A Fully Integrated Complementary Metal Oxide Semiconductor (CMOS) Fourier Transform Infrared
(FTIR) Spectrometer and Raman Spectrometer FIELD OF ART 5The present invention relates to the field
of spectrometry. BACKGROUND Complementary Metal Oxide Semiconductor (CMOS) technology is a
mature fabrication technology and has well established techniques and foundries allowing mass

production of 10 promki¢RdGFREGBHGNEA AR NEREiORRI JeavESh duais¥ emOBRIRAITIR)

spectrometers have been bulky, incorporating many optical devices, lenses and movable parts thereby
cost has been high and fRSIRITEAE 3R de é@%iﬁl@%@%&?%ﬂ/@ﬁ&ﬁﬂ%ﬁﬁ%@ﬁﬂy miniaturized

FTIR spectrometers for the field have been disclosed, some incorporating Microelectomechanical
Systems (MEMS) devices, some using optical 15 fibers, but these systems are still the size of a small
box, cost is sgla#ﬁ[ﬁgéﬁ%tﬁqh and they all still have easily damaged optics, lenses and a moveable
mirror. A large nu of applications exist for FTIR spectroscopy in the near, mid and long infrared

regionsZ é.e. lrp’gﬂé?ﬁg;n%rﬁ%ﬁ Egﬁg%rﬁgiﬂ%m%@s g&r%ﬁté uishing signatures for many organic and

inorganic materi e so cal ingerprint regionhs™ are useful in a variety of 20applications including
analytical chemistry, biochemistry, materials research, environmental sensing, chemical bio-sensing,
condition-based maintenance and medical diagnosis. FTIR spectroscopy is perhaps the most powerful
tool for identifyiygeepfigpemical bonds. Traditionally FTIR spectrometers are large bench level
devices, expensive (a few hundreds of thousands of dollars) and are only accessible in labs and research

facilities. 25ResRRIBHRMRAISINIILR oG eRsigshdiRIR Resnory askirrte@Hisheyrterstihsrialionsize and

expensive. All these spectrometers incorporate some sort of optics, lenses and movable patrts; all are

prone to displaeRIALIeY A hasnsieien! ishee eervinyrmRssk feisidhishi Al o e BlRsh iR P ESHe8 Wl ocity
requireg@dvanegeeraetbods iReddng lasRr<ciRicontEaitiBRASIURERISe @ Transform Infrared (FTIR)

spectrometers have been bulky, incorporating many optical devices, lenses and movable
parts thereby cost has been high and the device is only accessible in a laboratory
environment. Recently miniaturized FTIR spectrometers for the field have been disclosed,
some incorporating Microelectomechanical Systems (MEMS) devices, some using optical
15  fibers, but these systems are still the size of a small box, cost is still relatively high, and they
all still have easily damaged optics, lenses and a moveable mirror. A large number of
applications exist for FTIR spectroscopy in the near, mid and long infrared regions, i.e.
1.1um-15um. These infrared regions provide distinguishing signatures for many organic and
inorganic materials. These so called “fingerprint regions” are useful in a variety of
20  applications including analytical chemistry, biochemistry, materials research, environmental

sensing, chemical bio-sensing, condition-based maintenance and medical diagnosis.

FTIR spectroscopy is perhaps the most powerful tool for identifying types of chemical
bonds. Traditionally FTIR spectrometers are large bench level devices, expensive (a few
hundreds of thousands of dollars) and are only accessible in labs and research facilities.
25  Recently smaller FTIR spectrometers have been introduced, but they are still a bulky size

and expensive.

All these spectrometers incorporate some sort of optics, lenses and movable parts; all are
prone to displacement and malfunction in a field environment. Controlling the movable

mirror’s velocity requires advanced methods including lasers to control the actuators, all



adding a degree of complexity and cost to the classical FTIR spectrometer. To the best of our knowledge
there is still no invention disclosing an FTIR spectrometer with no moving parts, low cost, miniature and
low power. In addition to an existing FTIR spectroscopy market, such a device will produce a new market
for a variety of consumer / commercial and 5industrial based products. SUMMARY OF INVENTION A

spectrometerigipig\ddRg e Afeempledinentai e dnrnéiassicanrmring:aroraadpang iRéraesd ssignal,
divided into wavelength spans sa that each wavelength span onIg ﬁropagates 10in its fundamental mode,

with means tSYAIEATR HRESFrLT S LRPVIAVATRN SHRGCH Y RD R TV SRRSHRD SR R AP E s
provided in apgtisencmbestineiniaive arkdedbpoddniraredoercedanthistonpEmirgsptet ¥ adpg same

integrated circuit as the sgectr_omet_er. The spectrometer may be huilt such that the %enerati_on of the

interferogram WA RhotHGTA &?‘fﬂ%eiyﬂégwB‘F‘?tﬁ@ecwmgféﬁﬂgaeﬂ&%@iﬁEB?H'B?Mﬁ BRIk neration

of the interferpgrtrialiBaseaditstiomnsis based on the plasma dispersion effect of silicon (Free Carrier
Absorption) The spectrometer may be supplied with means to sense temperature to obtain high spectral
accuracy. 20 The spectrometer may in another embodiment have a sample interface integrated on chip
using ATR in silicon waveguides in which the light does not leave the waveguide and is only diffracted or
coupled out @l MARY WdelNMENTRONNg an infrared detector. The spectrometer in an embodiment
may be provided with a sample interface integrated on chip for external reflectance utilizing a diffraction
grating to mo#uspestthanetaylis of diglded2B) Tine sprstddmasnicofriheni evabbdimesmpiisynige pluoriisdiith a

free-standing-ﬁ?.ea - ctar-micr Pé) ' e ' ey %
spectrometer'. hggéaéé Ftiéirr(?ﬁéfleargga{ﬁ éﬁ é(r}gﬁg%ﬁﬁ %&%&%ﬂ%ﬁ%ﬁ%@%&g@ﬁmﬁ% ;[/?r%g the
ADC tolficorpoitstéunianendat sedsitwith areanstegrnsratdlas Bpedaogremvdambdutivndgrsiteapn
CMOS-FTIR gpe 6 qagter. The spectrometer can be a CMOS-Raman Spectrometer. In various
embodiments, the“spectrometer can be made useful for longer wavelengths, up to 1 ‘gm by using silicon

nitride, and upHo JRM B ERING YREGHEdMAGHERIRF BRRRERTENOWith a broadband infrared source for

the signal integrated on the same integrated circuit as the spectrometer.

The spectrometer may be built such that the generation of the interferogram via modulation
15 is based on the thermo-optic effect of silicon; alternatively, the generation of the
interferogram via modulation is based on the plasma dispersion effect of silicon (Free

Carrier Absorption)

The spectrometer may be supplied with means to sense temperature to obtain high spectral

accuracy.

20  The spectrometer may in another embodiment have a sample interface integrated on chip
using ATR in silicon waveguides in which the light does not leave the waveguide and is

only diffracted or coupled out of the waveguide when reaching an infrared detector.

The spectrometer in an embodiment may be provided with a sample interface integrated on
chip for external reflectance utilizing a diffraction grating to modulate the angle of light.

25  The spectrometer in an embodiment may be provided with a free-standing thermal detector

microbolometer integrated on the same integrated circuit as the spectrometer.

The spectrometer can be provided with circuitry implementing an algorithm involving the

ADC to incorporate the DDA’s sensitivity enhancement.



Sinfrared wave lengths up to 15tim. The present invention may provide an apparatus comprising: a
spectrometer with a N broadband signal divided into N wavelength spans' so that each wavelength span
only propagates in its fundamental mode ; an integrated broadband infrared source on silicon on insulator
wafer; an interferogram generated via modulation in silicon waveguides 10 based on the thermo-optic

effect or plasm dispasineiiaseflsilisrarfighcmestirmarcipashasad on sensing the temperature
when modulating with the thermo-optic effect in silicon; a sample interface using attenuated total

reflectance (AhR3pocsiboanenveaepeideniosRigmihsgkttcnesmot leave the waveguide and is only
diffracted or coupled out of the waveguides when reaching the infrared detector; a sample interface for

external reflebtarcmut 2mbibziingeatslithiecpectgratieg ¢anmbe dnéale ubefud fold @fdey vaadeetbtanging thermal
detector mlcrjr#)olo eter. L an ?l& [ﬂf;n nvolr}/n the igalo%to dl ital cronveﬁ]eﬁ(r Ct)rtﬂ mcorrﬁ1 rate the
Differential Différen %mglns ers Asi%e%smv y EnmAnce %ry %)'(B%Sns Iy Of th aspsgng Ster to
longer wavelémfgines) wauve Iértgthswmtcsilmmm.mtrlde (see Figure 23) and up to 15j.tm by using various
materials transparent to infrared wave lengths 20 up to 15j.tm; and an integrated CMOS-FTIR
spectrometerTdad [T84EDS- Ruendiors peayrgrrmtisic 101 Rpperainglersmnpistihgt athtpeakpawtisofii present
invention will become readily apparent to those skilled in the a %/grom the’gollowmg detailed description,
wherein varidusasivdrodsigealtsividbe intoe Nionaaedesigtnsparsd SCrlﬂied ys:vattya@feﬂhlstmatteiengm will be
realized, the |nvent|cin |sré:aa0% eléeltr)]f Et er arhqeﬂ{ff'eren embodwgwernttgd nr%a{t Seyera r re al(ljsurCZeSoa}]re
capable of madificaiST IARaRoas other respects all Without cP pgar ihg from A sp|r| and scope of the
present inversiikbennAaT anelirhagyr thefetrmmmgsréerdgieta@d&te@drmaonmandnerresgjardedva\seghustﬂsatlve in
nature ?Bd n%%ges r str ﬁtlvﬁte I%]I%I%F DE%%&IPTI'a?Sﬁ? Igl%rISJng b Soth rr n ﬁ F‘h%(g’dFrF wings,
several aspects & presen inve |on are 105t yw y 0 exampe ang i ation, in
detail in the fapersgeywbesesion sertslggrthettemavenatmmamrbmokltdmglgamnﬂmthbethletegmtphb@msmTlR

tabrication IS LN e Bl e e e e T TR A R R R TS R guice
structure: (a)wbl@pdtﬂlmmmaaewtdﬁdve theuotavegyislecaid andridpuhitfeagtesbnditonsedsedttofsiiee for the
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effective refr s a top view of the \lvave use € second ste
effectivéTefrattlizngettidtrdntiohigrating teﬁmxtutatmtﬂemog@lﬁdmm wﬁsﬁthghttefmsbttﬁtmtcﬂom (©);
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incorporate the Differential Difference Amphﬁer s (DDA) sensitivity enhancement; an
expansion of the spectrometer to longer wavelengths, up to 11um with silicon nitride, (see
Figure 23), and up to 15um by using various materials transparent to infrared wave lengths

20 upto 15um; and an integrated CMOS-FTIR spectrometer and CMOS-Raman Spectrometer.

It is to be understood that other aspects of the present invention will become readily
apparent to those skilled in the art from the following detailed description, wherein various
embodiments of the invention are shown and described by way of illustration. As will be
realized, the invention is capable of other and different embodiments and its several details
25 are capable of modification in various other respects, all without departing from the spirit
and scope of the present invention. Accordingly the drawings and detailed description are to

be regarded as illustrative in nature and not as restrictive.



Figure 5 depicts a Bragg Gate Filter implemented by varying waveguide widths, thereby changing the
effective refractive index;  Figure 6 depicts a top view of the MZI Interferometer: (a) with a Multi Mode
Interference 20 (MMI) coupler; (b) with a Y-branch combiner Figure 7 is a graphical depiction of power
coupling to the output ports when utilizing a MMI coupler as a function of the phase difference between

the two armspRim-WadoramivenerelsmgthIRNa Naxanch combiner only the Pout port exists.
Figure 8 is a cross sectional view for a series of block diagrams depicting the fabrication 25 layers of one

arm in the MAefeadwiaie thbythwinp mereatiaplestoF guner&eriinisrainiivi llugpigtdigusayl 6fdepicts

the results of a simplation of the MMI when the two jnpyts % re in phase (b) out of phase by 2t; Figure
P Péﬁ]é}% d}%pwl]ia iét jb%rrﬁ%‘é{ ffi a top view of the sample

11 depicts a ﬁ/’ﬁ'@zﬁ’l i YA IE AN, 10

interface for the ATR. method;, Figure 13.is a schematic diagram depictin -sectional view of the
Mot 30 ARl A T ool o bl el o N R A
of the sanplalaviddiserbdion i@Déotafece mode; Figure 15 is a schematic diagram depicting the fabrication

layers of an uncooled A-Si Microbolometer for the ATR sample interface; 10 Figure 16 is a schematic
diagram depiEigigrar usicoolest-Aesli Wisriobokinetehdmatiztofnthkréfluttaior byeiplefitberfaly-$igure 17

depicts a DC aﬁ% ireult -Sj tor: Figure 18 depicts the symbol of a DDA;  Figure 19 depicts
an example 5 ggs%‘%it@%h%ﬁ%%rﬁpliﬁer which is programmable 15by two external resistors for a

gain of (R1+R (ﬁé-ls',: éﬁ#’i&?g @ﬂ%}?ﬁ%é@ﬂ@lﬁ[ﬁm\i@ﬁré cﬁe\%(?%'ef\ﬁﬁls&eﬁ{éoéﬁﬁé?&r@ longer

wavelengths, up to , Figure 21 Is a cross section vie disclosed CMOS-Raman spectrometer
input waveguiblea¥iteRfsceousarycengitiens21sschte shbd &dictbieabraan T tenefeside) sflimensiRaman
spectrofpeter {gRWaMEAH e NEF TR S iR TGS MR R YaIRNE S e iPiRe SARMERTORF AR VAR IRYS
EMBODIMENTS The detailed descriptionset forth below in connection with the appended drawings is
method; (d) is a top view of the waveguide used for the second step In the effective
refractive method in which the refractive index of silicon is substituted with the solution

from (c);

Figure 4 depicts the power distribution and effective refractive index for a waveguide

15  220nm in height and width of 600nm at %o =1-4U™

shown in (a) to (c), respectively;

. The lowest to highest order modes are

Figure 5 depicts a Bragg Gate Filter implemented by varying waveguide widths, thereby
changing the effective refractive index;

Figure 6 depicts a top view of the MZI Interferometer: (a) with a Multi Mode Interference
20  (MMI) coupler; (b) with a Y-branch combiner

Figure 7 is a graphical depiction of power coupling to the output ports when utilizing a
MMI coupler as a function of the phase difference between the two arms of the MZI for a

given wavelength; For a Y-branch combiner only the Pout port exists.

