in coupling a
MM absorber with a suitable microbolometer sensidie MM structure akorbs the
terahertz wave while the microlometer sensodetects the localised temperature dgn
depending on the magnitude of the radiatibrwo widely used microbolometesensors are
investigatedo compare the sensiity of the detectors. The two materials avanadium



Oxide (VOx) and pn silicon diodedoth ofwhich are widely used in infrad€IR) imaging
systems The VOx micrdolometers are patterned above the MM absorber and-the p
diode microbolometers are already present in the CMOS process. The design anc
fabrication of four prototypes of FPAs with VOx microbolometers demonstrate the
salability propertieso create high resolution arrayihe first prototype consists ofsax 5
array with a pixel size of 3@ m x¢& n3.(h 8 8 array, a 64 64 arraywith serial
readout and a 6464 array with parallel readoutre also presentedddditionally, a
64 x 64 array with parallel output readout electronics wih giode microbolometensas
fabricated

The design, simulation¢haracterisatiomnd fabrication of single circuit blocks and a
complete 64 x 64 readout integrated circuit isrttughly discussd in this Thesis. The
absorption characteristics of the MMs absorbers, single VOx andipde pixels, 5 x 5
VOx FPA and a 64 64 arrayfor both microbolometer typesemonstratehe concept of
CMOS integrationof a monolithicMM based teahertz FPA.The imaging performance
using both tansmission and reflection modedismonstrated by scanning a metallic object
hidden in a manila envelope and using a single pixel of the array as a terahertz detector
This new approacihio make a terahertamager has the advantages of creating a high
sensitivity room temperature technology that is capable of scaling anetoktw

manufacture.
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Chapter 1Introduction

1.1 Motivation

Terahertz technologhas unique characteristics in the scope oSisgnand imaging
fields allowing the technology to be at the forefront of research developing applications
such as standoff securityimaging The most impressivattributes of ¢rahertz radiation
are itsabsorption characteristi@nd its nor-ionising radiation natre. Terahertzadiation
can penetra¢ common norconductive materials such as clothing, paper and plastics.
Additionally, its nonionising nature makes it nonhazardousto human tissueThe
combination of thesanique propertiemakes terahertz technology ideal faminvasive
imaging appliations ranging fromairport security, medical imaging and package
inspection Furthermorethe unique terahertpectroscopiingerprintsof many materials
allow for identification of explosives, hazardaushstanceand illicit drugs.

Terahertz technolyy is currently in its nascent stages much as infrdR)in the early
18006s and microwave i n t hdmitdtiensie terah8@0 0 s
technology it is as yet to make teame impact ads electromagneti¢EM) neighbours.

This situationis widely known asi Ter ahert z gapo. I n order
to maturty on parwith that of the IR and microwave, the development of compact,
portable,continuoushigh power,costeffective and room tempature sourceas well as

high responsivity, sensitivity anfhst terahertz detectors operating at room temperasure
required.Currently, terahertzmagingtechnology hagncounteredbstaclessuch as the

use ofbulky and expensive equipment, the necessity for cryogenic coolavg,read out
speedandthe challenge of scaling to array formats required for high resolution focal plane
arrays (FPAS)

The development of FPAs using cheap silib@ased technology for visible hg
imaging revolutionised imaging systemi$ is anticipagéd that the readation of high
sensitivity, realtime, room temperature and lesost terahertz FPAs would rapidly
promote the exploitations @érahertz imagig systems in many applications amgult in

theclosing ofthei Ter ahert z gapo



The objective dér this project is to develop a terahertz detett@t overcomes the
current obstacles in terahertz imaging technolbgyemploying conceptsused in IR
imaging systems such as thmplementationof bolometric sensors angigh resolution
FPAs. Due to the &ck of natural selective terahertz absorptive matemaktamaterial
(MM) absorbers armvestigatedo selectively absorb the radiatiohheseMM structures
are scalableconsist of subwavelength unit cebléxd can be designed to absorb at any
desired fequencyby modifying the size and shap#ich tunesthe electric and magnetic
response

This Thesis demonstrates the monolithic integratiortwad types of microbolometer
sensors with MM absorbers intoceamplementary metalxide semiconductofCMOYS)
process to develop a FPA wiflont-endreadout integrated circiROIC). The electronics
were designed in a 08 1m process from Texas Instruments (TThe CMOS integration of
the FPA with minimal posprocessing steps provides a loast terahertz detectable to
function at room temperature with tiggeatadvantageof being easily incorporateihto
high resolutionimaging systens. The imaging application is demonstrated dapturing
images in reflection and transmission modimages are producedf a coveed and
uncovered objectdemonstratingthe ability of terahetz radiation of penetrating nen
conductive materials. This system demonstrates the ultimate application -ofvasive
imagingfor security screening purposesich can be widely used in packagspection,

airport securityand medical imaging.
1.2Aims and Objectives

The aim of thisThesis is todescribethe designand chaacterisation of an innovative
and unique-PA for terahertamagingapplications Thework focuses on thmtegration of
a microbolometersensor witha terahertzMM absorber into a comencial CMOS process
to create anonolithic terahert#PA. Dr. James Grant designed, simulated and tested the
MM absorberson their own to corroborate absorption at the required frequency. Once the
MM shape was decided, tlieossshaped lbsorbers were integrated in the metadied
insulating layers of the CMOS process. Different designs basedross shapes were
investigatedo achievesingle and broadbarabsorptioncentredat 2.5 THz. In addition to
this, two uncooledmicrobolometes were investigatg to comparetheir sensitivity once
they were itegrated in each pixel of the terahertz FHAe design of th&®OIC was also
integrated in the CMOS process to read each pixel of the FPA in a serialraltel paode.

The work from Dr. James Grant is described and referenced in this Thesis to show a

complete picture of the projeddis work can be described as follows:
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1 The designand characterisatioof crossshaped terahertz MM absorbevith an

absorptionfrequencyat 2.5THz to be integrated in the metal and insulating layers
of a CMOS process.
Postprocessing of the CMOS chips to monolithically integrate the microbolometer

sensors to createNM based terahertz FPA

My activity in the project consisted ithe designand simulation ofthe readout

electronics and thelectrical and opticatharacterisation of all the fabricated chips to

determine the performance of the terahertz detectaramsmission and reflectiomode

imaging.My specificobjectives of this projeaan bedescribed as follows

T

The design layout, simulation and testingf readoutintegrated circuits fully
customisedo work in serial and parallel modesing asix layer180 nm CMOS
process fronTl.

Monolithic integration of the MM crosshaped structures and readout electronics
into the CMOS process.

Characterisation of thEPA with terahertzlaser radiatiorto derive the respective
figures of merit FOMs) such as respaivity (R,), noise spectral density (NSD),
noise equivalent powefNEP), temperature coefficient of resistance or voltage
(TCR or TCV)andthermal time constargt U )

The characterisation of two uncooled microbolometer sensors used for imaging
applications: m diodeandVanadium Oxide (VOx)atterned by Dr. James Grant
in each pixel of the CMOS FPA.

Transmission and reflection mode imaging ®mnstratenonrinvasive imaging
capabilities in the terahertz reginty imagingcovered and uncovereaetallic

objects.

1.3Theds Outline

The orgarsation and contents of thishEse are outlined in this section:

Chapter 2provides anintroduction to érahertz technologyifs properties current

terahertz sources and detectorand possible applications in the imaging fieldA

comparison of current terahertz imaging technologiexdainedwith afocus on thermal

detectorsand FPAs This chapter concludes with antroducion to single band and

broadband MM absorbersiegative index material@NIMs) and their applicationsin

terahertz technology



Chapter 3 explaindie characteristics anchost importanEOMs used to evaluathe
performanceof terahertz thermal detectorBhe theoryand equationso defineR,, NEP,
TCR, andUare discussed for further understandingthe characterisation of terahertz
detectors Atmospheric absorption in the terahertz spectrum is described to explain the
reason of working with the specific frequency of 2.5 T Additionally, the proposed
theory behind the MM structure absorption ath@ characterisation afcattering 9)
parameters textractthe effectiveelectric and magnetic propertissexplained.

Chapter 4 focuses on the design of the MM absorber and readout eledionines
FPA. The original MM structures are describasl abackground othe original idea used
to designthe terahertz absorts®eand their integration into a CMOS process. The work in
this chapter is presented in chronological ordethasCMOS chips werébricated. Each
of the six chips fabricated is describex detail their main characterissc The circuit
blocks used to design the readout electronics are describethaiithespective simulation
results.The designs includa 5 x 5VOx array, an 8 x 8/Ox array, a 64 x 64/0x array
serial readout and a 6464 arrayparallel readout with VOx microbolometers and a
64 x 64 array with parallel output readout electr@wath p-n diode microbolometers. The
characterisation of both microbolometestarted from single pixels and then moved
towards array formats.

Chapter 5describesthe experimental characterisation of the fabricated FPAs. The
experimental results were compared to the simulation results presented in Chapter 4.
characterisation of single circuit blocks is presented as waheafull readout electronics
circuits. The sngle pixel characterisation for botlipes ofmicrobolometes is presented
and comparedThe postprocessing stepthat were needed to add the respective VOXx
microbolometers and to create membranes in the RPAsISO detailedThe comparison
between different membrane thicknesses in both microbolometers and their égghch
NEP is presented. After all the chips were characterised, the chip with the best
performance was usdor the imaging experiments iboth transmission and reflection
mode. The experiments show thessible application for nemvasive terahertz imaging
by hiding a metallic object in a manilavatope and successfully obtainiag image of the
hidden object.

Chapter 6 summarises thesults and suggeststiwe work to be undertakewith the

fabricated chipgontainingthe high resolutio®4 x 64FPAs.



Chapter 2 Literature Review

2.1Terahertz Spectrum

Terahertz radiation ifocated inbetween IRand millimetre waveradiation n the
EM spectrumas shown inFigure 2.1. Terahertz radiatioties in thefrequencyrange of
100 GHz to 10 THz with respeste wavelengths 08 mmto 30 pmcorresponding t@
quantum energy of 0.4 meV @04 eV [1]. This frequency rang&knownasthe6t er a h e r
g a,phasbeenarelatively unexplored region of thEM spectrumin the pastue tothe
limitations encounteredn the performance abptical equipmentalong with conventional
semiconductorsbeing ircapable ofgenerating and detecting terahertiation. As a
consequece the design of terahertz detectors and sounessbeen slow compared to the
advanced imaging technologies developedthe neighbouringspectrums Although
terahertzechnologydevelopmenhas beetnindered in the pasterahertz wavebave very
unique characteristidhat make it gpromisingcandidate for imagingpplications Its short
wavelengtls can provide up to ten times better spatial resolutiorthan millimetre wave
radiationand better resolution in imaging applicatipsgice the resolidn of an image

increases with the decrease in the wavelef&jth

Radio waves Light

1 [ ] [ ] 1 [ ] [ ] [ |
Microwave Mim’:::” Terahertz Gap Infrared Oph‘csl]t Ultraviolet X-ray Gamma ray

i i ] i ] i i
Frequency 10GHz 100GHz 1THz 10THz 100THz 1PHz 10PHz
Wavelength 30mm 3Imm 300um 30um 3um 300nm 30nm

Figure 2.11 Electromagnetic spectrum showing the location of the i €rahertzGap 6 | ocat e
in the frequency range of 100 GHz to 10 THz.

One important characteristic of terahertz waves is itsiooising attribute since it
operates at low energy levels contrastto X-rays thathave energiesn the range of
thousands of electrowolts (eV)[3]. According toXiaoxia et. al. when terahertz pulses
interact with biological tissue during the absorption process, the energy in the terahertz
light beam is insufficient to drive chemical reactiaared therefee is not harmfuko the

tissuewhich is a major asset for medical imaging rese@¢hlt has been demonstrated



that amormalities in biological tissue can be detected by terahertz waveh provide a
better contrasthan Xraysfor softtissueq3]. Skin, mouthand other surface cancers can
be detected by monitoring the contrast in tissue composdioth water absorption
information used as a molecular markéne digased tissue showed an increase in water
absorption[5]. For now, medical imaging applications are limited to the detection of
surface cancers due to the limited penetration of teraheneswiato deeper layey of
biological tissue.Terahertz waves are appropriate for medical imaging due to their
minimum scattering while passing through the first layers of the[8ki\ccording to the
Rayleigh criterion, the spatial resolution is inversely proportional to the wavelength and
the intensityis proportional tof*. Given that cell sizes are shorter than the wavelength,
Terahertz waves scatter in proportion to Mie or Tyndall scattefff)gin contrary to
Rayleigh scattering which dominates in the IR and visible spe¢i#hm

Many common norconductivematerials can be imaged, identifiatid analysed
due to their transparency terahertz waes and theiunique spectrakerahertz fingerprints
The unique responsesf materials within the terahertmnge providespectroscopic
information thatis generally absent in optical andr&y images[3]. Specificgaseous and
solid materials such asugsand explosiveslsohave unique fingerprintesgecially in the
2 THz to 4 THz rangewhich allow themto be identified with terahertzwaves[8]. An
example of drug identificatiomia terahertz spectroscopy shown inFigure 2.2a where
three differentirugs were imaged vilk placed inside an envelof@]. The drugddentified
by their terahertzabsorptiom levels at different frequencies were methamphetamine,
MDMA (ecstasy) and aspirirDifferent frequencies were used to compare and provide
better contrast in the substanessshown irFigure2.2b. This allows for applications such
asdetection ohazardous materiainddrugidentification

Perhaps the most attractive application for terahertz radiation is in the field of
security imagingdue to terahertz radiatiobeing transparent tonany nomconductive
materials that are opaque in the visible aRdrégions.Bjarnasonet. al. experimentally
demonstrated the ability of terahertz waves to be transmitted through common[fajrics

Due to the increased eventswgaporthreatsin public places like airport$ast and
effective detection of harmfubjectsis urgentlyneededTerahertz stanrdff imagingis a
promising emerging candidate floewreaktime scanning detectodiie to thecapability of
detecting weapons made of metals and even ceramierhiddide clothes, packages and
luggage made ohon-conductive materialsThis important property allows for non
invasive package inspecti@mdairport security screeninggithout the harmof the being

exposed taibiquitous xray scanners
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Figure 2.21 Identification of drugs done by terahertz imaging. a) Image of the sample drugs
inside the envelope MDMA (ecstasy), aspirin and methamphetamine. b) Images showing
different absorption depending on the terahertz wave. Reproduced with permission: [K.
Kawas e, Y. Ogawa, Y. Wat afestrurtive nartertzHmagihgobilliat, i No
drugs using spectOpads Efpressgwlr 1d,mo. 2Q, @, 26491 2554 © 2003
The Optical Society [9]].

2.2 Terahertz Imaging Systems

Terahertz imaging exists in twoodalities activeandpassive. Ative imagingneed
a source to radiate trseenewhile the detector collects the information of thensmitted
or reflected lighttrom thescene. Passive imagirsgstems use naturally occurring sources
of radiation such as a black body objantl detect the contrast in the temperature within a

scene.
2.2.1 Passive Imaging Systems

Passive systemare ground based systems thawe been created with heterodyne
receivers and cryogenic sensagerating at £ with very low NEP to achieve high
sensitivity [11]. They are mainly used fospaceimaging whee cold sky illumination is
available Natural terahertz sources aferedin the universe where the energy is radiated
by the emissivity of objestsuchas interstellar dustl2]. Thesetypes of systems can
achieve long standff imaging in the range of meseavith resolutions in the range of
centimetres Another advantage is the lack of exposure radiationtwhas better public
acceptance when used for security imagifigeir drawbacks are =, weight, power and
high-cost due to the required coolif$j3]. Their operation at room temperature is very

limited because theylo not have a large dynamic range compared to active systems
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meaning that the temperature difference between the ezcéretargetand the ambieris

minor and hardly detectable.
2.2.2 Active Imaging Systems

The most common form derahertzimagingis active inaging systems whichas
two mainnorinvasive imagingcategoriesPulsed Time Domain (PTD) and Continuous

Wave (CW).An example schematiof both modalities is shown ifigure 2.3a and b

respectively.
a) / polarizer \ b)
parabolic mirror parabolic mirror polyethylene
probe beam r \ / ‘ Fesiies fons
beam parabolic mirror mirror
A antenna| pulded fTHz splitter %szegtOf
: J 4 diode
/ / —] \J chopper Pe Y(Iaenz ene
pump beam translation In”
stages LS
time delay os G di dm bl
L1/ balanced ~~_! [ inn:diode assomny translation stages
stage \ / detector ~ .
Wollaston
prism
Pulsed Time Domain system Continuous Wave system

Figure 2.31 Active terahertz imaging systems: a) Pulsed Time Domain system and b)
Continuous Wave system. Reproduced with permission: [N. Karpowicz, H. Zhong, J. Xu, K.-
I.Lin, J.-S.Hwang,and X.-C. Zhang, fAComparison bet we@emnpul se
imaging and continuouswave terahertz | magi nSgienoe aBkTedhcotogyd uct o
vol. 20, no. 7, pp. S293i S299 © 2005 IOP Publishing [14]].

The main form of PTD imagings the terahertz timdomain spettoscopy
(THz-TDS) technique An ultra-fast laserthat produces optitgulses e.g. femtosecond
Ti-sapphire lasers separated into two optical patlising a beam splittgl5]. One is
directed hrougha time delaystageand is then focussed onto a photoconductive antenna.
The antenna is fabricated on top of a low temperature GaAs sulastchemits pulses of
terahertzradiation which are directed using a focussed lens onto the object. The reflected
or transmittederahertzadiation is then directed onto the detecldre second pulsiEom
the femtosecond laser directed to theerahertzdetectorand ef fecti vely
electric field of theeraherz wave incident on the detectdiheterahertzpulse interacts in
the detector with a mueshorter laser pulse (e.g. 0.1 picoseconds) in a way that produces
an electrical signal that is proportional to the electric field oten@hertzulse at the time
the laser pulse gates the detector on. Byatpeg this procedure and varying the timing of
the gating laser pulse, it is possible to scanténehertzpulse and construct its electric
field as a function of timeA Fourier transform is then used to extract the frequency
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spectrum from the timdoman data[l] and the transmission, reflection and absorption
can be determined for the object under {&4{. Moreover, since the waveform contains
both amplitude and phase information it is possible to calculatedimplex efractive
index d the object The cost (dominated by the femtosecond lasexjensive andbulky
component requiremerdand complexity of this technigueave significantly hindereds
opportunities as a portable imaging system despite this there has been recent
advancements in scaling dowrese systems.