Figure 8 is a cross sectional view for a series of block diagrams depicting the fabrication

25  layers of one arm in the MZI modulated by the thermo-optic effect;
Figure 9 depicts an MMI coupler;

Figure 10 depicts the results of a simulation of the MMI when the two inputs (a) are in
phase (b) out of phase by 7 ;



25 intended as a description of various embodiments of the present invention and is not intended to
represent the only embodiments contemplated by the inventor. The detailed description includes specific
details for the purpose of providing a comprehensive understanding of the present invention. However, it
will be apparent to those skilled in the art that the present invention may be practiced without these
specific detaifsghrstneddbietsenybien Hevieegarg; not necessarily to scale and in some instances
proportions may have been exaggerated in order more clearly to depict certain features. Throughout the
drawings, 5freiguimme 2adimehsimitir didgrberdapiayifie aggdviewedt s carajihilaitepfacadb nerreagRily
identical, parts. iglo Inderstand the physics that govern Fourier Transform Infrared (FTIR) spectroscopy a
basic understAhti?y of the qguantum theory of molecules is explained. Molecular bonds vibrate at various

frequencies ending on the elements and type qf bonds. For a iven 10 pgnd, there are several
specifc roqu oS B frch L e A oy el bl 08 T TR es
correspand tdahth@roliRdrstateland several excited states. One way to cause the frequency of a
molecular vibration to increase is to excite the bond by having it absorb light energy. For any given
transition bettgemendé frasshtpdight mgergydelptiinginect dsp-tectionskldagtiohinesaxgpdtyntefizdehe
difference in LBF Eﬂ%@]ﬁ 39591% een the two states. The difference in energy states is equal to the energy
of light absor eof, as shown in'E, -=1Vi (i) where E1 is the energy of state 1 (usually the first excited state,
i.e.),corresp t ner. = u l. , Ll |§m|6% ngtant, c is
the ZOSpeedOEf igﬁ?t ﬁvgcﬁugrénﬁgﬁg}??g?tahgié v@%‘&gﬁ{g@ %ﬁgﬁﬁ%?é{nqearg%grgéﬁondmg ?o%‘h%le
transitions bawierehatmstensenine bR sastaledntegacrsrally 1-10 kilocalories/mole, which corresponds to
the infrared portion of the electromagnetic spectrum. An FTIR spectrometer analyzes infrared light by
wavele§th colgpwehihis arighateaisHEaoRA IR BIRIINSPRISH AnetdY erebrisrséerierrentd pattern
generated bygffepavetengipié mesaponents at once and mathematically converts the interference
pattern, known as the "interferogram”, into a spectrum. A well known interferometer is the Michelson

Interferometqridm\yh'r;cla?mg\aqb@ ITHE B @AY ESAR PiadBteligiance between two coherent beams and the
interference pattern is a function of the mirror's displacement. Other components of an FTIR spectrometer

are a broadbaiglirfes eddighttiouieshelssfallppAlobar, an infrared detector, an analog readout circuit,
analog to digital conversion (ADC), a microprocessor for Fourier transform and a memory storing saved

spectrums ofFiifare 09 cepiprwundsahiedizDiadeddn westtionepeafiomzsnallifie veskh of phegteaditaiiel FTIR

spectro[r%eterb W\E\Volg%eerﬁg Pe ég%?gr%rrg%%EHtﬁr}ﬂg%?]%.no movable parts, no lenses, no

Figure 20 depicts an example expansion of the CMOS-FTIR spectrometer to longer

wavelengths, up to 11um;

Figure 21 is a cross section view of disclosed CMOS-Raman spectrometer input waveguide

interface; and

20  Figure 22 is a schematic diagram of the top view of CMOS-Raman spectrometer top

waveguide interface for a certain wavelength span.

DESCRIPTION OF VARIOUS EMBODIMENTS

The detailed description set forth below in connection with the appended drawings is
25 intended as a description of various embodiments of the present invention and is not
intended to represent the only embodiments contemplated by the inventor. The detailed

description includes specific details for the purpose of providing a comprehensive



5 optics with the whole device integrated onto a CMOS compatible fabrication chip developed on a
Silicon-on-Insulator (SOI) wafer. The Silicon-on-Insulator (SOI) technology refers to the use of a layered
silicon-insulator- silicon substrate. The insulator commonly used is silicon dioxide (Si02) and the
technology has many advantages in both photonics and electronics. In photonics, the high refractive 10
index variatiofhh@ueRmdersiiepedent. mvanddie Side(RrLiblvinl Buapbe e e lgesKkintaveliaeided
waveguides based on total internal reflection. On the_electronics side, low parasitic capacitance due to

isolation fronfEhE'BLIREMIESHNJAYRRUGTOMRY L6 RaRISEBNVIN RS SRSFidicsigiallareHudRgv e tatchup

due to complgtgnisniatinovelidbere michecyisd Bl ustsuas. dnarithesed eaganse i st iimmiad hw@fer may
be an applicable technol%$ for 15both photonics and the CMQOS electronics. Complementary Metal

Oxide SemicBRAILEXBPYE 9795541 S B RRIEL FAFRIIRRIHES arldfRUNRY NS ALY ST
applicatigns iighdipia o e &irsHitas utimdersiaEgPhe CaRePts, raTire NiivliRFS belatistRroesariccess
Memory (RA!,\&)E, and many more. It is also used in applications with analog circuits, such as in data
converters antFHEYeP3 W sensors. There are quite a few advantages that the CMOS technology has to
offer. One of the main advantages is that CMOS technology, which makes jt ost commonly-used
technology fol ST bR eSO tRArEr o AR S B0 A IEL RS B e
operating spéergic amdeFiaieit g sfodoi@artgy. theadditibrmolevides issing@iédS Keolenalagpdralge a high
degree of noise imm nir%.andfwell estabg%hed oundri@s and 25 echni(ilgjes ?ﬁi%st f(?r EMOS fabrication.
The cMos-PHRE YA IR SRS SERTIS At Fal % F HHE LS A S YAt Br A R U DA HE"
spectrob@eterbuly, ithegr aed seneral cspagifict freguiaiciez eat, \ohvobo#t, AM GiSriadrication thempatibie chip.
The disclosed CMOS-FTIE spectometer can be operated in the short arcljd {n'd infrared relgion i,e. from
1.4tim to 8.t HHh PSSR e HERE S BT AE SO &8 PG F8Nes %ﬁ‘?n%”f’o SR P Rdain
limitation for statddn@ribenay tpintase theelyapersthet & inodec Tl axvite {BEO2)oiSncodasans parexaitettias region.
To overcome s Unitation & diferen malciial can beeedinsiead whioh s Uansparen UR g g8y m.
The details fora ] Spectro L&Y CRIGYY RARAN pec?rometer operation wi bediscussed
herein belowebelgE MBISFRINERI Spe thomwatetaugth G GISekantha re @ dine ndéftiershehite dhereefdrgymain
DG BlockR Glabe (Niepipier B ORer TR aRceamRIer AR SQ! walgr drashaundy Flois .
nitially,”as an éxample for an infrared emitter (other infraret emitters cah be Used) made ot Silicon
Carbide (SICipsanizi vadishewdistussed in detail in section Il, emits broadband infrared radiation. Each SIC
infrared source works independently and one 10 possibility with the case of one infrared detector only one
source is on at a time. Alternatively, the infraredgisotgc_:le§ work in parallel in the case of N infrared
detectors. The light can be coupled into the waveguide vid difftaction. The diffraction gratings will be
discussed more in detail in Section Il. The advantage of the diffraction grating is that it acts as a
wavelength fijiae @lifinatingshedgyendsior fitersuaiorae fnstheemiisalpathe The)filken is AasBRastANT to
maintain single mode operation within the desired wavelength span. Alternatively the light can be edge
coupled straight ingdheovampauide aagagites erouRa Blaged ks in hesantisel RaMhis erdcigbfor the
infrared light traveling’in the waveguides t0 be single mode; otherwise it would be impossible to
distinguzéh bepﬂeﬁanfthghtritndmmnrthmtd]téiﬁatmmleﬁgﬂmﬁﬂgimidhb&ndrgwmeeammmng tunligeaesingle
waveguide dimension, it is very difficult to support all wavelengths and allow. only a.single mode to
propapate, FORIL OB el e R A T A Rl Ao
respectively, @aoksponds to the infrared portion of the electromagnetic spectrum.

An FTIR spectrometer analyzes infrared light by wavelength components and intensities. An
interferometric spectrometer records the interference pattern generated by all wavelength
25 components at once and mathematically converts the interference pattern, known as the
“interferogram”, into a spectrum. A well known interferometer is the Michelson
Interferometer, in which a movable mirror causes a path distance between two coherent
beams and the interference pattern is a function of the mirror’s displacement. Other

components of an FTIR spectrometer are a broadband infrared light source, usually a globar,



0 = 1, N supporting only the single fundamental mode for a wavelength span, Ad1. Each initial waveguide
will have different dimensions, width and height, to support its 25 wavelength span which guides only the
fundamental mode (higher order modes will not propagate in the waveguide). As an example Ak will
support wavelengths ranging from 1.4m-1.9j..tm with waveguide dimensions of 600nm width and 220nm

height. It shod ipgrfietedidhatas te AaKrjenadusuineirage RIMABOHIgRS diBIRRPMIS pATOGNCEEase.
Spectral resolution in the classic FTIR spectrometer is mainly determined by the maximum distance the

mirror can mOVEAREPFRSIPLIY BAUIGHIEABS MHRraPHIE MATMRMIFIIOSSASE GReRIFLRED Qi SPHvo close

wavelengths ¢arhgotisdingrished stieseptiaaldribhdifarenes ranstie tasee enoteh fiebitienavesito have a
271" phase difference, i.e. in classical FTIR 5 spectrometers the mirrors must move Iaraer distances to

achieve high&PFREOSIET A HEs BIEHaRed PRRE AL RS Qb v SREUR N & AR BAIG R L P Mo A FRRET Plight
being medulaggkis\wpntiala iithdhieavangaatidesntoraensiosscanbaribre Rogtatidie chipfewaspeaples for
filters may be the Dliffraction Glrﬁé[i}ri? an tge gg%ut, a Bragg Gating Filter (BGF) or a photonic hole lattice.
The infrared Gt H EQBFPSRRR YRR (AN gle mode for every 10 wavelength in that span. To
achieve this filter should usuyally reflect the shorter wavelengths that don't belong to that span because
the larger wal B IRE TR WO BB T A A a8 5B B G R B e
possible filtersilipuigsulsdicans. Jiehi et e rditfracionily gradthig, S (6bnadidxite (Siti2hatesting| tdab b iayssed
more in detail in Section |Il. 15Each elength.span will independgently enter it respectiv .
Viach-ZehmabPr i, YA YRe ) SRrPEB PR B VERaAR s e Rt o G e ro-optic
effect ot ¥ia fiegerarsitatimpsostiesn, thodid conh-red)amientege024 (MN) eboptethddersapwaytabranch
combiner combilner [ ndbe usedﬁwst%adﬁ%f thetr\/{% |.C?UE]| r. 'H]e Y-branch splitter will split theI Ii\%ht 50/50
into the two avly%g OF e mveé% 53 aifrer@Rce Win'BE" Qro@uggﬂotget Be®2 ﬁ%BOQ'r?%SSWﬁh gvoltage
applied eithepimaditie ttepavitendidesfecisolatioicHrim tiadtbgk cildcuyetoeds pyreratoesuhiitmmwdveguide
or via the free&da{rierggf rption in Whicht.the w vteﬁuidéa c%nsists cffta reverse bif?lﬁ]ed diodée. Eithﬁr of the
two methods ¥ be usecﬁ #og} RodtiatiR hd etk hR S aod\(}%rrrl]t%gees'%f)n%' |sé)dva%t%b%ns WhItR will be
discussed metrittudestaian thestioeabdnd te Mdd lof cunp 80 Irecadenbiregstibadighplicabke MZhixdppnéong on the
25 phase difference between the t s of the MZI, the light gets coupled to its relative exit port. The
MMI cosllj%ler |gs9 s%??%‘ﬁ%&?#rﬁ@g#%@%ﬁgcé% Mi&d discussion will be given in section IV. Alternatively
the Y-combi d C ' j hnks ' il ti gate in
the wavegig g g ST Ly M BT R s e or,

sample analygiisuitsakimngl itia poeverfal eodhfgeaafadpplioftap)slicatibndigitainyagienpiscunitaerfaisds san be

incorporated in: this i iaQn; r I n ectance
are disclose(j.ﬁ| fé@égge?ggr%egﬂgﬁj %@%i%éﬁm%@ﬁ%gﬁ\dtRi%v%%ﬁﬁ@ﬁ@ﬁ&{rg é@ar%gﬁ%ma@g
component iltSiprler tsehisiprpichidontiaicenaitn el ThitsevHoesseint M2y cprmesiettanihiondge sample
and froghthe ti fthe icaki Ity igle d per
avele i A e R i
by diffractionfitheaguanisigesS iamibi iGiRT deahnbiagyisslidsedrakes ih Hainostseetivnoulytosgthy
infrared dete i | i ) :
microbolome%%ﬂ?r@@d (()}Je%@ %ﬁﬂ@éﬂ@%&%ﬂéﬁﬁ?ﬁ%ﬁg&m ?r?c@;fggr’bgt%s{ %T]néé%p gu{ﬁspess‘llu:%en (A-Si)
as the tempehéghrepssatny speede ridschiiciantitosngs- of reasigyw hoisdditioperdRdceigismentpi@iure
Coefficient o I ) e d:with a ical [eSIStivities. t the
OMOS FTIR S e e B e e e, A e =
porous ¢old BegbRigueveripgitfeMiitafabmeatinanium layer (instead of aluminum) which may enhance

sensitivity by |OW€I’II’IE the thermal conductance of the pads. A more detailed discussion of the figures of

merit, fabricafiBh @MQRd MBI SResE@msienas fHealoaed ety i Hé Wi CosRAANSLHiBIE Ylaxisaln
example tempeiRiUEBLCRRAARS ISR ilRcRatslY tnEh 2R IespARe MpisARRR SaBRedost, CMOS
fabrication compatible chip. The disclosed CMOS-FTIR spectrometer can be operated in the
short and mid infrared regions, i.e. from 1.4um to 8um, with a possible extension to the long
30 infrared regions, i.e. 8um to 15um. The main limitation for working the long infrared region



20 using a differential difference amplifier (DDA) in the analog readout circuit. The DDA can accurately
sense the difference in resistance (voltage) of the detector from the previous reading and amplify this
value by a factor greater than 1, thereby increasing the signal-to-noise ratio (SNR) and the sensitivity of
the FTIR spectrometer. The DDA will be discussed more in detail in section VII. Alternatively any analog

chain sensingstiR i SHIRRNEROXNRNEO 2Piiiiaransyaneay iRetiseshidmeraaie Rdrarnmgei At MOS
FTIR spectrometer is that the whole system is integir_ated in a CMOS process, therefore standard

analog-to-digHAl Bl B AF5E P& HSRd-BSHRIF VIS fin HRESPHEI oY RHR S 2 nidif SRl Ftetures,
which are wed pry@btishRsfiethe indestiid cemersRahringm@aismhéte thepeestipach M ifsdlkted

spectrometer. In addition, any computational needs, functions or designs can easily be integrated into the
chip using stRERPPERMBS techniques. Table 1 depicts the thermal conductivity and refractive index of

some materials thg he used throughout ’{‘- ext, These materials are Oﬁ compatible and are used

frequently in 5t eOReRRER plec R HEY feastire-of the material's ability to
conduct heatThis is an important pargmeter for iniatLriz MOS-FTIR spectro ﬁ\r{ ecause
thermal oIt O e B SR B DR A e R

and crucial cenoponentsagan bhe lottddy, wesirag exampdn fitream odlactd cootindatbehmndreesd 2 Niakerial
ThermalCondy K \Wekiythade's? SRS LRGSR SntaMWal5edildali derdll SR RIRHR (5102)
emits broadband infrared radiation. Each SIC infrared source works independently and one
10  possibility with the case of one infrared detector only one source is on at a time.
Alternatively, the infrared sources can work in parallel in the case of N infrared detectors.
The light can be coupled into the waveguide via diffraction. The diffraction gratings will be
discussed more in detail in Section Il. The advantage of the diffraction grating is that it acts
as a wavelength filter eliminating the need for filters later on in the optical path. The filter is
15 important to maintain single mode operation within the desired wavelength span.
Alternatively the light can be edge coupled straight into the waveguide and a filter can be
placed later in the optical path.

It is crucial for the infrared light traveling in the waveguides to be single mode; otherwise it
would be impossible to distinguish between the modes in the interferometer. For a
20  broadband source and with only a single waveguide dimension, it is very difficult to support

all wavelengths and allow only a single mode to propagate. For this reason there are 1,..., N

Adg, ALy, A

initial waveguides, from this point forward depicted as N respectively, each

supporting only the single fundamental mode for a wavelength span, A4i=1..N .

Each initial waveguide will have different dimensions, width and height, to support its

25  wavelength span which guides only the fundamental mode (higher order modes will not

propagate in the waveguide). As an example M“OWiII support wavelengths ranging from
1.4um-1.9um with waveguide dimensions of 600nm width and 220nm height. It should be

noted that as the wavelengths increase the waveguides dimensions also increase.



1.4 1.5 Silicon Nitride (Si3N4) 32 1.8-2.2 Amorphous Silicon (a-Si) 133 4.2 Polyimide (PI) 0.4 1.6 Titanium
21.9 3.8 Aluminum 237 1.3 Barium Fluoride (BaF2) 12 1.4

Spectral resolution in the classic FTIR spectrometer is mainly determined by the maximum
distance the mirror can move and may also be limited by mirror tilt. Intuitively this can be

understood that for two close wavelengths to be distinguished the optical path difference

must be large enough for the waves to have a 27 phase difference, i.e. in classical FTIR
5  spectrometers the mirrors must move larger distances to achieve higher the spectral
resolution. In the disclosed invention the wavelength span of infrared light being modulated
is controlled with the waveguides dimensions and wavelength filter. A few examples for
filters may be the Diffraction Grating on the input, a Bragg Gating Filter (BGF) or a
photonic hole lattice. The infrared light in each span must remain single mode for every
10 wavelength in that span. To achieve this the filter should usually reflect the shorter
wavelengths that don’t belong to that span because the larger wavelengths that don’t belong
won’t propagate due to the wavelength dimensions. Some possible filter configurations
such as the diffraction grating, BGF and photonic holes will be discussed more in detail in

Section I11.

15  Each wavelength span will independently enter its respective Mach-Zehnder Interferometer
(MZ1) which consists of a Y-branch splitter, modulation via the thermo-optic effect or via
free carrier absorption, and a multi-mode interference (MMI) coupler. Alternatively a Y-
branch combiner can be used instead of the MMI coupler. The Y-branch splitter will split
the light 50/50 into the two arms of the MZI, a phase difference will be introduced between
20 two arms with a voltage applied either by the thermo-optic effect in which the voltage
changes the temperature of the waveguide or via the free carrier absorption in which the
waveguide consists of a reverse biased diode. Either of the two methods can be used for
modulation and each has its advantages and disadvantages which will be discussed more in
detail in section IV. The MMI coupler recombines the light in the MZI. Depending on the
25  phase difference between the two arms of the MZI, the light gets coupled to its relative exit
port. The MMI coupler is based on self imaging and a detailed discussion will be given in
section IV. Alternatively the Y-combiner may be used to recombine the light and the in-
phase portion will continue to propagate in the waveguides while the out of phase portion

will scatter out.



Potassium Bromide (KBr) 4.8 1.5 Air 0.025 1 Table 1. Thermal Conductivity and refractive indexes of
materials commonly used in semiconductors Raman spectroscopy is a technique used to study the
vibrational, rotational and other low frequency modes in system. It is similar to the FTIR spectroscopy,
yields the same results, but provides complementary information. The main difference in a Raman

spectrometerHs (1Ra5 gk flerafgaonreidomatiso Rewha R usri ik exslaih et vAbsatirirll asgl resational 5
modes in the sample under. test. Broadband light emitted from the sample is collected and an

interferogram! R 1§ FaARBI AP RRe MMM aF R ERLe ARG 200 R P RE g2 SS90 BREARLCIBSEUSIADSERRAN: & the

components fhethwillfoe Aeniraed TosgquensctinctM ATR pagtiongeyidiefediansasme dprctbsdiselosed
CMOS-Raman?TsT%ectrometer. The only difference will be in section Il in that the broadband source is not

needed, just PHORGRTASHES YRVEIIAEE 1AM d™ BeQUEHIT NS AR iBYRABSRE h W AU HIRIRRRGTLLR for a

CMOS-Ramajidenptesagsiiatienosupatpiectmivvaveieraiafiisseand/dbe privrietesmatethé Rensitesances and
the design for thea%l%/lé%S-Raman sﬁgctrometer will be discussed more in drﬁ'fail in section X. The

remainder of fi3% BRI UHAEILIS BREERITIH WaVGHIH QRUGRHUENHLY 1GHDE S ALRORIBRi A5G35 S e ction 111

\t/)villddiscflosedt;bw 'whtizellm@wﬁgbidﬂoéehﬁmeeﬁeﬁlhmﬁl?a@eaiaﬁf%rﬂt&ﬁgﬁem][ liigtqcrjfsgromed@ﬁg%&grll W”(Ij
e disclosed. Section V will discuss the sample interface. In Section VI the infrared detector is djsclosed.
I Soorion i B VR AT AR A B SBRA R i SRS, N B D RS B

digital algoritigsisiLigesctivaaction IX, the CMOS-FTIR spectrometer expansion for the long infrared
regions is discussed. In Section X the design for the CMOS-Raman spectrometer is disclosed; and lastly
in Sectib® 20Xhythefcaredlusieotof this/dedailssd derbripeodi sybpsear$nverfidiccan € asbihe dxdrapda fRmitter

Silicon Carbide W&Sé)ne.gf éh(:f ?ﬁgém?t?rriaé ia}e\{vh't(j:)h tgqﬁgtﬁnomﬁg% qfSelr(lecitrolum'r}%sceré?etvgas first
observed in 1HG7°K Q}'_)JS i ity AN TS rrcé,t REBVEh S THtroa (08 a?'ﬂ) Iy-g)l@ 44y
resistively heatextphtas ailisonrCe-Sihesfeitechseratere sensitive material is presented. A-Si has low
noise properties, high Temperature Coefficient of Resistance (TCR) and can be prepared
with a range of electrical resistivities to meet the CMOS-FTIR spectrometer’s resistance
15  specifications. The infrared detector disclosed may utilize a porous gold black absorbing
layer and a thin titanium layer (instead of aluminum) which may enhance sensitivity by
lowering the thermal conductance of the pads. A more detailed discussion of the figures of

merit, fabrication and materials used for the infrared detector will be discussed in section VI.

As an example temperature changes leading to resistive changes in the A-Si can be sensed
20  using a differential difference amplifier (DDA) in the analog readout circuit. The DDA can

accurately sense the difference in resistance (voltage) of the detector from the previous

reading and amplify this value by a factor greater than 1, thereby increasing the signal-to-

noise ratio (SNR) and the sensitivity of the FTIR spectrometer. The DDA will be discussed

more in detail in section VII. Alternatively any analog chain sensing the resistance changes
25 inthe A-Si may be used.

The main advantage of the CMOS FTIR spectrometer is that the whole system is integrated
in a CMOS process, therefore standard analog-to-digital converters (ADC), Fast-Fourier
transform (FFT) algorithms and memory architectures, which are well established in the

industry, can easily be integrated in the compact CMOS-FTIR spectrometer. In addition, any

10



25is capable of fast thermal cycling under pulsed operation because of the Poly-SiC's high emissivity,
high thermal conductivity, and low thermal mass. Figure 2 shows a cross section view of the fabrication
layers involved in the Poly-SiC infrared emitter on an SOl wafer. The fabrication steps are only an
illustration for conceptual understanding and do not depict the full fabrication flow or sequence. First the
30silicon is etegslitiiaNaPmEREsSid@scaDASIDfr R ighth eapNutaly esyiNdearfatitl Ao thepresirmyf the
circuit. Silicon has a high thermal conductivity and it is used as a heat sink to control the flow of heat away
from the infré@&%iéﬂ%@ itfdHf$a common material used in CMOS circuits and is well known for its
low thermal uctivity, very low stress and excellent adherence to silicon. Initially. g thin, low stress
ayer of Siico PR LEP A R BT B e TR LR Bl B B e BV e chown
in (a). Siliconusitridedagired tieeatoa!rTialy isalatialharsiiAOBwunibatidieited andutdtbfrdigentBhiwn to
have goad bonding properties with Poly-SiC. Next the palyimide is spin cogted and patterned with
anchors or AR OB LS ] R CERHEANEY B TEgEl S SHB. P By AP P o
stress, heavilyodopechBalyrHiCifilam isepesitedrameentpt B Giidaturi pGVESH KT | ROspeftreniberemitter
using inductiyely coupled pl a etch and patterped as_shown i .In (e). another layer of polyimide for
thermal insulAEATE S L B REP e B A SR L A e ik Bt
Lastly in (O aldeviceimhe weplestitip ateanitial tuenpoobe pan o oodledsidasy abthememitianfoslogteiation of
the infrared source via application of current or voltage. The polyimide can be either removed with
microwave 1589 %568@ 'ﬁ%ef’o get a free standing structure or can be left as a thermal insulator. ,.. N As

stated Il rein above, each wavelength span ali =1has its own infrared source. Each source can work in
parallel'it there N infrared detectors are used or alternatively one infrared detector may be used to cover

ry 4 =]

the whole span. img?&lﬂaflbc of one-infrared fiete lar:ab'& (’:T'_ﬁ/i ‘ljwﬁ?'agﬂ\)'éldtﬂf&: wcHtiyatil atimed
preprogrammed sequence , to extract the 20in er1}erogram or |ts%llat|ve Wavelengt% span and is then
turned off, at which time the heat will escape ﬂhrP\MhﬂHe Ihée]t sinks intd #Hkedsmlated silicon away from the
rest of the device. One of the advantages ofl using a separaté infrared source for each span isthat the
operating voltageg’m@mp@‘gture can be adjustes to get maximum powsgrgntensity for its wavelength span.
The well known|Stephan-Boltzmann law in (2) states the power emitted per unit area 250f a black body is
directly proportiogiiterisidiién Hioyer of its ahsolute temperature; j=0-54(2) where is the total power
radiated per unit area, 0- is the Stephan Boltzmann constant ( 5.67x101WK-4]) and T is the temperature
in Kelvin. In additginddfenigide (Si3N4) 32 1.8-2.2

Amorphous Silicon (a-Si) 133 4.2

Polyimide (PI) 0.4 1.6

Titanium 21.9 3.8

Aluminum 237 1.3

Barium Fluoride (BaF2) 12 1.4

Potassium Bromide (KBr) | 4.8 1.5

Air 0.025 1

Table 1. Thermal Conductivity and refractive indexes of materials commonly used in

semiconductors
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displacement law (3) states the wavelength in which the intensity of the radiation emitted by a blackbody
is at maximum nth i, s a function of the temperature. b max T (3) where h is the Wein's displacement
constant (b = 2.8977685x10-3[mKI ) The Poly-SiC 5 infrared emitter is not an ideal black body, but as a
good approximation can be used as one to derive the operating voltage; using (2) and (3) an optimized

operating tenperatusgetuelastsy Garn hecarTivec et aachum aned pniliens e RAKNEIMISththatHée prak
wavelength falls in the wavelength span and so_that the temg%erature is high enougﬂ]ﬁ to get the desired

emission. WHETBSXIRRRFEHE LGB 'L iSTIIREIP the BIlRiee dhpreaPt MEISH i pradtiedeslis.

normalize theyiaghiadenaisaisiereitay ohrirdeiahbaskhas. ficeanddan dRaaadptiw métaras
emission for the wavelength span A/11i =L." N can be calculated u_sin%]sPla_nck'_s law; | (A,, T)dA, - (2hc \1

dA, he eAKTIR4YSUNERI @ MYBRSTORMRIS NBUHTE o RER Y D EK Rt Kisraoa bRl st aHeer unit

solid 15 angleneeitRrtid sanipkelpigthdanBrbebamenghieddideddrohy thdiasiodycollerepearaiure T . his
the Planck caonstant, C is the speed of light in %vacuum, k is the Boltzmann constant, 2 is Ihg wavelength

and T is the tSHEHEFAETAT N SRARM A0 RIS S3RMR SERIGNAGe YA Tefirsrs toriienfiseiRress FTir
spectrometeriQdpticblaltativtespissibedntefernprandistiR sa@ Ve gedtiens2 IMuUst anty ssunpest\al 9ikgle

s & ciftere e T AEN, AR N I RETAR, SRRAHE EeEfol i AR HATINE HOLESdr s
discrete wavetgsighhl Ithe thuthiee bheatiphitd source is not needed, just a monochromatic light source and
10 in section V in which case the sample interface for a CMOS-Raman implementation is
before the wavelength filter and the interferometer. The differences and the design for the
CMOS-Raman spectrometer will be discussed more in detail in section X.

The remainder of this description consists of Section Il, which describes the light source

fabrication. Section Il will disclose the initial waveguide scheme and BGF. In Section IV
15 the MZI interferometer design will be disclosed. Section V will discuss the sample interface.

In Section VI the infrared detector is disclosed. In Section VII the analog readout path and

the DDA is discussed. Section VIII presents the ADC and digital algorithms used. In section

IX, the CMOS-FTIR spectrometer expansion for the long infrared regions is discussed. In

Section X the design for the CMOS-Raman spectrometer is disclosed; and lastly in Section
20  XIl, the conclusion of this detailed description appears.

I1. Silicon Carbide Infrared Emitter

Silicon Carbide was one of the first materials in which the phenomenon of
electroluminescence was first observed in 1907. As a possibility of an infrared source, this
invention introduces a poly-SiC as a resistively heated infrared source. The infrared source
25 is capable of fast thermal cycling under pulsed operation because of the Poly-SiC’s high

emissivity, high thermal conductivity, and low thermal mass.

Figure 2 shows a cross section view of the fabrication layers involved in the Poly-SiC
infrared emitter on an SOI wafer. The fabrication steps are only an illustration for
conceptual understanding and do not depict the full fabrication flow or sequence. First the
30 silicon is etched away on the sides and in front of the emitter leaving an air gap from the rest

12



recombines in the interferometer, it would be impossible to differentiate between the modes and
interpolate the spectrum. This is the main reason why for a broadband source 25 waveguides are
needed, each only supporting the fundamental single mode for a wavelength span AAP =I""N . By
changing the dimensions of the waveguide, i.e. height and width, the modes which will propagate in the

waveguide ca ipe erbiellstiairHaioheidr dermadenibirasiiend forslasaesdvanelesiab o Eiaes
waveguides are needed; as an example for a wavelength of 1.4gm the waveguides dimensions are

220nm heightSndOBHEhREA A HRNSHRS RS VREVERn BRIMIR GFat5ed SRIBEHL IAERR. 4559 Mind width

3pm. Waveggfessverisat thedcpnaent Rhdoial fotersabiefiaetianl apmduaive,s aaows theestragtire of
the rib waveguide, in which a rectangular silicon waveguide is on top of an insulator. layer made of Si02.