CW imaging systemasenarrowlinewidth, single frequency terahersourcesIn
the imaging experiments, the beam is focused into the olbfeler test or reflectedith
the necessaryptical lenses.Since there is no necessity for a timeeldy stageand
femtosecond lasgethe optis requiredand complexity of the test set ups reduced CW
imaging systems provide information by measuringdhange in signaamplitudeto the
detectorafter being transmittedr reflected bythe objectAlthough CW imaging systems
do not give information regarding tintmain and frequenegomain, they offer compact,

simple, fas@and relatively lowcost systemthat couldead toportable imaging systems.

2.3 Terahertz Sources

The difficulty of creating teradrtz sources with high power is due to the limitations
in traditionalsilicon electronic and semiconductor devicélese essential building blocks
are limited by reactiveparasitis, transit times that cause hifiequency roHoff or

resistive losses thaominate the device impedances at these wavelefigths
2.3.1 Schottky-BasedFrequency Multipliers

Sources based on frequency luplication offer many advantages for generating
terahetz radiation.Fundamentalocal oscillators I(Os) are a mature technology offering
high output power and efficiency, low noise, atenic tuning and compact dgsi This
common technique uses multiplication of lower frequenyllasors whichare composed
of planar GaAs Schottky barrier diodéSBDs) [16]. These diodesave high electron
mobility, compared to silicorenablingthem to be used for terahegpplicationsAn even
number of diodes is used in an asgries configuration pladan an aluminium nitride or
quartz substrateThe advantage of the aluminium nitride substrate is thabitides very
low dielectric losswhile the quartz substrate provides high thermal conductivibe
advantage is the reduction in signaeatiation and low temperature rise of the diodes.

They are fixed via a flipchip bonding approach in a splitock waveguide configuration



[17]. Terahertz sources buiith this techniquecan operate at.2 THz with an output
power of80 uW at room temperature and when operated cold K)2@ey can reach over
250uW [18]. Although these sources caperatewithout the use of cryogenic systems,

their performance ismited by their low output power.
2.3.2 Quantum Cascade LasergQCLS)

Lasers for visible and neanfrared frequencies havédeen designedwith
semiconductodevices such ap-n diode junctionswhere the emission of a wavelength
depends on the bandgap of the material u$kis technique is done by emitting EM
radiation through the recombination of a conduction band electron with a valence band
hole across the active material bandfa®|. Although this process is vergommon,it
cannot balirectly translatedo terahertz frequencies due to the la€bulk semiconductor
materialswith a suitablebandgap making it difficult to translate the widely usechnique
to terahertz laserd he reason ishat the terahertzadiationhaslong wavelengths and
very small energygap ofapproximately0.4meV to 004 eV making it very difficultto
grow, process and falzate such narronbandgap materialsito heterostructure materials
[20].

The solution implemented to overcome this problsrthe use ofQCLs. Theyare
created inrepetitive stacks ofquantumsemiconductorthin layersof varying material
composition This periodic stack of materials forms a pstddtice. In regular
semiconductolaser diodespnly a single recombination of electrbole pairs is allowed,
once the photon is generatdte electron that produced it stays in the valdvaed. In
QCLs this is not the case; tledectronsare free totunnelinto the next period of the
structure where anoth@hoton can be emitted from a single electhofe recombination.

This recombination happens ine intersubband bthese heterostructuseand is usedor
laser emissiof21].

The use of quantum semiconductor materials and the fact that photons can freely
transverse through other bands of the structure ghasathe namei quant um cas
This process increases thea s effictescy leading to higher output powershan
semiconductor laser diodeBhe emission wavelength is tuned by tlager thicknesses of
the semiconductomaterials The disadvantage dPCLs is their operaton at cryogenic
temperatures antieir limited frequency tuning22].

Reentresearchs focused on desigring room temperature QCLs thiout limiting
output powerLu et al. presented a room temperature continuous emissionr&Gource

with an output power of AW and when operated in pulsed mode the output power can
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achieve 1.4mW [23]. An alternative form to produce terahertz QGltsoom temperature
based on intracavity differendeequency generatio(DFG) was presented by Belkiet.
al.[24]. The technology is based in generatingrahertzbeamout of the difference of two

IR pump beamsreated in a nonlinear optical crystal. The terahertz DFG QCL source
operates with midR wavelengths at 88 m ande miLOr.ésul ti ng I n
wavelength of 6@ m wi t h an o0 u tngVuat room aemgeratur&dcaus: ®f0
their small size,aom temperature operated QCLs are very promising for active imaging
and integrationwith hand held terahertzdetectors to form portable terahertz imaging

systems
2.3.3 Photo-conductive Generation

Dr. David Auston and his colleagues were the pionedrsthe design of
photoconductive antennas (P§Avhich subsequenthed to the development of THEDS
[25]. A PCA has two important featas: an antenna structure and a photoconductive
substrate. The antenna stiwre is used to radiate sufillimetre wavelength EMpulses
into free spacg¢26]. The approach of generating and déteg extremely fasultra-short
electronic pulses by combining high spematical sources, microwave transmission line
techniques ang@hotoconductive properties semiconductor materials led to the creation
of the AAUZELon switcho

Terahertz radiations created using this methday applying a largeelectric field
between anantenna comprising two electrodes deposited ontdighly resistive
semiconductothin film. When a photon with energy greater than the material bandgap
interact with an electron in the valence baadyee electrons excitedin the conduction
band and a holes left behindin the valence band of the film.h& photocarriers in the
conduction band ahe semiconductoaregenerated by the incident uksaort lagr pulses
focused between the electrod&s].

The excitecelectronhole pairs in the semiconductare accelerated by the electric
field during the opticalpulse breaking down an electron switch, which shorts out an
applied voltage to produce higloltage pulses andbroadbantEM pulse in the terahertz
region[15]. A second optical pulse is introduced to terminate the initial pulse by creating a
shortcircuit in the transmission linR7]. The semiconductor physicghrameters and the
laser ultrashort pulse intensity and duration define the output power and bandwidth of the
radiation. Modular PCA terah#z sources & available in L THz to 4 THz with up to

several tens amicrowattsaverage output power radiati¢h5]. The PCA acts as both the
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source and the detector in a typical TH2S system. The detection process will be

explained in section 2.4.1.
2.3.4 Optically Pumped L asers

Optically pumpedasers provide the largest output power of all the terahertz spurces
powers in excessf 100 mWare readily attainablé\ typical laser systentonsists of two
waveguidecavities: a C@Qpumplaser and an optically pumpddr infrared FIR) laser.
They operateusing theprinciple of molecular rotatioal transition of gaseA grating
tuned CQ laser, with emission in the |@m to 11 um range, is typically used to puntipe
gas in theFIR cavity. In the FIR molecular laser, vibrational transitions of molecules
displaying a permanent electric dipole moment are excited by thep@@p laser and
subsequently emittef28]. The pump radiation is often admitted into the terahertz cavity
througha small inputcouplinghole in one end mirror. The terahertz radiation produced in
the laser is then typically emittatirougheither an outputouplinghole or some sort of
uniform output couplg¢29]. The wide gain profile makes it possible to tune the FIR laser
emission by sweeping the cavity lengiiine disadvantages using FIR laserss that they
are not continuously tuneable and require large cavities as well as high power supplies
although they have a frequency output range from Dk25to 8.0 THz, depending on the
gas molecule used in the FIR ca2g], [30].

2.4 Terahertz Detectors

Originally, terahertz fnaging systemsequired sources andletectorsto operate at
cryogenic temperature€ryogenic detectors operatgth liquid heliumat temperatures of
4 K (-269 C) and below. The detectowere cooled to reduce the surrounding noise hence
maxmising the signalto be measured, thus increassensitivity. This approach requise
bulky and expensive equipment that limihe potential of terahertz imaging systems.
Therefore,presentresearch in terahertz technolofpcuses orthe development of low
cost, uncooled etectorswhere uncooled refers to not employing artificial means of
reducing the temperature of the detecamd its operation is at ambient temperature.
Uncooled imagingystems detect the locaisheating using thermal sensansd were first
usedon IR imagingsystemsThe most common cooled and uncooled sernfeorerahertz

applicationswill be explained throughout this section.
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2.4.1 Photo-conductive Detectors(PCDs)

Dr. David Auston dagned PCDsn 1984based onlte PCAdesignexplained in
the section2.3.3[27], [31]. PCDs were the first devices used to detect pulsed terahertz
radiation and nowhey are primarily used in THZDS. In the PCA structure, thesgetwo
metal contacts evaporat®nto a semiconductor substrafe.voltage is connected to the
electrical contacts and the excited photoriers are accelerated by the electric field during
the optical pulse resulting in the generation of terahertz waves. This same structace is us
as a PCDcontrary to PCA, a current input is connectédthe two metal contact®uring
the optical pulse the excited phatarriers are accelerated by the eledietd component
of the incident terahertaulseshone at the gap between the electrodes. This process closes
the circuit and the generated current can be measun@$ proportional to the terahertz
field [32].

2.4.2 Golay Cells

Golay cells & thermal terahertz sensangssified as optacoustic detectorthat
have beemwidely used by astronomer3he conceptind desigrof Golay cells was first
proposed by Marcel J. E. Gol§33]. In aGolay cell, heat is transferred to a small volume
of gas in a sealed chamber behind the absoAsethe gas expands, the deformation of a
membrane caused by the pressure increase is translated asalieetzeresponse by an
optical reflectivity measuremerj84]. These devicesre designed for operati in the
spectral range of 2GHz to 20 THz. They report a reasable performancevith an
approximateNEP of 10n W/ & Heaching a responsivitpf 10 R//W with 125 Hz
modulation[35].

Although Golay cells have been widely used, their performance is dedrbg
mechanical vibrations, therefore they need to be mounted on vibistiating benches
increasing their size and costiso, they need high voltage power supplies in the range of
+15 V. These detectors suffer from slow response giméhe range o5 ms andrequire
input windows for high transparency, e.golyethylene window,which lowes their

transmission characteristif36].

2.4.3 Schottky Barrier Diodes

Schottky barrier diodes (SBDs) are named after Walter H. Schottkigr his
pioneemng work in the field of metakemiconductor interface87]. They have been

widely used for the detection of millimetre and subllimetre wavelengthsThey are used
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both in direct detection aras nonlinear elements in heterodyne receiver mixers operating
in the temperature rege of4 K to 300K. For thisfunction, panar Schottky diodes are
usually fabricated on a highly doped GaAs substr&@aAs offers high mobility and a
sufficienty large bandgaphus barrietheightto reduce leakage currents and esfé¢ctive
postprocessing38]. They are composed of metalsemiconductotbarrier havingfast
switching properties(around 1 ns), can reach ery low NEP and high responsivity at
terahertzwaves. However, their responsivitrops orders of magnitudat frequencies
greater than 1 THz andre not tueable [1]. The company Virginia Diodednc. has
reported SBDdetectors with a responsivity of 400 V/W at 900 Gwrh athermal time
constantoflessthan skand NEP o f at200 GHHZ89]. &4 H z

2.4.4 Field Effect Transistors (FETS)

Research &is demonstrated CMG&ased deviceswch asFETS can operate as
broadband detectors of sillerahertz radiationDyakonovet. al. predicted that a steady
current flow in an asymmetric FET channel could lead to instakalitg spontaneous
generation of plasa waves. This would lead to the emissioebf radiation at the plasma
wave frequency40].

Therefore, the channel of a FET can act as a resonator formplasiaves
propagating in the channeVhich are generated from the modulation tbé electron
concentrationAn excess of positive charges decreases the electron concentration and in
consequence creates an excess of positive charges attracting electrdnys Tiear
detectablglasma frequencis dependenbn the gate lengthéor example|f the length is
in the dimension of a micron or suicron it can reach suterahertz or terahertz range
[41]. Radiation detectiors a result of the rectified alternating current (AQ)rent induced
by the nonlinear pragrties of the transistor chanrjéR]. The photoresponse appears in the
form of direct current (DC)oltage between source and drain and is proportional to the
radiation power gghotovoltaic effegt Asymmetry between the source and drain is needed
to induce the photovtdic effect.Dyakonov presented threauses oahsymmetry43]:

71 Difference in the source and drain boundary conditions due to external parasitic
capacitances

1 Asymmetric desig of the source and drain contact pads causing an AC voltage
between the source and the gate (or drain and gate) from the incoming radiation

1 Asymmetry from a DCcurrent passed between the source and drain creating a

depletion of theelectron density on thdrain side of the channel
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Theoretically, it is assumed that the incoming radiation creates the AC voltage
between the sour@nd the gate and there is no B@rent between the source and drain.

Unfortunately as the radiation frequency increast® responsivity decreases
rapidly beyond 1 THz This is because thphotovoltaic signal decreases due to the
reduction in coupling efficiencyand larger transistor parasitics at higher frequencies
resulting in increased noigdl]. The response &n increase if the device is cooled or a
nonsilicon high mobility materialFET is used such as a GaAs FEM]. Furthermore
individual pixels, each of which require an antenna, are physically large at sub 1 THz
wavelengths[45]. R. A. Hadi et. al. have reported a broadbard.6-1 THz) detector
implemented in a 65 nm bulk CMOS process with an integrated lens. At TH®2te
responsivity is 800 V/ W Hzwthotuttees)46}i ni mum |

2.4.5 Pyroelectric detectors

Pyroelectric sensorsre made frona very uniquecrystal hat becomes electrically
polarised wherthere is aemperature change. When the sensor is edliay an EMwvave,
it absorbs the radiation and transforms it into an electrical chBsgeelectric deteots
are AC sources whose current outpist inversely proportional tahe thickness of the
material and rate of change of tempera{®&. The company Spiricon has created high
performance pyroelectric cameras with an FPA of 124 x 124 pixels with pri(ftch
where theactive area is 12.4hm x 12.4mm. The camera is called Pyrocam[#V]. Each
detector is composed of a rugged Likg@roelectric crystal mounted with indium bumps
to a solidstate readout multiplexer. The camera hasavelength rangef 0.3 THz to
300THz. In order to work in the terahertz range, a polyethylene window is installed to
avoid visible and nedR waves. If the camera is operated with a CW laser, an internal
choppemustbe used with a 4Bz chop ratg48].

The disadvantage is thayroelectric sensonequire modulatioras the sensor will
not create a current at ceast temperatuse[49]. Although pyroelectric sensors suffer
from slow responséimes the speed can be increased by either employing a small are
detector or by usindast laser pulse detectioat the expense of sensitivifg4]. Despite
having found solutiomito the aforementionetimitations, these sensors unfortunately lack
the attractive potential for efficient integration offered by CMkEgause thpyroelectric

material is dificult to process
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2.4.6 Microbolometers

Microbolometers are uncooled thermal detectors composed of an element that
measures the incideBtM power by detecting response to a temperature chaf¥. As
the sensors arstruck by incidentadiation the temperature im@se is measured by an
electric signal (e.gesistance chany€erhe sensing material chosen for the microbolometer
has a large influeze in the sensitivity of the detectdt is important to have enateral
with a high TCR to detect signal changes per degree of temperalResistive
microbolometers have been vely used to detect wavelengthstie IR spectrumand they
are implemented in a suspended bridge configuration for better thermal isfdfiofihe
most common materials used in uncooled detectors are VOxpamoru s s-$i)lamdc o n
P+/Nwell silicon diode$52]. The use of micreolometers henow evolved ino terahertz
detection as wellThe successful implementationmicrobolometes is due to their ability
to be integated with a CMOS process giving opportunity to create FPAs with their

respectiveeadout circuit
2.4.6.1 Vanadium Oxide

VOx uncooled detectors weagiginally used in IR imagingystemg53]. VOx is a
thermally sensitive resistive matenaith high TCR properties-@ %/K to-3 %/K) at room
temperaturglow 1/f noiseand relatively mature deposition technologympatible with
basic silicon micremachining techniquegs4]. The challenge with VOx is to findna
adequatadepositionprocessand as a result film properties thaitain a balance between
high TCR and low sheet resistance for good low noise performance at room temperature
In order to make the bolometer layer compatillgh the CMOS technology, the
processing temperature has to be kept as low as pofsihl&/Ox films aredepositedas
microbolometersabove everyixel of the FPA. The variability introduced by the minimal
difference inthe VOXx film propertiesthroughoutall the pixels istypically taken into
accountin the data acquisidn process by having referengeels The readout techniques

compensate for any minaon-uniformity introduced by the VOXx.
2.4.6.2 Diode Sensoii P+/Nwell

Diodes have been widely use as sensorsimaging systemsdue to their
temperature sensing characteristics and existing integration stati@ardCMOS process.
The major advantage of the diode is that the jupnction canbe used for temperature
sensing therefore they V@ a lowercost of productionand smaller pixel siz¢56]. In
contrast to the VOx sensor presented previously, the sensing layers are in the bottom laye

of the CMOS process where the diodes resldhe diodes have a forward voltage of about
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0.7 V and a voltage changetivtemperature in the range-dfmV/K to -2 mV/K resulting

in a TCV 0of-0.2 %/K which is low compared to the VOx, but having more diodssries

can increase the TCV for better sensitifif]. The benefits of investigating therpdiode
sensor are its simple pegstocessing etching steps consisting in creating a thin silicon
membrane and pixel isdlan, better sensor uniformitjower noisecompared to VOx and

reducedself-heating.
2.4.6.3 Amorphous silicon

Amorphous silicon is a material widely used for a varietyevicessuch aghe
active layer in thidfilm transistors for liquid crystal displaysmall area solar powered
photovoltaic devices for consumer products and large area power solar[5&lls
Amorphous siliconmicrobolometers have the advantage of high TCR, high optical
absorption coefficient and maily, the lowcost of fabrication since they can be
manufactured using silicon compatible processes. The films can only be produced by
plasmaenhanced chemical vapour dsfiimn (PECVD) or sputterings2]. The TCR and
sheet resistance characteristics depend on the doping concentration, deposition temperatu
and annealing. TC&up t02.5%/K have beenachieved at room temperatyb]. The fact
t h a-$i cab be deposited &w temperatures (7&) makes the material suitable for
cheaper production and higlolume application$58]. Amorphous silicon is comparable
to VOx but it has the slight disadvantage of high impedance, thus higher thermal noise.
This type of noise is the main contributo uncooled detectors and it affects the sensitivity
of the detectorDueto the higher noise, the image quality is affected by not being able to

detect the smallest of temperature differerjbé%

2.5Room TemperatureCMOS Compatible

Terahertz Imaging Systems

Thermal imagingystems originated with IRchnology arouth 200 years ago when
IR (calorific) rays were discovered [8ir W. Herschel in 180060]. Thermal inagingwas
based on creatingnadectronic pictureof the scene by creating a map of thermal energy
representing different levels of radiant energlled a fithermogram [60]. In the late
1870s,SP.Langl ey devel opedtdfsstudies of the IRerttoreaf 0 a
the solar spectrum. The bolometer was able to measure thermal radiation and detected
from a cow standing at a distance of 400[@éi]. In 1897, H. Rubens and E.F. Nichols
published the existence of tlierahertz gapby saying that there was a wide region of
separation between electrical waves and light wavéseEM spectrum and that more had
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to be done tstudythem[62]. Between 18941898, J. C. Bose created the galena crystal
detector and developed the first terahertz experim&his.was the beginning of tahertz
detection and generatipnand wh e r e t he t e was appliede to asbbe r t 2
millimetre/FIR EM radiation that occupies the wavelength range between 300 tGHz
3 THz [63].