Although the WEHEALRETFR ASUGAT IR Do o Ry IRVGSHESRIRNET ATmBGALYLLILSd5 daRLBttion

shown hgre Wil RSB WHHERAL el SHRWITEAINER OYehOsivr TUS taDings tshawa sy RN SR asétridieisolution
for the asymmetric case is more general and a solution for the symmetric case, i.e. wavr?| uides covered

by Si02, can BEUIREIRFHSNRITRLHE e SEIARIERR DEseMHSS BN TS BREURRANTHS R freood

waveguides aoaddnlaebeeiarodes fstiBeoransuerse sieaind b apih teaamcesrl Ipasrate (Fivh) modes
for a twq dimen ionall wgyecﬁuide_ ill be 15 _angrljfyzegd aﬁd the effact've refraJctive index meth vyill be
used. It is nofPRYBIQ L ESIF SIPECHRNMSCHANHIE RS THISARNA %éﬁlbl&oé‘t YRS SRAWAdRe ke the

effective ref:jqc)iuedmk?jr@melﬁh@cfi]li}%dmmfgem fhmﬁsmﬁsﬂfmbmmmmd@d' .aﬁb@lﬁttdeﬁégeto )
refractive index method states that first a solution for IL modes (or TM modes) is solve en taking a
fNo i o o v et A Rt R vl
solving for theejvenatimensionsf gisligituies dor effeehskinsiiatbvieiingsx obatee sindqitnerineffigeaeiggc is

Iculated. Th t IS to. the effecti fractive jndex found Fi 3. d it instead
o the rotact0R . AT B B HERF M o ety 42 AR o8 G G how

material, havofgthereliaiobivpadiex aatciataddfametieenfitst stepopeeatidn robdee(dnffdrethaderdaniiially 25
TM mode was uied}) is sqlved fo% the s(étj'uctur shown.in.a ure 3.d and the final effective refractive index

of the three cARRMERSL AR SYES0IR i e o PFRRAMIILY FARRACTIHAN FOONE2 R USVR ide at a

velocitylsorrgsipemdiaghiiogttegetfedtbestaiidiat \cerindas.oTas by dethes| & theenhMrnddes. of the two
dimensional structure of Figure 3.b is used. The solution for the IE modes, i.e. the electric fields is in the y

direction is showp | eéﬁ%é%ﬁf%ﬁo&e? S& \%2/5%&?1 (shﬁgn ARNED. MCL s own infrared source.
Each source can work in parallel if there N infrared detectors are used or alternatively one

infrared detector may be used to cover the whole span. In the case of one infrared detector

each source is turned on independently, in a timed preprogrammed sequence , to extract the

20 interferogram for its relative wavelength span and is then turned off, at which time the heat

will escape through the heat sinks into the isolated silicon away from the rest of the device.

One of the advantages of using a separate infrared source for each span is that the operating

voltage / temperature can be adjusted to get maximum power intensity for its wavelength

span. The well known Stephan-Boltzmann law in (2) states the power emitted per unit area

25 of ablack body is directly proportional to the fourth power of its absolute temperature;
i=oT" )

where 1 is the total power radiated per unit area, O is the Stephan Boltzmann constant (

-8 2 -4
5.67x107 [W-m™-K ]) and Tis the temperature in Kelvin. In addition Wein's
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h C [ cos(ht)+ a sin(ht) eP("); x <-th 4,62 k2).1112. 7p _ 4,62 k(2).ft: 7 h __ /32 ko = 2ir /20= koneff(5)
where C is a constant. Using (5) the mode condition for the IE mode is shown in (6). The mode
condition is the eigenvalue equation for the 1E modes of the asymmetric slab # n3 waveguide, i.e..
Equation (6) is an implicit relationship which involves the wavelength, refractive index of the layers and

core height agiinavemanientiies sptthadorpracien iscipiamtikastthsignly tekagficiiantiyd bpere are
only discrete values of fl 10 that satisfy (6), the discrete solutions of fl are the discrete modes that a

waveguide sgnp%{@oangl@m@ﬁ%& then HFRAA OPXke ﬁgﬁl,é@rmgrgeld profile and effective refractive

index of the waveguide. The effective refractive index is used in Figure 3.d as the refractive index of the

new material instead of silicon and the TM mode is solvagl using (7) and Figure 3.b (Figure 3.d is rotated
90 degrees to align with the coordinate system in Iﬁi@uFei& . --h Ce-gx; x>0 Hy ( X) =[- -h cos (hx) +

sin(hx) g; 0 > x > -t -C [ -hcos(ht)+ sin(ht) eP("); x <-tq _1/32 1szi.1112. 7 p _'032 _Iszi.1132 7 h _

Viszi.1122 /32 3
where bis the Wein's displacement constant (b:2.8977685x10 [m-K]). The Poly-SiC

5 infrared emitter is not an ideal black body, but as a good approximation can be used as one
to derive the operating voltage; using (2) and (3) an optimized operating temperature /
voltage can be derived for each infrared emitter separately so that the peak wavelength falls
in the wavelength span and so that the temperature is high enough to get the desired
emission. When measuring the infrared emission for the poly-SiC source, it is good practice

10  to normalize the radiated emission to that of an ideal blackbody. For an ideal blackbody, the

infrared emission for the wavelength span A4.1=L..N can be calculated using Planck’s
law;
1(A.T)dA =(2—hfj 1 4z
23 ) he
eﬂ,kT _1 (4)

where (4 T)d4 s the amount of energy per unit surface area per unit time per unit solid
15  angle emitted at a wavelength range between 4 and A+dA by a blackbody at temperature
T . his the Planck constant, Cis the speed of light in a vacuum, Kis the Boltzmann

constant, 4 is the wavelength and T is the temperature in Kelvin.

111. Input Wavequides and Wavelength Filter

For the CMOS-FTIR spectrometer to be able to interpret the interferogram, the waveguides

20  must only support a single mode for each discrete wavelength. Each mode in the waveguide

travels at a different speed, i.e. each has a different effective refractive index, et If the
waveguide supports more than one mode for a discrete wavelength, then when the light
recombines in the interferometer, it would be impossible to differentiate between the modes
and interpolate the spectrum. This is the main reason why for a broadband source N

25  waveguides are needed, each only supporting the fundamental single mode for a wavelength

14



n22n22 = CI P = P n3 1 ko = 2ir / Ao= koneff (7) where C is a constant. Using (7) the mode condition for
the TM mode is shown in (8) P + (71 tan(ht) - Again the discrete solutions of /6 in (8) are the TM modes of
the waveguide in Figure 3.d. 5The fl solutions are used in (7) to extract the magnetic field profile and
effective refractive index of the three dimensional waveguide. The effective refractive index is a measure
of the velocity in \/Aljliichgrle_ilﬂrared light will propagate in the waveguide. Using the solutions to (5) and
(7), the powetP@Bwing in the dir&%iB‘PﬁBg%fgﬁg‘Hﬂlﬁﬁ‘%ﬁﬂsﬂg Hsriyaveauidg ﬂ%%@ﬂ*ﬁlé&%%hn@‘?/ector
shown in (9).modRerfkh WA(Drorageeb fhk ik iDetriBRIGX R QYRR MEGHEr ADRBBYEISTBEBAVWRT flowing

across an area, i.e. W n12 The power flowing in a waveguide of 220nm in height and 600nm width is

shown in FigSFater TRaMm19A8eHryfANE BN APy WavRHE I8TTErenhefaeth 2D i a8 amBIf DPEiMulation.
15The powenghgaldngirdfar 40 first el pIRIoRO R RRPHETGR M aveysianata®l hie. It can

be seen that only the lowest order mode (a) will pro_pagate in the wavelength
5  for a 7um wavelength the waveguide’s height'is 1.1pm and width Jpm.

Waveguides work on the concept of total internal reflection and Figure 3.a shows the
structure of the rib waveguide, in which a rectangular silicon waveguide is on top of an
insulator layer made of SiO2. Although the waveguides in the design will be covered by a
material, in most cases SiO2, the solution shown here will assume that it is surrounded by
10  air, thus leading to an asymmetric case. The solution for the asymmetric case is more
general and a solution for the symmetric case, i.e. waveguides covered by SiO2, can be

directly derived from the asymmetric case.

To solve the field distribution in the waveguides and extract the modes, first the transverse
electric (TE) and transverse magnetic (TM) modes for a two dimensional waveguide will be
15 analyzed and the effective refractive index method will be used. It is not possible to solve
directly for the modes in a rib waveguide structure and therefore the effective refractive

index method is used to derive the properties of the waveguide.

The effective refractive index method states that first a solution for the TE modes (or TM
modes) is solved when taking a cross section view of the waveguides, and assuming it is
20 infinitely wide as shown in Figure 3.c. After solving for the two dimensional structure, an
effective refractive index of the structure in Figure 3.c is calculated. The next step is to use
the effective refractive index found from Figure 3.c and use it instead of the refractive index
of silicon when looking from the top view as shown in Figure 3.d. With the new material,
having a refractive index calculated from the first step, the TM mode (or TE mode if initially
25 TM mode was used) is solved for the structure shown in figure 3.d and the final effective

refractive index of the three dimensional waveguide is derived.

The infrared radiation will propagate in the waveguide at a velocity corresponding to the

effective refractive index.

15



and the two higher modes (b) and (c) will scatter into the substrate and the surroundings. The optical
wave partially propagates in the silicon waveguide and patrtially in the air and Si02 substrate for slab
waveguides. In 4(a) an effective refractive index of 2.6 is derived and this corresponds to most of the
power being inside the silicon with a refractive index of 3.5 5 and only a small portion of the wave travels

in the Si02 and ahwitheameagtive iRk b heald HifRSRRFASlrubtardbe Pifae Mode$ee. wave is
mostly travelling in the SiO2 or air and therefore the effective refractive index is much lower. For each

wavelength sERtQUAoL e T fipdesal edifiel Gldrdititsd Si e MmUY OSRME IREY5) - (9), above so
that only the lowest order mode will propagate. It is important 10 to note that each wavelength inside a
certain span will propagate with a different effective refractive index, this property is the basis of deriving
the interferogram which will be discusgéd ffi section IV. One method;that@an be used to filter the desired
wavelength span and couple the light intp the wavgaguides om the infrared source is via diffraction. For
each wavelength span a 15 nepiker ofditRadion greifitiyvith varyiridperisds can be used to couple the
light into the waveguide supporting only the single mode propagation of the wavelength span AAP =1""N .
The grating period A determines the @{%ggﬂ}ﬁi @abmgﬁmupledgggtthe waveguide.  The Bragg
condition in (10) describes how grating scattering modifies|the light wave vector 20in the direction of
propagation, z. 2rt- kz = fi m-A (10) where fl is the wave vector in the direction of propagation, m is an
integer greater than 0 and A is the grating period. To find fl a duty cycle of 50% is assumed and average
of the effective refractive index ef\pﬁi whyeguipe (\Méﬁekj-vhi ishtke héight 6f the waveguide 25partially
etched to form the grating andng ﬁr)[e/ Qeigbtzqg We waveguide) is shown in (11)
0 (U] 0" eff (5)

where C is a constant. Using (5) the mode condition for the TE mode is shown in (6).

tan(ht) — &
()
h2
5 (6)
The mode condition is the eigenvalue equation for the TE modes of the asymmetric slab

waveguide, i.e. LEaLY Equation (6) is an implicit relationship which involves the

wavelength, refractive index of the layers and core height as known quantities and the
propagation constant P as the only unknown quantity. There are only discrete values of B
10 that satisfy (6), the discrete solutions of B are the discrete modes that a waveguide supports.

Each solution of Z is then used in (5) to solve the field profile and effective refractive index
of the waveguide. The effective refractive index is used in Figure 3.d as the refractive index
of the new material instead of silicon and the TM mode is solved using (7) and Figure 3.b

(Figure 3.d is rotated 90 degrees to align with the coordinate system in Figure 3.b).
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13 71-(neff _HI neff _H2) Ao(11) where 0O is the corresponding wavelength being diffracted. The free
space wave vector shown in (12) is; ko2i-c =20 (12) and therefore the diffracted angle 6 can be derived
in (13) O=sinkz SkO (13) Using the diffracted angle, the distance and height of the infrared source from
the diffraction grating is optimized so the maximum light intensity diffracts into the propagation direction of
the waveguide. It is important to note hﬁt broadband infrared emitters have much lower spectral
irradiance than lasers or light emitting dio@es™vhich have a very narrow, gpegtral 10 bandwidth. For this
reason the diffraction gratings should|h&’e a large area so that they can collect enough light for a
workable SNR. The diffraction gratings aregapered down sldwly so that all the optical power collected in
the large grating will propagaléyi(%()ch_e @ECE%“&V\%@@@% e. This éBﬁré&cﬁtallows for the broadband
infrared light to propagate with similay optical intensities as used in narrow band telecommunication
designs employing lasers or 15light e _'@ ri_gctii)i%lﬁ)sjr éﬁq(ﬁ ch ipitial wa)\(gg_tijde is designed to support only
the wavelength span defined by its dimer|sions, there a@ € some dverlap between different wavelength
spans, i.e. there may =1,..,NA.1, j 1,..,Ni be an overlap of wavelengths forandwhenin two separate
waveguides. Most likely this will occur near the end of the wavelength span. To 20 strictly define the
wavelengths that propagate ig mg/y@ame(g*ﬁﬁd,qg sq/gbaLuh?@r?e ,\MQn'\t/bﬁzan pverlap of wavelengths being
resolved twice in separate interferpmeters, a wavelengtlgn filter may be added. In addition, such a filter will
reflect higher order modes thqtja}h lpp el r@pagating in the waveguides, thereby reducing unwanted
light (noise) in the design. A possﬂble filteris the BGF which is similar to a multi-layer dielectric film which
is used to 25reflect unwante%ig}g;pa;oe,d ol Q(i)ﬁeerent layers of varying refractive_indices. The same idea
can be used in the BGF, by only varying the widths of the waveguide, thereby c@ating

where C is a constant. Using (7) the mode condition for the TM mode is shown in (8)

P+
157
™/ (8

Again the discrete solutions of Bin (8) are the TM modes of the waveguide in Figure 3.d.

tan(ht) =

5 The # solutions are used in (7) to extract the magnetic field profile and effective refractive
index of the three dimensional waveguide. The effective refractive index is a measure of the
velocity in which the infrared light will propagate in the waveguide. Using the solutions to
(5) and (7), the power flowing in the direction of propagation can be derived using the

complex Poynting vector shown in (9).

gw=%Rqexﬁy

10 9)

where ExHjs the complex Poynting vector and Saeis the power flowing across an area,

ie. W/m?,

The power flowing in a waveguide of 220nm in height and 600nm width is shown in Figure
4. The mode profile is shown using a Finite Differential Time Domain (FDTD) simulation.
15  The power distribution for the first three lowest order modes is shown for a wavelength of

1.4um. It can be seen that only the lowest order mode (a) will propagate in the wavelength
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sections of varying effective refractive index, neff . The idea is shown in Figure 5, in which there are N + 1
elements, each with a length of ; =" N and an effective refractive index neff -1 ; ="N . The transfer matrix
method is used to solve the transmission and reflectance spectrum. The method is derived in (14). (e
kneffil,0\ Oe- iknefcli neffi + neffi_Ei ;i=1,.., N neffi - neffi_Ei 2neffi2neffl T= neffi - neffi_Eineffi +

neffi_Ei ; i = Qnd the20RfTHGRELmodes (b) and (c) will scatter into the substrate and the surroundings.
The optical wave partially propagates in the silicon waveguide and partially in the air and

Si0O, substrate for slab waveguides. In 4(a) an effective refractive index of 2.6 is derived and

this corresponds to most of the power being inside the silicon with a refractive index of 3.5

5 and only asmall portion of the wave travels in the SiO, and air, with a refractive index of

1.5 and 1, respectively. For the other modes the wave is mostly travelling in the SiO, or air

and therefore the effective refractive index is much lower.