Thermal imaging is now the focus tdrahertz imagingystems. Thigemovesthe
necessity for cryogenic cooling, thus reducaggnponensize andcost In order to make
this possibleCMOS compatibility is essential for the integration of uncooled sensors and
terahertz absorbers able to detect terahertz waves at room temperature reducing th
fabrication cost. CMOS integration also overcomes the challenge of scatmg
dimensional arnasensors (FPAskequired for high resolution imaginghe cevelopment
of FPAs started in the 1970s and has revolutionized imaging systems sinceTthen.
sectionwill mention examples of rooneimperature FPAS.

2.5.1 Field Effect Transistor Focal Plane Array

A roomtemperature3 x 5 pixel FPA operating at 0.65 THlas been presented
using FETs adifferential on-chip patch antenngd64]. The FPA was fully integrated in a
250nm BiCMOS processThe 3 x 5 FPA is shown iRigure2.4 illustrating the pixels with
an area of.50 x 200 pri. The FPA reports a responsivity of 80 kV/AVa gate voltage of
around 0.3%% and mi ni mum NEP at6.45V.FEach pixpl Winsisd of a
narrowband patch antenna inciad an integrated ground plane, a differential NMOS
FET pair, and a 48B voltage amplifier with a 1.6 MHz bandwidfhhe maximumcutoff
frequency of the NMOS transistors was 35 GHze image wa®btained in transmssion
mode by simultaneolisscanningour pixel lines in parallel at a frequency of 30 KHz.

Another example of a room temperature FET FPA was designed by
STMicroelectronics Ther prototype consists of 82 x 32 pixel array built in a 6&Bm
CMOS bulk process technology and operates in a CW mode. The array is als@rbased
differential orchip ring antennas coupled to NMOS FET detecfbng. camera operates at
a frequency oB56 GHzachieving a responsivitgf 115 kV/W when using a 5 dB VGA
gain. The minimunNEP is 12 nWintegrated over a 500 kHz video bandwidtpbgrating
in a videemodeat a maximum ob00fps [65]. Unfortunately the responsivity &FETs
decreases rapidly beyondTHz and the individual antensaequired in every pixel are
physically large at sub THz wavelengt66].
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Figure 2.4 7 Room temperature Field Effect Transistor Focal Plane Array containing a3 x5

pixel array. Reproduced with permission: [E. Ojefors, U. R. Pfeiffer, A. Lisauskas, and H. G.

Roskos, @AA O0.-Blane Arkay in &E Quarder-Mi c r dJournal of Solid-State Circuits,
vol. 44, no. 7, pp. 1968i 1976 © 2009 |IEEE [64]].

2.5.2 Infrared based Focal Plane Array

Traditional quarter wavelength absorption techniques have been widely used to
detect wavelengths in the IR spectrum. Thermal imagers consist @ntenna coupte
microbolometers integrated into CMOS technololglycrobolometers are used to absorb
the IR radiation in a resonant cavity wheither the bolometer membrane is placed at a
di st anc(ea oifs at/ e t a rfrgre the mirrowsaunaeel ire thegsiile
(Figure2.5a)orthet hi ckness of t he /M@iguoet®b)[6GZF[68]me mbr
the second case, the reflective layer or mirror is placed directly below the nembhe
mirrors are used to reflect the IR radiation back into the bolometer to be absorbed.
Resistive ntrobolometerge.g.VOXx) are the most common thermal sensing materials due
to their high temperature coefficiefithe devices are implemented in a srsged bridge
configuration for better thermal isolation, they have thin membranesinonise thermal
conduction between pixels and are compatible with CMOS technoldgy.bolometer

bridge is then connected to the readout electronics by nanetallic legs and vias
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Figure 2.5 7 Cross-sectional view of traditional quarter wavelength devices. a) The thin
membrane is separated by a/4 and b) the membrane thickness is &4 where &= i s t he
wavelength of the targeted radiation. Reproduced with permission: [F. Niklaus, A. Decharat,

C. Jansson, and G. St emme, APerformance model f
and performance predictions of bolometers operating at atmospheric pres s u r mfraded

Physics & Technology, vol. 51, pp. 168i 177 © 2008 Elsevier [67]].

CEA-Leti has designed 320 x 240 FPA composedf 50 um pitch pixelsable to
operate as broadband detector in theTHz to 4 THz range Their technology is basesh
traditional quarter wavelength thermal imagefd. terahertz frequencieghe quarter
wavelengthabsorptionapproach seems unfeasible doethe requiremat to have such
large cavities. For example afTHz, a traditional quaer wavelength absorber, such as
those used in the mid IR, would have to be positioned a distangs &way from the
underlying substrate. This is unfeasible in practice due to the extremely challenging
fabrication requirements

But a new apprach is giverfor this challengethere is a separation betwete
EM absorption and the thermometer (sensas)shown inFigure 2.6. Each pixel is
composed of a broadbamshtenna and a resonant quarter wavelength cavity designed to
couple efficiently with terahertz radiatiof2]. The reportedthermal time constant is
between 20nsand 40 ms. At & THz the NEP $ 32 pW with a video rate of 2%z and a
responsivity of 12.81V/W. The major disadvantage of this method of detectiorthe

extensive fabrication process that increasegtbéuction cost.
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resistive loads microbridge bolometer

DC antenna

CC antenna

Figure 2.6 - CEA Leti bolometer pixel structure based on quarter wavelength resonant
cavity. Reproduced with permission: [F . Si moens and J. Me itimb a n , T
imaging uncooled array based on antenna and cavity-c oupl ed bol omedpleicals, 0 P
Transactions A Mathematical, Physical & Engineering Sciences, vol. 372, no. 2012, pp. 1112
© 2014 Royal Society Publishing [2]].

2.5.3 Diode based MicrobolometerFocal Plane Array

Another approach for CMOS terahertz FPAs is the integration of highly sensitive
microbolometers using silicodiode p-n junctionsas the temperature sensitive element
instead of resistive microbolometerBhis technique has been very successful for IR
imaging providing very cost effective device®eranzoni et. al. created apolysilicon
diodebased microbolometer witmetal anteanas connected teach pixel as shown in
Figure 2.7. Thesemicrobolometersare multiple diodes connected in serisaspended
above the substrate implemeniada 350 nm CMOS technolod$9]. The chip includes
different antenna sizékat can béndividually selected to operate at 0.5 THz, 1.0 THz and
2.0 THz.The device is composed of an antenna connected to a matched load which heat:
up proportionally to the inciderM radiationand the heat is transferred by conduction to
the polysilicon diodesThe polysilicon diodes are placed near the antenna load atoh s
reference diodes is used to track temperature variafltvesair gap underneath the oxide
membrane is created by removing the silicon underneath and is needed to reduce th
thermal lossesravelling towards the substrat&he diode array has an esétad NEPof
100 p W/ aatbms valtage 00.65 V. Due to the configuration of diodes in series the
temperature coefficient of current (TCC) is in the range @ t 15% meaning that the
diode current will change at this percentage rate per every dejréemperature

depending also in the bias voltage.
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Figure 2.7 - Polysilicon diode-based microbolometer with metal antennas connected to each
pixel of the focal plane array. Reproduced with permission: [M. Perenzoni and S.

Domi ngues, -baskdmbiomeatee implemented on micromachined CMOS technology

forteraher t z radi ati on det e cSPIESSiHicon PHtonics aredd®hotogis o f

Integrated Circuits IIl, vol. 8431, pp. 84311Ti 1i 6 © 2012 SPIE [69]].
SBDsfabricated in CMOS without any peptocessing steps have been reported by

Hanet. al Theinvestigatorsreated a 4 x 4 passipixel array architecture functioning at
280 GHzwith DC biased SBDsThe term passivpixel means that the terahertz sensors
have the diodes forward biased to achieve a small dynamic resistance of approximately
5 0 Y erefdrenno impixel buffers are needed to drive the bus for multiplexing properties.
This technique also helps to reduce the Nk to the noiseontribution coming from the
in-pixel amplifier. The pixel pitch is 500 unas shown inFigure 2.8. When the input
modulation is 1 MHz, the measured peak responsivity is 5.1 kV/W at 282 GHz and NEP of
29 p Wrio@arbms current 050 pA [70]. The peak responsivity reduces to 336 V/W
after deembedding the oohip anplifier gain of 24 dB.They also demonstraten array
with only 4 SBDs working at 860 GHz. They reduce the number of tebtompensate for
NEP degradation. fe responsity peak at 860 GHz is 273 V/W with a NEP of
42p W/ afeta bias current of 20 pA.
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Figure 2.8 - Schottky-barrier diode based focal plane array. Reproduced with permission:
[Ruonan Han; Yaming Zhang; Youngwan Kim; Dae Yeon Kim; Shichijo, H.; Afshari, E.;
Kenneth, K.O., "Active Terahertz Imaging Using Schottky Diodes in CMOS: Array and 860-
GHz Pixel," IEEE Journal of Solid-State Circuits, vol.48, no.10, pp.2296-2308 © 2013 IEEE
[70]].

2.5.4 VOx Microbolometer Focal Plane Array

Uncooled microbolometer technology has enabled-dost FPAs with a high
number of pixels with reliable performance. FP&gh thermal microbolometsrmade
with VOx thin film material hae been reported using thermaisolated microbridges with
high TCRs. The advantage of VOx microbolometers is their redocamplexity, lowcost,
no coolingand no scanner technology with high reliability, lightweight and complete
integration with silicon integrated circuits.

Chevaler et. al. presented abroadbandterahertz camera based on VOXx
microbolometershown inFigure2.9. The camera iBas384 x 288 pixels with at 35 um
pitch and is called IRXCAMTHz-384[71]. They operate a redilme camera with a video
rate of 50 HzThe NEP reported at two different frequencies is: 24.7 pW2b THz and
76.4 pW at 2.54 THz. The camera is equipped with a custom F/0.94 THz refractive lens
barrel used for high quality images in réiahe at 50 Hz
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Figure 2.9 - VOx bolometer 384 x 288 pixels with 35 um pitch from the National Optics
Institute. Reproduced with permission: [C. Chevalier, L. Mercier, F. Duchesne, L. Gagnon, B.
Tremblay, M. Terroux, F. Généreux, J.-E. Paultre, F. Provencal, Y. Desroches, L. Marchese,
H. Jerominek, C. Alain,and AABer geron, fil ntr odue ienatpertzacandetad x 2 8 8
core, 0 Pr oSPIE.erdrahergskRF, Millimeter, Submillimeter-Wave Technology and
Applications VI, vol. 8624, pp. 86240Fi 11 8 © 2013 SPIE [71]].

2.6 Metamaterials

The classification of materialsith regards taheir EM propertiesis shownin the
e\, four-field, diagramin Figure 2.10. It indicates the combinations of positive and
negative values for the perttivity and permeability ofmaterias. Ordinary naterialsor
dielectric materialsvith positivepermittivity and pemeability, such as aiwith e=p=1, are
found in the first quadran€Electric and magnetic plasma are found in the second and
fourth quadrant respectivelyMaterials with negative permittivity and negative
permeability nonexistent in naturegarefoundin the third quadrantTheseare called left
handed material.HMs) or negative index materials (NIMJnd were first proposed by
Veselago in 1968 where he proved theoreticHit the index of refraction between an
ordinary mediunwith e, p >0 and one witle, 1 < 0 would be negativdn his eylanation
he quotd Snel | 6s | athe pdssbilite of pmairialnwith anegative index of
refraction[72]. He introducedheterms pand ptogiveamorepei se 01 aw of

expression shown ikquation2.1:
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where p and p represent theharacteristics afhe first and second medid these two are
different in sign, the index of refraction will beegative[73]. Figure 2.11a shows
Veselagd example of how theays passingthroughlenses made ouif LHMs change
their pathsinverselyin contrast to theinormal path The convex lens has diverging
effect and the concave lens a converging efféicjure 2.11b shows a representation of a
liquid with a positive index of refractioh.3 (left) and a negate index of refractionl.3
(right) indicatingthe light bending propertiesf a lefthandednedium[74].

Around thirty years late John Pendry realised the artificially electric plasma using
the wire medium showing a negative permittiit$]. In 1999, Pendret. al proposedhe
creation of materials with negative effective permeabilify plis work consisted irsplit-
ring resonators where he showed that the periodic array of this particular structure resultec
in a negativepermeabilityand magnetic respongeoduced by the circulating current on
the resonatorf/6]. His discoveryrevolutionsed the concept of neexistent materialand
new materialsmade from artificial objectswere investigatedThe first experimentally
demonstrated artificial LHM was made ByA. Shelby, D.RSmithand S. $hultzin 2001
where he combined the wire medium with SRRs to produce a material with a negative
index of refraction[77]. These new materials exhibit properties not available in nature

which led to he creation of MM structures.

p A
X
Electric plasma Right-handed medium
" Most natural materials
0 9000000000000 06
X/ Air y .
€0 h h £
Impendance-matching
materials
\
Left-handed medium Magnetic plasma

Figure 2.10 1 Classification of materials with regards to their electromagnetic properties in
the @u-plane. Image adapted with permission: [Cui, T. J., Smith, D. R. & Liu, R. editors.
Metamaterials: Theory, Design, and Applications © 2009 Springer [78]].
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Figure 2.11 17 Negative index materials: a) Veselago's example of the ray paths passing
through lenses of materials with negative index of refraction [73] and b) liquid with a
positive index of refraction 1.3 (left) and a negative index of refraction -1.3 (right) [74].

The term MM was drived from the Greek prefixmetameaning beyond or after
because of the new engineered properties preséytdtesemanmadematerials.MMs
areengineered sticturesdesigned to mimic thEM response that occurs naturally in many
materials at shorter walengths and can be used to manipuleé radiation[79]. MM
arrays are composed ofpetitive unit cells smaller than the wavelengththe spectral
domain of interest [80]. These sulwavelength element arraysletermine theirEM
propertiesby the size, shape and structure of ainé cell layout rather than their material
compositionand can be used to image at the diffraction [[81if-[82].

Onre important characteristaf MMs is their ability to absorlEM waves uniformly
with absorption close to unityepending orthe design[83]. Theywere originally created
to absorb at microwave frequenci[@$], but now the structures can be designed to absorb
at any EM wave ranging from microwave tthe optical spectrum depending on the
geometry

Typical MM pixels have symmetric shapes in the formelefctric ring resonators
(ERRs)or magnett split ring resonators (SRRshown inFigure2.12a andb respectively
[84]. The resonators are typically medf highly conductive metals such as copper, gold,
or silverand can be paired with a metallic ground plane separated by an inasktiown
in Figure2.12c. SRRsand ERRswvhen placed in parallel with a conducting ground plane
offer a high impedance surface. When the MM structures are distributed in a periodic
fashion on a flat surface they behave as a frequselective surface when an incidé
wave interacts with them. Furthermoréetadvantage of pairing the resonators with
ground planes is to exhibit independent control over effective permittegtyand
permeability mg This allows for the electric response to be tuned independently by
changing the shape/geometry of the resmmsaand the magnetic responsechgnging the

spacing between thhesonator and the ground plane.
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Figure 2.12 - a) ERR, b) SRR c) ERR with ground plane separated with an insulator.

One application of MMs is the creation of cloakinigvices that allow the
concealingof objects from external observers by deflecting certain parts ofEtle
spectrun|85]. Superlensings another application, it allows a perfect lens to reconstruct an
object in the image plane with unprecedented resolfiiéh This could be wide} used
for superresolutionin medical imaging and optical imagingthough more work has to be
done to overcome the challenge of loss.

For this projectve utilised the ability oMMs to absorb érahertz radiatiomvhere
there is a lack of natural seleaiabsorbing material83]. The use of MMs has made
possible the desigand implementation of strongrahertz absorbersathas resulted in
the implementadbn of good erahertz detectorsNot only thaf but their available
integration in CMOS metalliaiisulating layers has converted th@ma strong candidate

for compact, low coderahertz imaging.
2.6.1 Single Band

Single bandMM absorbershave two metallic layers separated by an insulating

layer. The top metallic layer is either a SRR oERR andthe bottommetalliclayer is a
continuousground planeThis type of MM reles on the characteristics of the material
shapes inteing with the irident radiation absorbing at omspecific frequency{84].
Single band MMs are narrow band by nature; ttabsorb the incident light and
consequently the bandwidth of this resonant absorption is narrow, typteailyull width

at half maximum (FWHM) isno more than 20% of the centre frequenEgure 2.12c
showsanexample ofsingle band MMabsorber

2.6.2 Broadband

BroadbandMMs are created by stacking metasulator layers with shapes of
slightly different sizes that change the resonant peaks depending on the number of th
layers. The individual resonant peaks from each structure merge into one broad absorptiol
spectrum. Single layer structures are narrowbasdmentioned beforeébut broaband

structurexanincrease theiFWHM by two and half times changing from 20% t&/48An
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example of a broadbaneM structureis shown inFigure 2.13 a and b; it consists in
alternating stacks of metal crosses and dielectric layers pft@ continuous ground

plane or substrate

a)
H1
H2

H3

Figure 2.13 - Broadband metamaterial a) top view and b) side view.