For each wavelength span,Mﬂ'zl’"’N

, the waveguide geometries are derived using
functions (5) — (9), above so that only the lowest order mode will propagate. It is important
10  to note that each wavelength inside a certain span will propagate with a different effective
refractive index, this property is the basis of deriving the interferogram which will be

discussed in section 1V.

One method that can be used to filter the desired wavelength span and couple the light into
the waveguides from the infrared source is via diffraction. For each wavelength span a
15  number of diffraction grating with varying periods can be used to couple the light into the

waveguide supporting only the single mode propagation of the wavelength span

A%, 1=1..N . The grating period A determines the wavelengths that will be coupled into

the waveguide.

The Bragg condition in (10) describes how grating scattering modifies the light wave vector
20 inthe direction of propagation, z.

where # is the wave vector in the direction of propagation, m is an integer greater than 0

and A is the grating period. To find P a duty cycle of 50% is assumed and average of the
effective refractive index of the waveguide (where H1 is the height of the waveguide

25  partially etched to form the grating and H2 the height of the waveguide) is shown in (11)

”(neﬁ_Hl + neff_Hz)

ﬂ =
% (11)
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r-mM21 M11 51t-MI11R'kr' NH-11t12 eff R+T =1 where ko is the wave number, r and t are the
reflection and transmission coefficients respectively. R and T are a measure of the reflectance and
transmission respectively, i.e. R multiplied by 100 will give the total percent of reflected light with regards
to the input. Using (14) a sharp band pass filter is easily designed so that only the wavelength span

where Ay Is the corresponding wavelength being diffracted. The free space wave vector
shown in (12) is;

_27z

ko =2
% (12)

and therefore the diffracted angle ¢ can be derived in (13)

0 =sin" k
5 Ko (13)
Using the diffracted angle, the distance and height of the infrared source from the diffraction
grating is optimized so the maximum light intensity diffracts into the propagation direction
of the waveguide. It is important to note that broadband infrared emitters have much lower
spectral irradiance than lasers or light emitting diodes which have a very narrow spectral
10  bandwidth. For this reason the diffraction gratings should have a large area so that they can
collect enough light for a workable SNR. The diffraction gratings are tapered down slowly
so that all the optical power collected in the large grating will propagate in the much smaller
waveguide. This approach allows for the broadband infrared light to propagate with similar
optical intensities as used in narrow band telecommunication designs employing lasers or

15  light emitting diodes.

As each initial waveguide is designed to support only the wavelength span defined by its
dimensions, there may be some overlap between different wavelength spans, i.e. there may
AA4,1=1.,N an A4, 1=1.,N

d |¢j

separate waveguides. Most likely this will occur near the end of the wavelength span. To

be an overlap of wavelengths for when in two
20  strictly define the wavelengths that propagate in the waveguide, so that there won’t be an
overlap of wavelengths being resolved twice in separate interferometers, a wavelength filter
may be added. In addition, such a filter will reflect higher order modes that are loosely
propagating in the waveguides, thereby reducing unwanted light (noise) in the design. A
possible filter is the BGF which is similar to a multi-layer dielectric film which is used to
25  reflect unwanted light based on different layers of varying refractive indices. The same idea

can be used in the BGF, by only varying the widths of the waveguide, thereby creating
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10will be transmitted; the rest of the wavelengths will be reflected back to the source. Alternatively any
wavelength filter may be used in the optical path, such as a photonic hole lattice in which the diameter of
the holes and spacing between holes will define the bandgap, i.e. which wavelengths will propagate
through he lattice and which will be reflected or scattered. This completes the design of the input
waveguides. There are N waveguides each with a differgnt geometry, with specific span of wavelengths
propagating iFFeHERT, SRV & etV ERIEEHYRN I8 BNIy DropBg ity reBo¥RdR e = HMbBidhe N
waveguides enters its own MZI to generate the interferogram; and the MZI is discussed in the next
section. 5 IV.IERIZeNndel InleFENSMeash (Widlzie) leRativef i the one offideamsttestivealedmFibéhents in
the FTIR spectrometer, and i is ysed in creating an interferogram. The detector will receive infrared

radiation for théentiré Wwavelength-spas Earsietimatibsarapies thaisatdeesplighthiatensrmisi@wanfesolve
the SpeCtrUmrfa?feéé%ev%ﬁ}é@ﬂﬁﬁﬁg,ﬂ?ﬁ@‘?ﬁ&ﬁBQ%H&R;%@iﬂJpﬁﬂ‘?“ of the destructive and 10 constructive
interference in the interferometer. The spectral resolution mainly depends on how much of an effective
refractive index variation can pe;aehieved hetween the two arms of the MZI In the classical FTIR
spectrometer, a moving n]n'rEor%reates an opticdl patk diffagence and each wavelength will have an
interference pattern as a fl.IJnCCOﬂQ)f theelifror isplacement. In the CMOS-FTIR spectrometer no
movable parts, mirrors or other iﬁgffﬁa\re ﬁneeq?eqfagﬂéﬂe tical path difference effect is achieved by
varying the effective refractive i ' ‘drm--the-inteferometer in relation to the other arm. By
varying the effective refragtive i dex?ﬂ%fivelocity ofzt'P\%ﬁiight in the_ waveguide is changed and when light
from the two arms of the MZt a enefficombined angffasaneiffer née is Ihtfoduced in direct relation to the
effective refractive index variati n‘b@ﬁfﬁe two yyayeguides. A top view of the 20 MZI interferometer is
show in Figure 6(a). for the case of an MMI coupler and'Figure 6(b). in the case of a Y-branch combiner.
The MZI consists of a single mode input waveguide supporting a \WdyeleMyth\spa P =1""N derived
from the previous section. ﬁeTiml;D)-IL_ntz ight 5°S it 5bI50: ntgwheltwg;rms of tf} M%‘% the Y-Branch
splitter. The Y-branch splitter splits 50/50 for the entire 25 wavelengtft spari‘and does not have any
wavelength dependence.rTgé\ﬁo split light waves travel the exact same distance in the MZI arms. In one
of the MZI arms a refractive inilgx variation is introduced in comparison to the other arm, thereby
changing the relative velocity Qf the light in the arms, and introducing a phase difference between the two
light waves traveling in thiewaveguides. The two split light waves will recombine in the MMI coupler 30
(alternatively a Y-branch cominer can be used instead of the MMI coupler) and depending on the phase
difference the waves will gpl:J;HJF into the output ports. For a certain

T = neff,N+l |t|2
r]el‘f_O
5 R+T =1

ko is the wave number, r and t are the reflection and transmission coefficients

where
respectively. R and T are a measure of the reflectance and transmission respectively, i.e. R
multiplied by 100 will give the total percent of reflected light with regards to the input.
Using (14) a sharp band pass filter is easily designed so that only the wavelength span

10 AMii=L1.N

will be transmitted; the rest of the wavelengths will be reflected back to the
source. Alternatively any wavelength filter may be used in the optical path, such as a
photonic hole lattice in which the diameter of the holes and spacing between holes will
define the bandgap, i.e. which wavelengths will propagate through he lattice and which will

be reflected or scattered.
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wavelength, when the two light waves are in phase, they will recombine and couple into the Pif port Pout .
When they are out of phase by exactly 2t, half the light will exit the top port 2 Pif and half will exit the

bottom output port 2 . For a Y-branch combiner only the Pout port 5exists and for the out of phase portion
the light will scatter aout of the waveguide into the surrounding and substrate. A graph of the output ports'

light intensitymasrealiasetde the depighlishtrasiaplingtiosgaldee Phasesiffarengedpivessathedi arms for

a given wavelength is shown in Flgure 7. The graph represents the phase difference for one wavelength,

the interferogHfRMROERRINSEY WH Rititerears of Nravrlendige RPRRIGERG rHEe T dchhelaIgssle a

different phasgagléfieigince Ny mepaiatrierliysirgiaatbe.inden iftarencevdagrals dnersapyesants the
middle outpuhj)ort and when the two arms of the MZI are m&hase all the light Is coupled into the middle

port. The dottd lifRORMeT &R ednEssFRrQaREsRRd i M4he Sscared sitin Fk s8R hen the light is out of
phase bé Ir the I|ht |s coupled half and half into_each one of the ports. 15Two possible modulation
scheme : ermo-optic effect and modulation based on free
carrier absor own a digpersi ect Sil possesse ood thermal features,
Wit s igh M2 b A Bh R G R LEE TR B e (R RBr e eIt 1eriale
and high therimaireataty clivilgtentekoygamodtHatidetdeesed/idh rtdf@mlmenmmumaeﬁﬁﬂu'm/efdr attﬂsaemwse The

lyv 20 disad h dul d h |
el v L R

modulation ispptoathy mmoreaUtpomméogmeleodeparmemapoasaaptfoamm Efemeattwrrammpand for
spectroscopy_applic tlons be used When modu on |sd sired. TBF isad antages for
oot B G e CELTHES ha o e B 28 T B ReaAint BEIROr AR Ueove
modulation thene wlicheofoms emfemmmrqfcamr/@mdﬂng/mmaman teeabhrdviedHaere des sheotwmer dhas the
other arm, i.e. fthﬁ I'%I\N?n cgfgs/sﬁgdpﬁtf‘?é) ucttPf nt1h erarrans %\r}dn will cause non.symim trl(fal r%sults
which will requwe alcommodatiGriin processm§ in erpret PANSDUEY HE e rAu R R eebeck
effect, a voltatjéfeseapphead encer\aalmteogﬂemllbbmmmmmgerfatened [edidsnt asaat&impioatof ehdificrence
between both ends, eorh (tarrllf é}mggolr_:? le i iS.made e?f d\évcr)n gls%mlaarr ttshen[m%elseggno hté?rs joined at one
end. Thermoe'e%tnc CGorers are compose o314 arge humber o fhe rﬁoco’u les'which are e ec?ncally
connecfiéd inrsedes. atﬁEfﬁtampﬂMnmdetﬂﬂlmrermoéﬁemBimﬂdlmmmu \Aﬂthld@eﬂmcnifedtwe nefitzninie
possessing aI eebeck elc fficienta , a low electri |s vit and Iow ther ctivity Kk .
Table 2. shows %e m%r'ggr?glnplrr(])pheertllrets?ro rtt\)/vn(])eseert'snorfeifmé cém%ﬁebl g'cr'gént % Qf?ecltllve
refractive index, the velocity of the light in the waveguide is changed and when light from

are ' .-..-.'-...' L ..-.‘. ed .. ‘.—

the two arms of the MZI are re-combined a phase difference is introduced in direct relation
to the effective refractive index variation between the two waveguides. A top view of the
20  MZI interferometer is show in Figure 6(a). for the case of an MMI coupler and Figure 6(b).

in the case of a Y-branch combiner.

The MZI consists of a single mode input waveguide supporting a wavelength span

A1=1..N derived from the previous section. The input light is split 50/50 into the two

arms of the MZI by the Y-Branch splitter. The Y-branch splitter splits 50/50 for the entire
25  wavelength span and does not have any wavelength dependence. The two split light waves
travel the exact same distance in the MZI arms. In one of the MZI arms a refractive index
variation is introduced in comparison to the other arm, thereby changing the relative velocity
of the light in the arms, and introducing a phase difference between the two light waves
traveling in the waveguides. The two split light waves will recombine in the MMI coupler

30 (alternatively a Y-branch combiner can be used instead of the MMI coupler) and depending
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materials, Poly-Si and poly-Si7CPkGe30% . The n type material is doped with phosphorous and the p
type material is doped with Boron. The thermoelectric material is heavily doped to 10reduce electrical
resistivity and from table 2 it can be seen that the thermal conductivity of poly-Si Ge 70%30% materials is
lower. Material D opin g . Cncentratill c (c in-3 x10") See beck coefficient a (uV / K) 57 Electrical

resistivity m oRGHe0-§hdge3 diriidtdle - dhe waves will couple into the output ports. For a certain
wavelength, when the two light waves are in phase, they will recombine and couple into the
P

T

port Fou . When they are out of phase by exactly 7 , half the light will exit the top port 2
P

T

and half will exit the bottom output port 2 . For a Y-branch combiner only the P port

5 exists and for the out of phase portion the light will scatter aout of the waveguide into the

surrounding and substrate.

A graph of the output ports' light intensity normalized to the input light as a function of the
phase difference between the two arms for a given wavelength is shown in Figure 7. The
graph represents the phase difference for one wavelength, the interferogram is generated
10  when there is a broad range of wavelengths, and each will have a different phase difference
for a certain effective refractive index difference. The solid line represents the middle output
port and when the two arms of the MZI are in phase all the light is coupled into the middle
port. The dotted line with circles represents the sum of the top and bottom port and when the

light is out of phase by 7 the light is coupled half and half into each one of the ports.

15 Two possible modulation schemes are discussed; modulation based on the thermo-optic
effect and modulation based on free carrier absorption (also known as the plasma dispersion)
effect. Silicon possesses good thermal features, with its high thermo-optical coefficient
(about three times higher than classical thermo-optical materials) and high thermal
conductivity making modulation based on the thermo-optic effect very attractive. The only

20  disadvantage is that modulation based on the thermo-optic effect is slower than modulation
based on free carrier absorption. For spectroscopy applications this is usually not an issue:
high speed modulation is typically more important for telecommunication applications. Free
carrier absorption for spectroscopy applications may be used when higher speed modulation
is desired. The disadvantages for modulation based on free carrier absorption is that it is

25  more complicated to perform and to achieve modulation there will be loss in optical power
causing one arm in the MZI to have less power than the other arm, i.e. the light won’t be
50/50 in the ouput of the arms and will cause non-symmetrical results, which will require

accommodation in processing and interpretation.
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con ductivity _,.ic_iilvl7. m.i 31.5 11-Poly-Si 2.5 p-Poly-St 2.5 103 2.214 31.2  n-Poly-SiGe

10

15

Due to the thermoelectric Seebeck effect, a voltage is applied over a bar of semi-conducting
material leads to a temperature difference between both ends of the bar. A thermocouple is
made of two dissimilar thermoelectric bars joined at one end. Thermoelectric coolers are
composed of a large number of thermocouples which are electrically connected in series.

Efficient thermoelectric coolers should be built with thermoelectric materials possessing a

large Seebeck coefficient & , a low electric resistivity # , and a low thermal conductivity k.

Table 2. shows the material properties of two sets of CMOS compatible thermoelectric

pOIy'Si70%Ge30%. The n type material is doped with phosphorous and

materials, Poly-Si and
the p type material is doped with Boron. The thermoelectric material is heavily doped to

reduce electrical resistivity and from table 2 it can be seen that the thermal conductivity of

POIY-Sig5,Ge3s materials is lower.

Material Doping Seebeck Electrical Thermal
Concentration coefficient resistivity conductivity K [
¢ (cmx10%) a (uV /K) p(MQ-cm) | W-mtK7y

n-Poly-Si 2.5 -57 0.813 315

p-Poly-Si 2.5 103 2.214 31.2

n-Poly-SiGe 2.5 =77 2.37 9.4

n-Poly-SiGe 2.5 59 1.87 111

Table 2. Material properties for 400nm thick poly-Si and poly-SiGe layers

Spectral accuracy is an important figure of merit in FTIR spectrometers and should not be
confused with spectral repeatability. Spectral accuracy is a measure of discrepancy between
the actual measured value and the true value. Spectral repeatability often referred to as SNR,
and the FTIR spectrometer’s ability to reproduce the spectrum from the same sample, the

same conditions, and the same configuration over a certain amount of time. Therefore noise
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2.5-77 2.37 9.4 n-Poly-SiGe 2.559 1.87 11.1 Table 2. Material properties for 400nm thick poly-Si and
poly-SiGe layers 15Spectral accuracy is an important figure of merit in FTIR spectrometers and should

not be confused with spectral repeatability. Spectral accuracy is a measure of discrepancy between the
actual measured value and the true value. Spectral repeatability often referred to as SNR, and the FTIR

spectrometens gfilipetauiRPsedHES B R4t HethR &R Mesarapkhtthecsarar &bl Ny the
same configuration over a certain amount of time. Therefore noise js the measure of the spectral

deviations betIFSEH e REOFIMENRTS, thgiMpeediss HReSiRh At SPaetrihPYsRIxithify BRAfRL Ly dNse.

Spectral accyrapy ispetueipletéistinpritant foriiacndiiR FiFeatioatariBiRrAHe R tariel eradiuidarmation
within the intended resolution. Therefore an approach is disclosed in _&ilgeure 8 for modulation based on the

thermo-optic 'S &REVEARiRPREPEYiRy HRGIPSGSE - B HEELPalS). FOCHAiendRse SPetiealNsbaer2RY¢he

actual tempeé%feﬁﬁ\/%iﬁfﬁféﬂﬁ@\}?ﬁﬁwm ébﬁtmpmyawﬁmme@hangf ibd@f@%t&@lrﬁt@eﬁh@glmgen theh
two arms, needs to be precjse own when extracting the spectrum for. a given voltage applied. For this
reason & medBIPETENEE ST NSe YRR e SNEGHTA &) %A GG S LRTL RFXRENIERT contacts

for higher thesiaahis alatinmés dhs6lbsgredisatiaraingh WHED drapeeiramsprisrusuyagyhelivalagen laser
is added to measure the mirrors displacement.and }/elocit%/ to achieve Bigh s&a{ctral accuracy. The
disclosed meRRBUCE A S BRSO AL Sk G 2T ARG o Ao B AP BB

caused by a velsgenapplieshiortheotitacm delenithed arirenulilisetatsenais ietssda . ¢sistasteaDNIRA-SI.
When the resistance difference between the two arms i asured, the change in refractive index is
i lhaads iz BATaRRlRS

known did BELGRILPLEHANAARTALY ReQRARSTE QiERASY P EBR R/ AER %?SBté‘@ngs the
A-Si) per voltageciyritestidetrenigrrspegtatticenicd is uetlosdiemakaeling ihespraisathfor e A-Si's

et e oSS LS 5 g 180U AP 08 18570
thermoelectric device will cause a change in resistance of the A-Si. When the resistance
difference between the two arms is measured, the change in refractive index is known and

15  desired spectral accuracy is achieved. The resistive information (voltage drop across the A-
Si) per voltage applied to the thermoelectric device is used when extracting the spectrum in

I1X. A-Si’s properties and figures of merit are explained more in detail in section VI.

One example of a possible method to achieve both heating and cooling simultaneously,
achieving a large temperature difference required for thermal modulation, is an integrated
20  peltier structure. Alternatively any method such as resistive heating or heating via a metal
layer may be used to achieve the thermal modulation. Usually architectures which are just
based on heat generation in the waveguides will require the substrate of the chip to be

cooled to a lower temperature.

The fabricating layers involved in the disclosed integrated peltier device are shown in Figure
25 8. The fabrication steps are only an illustration for conceptual understanding and do not
depict the full fabrication flow or sequence. Initially in (a), silicon is etched leaving the
waveguide in the middle and two silicon heat sinks on the edges. The heat sinks will be used
to control the heat flow from the thermoelectric device, also known as Peltier device. Silicon
nitride is deposited with LPCVD in (b). Silicon nitride, which is transparent to infrared
30 radiation up to 11um, is used as cladding for the waveguide. The silicon nitride layer

supports the evanescent wave of the optical field in the waveguide. The evanescent field
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achieving a large temperature difference required for thermal modulation, is an integrated 20 peltier
structure. Alternatively any method such as resistive heating or heating via a metal layer may be used to
achieve the thermal modulation. Usually architectures which are just based on heat generation in the
waveguides will require the substrate of the chip to be cooled to a lower temperature. The fabricating

layers involveships the figsieantl ible gtrtask palipldaviaeaseaptowil iIRd-tbeessed Saorbarfalpigatian steps
are only an illustration for conceptual understanding and do not depict the full fabrication flow or

sequence. InFAHYT Y{a)NsAHBHAR StiFRRy MEdR dah & TR HBREMBSEMAl ARTLH iR, B SHIG8Rt sinks
on the edgesdibhriftegieitlfeVilebredsagkin contipptieg gatilowdiwn theitepalpsbage iestealso

known as Peltier device. Silicon nitride is deposited with LPCVD in (b). Silicon nijtride, which is transparent

to infrared 3CTEHLEHOY (Hths tHisen wayeenids dbaidnsitnt whtksgiliironrHEdrichaultia 408t

supportssthe gyposssrRNoViaNR A Hoe®iiealdilohiutiivayeaudRohhBue aseserthitkdnplays en
important role for the sample interface and will be discussed more in detail in section V. In addition silicon

nitride has a THBBAThiIeF YRRFT RS CORIGetEy thsknSitfcoh dtbiidPRlieTdfofBSne! idaptalénssiBplied by
the Peltier devigriwilcpienagatdtescoicipatvametitisilitae wavieaisehithesthicknrsret bf the silicon
nitride should be as thin 5 as pgssible to achieve good thermal canduction to the silicon, but has to be
thick enoughRE"SHARBR e B ARSI PhEE I BRCLE R 5PIReS e thaigfinsdftte&ficon
nitride needeglairib &sliglasthé dikcomviggidigz. (TPe minimum thickness is derived by the penetrating depth
of the evanescent wave in the waveguide. From Beer Lambert's law, the electric field in the silicon nitride
is (15) -E= exp(-az) (15) EO where E is the elegtric field as a fun)ction of the distance z which is normal to
the boundary of the silicon and silicon nitride ag_lod:E%( Wéhnitial electric field intensity at the boundary. a
is the electric field amplitude decay coefficient and is derived in (16) for the optical waveguide in Figure
11. 2irkh2 0-0/2a=-12 An2 dp = (16) The penetration depth dP is defined as when the field drops to
U e (37%) of fe intial (IR lr RS SRGSIFDPfre VS VRIS AR AN T BEIRHYS

of the silicon and silicon nitride and E, is the initial electric field intensity at the boundary.

@ s the electric field amplitude decay coefficient and is derived in (16) for the optical

or(sinfe )
a=— ——1
A1 An

15 & = 7 (16)

waveguide in Figure 11.

The penetration depth dy is defined as when the field drops to 1/€(37%) of the initial

field. ¢ is the angle of incidence, “is the wavelength and ANis the relative refractive
index of the two materials. For the angle of incidence, as shown in equations (5)-(9) only
discrete modes exist, in the case of the present invention the waveguide is designed for a

20  single mode. The angle of incidence is derived in (17) by taking the angle between the

propagation constant B and the wave number Kn_siico of the reflected light in the silicon

n
0= arccos( " p j = arccos( il ]
n_silicon nsilicon (17)

25

waveguide.




index of the two materials. For the angle of incidence, as shown in equations (5)-(9) only discrete modes
exist, in the case of the present invention the waveguide is designed for a 20single mode. The angle of
incidence is derived in (17) by taking the angle between the propagation constant fl and the wave number
kn-sthecm of the reflected light in the silicon waveguide. = arccos - arccos neff siliconj 'a (17) In(c)

a thin layer offit@nia/fiis IBpeitereRaausPRispt ceRARH@BAER tRErMeRliohs BN, As shown in
Table 1, titanium’s thermal conductivity is about ten times smaller than aluminum,

Aluminum's enormous thermal conductivity leads to a sensitivity drop of the A-Si

temperature sensor and therefore titanium contacts improve the temperature sensor's

5 performance. In (d) A-Si is deposited and doped with Boron to obtain a high Temperature

Coefficient of Resistance (TCR). A-Si film is patterned for a good connection to the

titanium with reactive ion etching (RIE) in reactive 5K

gas. In (e) a thick layer of silicon
dioxide is deposited with PECVD. The silicon dioxide acts both as an electrical insulation
layer for the A-Si but also as a good thermal insulation layer for the silicon heat sinks. In (f)
10  aluminum is deposited and patterned on the titanium for electrical conductance and is used
as the contact layer for the temperature sensors pads. The A-Si temperature sensor covers all
the length of the MZI arm to best and most accurately sense the temperature of the
waveguide. In (g) silicon dioxide is deposited with PECVD, acting as an electrical insulating
layer for the pads of the temperature sensor. The aluminum pads are routed along the arm of
15 the MZI and contact to the pads is made at the end of the MZI arm. In (h) a thin layer of
silicon nitride is deposited with LPCVD acting as an electrical insulating layer. The silicon
nitride layer is kept thin for good thermal conductance from the Peltier device to the silicon
heat sinks and silicon waveguide. In (i) poly-Si or poly-SiGe thermoelectric material is
deposited with LPCVD and patterned. The n-type material was diffused with phosphorous in
20  a high temperature furnace while the p-type material is capped by mask oxide. The p-type

material is doped with Boron while the n-type material is capped. The poly-Si or poly-SiGe

is patterned with reactive ion etching (RIE) in reactive SFs gas. Finally in (j) aluminum is

deposited and patterned, forming the Peltier device.

In the cooling mode, current flows from the n-type material past the bridge metal
25  (aluminum) to the p-type material. The bridge metal becomes colder than the aluminum
contacts to the silicon heat sinks. If the polarity of the voltage applied to the Peltier device is
reversed, the bridge becomes hotter than the contact pads to the heat sink. In both cases, the
lack of heat or heat propagates to and through the A-Si temperature detector to the silicon
waveguide, thereby changing the refractive index of the waveguide by changing its

30  material's temperature. The Peltier devices are connected in series throughout the length of
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Table 1, titanium's thermal conductivity is about ten times smaller than aluminum. Aluminum's enormous
thermal conductivity leads to a sensitivity drop of the A-Si temperature sensor and therefore titanium
contacts improve the temperature sensor's 5 performance. In (d) A-Si is deposited and doped with Boron
to obtain a high Temperature Coefficient of Resistance (TCR). A-Si film is patterned for a good

connection tafa@/MtaRiMTHERIEARIINE IRMGEAHIRArIRIEN b Vearliershifodasifittietadbintglpy@ief silicon
dioxide is deposited with PECVD. The silicon dioxide acts both as an electrical insulation layer for the

A-Si but also®¥ LEGRSEPIHE HiEersaartacH e By the sramd Sheraak RRRSSIAT@ 10 aluminum is deposited
and patterned on the titanium for electrical conductance and is used as the contagt layer for the
romperature SIS BE0T HOARTE e B SO Ol AR R RB S e st anc
most accurateptiseosefficicte MPReatdeaofitie wamegtideoind ginaiéedn ditrdslefisdepiasitediaidthaPECVD,
acting as an electrical insujating layer for the pads qof the t eratur nsor. The aluminum pads are
routed afong RRed HHS tﬁ@‘%ﬁ@/%@ 5'6?1&%?{3% rﬁ&éﬁ? '@Zﬁie end of the MZIl arm. In (h) a
thin layer of silicon nitride is deposited with LPCVD acting as_an electrical insulating layer. The silicon
nitride layer is kept thin for good thermal Coﬁhﬂdwﬁéﬁlﬁﬁﬂz@ Peltier device to the silicon heat sinks and
silicon waveguide. In (i) poly-Si or poly-SiGéthetmoeledic matgrial is deposited with LPCVD and
patterned. The n-type material was diffused with phosphorous in 20 a high temperature furnace while the
p-type material is capped by mask oxide. The p-type material is doped with Boron while the n-type
material is caype'8. ﬁ]’é Hryslesubdresngtly.is b MRfiieacaDE ichieibRiRg RIEYIRY Hatefe SF6

gas. Finally igf-alunirieninaepeaiiad AneBstamerbsfREN o the Ealiahteyigndd the rapligmode,
current flows from the n-type material past the bridge metal 25 (aluminum) to the p-type material. The

bridge metal HE8SrHBREBERNSE AR eRBCARFIn S EihiReERIRUCSARESHOR Nt SPile! iCRE BB IR the

voltage@ppliggile cberiGEIRNSResmTRYRrsed, the bridge becomes hotter than the contact pads to the
heat sink. In both cases, the lack of heat or heat propagates to and through the A-Si temperature detector

to the silicon waveguide, thereby changing the refractive index of the waveguide by changing its
30material's temperature. The Peltier devic a?é’-ééﬁﬁectélfirﬂjg ies throughout the length of the Mz
arm. The aluminum bridge is formed in a U-shape to allow sufficiemt cooling power and temperature

difference facilitated b ?qe small thermal.bypass of air.. Silicon is a good material to use for
thermooptichl T ALo M LEL e B Re o et vebioued SESRESF AT TR SRE e e
material arises from the molecular 5palarizability a according to the | orentz-Lorenz formula in (18) n2 -1
o(Ma(p.T) nZOQ{%rEW@@)m the Wavaguide favelswith & veloc y 01I ang%ere ore when ca culr%tgng

the phase difference between the two arms, equations (5)-(9) need to be recalculated with

15  the new refractive index of silicon under each temperature condition to extract et 1t is also
important to note that silicon has a low thermal expansion and therefore from (18) it has a
positive thermo-optic coefficient. For materials with high thermal expansion the thermo-
optic coefficient is negative. By applying a different voltage to each of the thermo-optic
modulators in the two arms of the MZI, each wave will travel with a different velocity due

20 to the change in refractive index from (19) and changing et The voltages are applied in

such a manner, i.e. one is increasing and other decreasing to achieve a 27 phase difference

=1.,N

between all the wavelengths in the span Al . The spectral resolution therefore

depends upon how close two wavelengths can undergo a 27 phase difference in the

ﬂ“O

interferometer. For a given wavelength it is known that the wavenumber A expresses the

25  number of radians of phase change that the wave undergoes per a given length (20)
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where P is the molecular density, T is the temperature, and go is the permittivity of free space.
Differentiating equation (18) with respect to the temperature gives the refractive index dependence on
temperature, i.e. the thermo-optic coefficient. For silicon the thermo 10optic coefficient is approximately
dn 2.4x10-4 dT 11(-1 (19) Equation (19) is just the refractive index variation of silicon as a function of
temperature, the optical wave in the waveguide travejswith a velocity of neff and therefore when
calculating the phase difference between the twqﬁmcms—éfﬁuations (5)-(9) need to be recalculated with 15
the new refractive index of silicon under each temperagmre @Mdition to extract neff . It is also important to
note that silicon has a low thermal expansion and therefore from (18) it has a positive thermo-optic

e it b _ . : a Pos ! i
a iferent vol e 10 S o N T e L PR e
travel with a gUfgrent VRIRGN NS 2UOHHR Q%%HPe\r/%Bﬁ%CHé’tgv%”ﬁefhfr?wo(%?%é‘”ﬂac?%r&%”gt ff. The
voltages are a}.{)pﬁed ‘T:lﬂ sucha manner, i.e. one'is Increasing and otner decreasing ?O achlevega 1

phase differegigecbetineenalkibrgiaveiangHipigodie SnemlAFP 2 pHise Taierseacs alreanluion baerefore
depends_upon how close two wavelengths can undergo a 271" phase difference in the interferometer. For

a given wavelSHYaY ifreASRN AL RPN K eRdth ek e Es ieths MahireeisesdithsRchRbse
change that thedNaish UTHergeanPepacoirRRenathdBO)ttPAtlive method for modulation in the MZI

because of its simplicity, and no loss is introduced in the waveguide (but it is slower than
using the other method which is free carrier absorption).