2. 7Summary

The terahertz region of tHeM spectrum has proven to be one of the most elusive.
Being situated between IIRjht and microwave radiation, terahertz radiation is resistant to
the techniqgues commonly employed in these “wsihblished neighbouring bands. The
interest of terahertz applications started with astronomers dagaitability of passive
terahertzradiation in space. Now, the potential use in medical and security applications
due tothe transparency of common materials to terahertz wdnsme led to increased
activity in terahertz research to mature imaging technolotpeshe levels ofthe
neighboumg spectrumsThe past 20 years have seen an innovatieation of terahertz
imaging systems although the ndedexpensive sources and detectors is still required for
this technology. Terahertz research is now focusing on the development ofednive-
cost imaging systems based on technology ranging 8Bis, FETs antbolometers. The
integrdion of uncooled sensors into a CMOS process is the main priority to erkate
cost technologyFurthermore, operation at frequencies above 1 THz is desiasbthe
shorter wavelength enables better spatial resolutiar. this reason, MMs play an
important role in the development of imaging technology due to their excellent terahertz
absorptionat any desired frequen@g well as their ability to be monolithilty integrated
into small single pixels thus creating FPAgheterahertz frequency range.
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Chapter 3 Detector Figures of Merit

The performance of thermal detectors, specifically microbolometers, is evaluated by
the following figuresof meit (FOM): R,, NEP, T CR, [87R[881 Thébe FOM were
originally usedto characterise IR uncooled detectors but can be directly applied to
characterise terahertz thermal detectors. The unique characteristics of MMs and their us
as terahertz absorbers is investigated by proposimigsign theory based on common

inductorcapacitor (LC) circuits and the retrieval methodsE¥ parameters.

3.1 Responsivity

Adet ect or 6 sis aefnedpas the ratoiof tiie output signal voltage (or
current) of a microbolometer per incident power on the area of one pixel detector;
therefore R, units are expressed in Volts per Watt or Amperes per \88ltt The units are
defined according to the biasing and the readechnique employed. In thish&sis the
responsivity will be measured in Volts per Watt. The responsivityeendent on the
ability of the microbolometer sensor to absorb incident terahertz radiation in the form of
heat and change its resistance propodignto the temperature chang&ince the
resistance of the microbolometer changes according to its TCRR, auchange in the
output voltage signalM) is proportional tothe incident power In an array context, the
pixels will be at different temperatures due to different incident power depeaditize
object being imagedlhese settings will give a voltagnap ofthe particularobjectbased
on the different voltages of every pixel.

Microbolometers are characterised by using a simple model of the heat flow
equation wheréemperature changep() is introduced by the modulation of the incoming
terahertz ra@tion and is characterised by Equat®f [89]. If the radiationis frequency
modulated the amplitude of the temperature signal variesfp 1 T creating a pole

with a 3 dB frequency £fig) of p¥¢“ 190]

5 0
3'Y — 3.1
OWp 1 1
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whered is the absorption magnitud®s is the pixel areals is the incident power upon the
pixel, Gy, is the thermal conductance,is the angular modulation frequency ddi$ the
thermal time constanFor simplicity in explaining the theory, it is assumedtttihere is no
Joule heating caused by the bias current. Therefore, the output voltage\siginain the
microbolometer biased with a constant current is expressed as Eqation

o | Yo'y 3.2
whereUis the TCR,R is the resistance of the microbolometer, &ni the bias current.
SinceVsi s proportional to the materialds TC
very | arge temperature coefficient to me
TCR is defined by Equatio®3 [91]:
pQY 3.3
YQUY
The resulting output voltage signal for a resistive microbolometer is expressed as

Equation3.4 by combining Equation3.1 and3.2:
, | YO0 0
W e 3.4
OWp 1 7t

For a diode sensor the output voltage signal is expressed as E@.&tion

" 6 0 35
OWp 1t
whereTGC; is the temperature coefficient for the diode forward voltgge,the absorption

w

magnitude Ap is the pixel areaP, is the incident power upon the pix&, is the thermal
conductancey is the angular modulation frequency diid the thermal time constant.
SinceR,i s the ratio of t h e aguisignalgeéronkidemie t e
power on the area of one pixel detector and is expressed in Volts per Watt, the resulting
expression is obtained by dividing Equatid®4 and 3.5 by ApPo. Therefore,R, for a
resistive microbolometer can be expressed as Equatidi®2] and the responsivity for a

diode microbolometeR, giode Can be expressed as EquaBon[93]:

. | -'¢
Y : 3.6
OWp 1 1
g _
Y S 3.7
OWp 1 1

The value of responsivity in both cases is directly proportional to the temperature
coefficients of the sensor materials and inversely proportional to the thermal conductance
where the principal heat loss mechanism originates from the supporting armrstrnatie

to connect the electronic tracks and to support the pixel from array structure. Clearly a

30



| arge responsivity is desired for better
obtained at a DC measuremeint (0 Hz) and it will decrease #ise modulation frequency
increases, an example of this behaviour is showfigare 3.1. Thermal detectors can be

designed to trade lower responsivity for a fastegpoase.

Responsivity [arbitrary unit]

Frequency [arbitrary unit]

Figure 3.1 1 Responsivity, R, as a function of modulation frequency showing the largest R,

occurring at DC (f = 0 Hz) and decreasing as the frequency increases.

3.2Thermal Time Constant

The pixelds temperature increases and
modulated; therefore, a FOM to determine the time it takes the detector to respond to
changes in temperature i s needed. Thee d.
FOM known as thermal time constan,and is expressed by Equati@8 [94]. It is
defined as the time it takes the output signal to reach 63% of its final value when the
detector is exposed to a chamgénput power modulation.

0
+ 5 3.8
whereCy, is the heat capacity of a single detector @ds the thermal conductance of the
supporting arm structur€igure3.2s hows an exampl e of a det

power pulse indicating thd .
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Figure 3.2 Example of the response of a detector to an input power pulse showing the
respective thermal time constant, U measured from 0% to 63% of the final response signal.

In a resistive and diode microbolometer, the heat capacity is determined by the
volume of one pixel, thereforthinner pixel membrans are desired to minimis&and
achieve fast detectiorshorter response times wilhake the detector téollow rapid
changes of the incoming terahertz radiation and could result in a detector witimeeal
operation characteristic€ is calculated af95]:

o) A7 O 3.9
whereV is the volume of the detectar,is the density and is the massspecific heatof
each of thanicrobolometer material The total therral conductanceGy, is estimated as
the sum ofthe four heat paths between the microbolometer and its surrouratidgs
dominated by the heat loss through the supporting arms from the microbolometer to the
substratg67]:

0 O O 0 0 310
whereGiegconduction!S the thermalconductanceéhroughthe legs supporting the membrane
GradiationiS the thermal conduction between the microbolometer and the EM rad@gign,
conduction IS the thermal conduction between the bolometer imdurroundinggas and
GeonvectioniS the thermal conduction between the microbolometer and its surroundings by
gas convection.

According to Equatior.8, Uis dependent of Gy, therefore in order to redude Gy,

would have to be large, but this would afféttasthey areinversely proportional. A
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compromise betweeBy, and Uhas to be taken in consideration wheesigning the

detector.

3.3Noise

The detection capability of any imaging system is limited by fluctuations of a
random natur e, known as Anoi seo. Noi se
characterising a detector since it limits the precision of meadsigeals depending on the
signatto-noise (SNR) ratio. SNR measures the peak signal voltage divided gadhe
meansquare (ms) noi se Vvoltage. The sensoros det
different noise sources such as noise from the sensor mateige from the integrated
readout electronics or external noise from biasing equipment. The three major sources o
noise in microbolometers are the Johnson noise, phonon noise and the 1/f noise accordin
to Nemarich[96]. These noise sources are expressaunasioise voltages per the square

root of Hertz and will be explained in this section.
3.3.1 Johnson Noise

Johnson noise is also known as Nyquist noise or thermal noise because it is
generated by the thermal agitation of the charge carriers in conductive materials at
equilibrium. This type of noise is intrinsic to semiconductors includegjstors.It is
presat even without any type of biasing and it is also known as white noise because of the
constant power distribution with frequenfgr]. It was discovered by J. B. Johnd&8]
and later explained theoretically by H. Nyquist in 1998] where he showed that the
thermal agitation of the charge carriers in any circuit causes a small fluctuasmgise
or current to flow through a resistd00]. Thermsvalue of the Johnson noise voltagys)(
for a resistor is defined in Equati@ill and is usually represented by a Theveninudtrc
model where the Johnsamltage source is in series with a nefsee resistanceRgea)
(Figure 3.3a). If the terminals of the resistor are shorted, the equivalecuit with a
Johnson noise currenk;) is represented by a Norton circuit model withrars current

source in parallel witlRgeaias shown irFigure3.3b and is defined by Equati@il2:

® MYy 3.11
QY 3.12
Y

whereki s Bol t zmanno6s “22JK)$is thentampefalure B &, larklis thd 0

el ectrical resi stance of the materi al i n
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of frequency and it is dependent the electrical resistandg, therefore a lower value &

is ideal to decrease thg noise figure.
a) b)
— AAA—O o

Rideal T
@ Vs, rms C‘ b, TMS Rideal
{
O —O

Figure 3.31 Equivalent circuit models for a) Johnson voltage source in series with an ideal
resistor represented with a Thevenin circuit and b) Johnson current source in parallel with

an ideal resistor represented with a Norton circuit.
3.3.2 1/f Noise

The first spectral density measurement of 1/f noise was published by J.Bodohns
in 1925 where he showed that at lower frequencies the noise was larger than the expecte
Johnson noise and the spectral density behaviour was proportidad&[161]. Although,
the phenomenon was present in the experiments, the actual reason of the behaviour was n
investigaed. A few years later, it was proposed by Brillouin and Bernamont that the 1/f
noise was inversely proportional to the total humbecludrge carriers in the sample
Around the same time, the excess noise was being studied at Bells Labs; Pearson showe
that the noise was proportional to current squared and attributed it to resistance fluctuations
at the contacts caused by mobilftyctuations of the carrierdHe called this behaviour
6contact noi seo. Anot her theory wamly est
scattering of charge carriers by phonons contributed to the 1/f[A0&f

Two main theories of 1/f noise have been developgadier number fluctuation
theory and th mobility fluctuation theory103]. The 1/fnoise may be due to the trapping
of charge carriers at special energy levels occurring in atoms near the surface of the
material[104]. This could be caused by traps due to crystal defects, such as dislocations,
and contaminants in electroniewdces. These traps randomly capture and release carriers
causing carrier number fluctuation. As a result, it is associatedD@tlcurrent flow in
both resistive and depletion regions. The noise is present when a bias current flows throug|
the resistive necrobolometer. This current is caused by fluctuating mobility of minority
carriers which disappear at the surface causing a current flow through the[#i6Sjce

The 1/f noise receives its name from the particular characteristics of the power
spectrum which varies as the reciprocal of frequency thus havingtypé/folloff. This

noise source, also knowes flicker noise, is dominant at low frequencies whereas the
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Johnson noise is dominant at higher frequencies. The behaviour of the 1/f noise anc

Johnson noise as a function of frequency is shoviguare3.4.

Thermal noise

Noise Spectral Density [arbitrary unit]

Frequency [arbitrary unit]

Figure 3.4 - Representation of noise sources versus frequency where the 1/f noise is
dominant at low frequencies and the constant thermal noise dominates at higher

frequencies.

The 1/f noise in a microbolometer is expressed as Equati8ri106]:

wy OY ETQ 3.13
wherelg is thebias current in An is an empiricall/f parameter andl,is the modulation
frequency in Hz. The 1/f noise is the only noise tsadependent on the bias currehg

higher the bias current, the higher the noise.
3.3.3 Phonon Noise

Phonon noise, also known as thermal fluctuation noise, is caused due to
fluctuations in the rate at which heat is transferred from the sensor (thermal mass) to its
surrounding environment. In the case of a microbolometer the thermal exchange is
between thamicrobolometer and the heat sink, such as the substrate, with the respective
conductance across the supporting legs. The thermodynamic fluctuations associated witt
thermal impedance are called phonon noise because the quantization of the heat flow i
guartized in the form of phonons with energy of ord@r[107]-[108]. Phonon noise is

expressed by Equatidl4:
® Y TAYO 3.14
whereR, is the responsivityin VIWki s t he Bol t z mann 8°J/K)cTasn s t &

the temperature in K an@y, is the thermal conductance in W/K. The difference between
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Johnson noise and phonon noise is tha arises from the thermal motion of electrons

whereas phonon noise arises from the exchange of phonons.
3.3.4 Shot Noise

The constant nature of DC current presents fluctuations in the arrival of the discrete
electron flow which creates shot noisélthough thee fluctuations are random in
occurrence, its variability is minimal in comparison to the average value of a current flow
[109]. When electrons "hop" over a regisuch as the barrier betareap-n junction in a
diode, the observable variability incees thus increasing shot noigeerefore, this uptick
in shot noise is not present inisters as there is no junction in the matei&iot noise, as
with any stéistical variation, is seen as random and wide ranging during short observation,
becoming a small yet constant measurable variation over larger bandv@ddtsoise is
defined by Equatio.15:

© YN 3.15
whereR is the resistancej is the electronic chargé,s the DC bias current argg Bs the
bandwidth.

3.3.5 Noise Equivalent Power

Noise equivalent power (NEP) in a microbolometer pixel is defined as the incident
power that generates an output signal that is equal tortheoise output which results in
a signal to noise ratio of unity. The NEP indicates how sensitive the detecibthis
microbolometer is biased with a constant current@muhe NEP is expressed in aMiz
and is defined a4.10]:
w 3.16
Y

whereR, is the responsivity of the detector avigs is the square root of the quadratic sum

000

of uncorrelated noise sourcalso known as noise spectral density (NSB)sis expressed

in V/ aHz and is defined as

W Wy W W W 3.17
whereVy is the 1/f noise voltage/;is the Johnson noise voltagéis the phonon noise
voltage and V,, is the shot nois€only related to diodes)A detector that has a greater

detecting ability has a smaller NEP and a detector that produces a gigptd voltage

(from a given radiation signal) has a greater responsivity.

36



3.4 Atmospheric Absorption of Terahertz

Detectors are designed to absorb or resonate at a specific frequency depending on th
application. An absorption spectrum displays the intgreg which the detector absorbs
the incident radiation over a range of frequencies or wavelengths. The absorption spectra i
typically characterised by radiating the sample and measuring either the transmitted energ;
or reflected energy over the teralzespectrum. The frequency dependent absorpfipis
defined as.18:

61  p YTV 3.18

whereR is the reflection and is the transmission. The wavelength is calculated using
Equation3.19:

ey D 3.19
U

wherec is the speed of light (299,792,458 rd/s 3 %mis) T is the period, and is the
frequency.

As previously mentioned, the terahertz spectrum is consideredhe beavelength
region between 3(Qm and 3nm, but not all wavelengths are ideal for imaging purposes
due to attenuation in atmosphertmospheric attenuation and scattering in varying
conditions, such as fog and humidity, are two major concerns in the developmecdlof fo
plane array imagers for the terahertz spectral region. As the frequency increases there i
more diffuse scattering and higher attenuation of the signal that limits the range of
detection[8]. The attauation is also dependent on height but above 16 km the effect of
moisture is negligible, therefore the attenuation is insignificant which has enabled the
development of intesatellite communicatiofiL11].

This aspect is particularly important for stawifl imaging as it will limit the target
distances and imaging performance of the imaging system. Fortunately, there are certair
low atmospheric attenuation windows in the terahemtgion investigated by the
Submillimeter Wave Technology Laboratory in the University of Massachudaisy.
Figure 3.5 shows the variation of atmospheric attenuation as a function of frequency and
relative humidity (RH). It indicates the existence of five distinct terahertz window regions
between 0.3 and BHz. The atmospheric terahertz spectral transmission is norm#diZed
(100% attenuation) at 03Hz and the RH ranges from 5%} red line) to 58% pottom
orange line). The five window regions are centred around 1.7B&, 1.979THz,
2.11THz, 2.52THz, and 3.42Z'Hz [112]. The attenuation was calculated over a distance

of 50m. The window with thdowest attenuation is 1.488Hz over all humidity. In this
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Thesis theterahertzwindow used is 25THz which has an attenuation ef3.5dB at
6.4% RH and78dB at 58 %RH.

1.19

1 I

T A TR o]

0.8

0.7

Transmission
o
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0.1

03 05 0.7 09 1"1 1.3 15 17 19 21 23 25 27 29 31 33 35 3.7 38

Frequency (THz)

Figure 3.5 - Terahertz atmospheric windows from 0.3 to 4 THz varying the relative humidity
from 5% (top red line), 6.4% (blue line),11.8% (green line), 25.9% (purple plot), 39.4% (black
line), 52% (bottom blue line), and 58% (bottom orange plot). The atmospheric window of
interest is 2.51 to 2.55 THz. Reproduced with permission: [Linden, K.J.; Neal, W.R.;
Waldman, Jerry; Gatesman, A.J.; Danylov, A., "Terahertz laser based standoff imaging
system,” in 34" Proceedings of Applied Imagery and Pattern Recognition Workshop, pp.-14
© 2005 IEEE [112]]

3.5Metamaterial Absorbers

The application of MM absorbers is very important in the terahertz spectrum due to
the difficulty to find strong frequency selective terahertz absorbers. Such MM absorbers
naturally lend themselves to terahertz detection applications such as therroat sétis
the integration of microbolometers creating complete terahertz detectors. The advantage o
the MM structure arrays is their ability to absorb wavelengths larger than the actual size of
a single MM cellLMMs can also be used to create resonantralesstructures where the
radiation is absorbed in a device thicknegmificantly smaller than the wavelength of
radiation, overcoming the thickness limitation @bmmon quarter wavelengtfantenna
structure§113]. MM absorbers have previously been fabricated in research facilities at the
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University of GlasgowJames Watt Nanofabrication Centexploring the use of diffent
materials, geometric shapes and layer thicknegkb4]i [116]. These previous studies
have effectively shown that by manipulating the itetal dielectric layer thickness,
refractive index, and MM geometric shape the terahertz narrowband absorption magnitude
and resonance fgeency can be customisgdl5].

The geometry investigated for thish&sis is a crosshaped MM absorber shown in
Figure36where (a) shows the pixel ds tseconvi e
dimensions. The MM absorber corisisn an electric ring resonator (ERR) built in a
metallic layer, paired with a metallic ground plane andasspd by an insulating layer.