The second approach that can be used to achieve modulation is based on free carrier

10 absorption As an example for an architecture based on free carrier absorption a reverse
biased diode may be used. Alternatively any architecture which achieves modulation by
changing the number of free carriers in the optical path travelling the in the waveguides,
may be used. The number of free carriers in the waveguides can be controlled by forming a
reverse biased diode out of the silicon waveguide and applying a voltage, thereby changing

15 the width of the depletion region. The width of the depletion region can be calculated using
(22).

W = {%(MJ (Vbi -V )T
g \ NaNp (21)

N

where 0is the permittivity, 9is the elementary charge, '"Ais the concentration of the

N v,

20  acceptors, D is the concentration of the donors, ‘biis the built-in potential and V is the

voltage applied. For modulation based on free carrier absorption, the number of free carriers
generated per voltage can be derived and refractive index difference between the two arms
can be extracted using Kramers-Kroing relations.

The relation between the free carrier absorption and the refractive index can be described

25  using Kramers-Kroing. The refractive index can be written as n+iK where the real part Nis
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2 eff -0 (20) where 0 is the wavelength in free space. Using (20) the spectral resolution can be derived by
taking the maximum neff difference achievable between the two arms and finding the closest two
wavelengths that undergoes a total of 2ff phase difference. It can also be 5 derived from (20) that
increasing the length of the arms in the MZI increases the spectral resolution. The thermo-optic effect is a
very attractive,mefiof fabmesiatonrndhe N BrgasCinliRSIPRIGLAqodio dasRdp ifneigRd in the
waveguide (but it is slower than using the other method which is free carrier absorption). The second

approach thatmfidientideld telaelieyecmatulRties sbbapeidoodseicratiey theakkarptiok Asandxample
for an architecture based on free carrier absorption a reverse biased diode may be used. Alternatively any
architecture WHets atlisdbeoniisalimaciangtbh dhgikgamermicnpias sorelnahaeysan (B st sam
travelling the jg éklﬁr}é‘é@é(&*%%‘ﬂ%v@ay be used. The number of free carriers in the waveguides can be
controlled by forming a reverse biased diode out of the silicon waveguide and applying a voltage, thereby
changing 15the width of the depletion region. The width (X‘Otllaﬁ,-?eplletion region can be calculated using
(21).  ANA ND An(w) = (c/n)Pj d

5 0

2 2
W™ —wW (22)

where hWis the photon energy and P the cauchy principle value. Absorption may be

modified by an altered free-carrier concentration ( AN ):

Aa(W, AN) = ar(w, AN) — (W, 0) 93

10  Due to the fact that the photon energy is expressed in electron-volts and the units of & are

typically cm™ it is convenient to re-write equation (22) using the normalized photon energy

V" where V=hw/e:

An(V) = (he/ Zﬂze)PT \/A.f‘%)zdv'

— (6.3x10°[cm-V ])PT\ff—de'
2 24)

A good approximation of the free carrier absorption effect can be described by a first order

15  approximation descending from the classical Drude model
2> ( AN, AN
Aa = ezﬂ; Tt — .

Ar°Cen\ Mopt, My 4, (25)

where ANand A are the real refractive index and the absorption coefficient variations

respectively, € is the electron charge, €ois the permittivity of free space, M is the refractive
index of intrinsic Silicon, M is the effective mass, # is the free carrier mobility, AN is the

20 free carriers concentration variation and the subscripts €and h refer to electrons and holes
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[ ANAND ) (21) where go is the permittivity, q is the elementary charge, N A is the concentration of the
20acceptors, ND is the concentration of the donors, Vbi is the built-in potential and V is the voltage
applied. For modulation based on free carrier absorption, the number of free carriers generated per
voltage can be derived and refractive index difference between the two arms can be extracted using

Kramers-Krolgpeiaiglps Using herfeieHoR Ry eentiondr er cariivjeapsarption/anddbe fifraghisg index can

be described 25usin

the conventidi&iara

d

Kramers-Kroing. The refractive index can be written as n+ ik where the real part n is
xBf F¥raction and the imaginary part k is the optical extinction coefficient. k is

related to a , the linear absorption coefficient, by the relation k = aX | 47r where 2 is the optical
wavelength. The Kramers-Kroing couplm betw@e’n A dhYy Aaﬁbbn be expressed as follows; 5 An(w) = (c
[7r)Pi A,c2j.dmi (.)(22) where hw is the photoa;ehéggy and = the C y principle value. Absorption may

be modified by an altered free-carrier concentration ( AN): Aa(w ANJ='a(w, AN) - a(w, 0) (23)

10

15

20

25

Using (26), the free carrier absorption effect gives approximate refractive index variations

on the scale of - X107 note that it is negative, i.e. conflicting in polarity to the thermo-
optic effect. The disadvantages for the technique are complexity in comparison to using the
thermo-optic effect, but more importantly a change in refractive index causes an optical loss.
This can be problematic in a spectroscopy application if a precise spectrum is to be
evaluated because this will cause one arm of the MZI to have more power than the other arm
in the MZI causing an anti-symmetric recombination of light. It is also difficult to
compensate for the loss because the loss is dependent on the state of the diode and varies
throughout the modulation. With that said, taking a differential measurement, i.e. first
creating the interferogram for a known sample and then for the unknown sample, the anti-
symmetric losses can be subtracted out. The main advantage for using free carrier absorption
for modulation is speed; it is much faster than using a thermo-optic effect for modulation: a

few hundred times faster in most cases.

For constructive and destructive interference between the light in the two arms of the MZI to
occur as an example of a possible recombination method an MMI coupler is shown in Figure
9 (alternatively a y-branch combiner can be used). The MMI has two input ports coming

from the MZI and it is assumed that each input has half of the total light intensity. There are

R output port will have the light coupled into it when the two inputs

P /2

three output ports, the

are in phase and the output ports will have the light coupled into them half and half
when the two input ports are 7 out of phase. The output ports are tapered and their distances
apart from one another are optimized to collect the most amount of light depending upon the

phase conditions of the inputs.

The MMI coupler works on the principle of self-imaging effect. An input field profile is
reproduced in single or multiple images at periodic intervals along the propagation direction.

30



10Due to the fact that the photon energy is expressed in electron-volts and the units of a are typically cm’,
it Is convenient to re-write equation (22) using the normalized photon energy where V = hw/ e An(V) = (hc
[ 2g2e)Pf Aa(V ) -dV 0V2-V2 = (6.3 x10-6[cm. V J)P1 Aa(V ) -dV 0V2 -V2 A good approximation of the

free carrier absorption effect can be described by a first order 15approximation descending from the

classical Druggigngeieredul oA MNacEVRTIEASRACEBatice?bhgsvavehgite Abaed Pigearaihentral

refractive index and the absorption coefficient variations respectively, e is the electron charge, go is the
permittivity Oflff%o%?ﬁ/é@bilit?smg i rﬁ%&@dﬂ@ﬁéﬁs@ﬁi@ﬁ&@@ﬁ%ﬁ& bR &tieeddenmaass, du is the free
carrier mobility, AN is the 20free carriers concentration variation and the subscripts e and h refer to
electrons and holes respectively. Using Krmaers-Kroing ygtations, the change in refractive index from

L ~ r_ e

25) is extracted, giving: L= =
(29) g Bo=p 3k (27)

where By and B are the propagation constants of the two lowest order modes, Nris the

W,

5 refractive index of the rib waveguide, "“¢is the effective width of the multimode section of

the splitter/combiner, and 4y is the free space wavelength. The FDTD simulation results of
the recombination of the two arms of the MZI in the MMI are presented in Figure 10. When
the two inputs are in phase the input light is coupled into the middle port and when the two
inputs are 7 out of phase the input light is coupled half and half into the top and bottom

10  output ports.

Adpyi=L N o

With the MMI recombining the signals for all the wavelengths in the span
spectral information is encoded in the interferogram all at once as a function of the refractive
index variations in the MZI. By measuring the optical power from the middle port for every
refractive index variation until the desired spectral resolution is achieved, all the absorptive

15  spectral distribution of the sample under test for the wavelength span A%,1=1..N IS
derived. The top and bottom output ports of the MMI are used to guide away the destructive
interference part of the interferometer so it won’t add optical noise to the system . In the
next section possible sample interfaces are discussed and the decoding of the interferogram

is discussed in section 11X.

20 V. Sample Interfaces

P port of the MMI coupler or Y-Branch combiner, comes

=1.,N

From the MZI, specifically the

. As there are N
A (V) si=L.,N

the interferogram covering the wavelengths span A4l

wavelength spans there are N interferogram which are symbolized as s

The interferogram is a function of the difference of voltage ( AV ) or current (Al ) applied

25  between the two arms in the MZI, for either the thermo-optic modulation or the free-carrier
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Using (26), the free carrier absorption effect gives approximate refractive index variations 5on the scale of
- 1x103, note that it is negative, i.e. conflicting in polarity to the thermo- optic effect. The disadvantages
for the technique are complexity in comparison to using the thermo-optic effect, but more importantly a
change in refractive index causes an optical loss. This can be problematic in a spectroscopy application if

a precise spegsuiptisrioree Auabiatad braapredhim WilleRiser- A assRdWh theritdtda havenerotieepower
than the other arm 10 in the MZI causing an anti-symmetric recombination of light. It is also difficult to

compensate forfhe Mg 8ELEIEAGH OTHNEER HsRderorthe st or diaalvadnsiy Varedamralighout
the modulatiqp, )ik hat saidy tkiag aiiREenial meRsuREIATIras st steating ejpierigrogram for a

known sample and then for the nown sample, the anti-symmetric losses can be subtracted out. The
main advantagfdetiwesingef eariaioie bebaerptieraihios inorakdonds S¥eed ithe metefogienthess using a
thermo-qptic ((?effect for modulation: a few hundred times faster in most cases, FQr constructive z?\d

destructive in 8W8r@?1gée l‘f‘gﬂﬁggﬁ"t\f?eal% ‘?ﬁ“iH%'Nﬁd’H?Fﬁ%“Eﬂ%éaKﬁiu Bcgc'guiihg Ie%% b % possible

recombinatiobranetheshainkHd radiffelenisisivelengimg-igure 9 (alternatively a y-branch combiner can be
used). The MMI has two input ports coming 20from the MZI and it is assumed that each input has half of

the total light intensity. There are thrg@)oytpatipgms, the 0 outgut port will haye the light coupled into it
e the e S e B PP BT e e s IS BTy anc

half when theabsarpiputiyottis saefletiteafipebaem EhizdvapuT pisrtesrgptipedist laset theih TR tantes apart
from one another are optimized to collect the mast.amaqunt of light.depending upon the 25phase
contitions of R TR e R TR A et AT B o
profile i$0epriducechphesinodetay mieltipiethnagesn it ipetadie fotehealsTatomgttioe plapthgatisa dinerdion.

This occurs due to constructive interference betwijgl the waveguide modes. The beat Iengljh LI{? derived
by using the PROYAGatBHAeHh SeiRtopdwerthiand!two IdiSeroamsdrighown in Figure 12. The

i=1.,N P

out_i

interferograms Ly (V) ;1=1.,N

coming from each MZI through ports
at different times, due to the pulsing procedure of the infrared sources, travel below and in
direct contact with the sample. The exponentially decaying evanescent wave traveling out of
15 the boundaries of the waveguide penetrates into the sample and the corresponding
wavelengths of the interferogram are absorbed by the sample. The infrared light that did not

get absorbed continues to travel in the waveguide to the infrared detector or in the case of

parallel operation to the infrared detectors, i.e. one detector for each of the N
interferograms. The depth in which the evanescent wave penetrates the sample depends on
20  both the refractive index of the sample and the wavelength. The penetration depth can be
calculated using (5)-(9) in which the field is solved as a function of the distance traveled in
the sample or using (15)-(17) in which the angle of reflectance in the waveguide is derived
to solve the penetration depth. The advantage of using a single detector is that non-
uniformity issues between detectors is not an issue but the disadvantage is that the infrared
25  sources need to be pulsed for operation one at a time and this delays the derivation of the
full spectrum. Furthermore a blackbody infrared source takes some time to turn off, i.e. cool
down and special care needs be taken to make sure the source is fully off before the next one
turns on. In the case of using N infrared detectors all the sources can work in parallel at the
cost of having more hardware to support all the detectors. The infrared detector for the ATR

30 method is a suspended structure and connections are made through the legs / pads.
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4RW: Po Thei320(27) where /10 and fil are the propagation constants of the two lowest order modes, nr
is the W 5refractive index of the rib waveguide, e is the effective width of the multimode section of the
splitter/combiner, andis the free space wavelength. The FDTD simulation results of the recombination of
the two arms of the MZI in the MMI are presented in Figure 10. When the two inputs are in phase the

input light is goyipleskinRIEe erskd|ecpeshanebreindnRTiveIMpISAEer s ot 8hploRsRetRBguIdight is

coupled half and half into the top and bottom 10output ports. With the MMI recombining the signals for all

the waveleng{FEhAHEAGHIA ABHINGIP R WEEGMh S FRANEN RS iMth e RRIPAT RIPSEA AN at once

as a function @hitaet ipitacievadeyuvdiationadnitie Mdl BasmeasdstedheaniiraispeenEPi the middle
port for every refractive index variation untjl the desired spectral resolution is achieved, all the absorptive

15 spectral dWAYEEH BREHS Blh AIETASERS QUGS TrretDEamally fi dpd suepended Rl efefRIEH Fhe top

and bottgm ontpuipesteant foe MdHasetoses iaveuigdecawasnibeidaatieh eoitentesaneRImaAngOiikhe

interferometer so. it won't add optical poise to the system . In the next section possible_ sample interfaces
are discuseofi i B HIoCt s Ea B AT B e B LG B 6. o ipIEerfaces

From the MZHesageifigalbehgiidsearinoréhia NdilcouplefaloviRipsch aonrbisentbanesdhiisiaiferogram
covering the wavelengths span=1, .,N As there are wayelength spans. there are N interferogram which are
ymbolizect SRR S0 ST RGe AL N AR A e AR DS AR AR S8 (RS or
current ( Al') epgllieiee Appetvactidmetye apssbedihg M bafapleithil toepleasmofoptcvaaduidddantor the

e cari
ree ca%er the absorbing layer of the infrared detector.