The ERR structure couples strongly to uniform electric fields but negligibly to magnetic
fields. By pairing the ERRvith a ground plane, the magnetic component of the incident
terahertz wave induces a current parallel to the direction of-freddg114]. The result is

that at the resonant frequency the electric and magr@nponent of the incident terahertz
wave is absorbed by the MM structure giving rise to local heating creating a narrowband
resonant response in a MM thickness of a
tuned by altering the geometry of the ER&)d the magnetic response is tuned by
changing the spacing between the ERR and the ground plane.

a) b) )
| | It

I

L
P

Figure 3.6 1 Metamaterial absorber showing the a) top view with the cross-shaped electric
ring resonator (ERR) and b) cross-section showing the metal and insulating layers.
Terahertz MM absorbers have a narrow absorption bandwidth that is typically 20%
of the centre frequency. To calculate the theoretical MM resonance frequency the single
pixel structure is evahted using the effective inductandg @nd capacitanceCj in an

equivalentLC circuit, shown inFigure 3.7, exhibiting a magnetic resonance response of

the form) pj 0 ¢ according to Yeet. al where they use a similar cressaped

structurg[117]. When pairing a metallic ERR with a metallic ground plane, the capacitance
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can be calculated as a two plate capacitor if the source is incident zalitieetion The

effective capacitance is calculated using Equagian:

- -0 3.20
O

where g is the dielectric relative material permittivity is the vacuum permittivity

8

constantA is the metallic plate area ahtlis the thickness of the dielectric in between the
metallic plates. Additional capacitance, not taking into consideration headdés from

the side walls to the neighbouring structures in an array setting. The effective inductance
(L) is calculated by adding the total inductance introduced by the width of the kcggss (
and the length () according to Dinget. al (Equation3.23) [118]. The inductance
expressions are shown in Equati@fl and3.22. These expressions used to calculate the
inductances were derived from th€ equivalent circuit and the proposed crshaped

stacked structure for a single MM cell showrFigure3.6.
‘w0

0 _ 3.21
w

0 ‘*’ © 3.22
0]

0 0 0 3.23

wherel is the permeability of free space constantis the length of the cross aid is
the arm width, andH is the thickness of the dielectric in between the metallic plates. Due

to the symmetry of the single c&lh =W, andL; = L.
o) L o)

e C=

AY|

Figure 3.7 1 Effective inductance (L) and capacitance (C) in an equivalent LC circuit for a
cross-shaped MM absorber with an insulating layer separating two metallic layers.

The characterisation of MMs is done through retrieval techniques of the effective
materialparameters which consists in simulating the scattered waves such as the comple»
transmission and reflection coefficients better known as scattering (S) parafh&gdrs
According to Smithet. al the MM effective parameters, electric permittiviiyand the
magnetic permeabilityr, can be found by simulating the inversion of Bi@arameters

obtained from the transmission and reflection propagating waves on the MM structure

40



[120]. TheEM pr operti es of materials can be de
where uniform and single frequency plane waves propagating in a médilong thez
direction and normal to the material slab interfaaes related to the tnamission and
reflection spectra

Figure 3.8 shows a homogeneous one dimension slab thitknessQ & a,
with fields propagating between two positions in space. The transmitted waygeaisdS
the reflected wave is 1§ This structure is used for simplicity in explaining tE&/

parameter retrieval technique for MMs.

VAV,

S21

me?]ium \/\/

S11

| d |
Z1 Z2

Figure 3.8 1 Scattering parameters on a homogeneous one dimensional slab with fields
propagating between two positions in space.

The S parameterselate the transmission waves to the reflection waves oklihe
structureusingEquations3.24 and3.25 respectivelyf120]:

o P
Y Q. P ~oa- 3.24
AT QQ < a & OEdQQ
Q  m
~°P a OEd QQ 3.25
C @

wheren is the refractive index argis the wavampedancef the MM, they areelated to
e and ¢ by these relations: &¥gand' € @ The inversion of the S parameters
provides the refractive index and the wave impedance for a homogeneous material

expressed in Equatio3s26 and3.27 respectively:

B ﬁ’i‘ r r p o (3% 3.26
¢ TQ,&)El oy p Y Y
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pY Y 3.27
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The retrieved parameters for a MM absorber are displaydelgure 3.9 as an
example. The real parts of the optical constants cross close to zero, a conditic rieg
zero reflection, while, whenever the real part of the permittivity is positive, the real part of
the permeabitly is negative and vice versa ¢ondition required farero transmissignFor
a hetergeneous structure with a continuous metallmugd plane, the transmission will be
nearly zero across the entire frequency rafig®l]. At the frequency of maximum
absorptionwo, there is a peak of the imagigatomponent ofte permeabilityimplying
high absorptiorj114].

Permeability [a. u.]

Permittivity [a. u.]

Frequency [arbitrary unit]

Figure 3.9 7 Example of effective permittivity and permeability parameters.
3.6Summary

The relevantfigures of merit for the characterisation of terahertz detectors were
discussed in this chapter. Detector performance is evaluated in terms of the responsivity
NEP, TCR for resistive detectors or TCV for diodes detecémdU An ideal detector has
a highresponsvi t vy, hi gh TCR/ TCYV, figureswf merfdBpenal ond s
the physical characteristics of the detectors such as the physical layout and materia
composition. High responsivity can be achieved by choosing a material with a high
temperature agfficient, small thermal conductance from the supporting arm structure, and
larger bias current. However a larger bias current means that the 1/f noise will increase.

therefore responsivity and noise are a traflén the design of detectors. A shdiis also
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desired, this can be achievied reducing the membrane thickness (volume of the pixel) to
reduceCip.

Due to the lack of natural materials that selectively absorb terahertz radiation, MMs
were introducedn the interest of theirelevant function as terahertz absorbers. The
characterisation techniques were explained using the retrieval methd8gpdmnameter
inversion. For simplicity it was assumed that the MM structure was a homogeneous, one
dimensional structure. It was concluded that the parameter extraction and effective
inductance and capacitance is just an approximation to understand thegwoddhanism
of terahertz MM absorbers.

43



Chapter 4Design of a Single Pixel
Terahertz Detector and Metamaterial

basedFocal Plane Array

The design of a MM absorber and readout electronics for a terahertz FPA is
thoroughly described in this chapter. The MM absorpeeviously fabricated at the
University of Glasgow is explained for a better understanding of the background and
original idea that led to the monolithic integration of the terahertz absorber into a CMOS
process. The integrated readout electronics widx nicrobolometer pixel arrays had 4
main prototypes: a 5 x 5 array, an 8 x 8 array, a 64 x 64-sewg readout and a 6464
arrayparallel readout. This chapter will focus on the design and simulation of a single
pixel, 5x 5 array with serial readband 64 x 64 array with parallel readout integrated with
VOx microbolometer pixels. Additially, the idea to implement a-p diode
microbolometer was investigated by designing single diode pixels and 6464rray with
parallel output readout electrasi The concept of integrating a MM absorber,
microbolometer sensor and readout electronics presents a significant progression toward

the creation of a camera for terahertz applications.

4.1Pixel Design

The ability of MMs to function as terahertz absorberaswnvestigated at the
University of Glasgow where single and broadband absorbers were created and
characterised by Dr. James Grant from the Microsystsuhnology Group (MST]L13]i
[116]. This concept was investigated due to the difficulty of finding strong frequency
selective terahertz absorbers for integration with terahertz detectors for imaging
applications.

The single band MM absorber design consisted of an array etvaublength
elementsintegrated into two metallic layers separated by a dielecthe. top metallic
layer consited of a symmetric crosshapedERR and the bottom metallic layer was a

continuous ground plane. Due to the unidoel properties of MMs, the absorption
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frequency ad amplitude can be customised independently. The tuning of the electric and
magnetic responses can be determined by the size, shape, and thickness of the terahe
MM absorber.

The first fabricated prototype consisted of a single band absorber contaimeng
continuous metal layer acting as a ground plane separated from a metallishapsd
resonator by an insulating materfdll4]. Figure 4.1ab shows top and crosctional
views of the MM absorber fabricated on site in the JaWest Nanofabrication Centre
(JWNC). This design was used to characterise the absorption frequency and amplitude of
the MM by modifying design ariables such as the use of different insulating materials,
thicknesses and craesbape dimensions. For this particular example the materials of the
absorberdés metallic sections were Titani

polyimide dielectric.

a) b)

K
| |

I |-

L
P

Figure 4.11 Cross-shaped MM absorber a) top view and b) middle cross-section. The MM
structure had a calculated absorption frequency of approximately 1.99 THz based on
Equations 3.20 and 3.23.

Parametel Value
& 3.4
H 3.1 um
t 230 nm
K 10.0 pm
L 26.0 um
W 10.0 pm
N 5.0 um
P 27 pum

Table 4.17 MM absorber simulation parameters
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The absorption frequency for this design was analytically estimated using Equations
3.20 and 3.23 based on the croshaped ERR dimensions listed Trable 4.1. The
calculations resulted in an absorption frequency of 1.99 THz. Then, the MNustrwas
numerically simulated using finHgifference timedomain (FDTD) with Lumerical Inc.
software. The three dimensional simulations were performed with a plane wave source
incident in thez direction on the metal/dielectric/metal substrate unit deériodic
boundary conditions were used for the ylane, along with a mesh step sizes-af
30 Tem &0 dnSte m. The metallic sections of
Au with a frequency independent conductivity of 480, Reflection and transmission
Spectra were recorded at pl anes FHFglr842e m
shows the transmission, absorption and reflection sitedIspectra based on the frequency
dependant absorption expressishown in Equatiol.18, indicating absorption of around
80% at 2.12 THz. This result compares welth the analytical calculations where an
absorption of approximately 2.0 THz was calculated. The transmission is very close to zero

due to the continuous metallic ground plane in the MM absorber.

100% -+
90% +
80% +
70% +
60% +
50% +
40% +
30% +
20% +
10% +

0%
A0% e e
1 1.5 2 2.5 3 3.5

Frequency (THz)

Figure4.2-Si mul ati on data of the MM absorber with a

MM transmission

=—MM absorption

MM reflection

showing a frequency dependant absorption and reflection of 2.12 THz. The transmission is
close to zero due to the metallic ground plane. [Simulations done by Dr. James Grant].

The simulated power absorption distributions for the ERR, dielectric spacer, and the
ground plane layers are shown figure 4.3a-c while a crossection of the power
distribution in thex-z plane ato oce m i s sHgorevi3d. The power distribution
graphs shows that the majority of the energy is dissipated as ohmic loss in the ERR laye

and as dielectric loss in the first 500 nm of polyimide below this layer.
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S [0.8
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o —0.6
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= Io.z
-13 0
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c) Ground plane d) Absorption y=3um 15
x10° 4.4 70
Iz.s ' [
24 -m—‘ 0.8
-2.0 v d
c |
16 6 0.6
1.2 216 polyimide 0.4
0.8 = 0.2
0.4 E—— —
0 -0.5 0
0
X (microns) X (microns)
Figure4.3-Power distribution in a single MM absorbe
polyimide spacer at a frequency of 2.12 THz. Energy dissipation in a) the ERR layer, b) the
dielectric spacer, c) the ground plane, and d) x-z planeaty = 3 [Simulations done by Dr.

James Grant].

The effective permittivity and permeability were extracted via inversion of the
simulatedS parameters as explained in Sect®B The retri#ed parameters for the MM
absorber, including real and imagindsgnde, are shown irfFigure4.4. This figure shows
the real parts of the optical constants crossing close to zero which is a condition for zero
reflection. To fulfil the condition of zero transmission, the real part op#reittivity has
to be positive and the real part of the permeability has to be negative or vice versa. The
hi gh absorption is illustrated by otatilee pe

imaginary component of the permeability. For this paldiciexample the absorption
frequency is 2.12 THz.
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Frequency (THz)

Figure 4.4 - Simulation of the effective permittivity and permeability parameters via the
inversion of the S parameters. [Simulations done by Dr. James Grant].

According to Equations3.20 and 3.23 the absorption characteristics of MM
absorber are dependent on the geometric shape of the ERR and the distance between t
two metallic layers. Additionally, the frequency absorption peak shifts depending on the
width and length of the ERR. Several crstsped MM absorbers with different
parameters were simulated for comparison of the shift in frequency absorption peak.
Figure4.5 shows the simulation results for a MM absonwh a closed crosshapewith
a3dlem thick polyimide di aMaedd,twere swepifromB5& b o
20 em. The original absorpti on switleaoopena (|
crossshapeis shown as a reference for compan to the other absorption peaks. The
original dimensions of thepencrossshaped MMabsorber are listed ifiable 4.1. The
open symbolsrepresent the change in drgency absorption peak when the length is
changed and the width is " at 5 m. [inés eepresent the change in frequency
absorption peak when the width is chash@ad the length is fixed at 26mThere is a
marked blue shift in the absorption pealsiion from 2.12THz to 8.1THz as the cross
arm length is varied from 26m teom.5 Fur t h er mbDHz eedshift ih the e |
absorption peak position when the cross arm width s 8 ¢ o mp aer neFdyuré4.6 5
shows the original MMwith a polyimide dielectric thickness ranging from 1 to 7.5 pm
thicknessescompared with a fm thick SiO, dielectric. The graph illustrates the
increasing peak absorption in relatimthickness between 1 and 3uh, and the slight

peak absorption value reduction at greater thicknesses. There is also a distinct redshift o
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0.25 THz throughout the increasing polyimide thickness. From this, an optimal polyimide
thickness where maximuabsorption is obtained can be seen. Also studied were absorbers
with SiO, dielectrics. For these, a maximum absorption of 65% at 1.90 THz was measured

with 3 um thickness.

100% MM dimensions:
90% Width = 5 pm
o L=20pm
80% o L=15pm
70% o IE= ;0 pm
c 60% > BT M
(©)
= 50% Length = 26 pm
£ 40% = an
— W=15pum
2 30% — W=10 pm
10% — Original MM
(A — . s : structure
1 2 3 4 5 6 7 8
Frequency (THz)

Figure 4.5 - Simulation results displaying the effect in the absorption characteristics when
modifying the width and length of the cross shaped ERR. The open symbols represent the
change in frequency absorption peak when the length is changed and the width is fixed to
5¢ m. T h erefdrasenetise change in frequency absorption peak when the width is
changed and the | engl[Smulat®nsfdone kydDr. lames2@ant. m.

100%

90%

80% Polyimide
= 70% i ;:(1) Em
.‘8 60% = t=5.0 ym
g- 50% — t=7.5pm
§ 40% o tSi=o32.0 Hm

30%
20%
10%

0%

1 1.5 2 2.5 3 3.5 4
Frequency (THz)

Figure 4.6 1 Effect of modifying the dielectric thickness and material of the MM

absorber. [Simulations done by Dr. James Grant].

A broadband MM absorber was previously investigated by the MST group to create
wideband absorbers using multiple stacked esbsgpeERRS[116]. The device consisted
of alternating stacks of metallic ERRs and dielectric layers on top of a metallic ground
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plane. The design of the crosses was based on the results from the single band absorb
where it was conalded that the resonant frequency of the absorption peak was mainly
determined by the arm length of the cross that is parallel to the electric field. Therefore,
each layer was designed to have crosses of differing lengths)(in order to support
several resonant modes closely positioned together in the absorption spectrum.
Additionally, by tuning the dielectric thicknesbl;fH3), the multilayer structure can be
impedancematched to free space at each resonant frequency and broadband absorptiol
thus obtained. The width of each cross arm was 6 um and the thickness of each metalli
layer was 200 nm. A top view and middle crssston of the broadband absorber is

shown inFigure4.7 with the respetive parameter values listed Trable4.2.
a) b)

H1

H2

H3

L1 ; ) P
=1 , )
L3

Figure 4.71 Broadband MM absorber with 3 stacked cross-shaped ERRs separated by

dielectric layers a) top view and b) middle cross-section.

Parametel Value
e 3.4
H> 1.2 Hm
L, 17 um
L, 15.4 pm
Ls 15 um
P 22 um

Table 4.2 MM absorber simulation parameters

The simulation parameters were repeated from the single band absorber methoc
using FDTD simulations. The simulated data for the multilayer MM absorber is shown in
Figure4.8. The broadband absorber was compar e

thick polyimidesample with no ERR structuréhe sample without an ERR structure had
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minimal absorptiorfrom the polyimide layewalidating that thehigh absorptionin the

other sampless a consequence of the MM structure and not of the absorpfidhe
dielectric The single band absorber had a single frequency absorption peak at 5.42 THz
with 78 % absorption. This absorber <dad
of 2 & m. Finally, the broadbaldzl53THg amdber
5.71THz with absorption magnitudes of 66%, 77%, and 80% respectively. Owing to these
three closely position resonant peaks, a wide absorption band was obtainddoBdrdz

to 5.94THz with an absorption greater than 60%. Taking the central frequency of the
threelayer structure to be 5.01 EHtheFWHM of the absorption is 48% of the central
frequency. Compared to the 20% of a single layer MM absorber, this istawm and a

half times the FWHM.

100% ——————
90% T -= 3 ERRs
80% |+ =—=1 ERR
- 70% | == No ERR
O 60% |
g 1
o 50% 1
o 00 1T
2 o0 |
0 T
< 20% |
10% +
(1[N s e —————a
3 4 5 6 7 8

Frequency (THz)

Figure 4.81 Absorption spectra from the broadband absorber compared to a single band
absorber and a sample without ERR. The single band absorber had one frequency
absorption peak at 5.42 THz and the broadband absorber had three peaks at 4.32, 5.31, and
5.71 THz with absorption magnitudes of 66%, 77%, and 80% respectively. [Simulations done
by Dr. James Grant].

The power dstribution was simulated in thezplane to demonstrate the origin of
the broadband spectral characteristics. The three resonances are sliogurad.Oa-c.
The resnance at 4.84Hz is primarily associated with excitation of the bottom ERR layer,
while the resonances at 5.16 and 5THz are mainly a consequence of excitation of the
middle and top ERR layers, respectively. These distributions clearly reveal thaERRc
contributes to the broadband absorption.
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a) 4.84 THz x10°b) 5.16 THz x10°

£ S
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X (MM
% (am) 5.70 THz (M) s
5

X (Mm)
Figure 4.9 - Power distribution of the broadband MM absorber. a) Resonance at 4.84 THz

from the excitation of the bottom ERR layer, b) resonance at 5.16 THz from the ERR middle
layer and c) resonance at 5.70 THz from the top ERR layer. [Simulations done by Dr. James
Grant].

4.2CMOS Technology 180 nm Process

Based on the prototypes previously presented it can be concluded that the ability of
MMs to be built in metdic and insulating layers to function as terahertz absorbers there is
great potential to integrate them into a standard CMOS process. The available metallic anc
insulating layers in CMOS technologies can be used to createatdlength arrays of
single orbroadband terahertz absorbers. This reduces the need for costlystolin chip
processing which helps to create a cost effective terahertz FPA with integrated readout
circuit electronics.

The design kit used for the design of the readout electronicshea€MOS9t5V
process from Texas Instruments (TI, formerly National Semiconductor). It is a 180 nm
CMOS process based on the Taiwan Semiconductor Manufacturing Company (TSMC)
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process with low voltage (1.8 V) and high voltage (5 V) capabilities. The transis
characteristics are shownTable4.3.

Device Lmin | Wmin | Vttyp. | Vds max.
1.8V NMOS| 180 nm| 220 nm| 0.469V | 2.0V
1.8V PMOS| 180 nm| 220 nm| -0.509 V| -2.0V
5.0 VNMOS | 600 nm| 450 nm| 0.714V | 55V

5.0V PMOS| 600 nm| 450 nm| -0.908 V| 5.5V
Table 4.3 - Transistor characteristics

The CMOS9t5V process has six metallic layers with its respective insulating layers.
The material properties and sizes of the layers are proepshént and due to aon
disclosureagreement they cannot be discussed in detail. But, an example of thessproc
crosssection is shown ifrigure 4.10 where the six metallic layers are labelled as M1 to
M6, the insulating layers in between metals are in light blue colouthendias 1 to 5

inter-connecting the metallic layers are shown in yellow.

Via5
-
Viad
M4
Via3

Via2

Vial

CO

Figure 4.10 1 Example of a CMOS process (CMOS9t5V) with six metallic and insulating
layers with respective vias for inter-layer connections for routing of the metallic layers.

4.3Chips Fabricated

Seven chips were fabricated in this projestier thell Universty Support Program
using theCMOS9t5V process. This section explains the details of each chip named as Chip
A to Chip F as described iFable4.4. The Thesis will only focus on the results from Chip
A, B, C, F & G. The rest of the chips were not fully tested due to time limitations.
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Table 4.4 1 Description of each fabricated chip

l\cl::ri:e Mi(;rs(t;(iﬁ%(zter Characteristics
Five MM array designs with the purpose of determining
the resonant absorption occurradthefrequency of interest
Testingof single pixels and the 5 x 5 readout electronics:
fDesign 1- Single band absorber & 5 x 5 FPA with read
electronics
fDesign 2i Broadband absorber & 5 x 5 FPA with read
electronics
Chip VOX fDesign 3i Six single broadband absorber pixels route(
A 30 e m x| externalds forcharacterisation
fDesign 4i No absorbers, only a ground plane
{Design 5i Broadband absorbers & 5 x 5 FPA with read
electronics
Single circuit blocks:
{Operational Transconductance Amplifier
15 bit Current DAC
fDecoder
Chip VOx Six single brcl)ad.bant?l absorber pixels routed to external
5 30 em x for characterisation in a 5 x 5 mrarray used to measu
absorption at 2.5 THz using a spectrometer
Two microbolometer designs:
Chip VOx and pn | {Design 1i 8 x 8 FPA withbroadband absorbers and V(
diode microbolometers
c 30 e m x| qDesign 2i Six single broadband absorbers wWiRiN diode
microbolometers
Chip VOXx 64 x 64 FPA with broadband absorbers and integrated re
D 30 & m x| electronics with serial output architecture
Chip VOx and pn | Copy of Chip C with a modification of the ESD pad ring
E diode
Chip VOx 64 x 64 FPA with broadband absorbers and integrated re
F 40 & m x| electronics with parallel output architecture
Chip p-n diode 64 x 64 FPAwith broadband absorbers and integrated rea|
G 40 & m x| electronics with parallel output architecture
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4.4 Chip A

4.4.1 Pixel Designs

Chip A contained five arrays with three different MM designs, three 5 x 5 arrays
with readout electronics, individual pixels, and singlewir blocks for characterisation
purposes. It was sent for fabrication to Tl on January 2012. According to the MM
simulation results presented in Sectif, the absorption frequency position of the single
band and broadband absorbers is sensitive to the refractive index of the dielectric insulator
Since the refractive index of the indayer delectric of the CMOS9t5V process is not
known at terahertz frequencies, different pixel designs were included to maximise the
chances that one of the pixels would absorb afTRPlA Each array covered an area of
1.5mm x 1.5 mm and had a pixel size of @& x 30 um. The total area of Chip A was
6014.83 m x ¢&7md 8ads sHgorevdl i n

The design of the threllM absorbers was based on the simulation results of the
stacked crosshaped ERRs detailed in Sectibid The pixels in Design 1 had single band
absorbers with an ERR in M6 and continuous ground plane inRfure 4.12e). The
pixels in Designs 2 and 3 were identical and were composed by a broadband absorber witl
three ERRs in M4, M5 and M6 and continuous groundeplarM3 Figure4.12f,c) . This
design was simulated without the passivation layer on top of M6. The reason setind
simulationswas that eventuallthe passivation layer would have had to be removed to
expose the top metal M6 stud and connect the microbolometer sensor to it. Therefore, i
was necessary to simulate the absorption response without the passivation. The pixels i
Design 4 did not haveRERs, only a continuous ground plane in MagUre4.12d). This
was done as a precaution in case that none of the designs would absorb at the desire
frequency. If that was the case, the MMs could have been added in our fabrication facilities
(JWNC). The pixels on Design 5 were composed of a broadband absorber identical to
Designs 2 and 3, but with the main difference of keeping the passivation layer on top of
M6 (Figure4.12a). The readout electronics were in Design 1, 2, and 5 and the individual
pixels connected to pads were in Designs 3 and 4. A summary of the designs is presente
in Table 4.5. It details the description of the MM absorbers and summarises the
characteristics and differences between the arrays. The ERR parameters for each Desic
are listed inTable4.6.
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Figure 4.11 - Chip A layout containing five MM arrays with three different MM designs, three

5 x 5 arrays with readout electronics, individual pixels, and single circuit blocks for

characterisation purposes.

Array Readout | Passivation| Ground Plang ERRs in Metal Layers
Design No| Electronics Layer Metal Layer
1 Yes Yes Metal 5 1 ERR in Metal 6
2 Yes No Metal 3 3 ERRs in Metals 4,5,6
3 No No Metal 3 3 ERRs in Metals 4,5,6
4 No Yes Metal 5 No ERRs
5 Yes Yes Metal 3 3 ERRs in Metals 4,5,6

Table 4.5 - Detailed description of the five arrays on Chip A
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Figure 4.12- Pixel MM Absorbers: a) Design 5 broadband MM pixel, b) metals colour coding,
c) Design 3 broadband MM pixel, d) Design 4 without MMs, e) Design 1 single band MM
pixel, and f) Design 2 broadband MM pixel.

Parametel Design 1| Design 2 & 3 Design 5

M6 M4 | M5 | M6 | M4 | M5 | M6
K [um] 154 19.5/18.5|17.5|16.0| 15.5| 15.0
L [um] 194 24.5| 235|225/ 21.0] 20.5| 20.0
N [um] 60 |50|50|50|50][50]5.0
W [um] 10.0 10.0| 10.0| 10.0| 10.0| 10.0| 10.0
Table 4.6 1 Electric ring resonator parameters for the single and broadband absorbers in

Designs 1, 2, 3,and 5
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The optimised MM absorbetructure weresimulated using 3D FDTD (Lumerical
Inc) software. The simulation steps were identical to the ones previously mentioned for the
single band MM absorber in Sectidnl I n this case, t he mes|
0lem and @z = 0. 05 ghathréembsoribeededigasrin Cahighadian a c y
absorption magnitude of at least 50% at 2.5 THz as/isho Figure4.13. The pixels in
Design 1 were single band absorbers and had an absorption magnitude of 70% (blue line]
The broadband pixels without passivation op @ M6 on Design 2 and 3 had an
absorption magnitude of 50% (green line). The pixels on Design 5 were identical to the
ones in Design 2 and 3, but had passivation on top of M6 and had an absorption magnitud
of 72% (red line).

100%
90%
80%
70%

—3 ERRs with passivation
layer (Design 5)

—1 ERR with passivation
layer (Design 1)

5 60% .

- 0 =3 ERRs without
2 50% passivation layer
8 40% (Designs 2, 3)

e

< 30%

20%
10%
0%

2000000000000 0000000000

—
o
N
N
o
w

3.5
Frequency (THz)

Figure 4.13 7 Absorption simulation data for the three MM absorbers in Chip A. The pixels in
Design 1 have one ERR and an absorption magnitude of 70% (blue line). The pixels in
Designs 2 and 3 have 3 ERRs without the top most passivation layer and have an
absorption magnitude of 50% (green line). The pixels in Design 5 have the same ERR
structure as Designs 2 and 3 but have passivation on top; they have an absorption
maghnitude of 72%. [Simulations done by Dr. James Grant].

The opticalconstants were extracted via the inversion of $hgarameters. The
retrieved parameters, including real and imagindrgnd ¢, for the MM absorber in
Designs 2 and 3 are shownkigure4.14. The dashed lines indicate the real and imaginary
permittivity and the solid lines indicate the real and imaginary permeability. The vertical
points indicate the frequencwd) of the maximum absorption at 2.5 THz, at the imaginary
component of the permeability. The real parts of the optical constants both crossigero at

which is required for zero reflection. The real part of the permittivity is negative and the
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real part ofthe permeability is positive as required for zero transmission across the

frequency range.
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Figure 4.14 - Chip A simulated effective parameters showing the real (red) and imaginary
(blue) £ in dashed lines and real (red) and imaginary (blue) Uin solid lines. [Simulations
done by Dr. James Grant].

Figure 4.15a shows the refractive index of the materiddat compose the MM
absorber. The metallic layers are shown in red and the dielectric insulating layers in blue.
The simulated absorption distribution in the& ylane shown ifrigure4.15b reveals that
the majority of the terahertz radiation is absorbed within the first micrometre of the
metallic layer and also in the first 200 nm of irteetal dielectric beneath the M6 ERR.
Therefore, placing the VOx microbolometer above M6 is the ragigiroach to obtain
higher responsd=igure4.15c shows the simulated terahertz absorption distribution below
the M6 ERR in the sy plane. Due to the inherent symmetifythe MM absorber device the
FDTD simulationsshowhow the absorption properties change with angle of incidence of
the EM waveFigure4.15d shows that the absorptianagnitude at 2.5Hz is not sensitive
to the angle of incidence for up to an angle of BbiS means that even when the incident
angle for the pixels at the edges of the array is different from the pixels on the tentre,

absorption magnitude of all¢tpixels will be constant.
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Figure 4.15- Power distribution simulations of Chip A. a) Cross-section showing the colour-
coded refractive index of the materials that comprise the metamaterial absorber. b)
Simulated Terahertz absorption distribution plot in the x-z plane at y =5 um. ¢) Simulated
x-y absorption distribution in the insulator immediately beneath the M6 layer and d)
simulated spectral absorption response as a function of incident angle. [Simulations done

by Dr. James Grant].
4.5Readout Electronics for the Focal Plane Array

Designs 1, 2, and 5 of Chip A had -ohip readout electronics for a two
dimensional 5 x 5 pixel matrix. The CMOS FPAs were developed using Cadence design
tools and the FCMOSO9t5V asign kit. The readout of twdimensional arrays of resistive
microbolometers requires the change in resistance to be measured by an output voltage ¢
current. The change in resistance is caused by the changes in incident terahertz radiatiol

The magnitudef the change is also dependant in the bias voltage or current applied to the
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microbolometer. All these factors and requirements were taking into consideration while
designing the readout circuit.

The readout circuit block diagram for the 5 x 5 arraghiewn inFigure4.16. The
readout circuit is identical for the three arrays. This integrated circuit is composed of one
row and column decoder, switches for selectoingels, a 5bit current DAC, and fie
operational amplifiers (op ampThe design kit available only contained basic electronic
component such as transistors, resistors, diodes, etc. Therefore each circuit, including th
digital logic gates, were designé&m transistor level and their respective layouts were
done. The design of each circuit block will be explained throughout this section followed
by an explanation of how the readout electronics function.

o, N
3 5
o o
> >
L 1
row 0 T =
A2 R .
ATR
—— ow 2 °
A0 R ROW
— row 3
DECODER
— NC
—NC
ﬂfh l NC _l_ . . . . A _L
ZI _:_%_ —l:l—%—
I row 4" = 1 . . . . I =
vbit 4 T +
——
VBT 3 =
——
Vbit 2 | CURRENT &
Ib:$— ._g —AlN]™m
Vbit_1 DAC g + clcle
—— E|EIE
Vbit_0 column0 2|22 column 5
— 3[ 8|8
1 4 4000
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| ]|
£ § I
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4+ 6‘ O
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© A ——
EN_C
oholh Uh
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Figure 4.16 - Serial output 5 x 5 focal plane array readout circuit block diagram.

4 5.1 Decoders

The individual selection of pixels is dependent on the use of one row and one column
decoder at a time. For the 5 x 5 pixel array salactwo identical 3 to 8 decoders with

enable functions were designed. The decoder functions as follow:emiadte EN) is low
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(0O V) it decodes the-Bit input on the A2_R, A1_R, AO_R input lines for the row decoder
and A2_C, A1_C, A0_C for the columnabeler. This enables the corresponding word
line for the row decoder and column decoder meaning that oelyixel is selected at a
time.

The decoder was designed with four inverters and 4iMaput NAND gates as
shown inFigure 4.17. These basic logic gates were made from minimum width NMOS
(280 nm/ 180 nm) and 3 times minimum width PMOS (640 nm/ 180 nm) transistors. Half
the truth table is shown ifable 4.7, the other half is not shown because when the EN
signal is high all outputs are disabled. For the 5 x 5 array only switches 0 to 4 (SWO to
SW4) were used.

>
R

YooY

v
ov
N3

Figure 4.17 - Decoder schematic.
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Table 4.7 - Decoder half truth table

The decoder simulation results for the selection of 5 pixels are showigune
4.18. The input signals (A2, A1, AO) and EN are shown umpte and the output signals
(SWO to SW4) are shown in blue. The input signals start with the word line 000 and
progress to 111 for 2 cycles. A2 is the most significant bit (MSB) and AO is the least
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significant bit (LSB). The simulation results show thathe first cycle, when EN is low,
only one output is activated per pulse starting with SWO until SW4. When EN isalligh,
the outputs are disable@he pulse width is adjusted depending on the readout speed, for

this example each pulse is 80s .
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v (V)

gg; AZ

W (V)

9¢r7ATT

v (v)

84r77TT

v (V)

-8 TTEWa

wo

v (v)

v (V)

_

v (V)

-
i

[+] 500 100 150 200 250 300 350 400 450 S00 550 600 650 700 750 80
time (us)

Figure 4.18 1 Decoder simulation results. Input signals in purple (EN, A2, A1, AO) and output
signals in blue (SWO0 to SW4). When EN is low only one output is decoded depending on the
input word-line, when EN is high all the outputs are disabled.

4.5.2 Transmission Gates

The transmission gates (TGs), also known as switches, were designed to access ar
to readout every pixel of the array. The TGs were connected to the outputs of the row anc
column decoders taccess only one pixel at a time. The main specifications for the design
of TGs are speed and low resistance. They have to provide a low ON resistghce (R
compared to the microbolometer resistance of more than 100 times difference while still
maintaining reasonable on and off times. The TG circuit design and the respective
transistor 6s Bigure4£l®. Therpehansehandwohanneh transistors are
connectd in parallel to avoid dynamic range limitations. The bulk of the NMOS is
connected to 0 Volts (GND) and the PMOS to 3.3 Volts (VDD). A pair of dummy
transistors with their source and drain connected together were used to reduce feedthroug
effects[122]. These dummy transistors acting as capacitors are connected to the output

signal of the TG.
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Figure 4.19 - Transmission Gate schematic.

The TG simulation results are shownFigure4.20. The Ryyis below 13q f or &
maximum current of 3 HA and maximum bias voltage of\B.3he NMOS is dominant
when @ssing lower voltages and the PMOS passes higher bias voltages. This behaviour i
noted inFigure 4.20a where Ry changes its resistance depending on the input \&ltag
although the resistance change is minimum Y<3. The T é&ked yr e
complementary signalg(AT B)f r om the row and col umn de
activated when the NMOS gate ha¥ @nd the PMOS gate has 3/3When the TG is on,

the inputsignal is equal to the output signal as showRigure4.20b andc.
a) Expressions b) DC Response

—Ron 3.54/Vin

1

12

O
—
w
irin

4

9.0

8.04

0.0 5 10 15 2.0 25 3.0 35 0.0 5 10 15 2.0 2.5 3.0 3.5
Vin ¢ Vin 0

Figure 4.20 - a) Transmission gate ON resistance and b) Input signal equal to c) output

signal.
4.5.3 5-bit Current Digital-to-AnalogueConverter

A current DAC was designed to bias the microbolometers. The design of the single

output DAC was based on the basi2R ladder topology. The-RR ladckr is a binary
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weighted current source which is relatively easy to design and implemesttipoioy
utilizing accurate layout techniques such as comgeniroid and unitnatching. Due to

the high resistance of the Y@icrobolometers, the current bias hadoe on the range of
nanoAmpers to avoid saturation of the output amplifier with an output range @ft0.3
3.3V. Therefore, large values of resistors in the range of megaohms were needed to obtail
such small currents on the ladder network. This approachd not be implemented in the
integrated circuit due to the significant increase of chip area and layout mismatch. The
solution was to replace the resistors with PMOS transistors operating in the linear region to
perform as an RR ladder. All the transtors hadthe same width and length
(440nm/900 nm) in each branch of &5 bit current DAC as shown iRigure4.21.

FRERREACL

A2 A2

Al|Al AljAl AO|AO AO

noj

00
=
o
00
o

Vbit4
Vbit3
Vhbit0

Figure 4.21 - 5 bit current DAC schematic.

The minimum current value of the ladder had to be chosen at least one order of
magnitude higher than the transistor leakage current. In the CMOS9t5V technology, the
leakagecurrent for the PMOS is 30 pA/um, thus 100 nA was an appropriate value. The
external reference currenty,l was determined using imes the LSB current of the ladder
[123]. For the 5 bit DAC (2=32), therefore 100 nA * 32 = 3.2 pA. Theb current DAC
provides a single mirred current output from 100 nA to 3 pA using a reference current of

3.2 YA as shown in the simulation resultd=igure4.22.
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Figure 4.22 7 Simulation results from the 5-bit current DAC showing a minimum current of
100 nA to 3gA.

The current value is proportional to the input digital word provided by external
pads. The bits control the differential switchdseach ladder leg with complementary
overlapping signals provided by a $&tset (SR) latch shown frigure 4.23 where the
inputs are S=1, R=0, and Q=1 thereforethe ncti on i s consi der e
outputs to the controlling signals of the DAThe use of the SR latch ensures that the
current source does not switch off completely to avoid large glitches when switching
taking only 4 n4124]. The current in each ladder leg has two available paths through the
differential switches so that the current source always delivers cyi2sjt When the
particular branch is not selected by the input word, the current is dumped to ground. On the
other hand, if it is selected, the current is steered to the DAC output and is mirrored by a

basic current mirror and fed only to the column ofgihel| being readout.

Transient Response

33I7QT AN T

49.993 49.998 50.004 50.009 50.015 50.0.
time (us)

Figure 4.23 - Set-Reset latch simulation results where the input signals (purple) are S=1 and
R=0 therefore the outputs (blue) are set to Q=1 and QN=0.

66



4.5.4 Operational Amplifier

The topology of the amplifier is based on a baperational transconductance amplifier
amplifier (OTA). The amplifier is composed of two stages: differential input stage and
singleended output stage. The input stage is composed of a PMOS differential pair, loadec
by a PMOS current mirror. The differential pair transistors are sized to drive 12.5 pA in
each branch provided by a basic cascoded current mirror load. The output stage consists
a source follower and a curresitk load.

Figure 4.24 shows the schematic and transistor sizes of the amplifies.open
loop characteristicsersus frequencare shown inFigure 4.25a. It shows an open loop
gain(OLG) of 88dB, a 3dB frequency of 1.6868Hz, a BW of 19.™Hz and a phasmargin
of 61.26°.Figure4.25> shows thdransient response in an open loop configuration with
differential input signal oflOpuVy, and the resulting single ended outgignal with an
OLG of 25000 V/V.

The amplifier is used at the end of each column with the purpose of producing a
voltage dependent on the resistance value of the microbolometer depending on the
terahertz incident radiation power. There are five amplifiers in the array, one per column.
The microbolometer is connected in a feedback configuration to the output amplifier. As
the current biases the microbolometer, the amplifier reads a potential between 0.3 V anc
3.0 V depending othemi cr obol omet er 6s resi st anfore Ve

every pixel until a voltage map is created.

‘ 21.6u Vout
2.52u H——>

1080 2160 V4
00 || I[_900 J 35.280 ‘
\ \ V- 228 252 337p

2.52u |

Ll

7.2u
I 3.61
2

\\}7

Figure 4.24 - Operational Amplifier schematic with an integrated cascaded current source.
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Expressions b Transient Response

1.650005 V=T TV+

3dB Frequency(1.659kHz, 80.61dB)

1.650003

Bandwidth (19.69MHz, 0.0dB| 1.650001-

V(V)

1.649999

1.649997

-5 L6459 vait

1.8

Y1 (deg)
'
V (V)

101 102 103 104 10° 106 107 108 109 o o 1 T2 T P T
frea (Hz) time (ms)

Figure 4.251 a) Open loop versus frequency characteristics showing a gain of 83.61 dB,
3dB frequency of 1.66 kHz, a BW of 19.7 MHz and a phase margin of 61.26°. b) Transient
response showing a differential input signal of 10 uV,, and an output signal with the

respective gain of 25000 V/V.
4.5.5 5 x 5 Readout Process

The readout process will be explained in this section. First, the microbolometers are
properly biased by the-Bit current DAC to provide voltage outputs within the power
swpply range of the operational amplifier (0V3.3 V). The bias current depends on the
resistance value of the microbolometer. After the current has been binary weighted with
the external 5 bits of the digital input word, the readout process begins biyngetate
pixel at a time controlled by the row and column decoder. The first column is selected by
closing a switch that connects the current DAC to the respective column; each row from
the selected column is read. Then, the process repeats to readieekiry @very column.

Only one column at a time is biased with current to reduce the power consumption and
output load for the DAC. The amplifier then reads the output voltage of every pixel
depending on the microbolometer resistance and bias currenschibenatic of a single

pixel readout is shown ifigure 4.26 and the complete schematic of the 5 x 5 array is
shown inFigure4.16.
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Figure 4.26 - Single pixel readout schematic.

The row decoder and column decoder signals are shovfigure 4.27. The row

decoder signals are A2_R, A1 R and AO_R and the column decoder signals are A2_C

Al C and AO_C. The row decoder allows single pixels to be selected while the column

decoders allow # current to flow from the DAC to pixels in the particular column

selected. For this example, the pixels are read at 10 KHz (AO_R sets the frequency), thel

every column switches at 1/5 of that frequency since 5 pixels are being read per column.

Thereforethe total readout timing for a 5 x 5 array would be 1.25 ms per frame.
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Figure 4.27 - Row and column decoder signals.

Figure4.28 shows the simulation results from the 5 x 5 serial readout schematic. In

this particular example, the microbolometers were simulated as ideal redigs The

bias current was 1.3 pA and the bias voltage was 0.3 V. The values of thersesml

respective output voltages are listedlable4.8. The output voltages were obtained using

Equationd.1 which was derived from the schematidhigure4.26.

W NO)

Y
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Figure 4.28- FPA output signals from every pixel on the 5 x 5 array.

Re s i st g Pixel Output Voltage [V]
100 k 0.42
500 k 0.89
800 k 1.24
1M 1.48
2M 2.66

Table 4.817 Readout output voltages
4.6Chip B

Chip B was fabricated to characterise the absorption response udtogriar
Transform InfraredFTIR) spectrometer. The pixel design on this chip was identical to
Design 2 and 3 from Chip A containing 3 ERRs in M4, M5 and M6, a continuous ground
plane in M3, insulating layers, no passivation, and VOx microbolometers. Due to the
continuous ground plane on the MM array, there is no transmission therefore the reflection
was simulated to calculate the MM absorption. Theogdi®n response was 50% at

2.5THz as previously shown iRigure4.13 (green line). The FTIR spot diameter ishn,
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thus a sample area larger than the spot diameter was needed to measure the atfiection
30° angle. Chip B had an array area of 5 x 5°muith six pixels routed to external pads.
The total area of Chip B was 6731921 6731.92c m a s sHgorev29. i n

6731.92 pm

6731.92 pm

Figure 4.29 - Chip B layout with a total area of 6731.92 ¢ mx 6731.92 ¢ m
4.7Chip C

Chip C was composed of two arrays with broadband absowudo®is different
microbolometersFigure4.30s how t he | ayout of Chip C
5280. 68 ¢&m. The top desi gn wa spixas raltedtd e
external pads. The bottom design was an 8 x 8 VOx microbolometer FP Al@atiostatic
discharge(ESD) protected pads. Originally, the CMOS9t5V kit did not contain a library
with ESD protected pads, therefore Chip A and B had minimal @8t2ction(only guard
rings surrounding the electronic$) was from Chip C that the ESD pads were added only
to the 8 x 8 FPA. The pixels on both arrays contain broadband absmibatisal to the
ones in Chip ADesign2 with 50% absorption at 2.5 THz.
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Figure 4.30 1 Layout of Chip C with a total area of 3112.90 em x 5280.68 em. The top array
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has 6 diode pixels routed to external pads for characterisation. The bottom array has an
8 x 8 VOx FPA with ESD pad ring.

The 8 x 8 VOx FPA worked identically to the 5 x 5 FPA with serial readout
electronics as explained in Sectidrb.5 hence thdocus of this section will berothe
diode array. The common use of silicon diodes in uncooled IR detectors led to the idea of
designing terahertz sensors with the principle of using the integratedligdes as
microbolometers in combinatiomith terahertz MM absorbers. Silicon diodes are ideal for
imaging systems due to their temperature sensing characteristics and existing integration il
the standard CMOS process. Diodes reside on the bottom layers of the CMOS process i
contrast to the VOxnicrobolometers that are deposited on top of the MM absorbers. The
use of pn diode sensors was worth investigating due to simplergrosiessing etching
steps, better sensor uniformity, lower noise and reducetisating.

Ideal diodes have a forwaxaltage of 0.7 V and a TCV 60.2 %/K resulting in a
voltage change per degree of temperatur@ oiV/K. The sensitivity is low compared to
VOx microbolometers but can be improved by adding diodes in series to increase the TCV.

The simulated-V charactestics for one diode and three diodes in series are shown in
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Figure 4.31a-b respectively where the forward voltage for one diode was 0.7 V and for

three diodes was ppoximately 2.0 V.

a) DC Response b) DC Response
25 1.5
1.25
20
1.0
15
3 Y
E E750
10
5004
5.0+
2504
[0} T T T T T 0 T T T T T T
0.0 5 1.0 2.5 3.0 3.5 0.0 5 1.0 1.5 2.0 2.5 3.0 35

1.5 2.0
BiasVoltage2 () BiasVoltage ()

Figure 4.31171 |-V characteristics of a) single diode and b) three diodes.

In order to increase the sensitivity of the pixel, it was necessary to add more than
one diode per pixel. Theumber of diodes per pixel was decided based on two constraints:
pixel size and maximum power supply voltage. The maximum number of diodes able to fit
ina30e nk30em following the Design Rule Chec
series where each diedneasured 4.85 nx 12.6e mFigure 4.32 shows the layout of a

single pixel with three diodes covered by the continuous ground plane.
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Figure 4.32 - Chip C single pixel layout showing three diodes in series.

The sensitivity was simulated by sweeping the temperature fré@tv070°C and

measuring the diode voltage changeFigare di
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4.33ab show the diode simulation results where the sensitivity was calculated by
measuring the slope a8 mV/°C for one diode andé mV/°C for three diodes in series
respectively. The circuit schematics are shown as insé&ligoife4.33a-b for one and three

diodes respectively.

a)
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Figure 4.33 7 a) Sensitivity of a single diode and b) three diodes.

4.8Chip D

The advantage of scalable technology and the design of three previous chips with
smaller arrays gave us the experience and confidence to createvatkR larger number
of pixels. Chip D was designed to be ax634 pixel array with serial readout electronics
and ESD protected pads. The design and readout architecture was identical io5the 5
FPA resulting in one problem: readout speed. The seaalout of a 64 x 64 array reading
at 50 e€s per pixel would take 0.2 s per
speed of at least 25 fps. Furthermore, Chip D needed 90 pads for testing the readou
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electronics requiring additional equipmewt the testing saip. Therefore, Chip F was
created to be a 64 x 64 array with parallel readout electronics architecture. The layout of
Chip D is shown irFigure4.34.
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Figure 4.34 - Chip D 64 x 64 focal plane array layout with a total area of 7135.5 ¢ mx
7138.7e m

4.9Chip F

Chip F was designeds a 64 x 64 FPAwith broadband terahertz absorbers
containing two ERRs in M&nd M6, and the ground plane in M3. The layout of the pixels
changed slightly from Chip A due to the pgpsbcessing steps required for pixel isolation
where M4 was used as a sacrificial etching layer. The ERR in M4 was substituted by a
metal square withraarea of 26e mx 2 6 € m. -procdsEng was e¢cessary to
decreasethe response time and reduce c#adk. The posprocessing steps will be
explained in Chapter 5. The total size of the chipwas 80Z/88 803 3. 78 & m
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array covering an areaf 5920 mx 5920e m and each gmxdeclmasbei r
shown inFigure 4.35a-b respectively. The dimensions of the ERRs in M5 and M6 were

identical to the Chip ADesign 2 andher parametersare listed inTable4.9.
b)

8033.78 ym
40 pm

«© ] L) i ]  w—_o— 5 ] l ] ] ¥

8027.33 pm 40 pym
Figure 4.35- a) Layout of Chip F with an area of 8027.33¢ mx 8033. 78 em and
layout with two ERRs inanareaof40e mx 40 em. The pixel shows

to the transmission gate.

Parametel M6 ERR| M5 ERR

K 17.5 pum| 18.5 pm
L 22.5 um| 23.5 pm
N 50um | 5.0 ym

W 10.0 ym| 10.0 pm
Table 4.91 Electric ring resonator parameters for Chip F

b)
t he

The absorption characteristics of Chip F were simulated using Lumerical Inc.

software.Based on previous simulation results, it was assumed that this desigd

absorb at 2.5 THz, but would only have two absorption peaks directly related to the two

ERRs.The broadband pixels had an absorption magnitude of 97% at 2.5 THz and 93% at

2.8 THz as shown ifrigure4.36. The simulation showed the two peaks as expected, due to

the use of two ERRs in the MM absorber.
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Figure 4.36 - Chip F frequency absorption from two ERRs at 2.5 and 2.8 THz with 97% and

94% absorption. [Simulations done by Dr. James Grant].
4.9.1 VOx 64 x 64 array Parallel Readout

The parallel readout architecture was based on the 5 x 5 array readout design. The
parallel readout architecture has tmajor advantage of increasing readout speed. The
array was designed using the same electronic components from the 5 x 5 array including
the 5bit DAC, 3 to 8 decoder, and amplifiers. In order to select 64 rows a 6 to 64 bit
decoder with EN function was useThis decoder was built using nine 3 to 8 decoders
where eight decoders give 64 outputs. In order to enable the eight decoders, eight EN
functions were needed. These EN functions were obtained from the ninth 3 to 8 decoder
Each one of the 3 to 8 decodeshared the external 3 LSBs (A0, Al, and A2) except the
main one, which was controlled by the external 3 MSBs (A3, A4, and A5). This single
decoder controlled the EN functions of the 8 decoders allowing for the proper selection of

64 rows. The schematid the 6 to 64 decoder is shownRigure4.37.
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Figure 4.37 - Schematic of 6 to 64 decoder created with nine 3 to 8 decoders.

The parallel readout process starts with properly biasing the VOx microbotesmete
using the Sbit current DAC.The external bias current selected depends on the resistance
value of the microbolometer. It is necessary to check the output voltages are within the
maximum voltage rails of the OTAAfter the current has been binary weighted with the
external 5 bits othe digital input word, the readout process begins by selecting eight
columns at the same time and one row of each one of those columns. This means the
instead of having only one current DAC, the array has eight current DACs that bias eight
columns at thesame time. Therefore, the reading time is reduced by 8 times compared to
the serial readout architecture. Each one of the 64 columns has an OTA connected in ;
transimpedance feedback configuration to the microbolometer. As the current biases the
microbolameter, the amplifier reads a voltage between 0.3 V and 3.0 V depending on its
mi crobol ometerdés resistance value. I n or
output from the OTA is connected to a switch and to one of the eight output amplifiers
usedas buffers. Lastly, all the voltages are read out to create a voltageThegingle

pixel readout schematic is shownFigure4.38.
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The simulation results from ¢hVOx 64 x 64 array with parallel readout
architecture are shown Figure4.39. The simulation shows the simultaneous reading of 8
output channels labelled as VOUT®t VOUT 7 . Each pixel was r
in 12.8 ms peframe and 320 ms for 25 frames.

n Rvox

T -
E 3

= S >

\
CURRENT | Ibias +
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DAC
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Figure 4.38 - Single pixel schematic of the VOx 64 x 64 focal plane array.
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Figure 4.391 Schematic simulations from 64 x 64 focal plane array with parallel readout
architecture, each graph shows simultaneous reading of 8 columns (VOUTO to VOUT?7).

For this simulation the DACwas extmal | 'y bi ased with a
source and the bit word was 00100. The output current measured from the DAC was
368nA. Each pixel was simulated with a different resistance value to measure the
respective output voltagesd to prove thathe amplifier reads a different voltage output
depending on the resistance. In this case, the resistances are ideal, but once the VC
microbolometers are added to the CMOS chip, the resistance will change2o#iiK
to -3 %/K when exposed to the laséigure4.40 shows the output of only one column and
64 rows where the output voltages change from 0.33 to 2dep¥nding on theesistance
val ues of 100 kpatvoltagesSverdalso caltutated using Equadidn
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and the results are listed ihable 4.10. The calculatedvalues properlymatch the

simulation results.

Transient Response
2801

2.4

2.0

0.0
0

.10 .20 30 40 .50 .60 .70 .80 .90 1.0 11 12 13 14 15 1.6
time (ms)

Figure 4.40 1 Readout simulation for 1 column and 64 rows with resistance values from

100kY to 5 MY. The output voltage changes deper

Re s i st g Pixel Output Voltage [mV
100 k 0.3376
200 k 0.3743
300 k 0.4112
400 k 0.4479
500 k 0.4848
600 k 0.5217
700 k 0.5585
800 k 0.5954
900 k 0.6322

1M 0.6691
2 M 1.0375
3 M 1.4059
4 M 1.7743
5M 2.1424

Table 4.10 - Calculated output voltages from different resistance values
4.10Chip G

Chip G was comosed of a 64 x 64 array withrpdiode microbolometers and single
band terahertz absorbers. The layout of Chip G had a total area of 8G33%8
7377.74¢ m wi th the array e€oxb820d mgarmdh e@aacech i
40 € mx 40 em asFigweMadlah redpectively. Due to pegrocessing
requirements, the layout of the pixel looks different to the previous designs and only
contans one ERR. The reason being that the diodes exist underneath all the metal layers

therefore deep etching of the intaetal dielectric andnetal layers was required to isolate
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the pixels. Additionallyetching ofthe underlying silicons required tocreate thinnepixel
membranes The rest of the metal layers are used as a mask to protect the ERR.
Additionally, having a continuous ground plane is no longer possible due to etching
throughthe entireCMOS stack to isolate the pixels. The layout of the Ipst®ws the
surroundings of the pixels covered by metals which are used to protect the routing metals
(M1 and M2) and to create the supporting arms of the pixel membrane. The pixel is
composed of one ERR in M5, with the dimensions listedTable 4.11, to create a
resonance at 2.5 THz. The M6 on top of the ERR is used as a mask to protect the ERF
during the etching process with M3 used as ground plane. Both metalguare shape

with areas of 2& mx 2 6 eacdh.nThe pixel layout also shows one diode measuring

485¢ nx126em and one transmission gate wused

40 um

4+ B B B

7377.74 pm

S————3—3x—3— ¥ % 3% ¥+ ¥ 7
8033.78 ym 40 pym

Figure 4.41 - a) Layout of Chip G with an areaof 8033.78e mx 7377 . 74 em and b)
layout with one ERRs in an areaof40e mx 40 &€ m.

Parametel M5 ERR
K 17.0 um
L 22.0 um
N 5.0 um
w 10.0 pm

Table 4.111 Electric ring resonator parameters for Chip G

The MM structure was simulated using FDTD with Lumerical Inc. software as
discussed in Sectiof.1 Figure 4.42 shows the simulation results from a single ERR in
M5, it has an absorption of 76% at 2.5 THz. Compared to the rest of the broadband MM

absorber arrays, the single layer MM absorber has awlaand absorption peak.
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Figure 4.427 Simulation results from Chip G showing absorption of 76% at 2.5 THz.

[Simulations done by Dr. James Grant].
4.10.1Diode 64 x 64 array with Parallel Readout

The readout scheatic was designed using the same electronic components as the
VOx arrays. In this array, a current DAC was not used to bias the pixel; instead an external
voltage source connected to an active resistor was used for biasing. This was done due t
time constaints when submitting Chips F and G to the final fabrication IRigure 4.43
shows the schematic of a single pixel readout. The parallel readout follows the same

procedure as described in Secti®9.1
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Figure 4.43 1 Single pixel readout schematic for the 64 x 64 diode array.

An example of tb simulation results from thepdiode array is shown iRigure
444, For this simulaton t he pi xel s were biased at 5
supply ¥/-) to 3.3V andVvbiasto 1.7 V. The simulabn results show an average TCV of
bl4mV/ Cin atemperature range of Ito 70 C.
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Figure 4.44 7 Simulation results for one column and 64 rows showing the increase of
voltage per degree of temperature.

4.11Summary

The design of terahertz MM absorbers, microbolometers and readout electronics was
thoroughly described in this chapter. T$imulation results for ERRs proved the concept
of obtaining single and broadbasgectral responseatepending on the number of stacked
resonators. The MMs can be manipulated to absorb at the required frequency by changin
the shape of the resonator. Thaulation results were used to integrate MM structures and
microbolometers to obtain terahertz sensors sensitive to temperature. The capability of
MM structures to be integrated into the CMOS process presented a major advantage
towards the creation of lowost terahertz FPAs. Once the MMs were integrated in the
CMOS process, the FPAs were created using serial and parallel readout electronic
architectures. Two microbolometer materials wemeestigated: VOx and silicon-mp
diode. Both of them were used to loutifferent FPAs namely: VOx 5 x 5 array, VOx 64 x
64 arraywith serial readout, VOx and-ip diode 64x 64 array with parallel readout
electronics. Both sensors are capable of producing images at video rate speed, although tt
VOXx is more sensitiveottenperature compared to thenpdiode £nsor, but the 4o diode
already exists in the CMOS process. It was worth investigating both options because the

have distinct and unique advantages towards the creation of terahertz FPAs.
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Chapter 5Focal Plane Array

Experimental Characterisation

This chapter willdescribehe FPA experimentatharacterisation techniques and detalil
the resultobtainedfrom the fabricated chips. The experimental results balicompared
to the simulation resultgresented in thprevious chager including important FOMs such
asRv, TCR, TCV, NEP, andJ The fabricated chips were packaged and-postessed by
Dr. James Grant. The pegstocessing steps were needed to add the resistive
microbolometers and to create membranes in the FPAs. VOrolmiometers were
patterned on top of the MM absorbers and three membrane thicknesses were investigate
for Chip A, B, and F. For Chip C and G;npdiode microbolometers were characterised
with three membrane thickness@$ie experimental results from tpestprocessed chips
will be presented in the following sections starting from the characterisation of single
circuit blocks, absorption characteristics of the MM arrays, single VOx pumddiode
pixels, 5x5 VOx FPA, and 64 64 FPAs.The MM based teralg FPA with VOx
microbolometers was employed in both a transmission and reflection mode imaging
experiment to demonstrate its imaging capabilities using the CW FIR gas laser operating a
2.5THz.

5.1CMOS Characterisation

The first CMOS chip received fronthe foundry wereChip A. This chip contained
five arrays with three different MM designs, three 5 x 5 FPAs, individual pixels routed to
outputpads and single circuit blockeededor characterisation purposes. The individual
electronics circuits did natequire posprocessing procedures in order lde evaluated
therefore each circuit was tested to verify proper functioning of the readout electronics.
The individual circuits in Chip A were a 3 to 5 decodehitscurrent DAC and OTA.
Custom designed fmesolution printed circuit boards (P€Bmade in the School of
Engineering workshop were used to test every circuit. The PCBs were etksgjng
Easily Applicable Graphical Layout Editor (EAGLEYdftware and were made from thin

layers of copper foil (bz) laminated to both sides of an FR4 (flame retardant) glass epoxy
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panel. After the postprocessingof the CMOS chipswas complete the FPAs were
characterised. The experimental results obtained from Chip A will be explained in the

following sections.

5.1.1 Packaging

Fifty dies were fabricatedh the foundryand the ones ready to be tested were
packaged inCeramic Pin Grid Aray (CPGA) packages from the company Spectrum,
Semiconductor Materials, Inc. The 100 CPGA threhgle mount package has a ceramic
substratdor enhanced thermal heat dissipation arghvity of 1Immx 11 mm. It contains
100 goldplated pins, with a 2.54 mm pitch, brazed in a matrix pattern to the bottom of the
ceramic substraterigure 5.1a and b show the top and bottom view of the 100 CPGA
package respectively. The bottom right corneFigiure 5.1b shows an extra pin which is
used fororientationguidance when placing the package into a socket. After the chips were
glued into the 100 CPGA package, they were bonded following the specifically designed
bonding diagrams. The bonding was doseg theHesse and Knipps 710 ultrasonic wire

boncer locatedn the School of Physics and Astronomaythe University of Glasgow.

¢'C

2P0

SPPPIDND

500
% » .. POD

» e R
NGO R CR R
X EELEELEEEYE

DD

oY
00
S
)
R
)
L)
- 5
P
_' -~

Figure 5.1 - 100 CPGA package a) top view showing the 11 x 11 mm? cavity and b) bottom
view showing the pin grid array in the ceramic substrate and the extra pin in the right corner

used for orientation.

5.1.2 3 to 5bhit Decoder

The 3 to 5 bit decoder was tested using a simple testpsebnsisting of a DC
voltage source used to bial the input bits (ENA2, Al, and AO)to 3.3 V (high) or 0 V
(low). Sliding switches were used to manually select the digital input word and an

oscilloscope was used to measure the output voltages or digital output word (YO to Y4).
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Figure5.2a shows the PCB used for testing which corresponds to the schematic shown on
Figure5.2b. The 3 to 5 deoder was designed as a 3 to 8 decoder, but only five outputs
were enabled. When EN is low, thebB input word decodes the corresponding output.
When EN is high, none of the outputs are decoded.Dihe@xperimentatesultsshown in
Table5.1 demonstrat¢hat the input word 0000, which corresponds to the decimal number
0, enables the first outpt¥i0= 0 V while maintaining the other outputs in a high state. The
decimalinput 1 enables the second outpyl, and the process continues to sequentially

select the corresponding output.

YO

EN Y1
A2 Y2
A1 Y3
A0 Y4

ROW | _\c

DECODER [—NG
NC

Ayl
gl
Ayl
Al
Ay
Al
Ayl
Al
Ay
ZAl

Figure 5.27 a) PCB fabricated to test the decoder and b) PCB equivalent schematic.

Inputs[V] Outputs [V]
Decimal |EN| A2 | A1 | AO] YO Y1 Y2 Y3 Y4
0 0 0 0 0 J0.003] 3.3 | 3.3 3.3 3.3
1 0 0 0 | 3.3] 3.3 [0.004] 3.3 3.3 3.3
2 0 0 | 33| 0 3.3 | 3.3 |0.003] 3.3 3.3
3 0 0 | 33]33] 33| 33| 3.3 | 0.003 3.3
4 0 33| 0 0 33| 33| 33 3.3 | 0.004

Table 5.1 - DC experimental results for a 3to 5 bit Decoder
5.1.3 Operational Amplifier

The amplifier was composed of a differential input stage (V+ af)caNd single
ended output stage (). The PCB was designed to verify the DC and AC performance of
the amplifier. The PCB contains the configurations showhignire5.3a, b, and ¢ which
correspond to unity gain test, offsailtage test, and inverting configuration with a set gain
respectively. The PCB is shown gure 5.3d and containshe test benchesentioned
previously which can be formed by using jumper sockets to form the desired

configuratiors. The externdbias voltagesre applied usinganana connectors.
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The unity gain or buffer configuration was tested in the clesep gain
configuration shown ifrigure5.3a whereV- is connected t&,, in a feedback loop and it
follows the input voltag®+. The test setip consisted in sweepingt+ from 0V to 3.3V
and Vot was measured using a voltmetdnigure 5.4a shows the simulation results
compared to the experimental results whéres equal tov,,: andV+ for the voltage range
of 0.2V to 3.1V.

The input offset voltage was measured following the configuratidfrigare 5.3b
whereV+ was set to 1.65 V and- was swept from 1.64 to 1.67 with 1 mV increments.

This test measures the voltage difference between the inputndV-, to set the output
voltage to tle same potential, in this case 1\65The simulation results compared to the
experimental results are shownHRigure5.4b. The simulation results are ideal, therefat

1.65V the input voltages are equal to the output voltage. In the experimental results there
is a0.23uV offset voltageamplified by the open loop gain ton&V. This small voltage

can be compensated by injecting an offset voltage into thenwernting input to match

both inputs. The input offset voltage is small enough to measure the minimum voltage
expected of 0.¥ in the experiments.

The inverting configuration is shown igure5.3c where the closed loop gain was
measured with external feedback resist®$ §ndR2). The gain for this configuration is
dependent on the value of the resistors by ridationshipw j @ Y¢) 'Yp. The
inputcommonmode signal was set to 1.85and the AC signal was set to 200/,.,. The
gain was set to 10 V/V b¥xVYsefThiendrRhueaoc
from 10 Hz to 20 MHz. The experimental results are showfigare5.4c where the gain
stays constant until 400 kHz, then it stops amplifying showirgpadwidth BW) of
18 MHz which compare well to the simulation results showing a BW of W8H&. Figure

5.4d shows an oscilloscope image displaying a gain of 10 V/V aKHX)
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Figure 5.3 - Equivalent schematics to test a) unity gain, b) offset-voltage, c) inverting

configuration with a set gain, and d) printed circuit board used for testing the amplifier.
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Figure 5.4 1 Operational amplifier simulation results compared to experimental results. a)

Unity gain, b) input offset voltage, c) inverting configuration with a gain of 10 V/V in

response to frequency and d) oscilloscope image showing a gain of 10 V/V at 100 kHz.
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5.1.4 5-bit Current D igital-to-AnalogueConverter

The 5bit current DAC was tested using the PCB showrFigure 5.5a which
represents the schematic shownFogure5.5b. The DAC had five input voltage¥; oto
Viit_4), one external current sourciofrcd, and one output voltagd/d.). The test setip
consisted of a DC voltage soarased to bia¥yi ot0 Vit aandVyias Sliding switches were
used to manually select the five input bits to\3.8r 0 V and a voltmeter was used to
measuréVou: Vhias Was used as a reference voltage and a load redigjocdnnected in
series withVy,: and Vpias Was used to measure the output current. The current was
calculated using Equatidnl.

W W
O —~ 5.1
whereVy is the voltage from the DAC outpUiissiS the external bias voltage, aRdis

an ideal load resistor.

Current
DAC R
\Vbit 4
bit 3 | Vout

T=——qvbit_2
——
| —1

V/bit_1
Vbit_0

VOV 0999999300

Figure 5.5 - Schematic to test the 5-bit current DAC.

The test setp followed the simulation parameters from Secddh3wherelsource
was set to 3.2 AVpaswas 3.3V, and the loaRwas 1 MY. Th altsgbiuenul a
symbols) were compared to the experimental results (red symbols) shdwguie 5.6.
The proportional increase in current dependent on the input binagyisobiserved in both
graphs, although the experimental results show a larger output current than expected. Thi
is probably due to leakage current or layout mismatch introduced in the transistors. The
5-bit current DAC provided a current from 388 to 289¢ A, if a smaller

minimum is neededgyrceCan be set to a lower bias current
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Figure 5.6 - 5-bit Current DAC simulation results (blue symbols) compared to experimental
results (red symbols) showing a proportional amount of current dependent to the binary

input code.
5.1.5 Spectral Response

It was imperative that the MM absorber structure designed for chip A absorb at
25 THz, the output frequency of the source used to evaluate the detegtonsiity. To
evaluate the absorption spectrum characteristiBsu&er IFS 66v/S FTIRspectrometer
was used. However, it was found that the minimum usable spot size of the spectromete
was 4 mm diameter and since the size of each array on Chip A wa&.5.5nm it was not
possible to obtain an accurate measurement of the spectral response. Therefore it we
necessary to fabricate a second CMOS chip, Chip B, which had an array size of 5 mm x
5 mm. Chip Bwas composed of ground plane in M3 andbroadband MM absorber with
three ERRs in M4, M5, and M6. Chip B was characterised under vacutime iRTIR
spectrometer in transmission mode at normal incidence and in reflection mode at 30°
incidenceThesetup consi sted of a-ayeHMylar beamasplittes and 6 ¢
DLaTGS pyroelectric detector. The measured transmission spectra were normalised with
respect to the signal measured from @mm diameter open aperture and the reflection
spectra were normalised to that of a gold mirror. The expataheand simulation
absorption spectra were calculated udtigyation3.18. The reflection is the only factor
limiting absorption as explained in Sectidri due to the ground plane being thicker than

the typical skin depth in the terahertz regime.
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Figure 5.7 shows the comparison between the simulation (blue line) and
experimental (red line) absorption spectra. The experimental results of the stacked ERR:
have two broad absorption peak2.78 THz and 2.5 THz with an absorption magnitude
of 71.4 % and 56.4 % respectively. These results confirm that the MM structure fabricated
in the CMOS chips absorbs at the required frequency of 2.5 THz. The MM absorber
simulation and experimental results differ due to the assumed values in simulatien of t
inte-metal dielectric refractive index and potential thickness-unaformity of the three

inter-metal dielectric layers.

100% : ' '
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Figure 5.71 Chip B absorption spectra simulated results (blue line) compared to
experimental results (red line) showing two absorption peaks at 2.78 THz and 2.5 THz with
an absorption magnitude of 71.4 % and 56.4 % respectively. [Simulation and measurement

done by Dr. James Grant].

5.2VO, Microbolometer Postprocessing Steps

The postprocessing steps of the CMOS chips differed for the VOx sensor anehthe p
diode sensor. In this section theur postprocessing lithographic steperformedafter
receiving the CMOShips from the foundry that were to be functionalised with VOXx
microbolometerswill be explained These steps were necessary to add the VOx
microbolometers to the MM array and to create thixel membranes in the FPAn
receiving he chips from the foumy the approximately fm thick silicon oxynitride
passivation layer had been removed over the array. This was to facilitate easy access to tt
M6 studs and enable connection to the VOx microbolonsetéhe 4 key post processing

stepsperformed andlevelogd by Dr. James Grantere:
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1. Deposition of an indator: a 100 nm spacer layer &isN, was deposited to
separat the MM structure fromhe microbolometer.

2. Definition and deposition of VOx sensdhe microbolometeipatternwas defired
in a btlayer of Poymethyl Methacrylate (PMMA) an@ 200 nm thick VOx layer
deposited by reactive sputtering under the conditions of: 500 W RF powabai 0
pressure, 95%/5% Ar/partial pressure and for 2 hours. After deposition, the VOXx
film was annealed in an Ar environment at 300°C for 30 minutes in order to reduce
the sensor resistance.

3. Definition of the connecting tracks from the M6 studs to the microbolometers: the
second ithographic step involved defining a PMMA mask and etching the 100 nm
thick SEN4 above the bond pads and M6 studs using a reactive ion etch chemistry
of CHR;/Ar. A bi-layer of PMMA and liftoff procedure was subsequently used to
deposit the 2@m Ti/ 1000nm Al connecting tracks between the VOx sensor
element and the M6 studs.

4. Etching of silicon underneath the microbolometer to leave a membrane structure:
the CMOS chip was back etched downthie premetal dielectric layeusing an
ICP Si dry etch processA 14mm thick layer of AZ4562 was used as the
photomask.For the thicker membransamplesthe CMOS chip was back etched
leaving silicon and dielectric underneath the chip to maintain the readout
electronics

Figure 5.8a shows an optical micrograph of a section of the unprocessed chip as

received from the foundryigure 5.8b showsan optical micrograph of the pegstocessed

chip with the M6 ERR layer and the VOx microbolometer sensor connected to the M6
studs using Ti/Al tracks. The tracks connect the microbolometer to the electronics placed
in the bottom two layers of the CMOS pess.Figure 5.8c shows aScanning Electron
Micrograph SEM) picture of a section of the pegtocessed chigrigure 5.8d shows an

SEM picture of the crossection of one pixel showing the VOx microbolometers, Ti/Al

tracks and metal layers. The crasction was done usirg-ocused lon Beam (FIB) tool.
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Figure 5.81 a) Chip A as received from the foundry showing the ERR and vias in M6. b)
Post-processed chip with VOx microbolometers and Ti/Al tracks. ¢) SEM picture of
post-processed chip and d) SEM picture showing thep i x e | 6 ssectiang[Bictures taken

by Dr. James Grant].
5.3Terahertz Laser

Terahertz detectors are characterised with terahertz sources such as gas or opticall
pumped lasers. These are the most conventional sources for CW imaging due tohheir hig
output power in the range of MW to 150 mW. Optical pumped lasers consist of a
terahertz laser cell, containing a low pressure molecular gas, which is pumped by a grating
tuned CQ laser. The output frequency is determined by the gas pumped into ibe cav
having several discrete emission liigs The operational characteristics of these terahertz
sources were described in Sectib8.4

The terahertz source used for the characterisation of our terahertz detector was
bought from the company Edinburgh Instruments. The laser is ;apG@ped CHOH
(methanol) vapour laser operating at 2.5 THz. The laser mechanism works as follows: first,
the CO, mid-infrared laser produces a laser beam of 40 W at a wavelength frequency of
10.6e mSecond, the IR laser beam is transformed into a terahertz lasembyelirecting

it through pressured methanol. The resulting terahertz laser has a maximum output powe
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of 150 mW when using the emission li®®36 that corresponds to a wavelength of
118.8um. Figure5.9 shows a picture of the terahertz laser, the @6er is on théeft and

the methanol is introduced in the cavity from the laser on the right.

Figure 5.9 - Terahertz laser composed of a CO, laser (left) and the methanol is introduced in
the cavity from the laser on the right.

The laser beam spot size was measured at the focus pointausargmercial IR
camera(Photon 320) from FLIR Inc. The Photon camera is an uncooled microbolometer
sensor array with 324256 pixels and each pixel is 388¢ . The spot size was
measured using the software Image J by inputting the total size of the array as a referenc
and then measuring the spot diameter. The focused beam showgure 5.10 had a

diameter of approximately 1.8 mm and therefore an area of 2.83 mm

Figure 5.10 7 Focused terahertz laser beam spot showing a 1.8 mm diameter captured using

a commercial infrared focal plane array (Photon 320).
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