An alternate sample interface that can be incorporated involves the light leaving the
waveguide at an angle corresponding to the diffraction equations derived in (10)-(13) and
being reflected back from the sample onto the detector. The idea is shown in Figure 14, in

which a cross section for one waveguide is shown. The light exits the waveguide via

15  diffraction and the angle can be controlled, for example 45° angles can be achieved as well
as grazing angles down to a few degrees to measure samples in which the absorbance of the

surface is important.

Because the waveguides are integrated into the chip together with the sample interface and

the detector, a good degree of control and performance is achieved that is more difficult to
20  achieve with other miniaturized FTIR spectrometers. In other miniaturized FTIR

spectrometers such as those that use fiber-optics, it is difficult to align and couple light from

the FTIR spectrometer to the sample and back with good accuracy and in a controlled

manner. With the disclosed CMOS-FTIR spectrometer the whole process is done in the

fabrication facilities in which accurate and precise equipment control the alignment and
25  design.

V. Infrared Detector

Any infrared detector may be used. As an example, the detector proposed in the present
disclosure is an uncooled microbolometer. The microbolometer architecture was chosen due
the low cost, small size, broad brand spectral response and CMOS compatibility.

30  Microbolometric detectors exhibit a change in resistance with respect to a change of
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absorption modulation. An example of an interferogram is shown in Figure 11. When there is no voltage
difference between the arms, i.e. no effective refractive index variation, all wavelengths are in phase and
the maximum center burst is at AV = . As the effective refractive index variation between the arms is
increased, i.e. AV # 0, the interferogram goes 5down as the constructive and destructive interference

takes place ifctigeMMiCorHesaismanaauninareesmaayies tidfarotaralenaiardEasihtion,

interferogram IAA! (v) ; =L." N is applied to the sample and based on the absorption by the sample the

spectrum is dBPRed CPRIEH SRIGHPRRINTRIR o dMEaLRA AGRESINY ARCOKRRFALS rétettatod ¥ B TBRER Wiich
different anglesatilightheasrdiffractsiuned thenshipike 1propersirsnpifg hedaperiauw of Giesrienie dnterface
for the ATR method, for the case where on!)é one infrared detector is used for all N interferograms, is

Resiitigpd IR) and can be”prepared with a range opfagigabgesisiiyiies19, m&qdBfing from

shown in Figt
each Mz thrgpb partaRisieatrciffatenyt ddgiasn g iRt dotising procedure of the infrared sources, travel
below and in direct contact with the sample. The exponentially decaying evanescent wave traveling out of
15 the boundavi¢rsititzsaraghidsppritionatt st thshsmeterantduh arpomaaptigdisg of aveliengihs of the
interferogram are absorbed by the sample. The infrared light that did not get absorbed continues to travel
in the wavegisfnt.treiptinsRatylBtectonis imibencasieovhparalieh qreratiendd insuinfadiest dpeeiprs, i.e.
one detector for each of the N interferograms. The depth in which the evanescent wave penetrates the
sample depeﬂa‘é’%r?ri‘(gﬁ ' 8 18 ive index of the sample and the wavelength. The penetration depth
can be calculated using (5)-(9) in which the field is sqglved as a function of the distance traveled in the
sample or using (15)-(17) in which the arpgleof_téﬂ%%‘ in the waveguide is derived to solve the
penetration depth. The advantage of using a gifglewdetector is that non-uniformity issues between
detectors is not an issue but the disadvantage is that the infrared ources need to be pulsed for
operation one at a time and this delays the derivation of the full spectrum. Furthermore a blackbody

infrared] gouregirke’s Rome Bimectorintn Gfisi e GARKARINBANIENRGIAliSRrERERFES ba-Biker tgsipake sure
the source is fully off before the next one turns on._In the case of using N infrared detectors all the

sources can Yk Of ghseiherdotincissst cidiatinny Fdsdhtateidpativalappberaptrorbeenss. Yhis infrared
detector for the ATR 30method is a suspended structure and connections are made through the legs /
pads. As an éamgsielation Seegeenvnadeed 4o tie AnfRrednadiatinerfadsiohe thewnaheesponsguidis using
diffraction grating to output the light is shown in Figure 13. The sample is placed in contactwith the

waveguide ad8ftRediiBnithsataiaOhdhansisyise dheanahimrastddrdscinermd GREAREHHis a8t tiffracted
out into the therpaibyigotaiae ShspendsaticaTE RS GIAaT byp (tidg important for the detector to have good

thermal insulation from the surrounding area and is therefore suspended above the waveguides and
covered with polyimide. The infrared detector will geqgiisclosed more in detail in the following section.
AIternai ely the detector can be placed at tﬁ@%ﬁdﬁoﬁhe waveguide and the waveguide is tapered down
so that afmost of all the light that did not get absorbed by the 52#1 e will couple out of the waveguide into

10the absorbing layer of the infrared detector. An alternate sample interface that can be incorporated

involves the IMredvib g nacaGRIENKalYindiBecorredandinl B1eAs B AN AR Mbrived in
(10)-(13) and,fgjng tsHecirtbektrm dha ggimple onto the detector. The idea is shown in Figure 14, in

which a cross section for one waveguide is shown. The light exits the waveguide via

- R, JA- Af

Vo (30)

Af \Y

where 2" is the frequency bandwidth, Ais the microbolometer area and " is the total noise

20  voltage, including the background noise, the temperature fluctuation noise, Johnson noise

and 1/ T noise. An important figure of merit is noise equivalent power (NEP), which is the

input power necessary to give a signal-to-noise ratio of unity (31).
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15diffraction and the angle can be controlled, for example 450 angles can be achieved as well as grazing
angles down to a few degrees to measure samples in which the absorbance of the surface is important.
Because the waveguides are integrated into the chip together with the sample interface and the detector,
a good degree of control and performance is achieved that is more difficult to 20 achieve with other
miniaturized FTIR spectrometers. In other miniaturizeg/ FTIR spectrometers such as those that use
fiber-optics, it is difficult to align and couple lighNEBf e FTIR spectrometer to the sample and back with
good accuracy and in a controlled manner. With the di closddEMOS-FTIR spectrometer the whole
process is done in the fabrication facilities in which accurate and precise equipment control the alignment

and 25design’ QANFHFEE8 PREIRERANBEHREEE dBE IS FReSEEsE R MicapPalomeiie Sqklddddor
proposed in the present disn(;pquj's an unc%%q microbolometer. The microbolometer architecture was
all S

chosen due théd® ek of ize, BRga@Wrand sgddtrapsedpuarslispl@senrofseesiapatisiiermal
30MicrobolomgiisHeIRA AR Ik & FRRNEEIHIHRS I§EBRARWIES HPSRaH 49 definengs @8?@(?19?&%‘”9 of
e

the sensing material A-Si accompanying the absorption of infrared radiation. The uncoo

microboldmefeMiaf HRARARIEY: ihBBfIpstas G itaSREGRIAPJARIF2ER SERWE HJwIHE ASiThEs low
noise propertigsyibiaBTaBmRaatYr GRellicientioh Rasisinee.a GRSy ke PERPAsedNt dsange of

electrical resistivities to meet the 5CMOS-FTIR spectrometer's resistance specifications. To first
understand tifelbfRREAGFHBT HVnAtRASURIFR & Rt reWPRhY BRER SR FCEb RYeFit P W iRk IR onsivity

R\{ IS th? a”ﬁb@ﬁ&&@ﬁ%?p&tyséﬁ:'ﬂiﬁ@rwti@f(mwtm@ﬂmi%' RY¥YEls dfsif’e%f“?@dtﬁb (fBXting Owhere
ib is the bias current, R 1s the infrared sensitive material resistance (A-Si), 71 is the )
structure. In (c) a thin layer of titanium is sputtered for contact connections to the A-Si. As
10 shown in Table 1., titanium’s thermal conductivity is about ten times smaller than
aluminum. Aluminum’s enormous thermal conductivity leads to a sensitivity drop of the
detector and therefore titanium contacts greatly improve the detector's performance. In (d)
A-Si is deposited and doped with Boron to obtain the expected resistivity and TCR. The A-

Si film is patterned for a good connection to the titanium with RIE in reactive SFs

gas. In (e)
15  avery thin layer of silicon nitride is deposited, the layer is used for electric insulation and is
very thin to have good thermal conductance between the A-Si and the gold black absorbing
layer. Aluminum is deposited and patterned on the titanium for electrical conductance and is
used as the pads of the detector in (f). In (g) a porous gold black absorption layer is
thermally evaporated. The gold black evaporation process is done under relatively low
20  vacuum (~0.8 torr) to achieve the porous and black layer. The porous gold black layer
absorbs nearly 100% of infrared light from 1.4um — 15um. In (h) a thick silicon dioxide
layer is deposited, which acts as good thermal and electrical insulation layer from the
outside. In (i) an aluminum infrared reflecting layer is deposited, the reflecting layer is so
that no infrared radiation from the outside will enter the microbolometer structure, as well
25 any infrared radiation that did not get absorbed in the first pass will get reflected and
absorbed by the porous black gold layer after reflection, thereby increasing the
microbolometer performance. Lastly in (j) to form the floating structure, the polyimide

sacrificial layer is removed by a microwave plasma ashing process.
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ratio of absorbed to incident radiation, G is the total equivalent thermal conductance, w is the modulation
frequency added to the infrared radiation, rth is the thermal response time defined by the ratio of the
device thermal mass to its thermal conductance and fl is the temperature coefficient of resistance (TCR)
given by (29). TCR = -1 -dR 15R dT(29) where T is the temperature in Kelvin. The detectivity D measures
SNR normalized \WitaIeee@afidmboforriReto@tive fian tRPnR VDRV EHY) abstYpaOR Mdtbieis

frequency bandwidth, Ais the microbolometer area and Vn is the total noise 20voltage, including the

background M¥idesUtted: £on 3B s rEaie fuMIBR-RAike SBRHFBRHoi SReI38r 95 QBiSEEPA MNiRlgg ke figure of

merit is noisejgtdvedentpenRi (NS hauhiaic s s dRrtdrpamabREESSFATR teadiyfedi sisialdg-npise ratio
of unity (31). NEP =V Rv(31) To ensure thﬁperformance re&uired in an FTIR spectrometer, a
i

microbolomet3PYollld HIVEE |drde WAIAELEEIN R AR IGRVRIED WHEIPADLEBE A U188 08 HY standing

thermal detegigumitRgasieresiaionh eieahipse! ditPFadagh§oRse SatmarieAsciaitremnip(@itéshbeand S5
CMOS compatibility. TB&I detector and its,fabriqﬁion Iar?/ers are shown in Fi&}ure 5. The fabrication steps

are only an iIfEFAFSR RO VBRES SHITHFS- SR B £HAUS o RRSHRE: 10W P AR FREA AL GPBIES
sequence. Fifgira peyinidt saoifpialsaypresente soukgdrans padauiedrpy divreighingu(alion 4hd a

Silicon dioxide layer. is deposited for the floating structure. In (c) a thin layer of titanium is sputtered for
oot comnERIRIED HOBCRE S T se o A SRLPSCORTS ST EhE A i s RABTA o
times smallesthafupdusiounadAlersantinas iarkigneuss hesrrhedn e estvebtilRpkyde is sengitaded drpp of the

detector and therefore titanium contacts greatly improve the detector's performance,.Ip (d) A-Si is
oot BT T RS A A RS E et e T, SAeH et for
a good connegyignstilitherditanannaladth Gl Ensulaisiive/&maansigde) thermaletyribirtayser sstaibeon nitride
is deposited, the layer is used for electric insylatian and is.very thin to have good thermal conductance
betwoon the N AP JOET AR RAo ) Ky RH L T PG ASa SR s Gl

titanium for elegérieail coadefttancelaok is tsedmasriiagagols tiibe Rgtecianint(s.duitghanptapersopold black

absorption layer is thermally evaporated. The gold black evaporation process is done under relatively low
P Yhe botttom an(J ths m%reases the etgctor el‘?lmency.p P y

15 VII. Analog Readout Circuit and the Differential Difference Amplifier

The A-Si in the configuration of Figure 15 & Figure 16 is a linear resistor and the resistance
value changes linearly with temperature. It is desirable for the CMOS-FTIR spectrometer to

be able to detect the slightest changes of temperature which means the slightest variations of

resistance. The TCR of the detector is in the order of —3%/ K and therefore to improve the
20  detectivity of the chip a differential difference amplifier (DDA) can be used, in which
variable gain can be added to the readout to increase the SNR. If only unity gain is desired a
simple unity gain amplifier can be used instead of the DDA to readout the infrared detector’s
voltage values, i.e. reading out the voltage which can be translated to resistance or
temperature values. A basic DC bias circuit is shown in Figure 17, a DC source is connected
25 in series with the A-Si detector (modeled as a resistor) and a load resistance. The voltage

Vie changes with resistance and indicates the amount of infrared radiation that was absorbed

by the detector.

VIR

For the analog readout circuit to be able to distinguish slight changes of voltage, , a

method for taking the difference between the previous readout to the current readout and
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20 vacuum (-0.8 torr) to achieve the porous and black layer. The porous gold black layer absorbs nearly
100% of infrared light from 1.4j..tm - 15j..tm. In (h) a thick silicon dioxide layer is deposited, which acts as
good thermal and electrical insulation layer from the outside. In (i) an aluminum infrared reflecting layer is
deposited, the reflecting layer is so that no infrared radiation from the outside will enter the

microbolometgnSiiRRiY B AFoltale dFrRRtRMia@ecIasiativhithatodiskneietrlspiReghiarihactisataass will
get reflected and absorbed by the porous black gold layer after reflection, thereby increasing the

microbolometge RRIFOHBENEE- thaMp{EatROISTHEIR f(B(hang SEFHRI G s ROliRde sasefipialcayer is
removed by a microwave plasma as in% process, The disclosed microbolometer structure with thermal

isolation and HBSIHSFOTYAR AT it anadosder Agitl Fomated) CReSYHTAeRIRG dhilstertiyity fhbrication
steps in FigutgelOpiistiosas shébgbmatr isolated micro-bolometer suitable for ATR sample interfaces. As
shown in Figure 13, the detector can be covered with polyimide acting as thermally 5 insulating buffer

from the sample DN CKagisig.CTAOSKtRe] efieuiansi sayiplgimjeifagrsatbR gnidiauiol@metewstructure
is similar to I}igure 15, exceﬁ)t now_the infrared light comes from the direction of the sargr[{q!f_so th

structure is r&OSRBEERFTAY Eﬁﬁgl%léﬁi%% %!B%Pp?ﬂ)ﬂpégﬁ'@emg %'}ﬁé Fheed d&tor is
shown in Figafendi6 sirfitelepeaidnging struwiweddriapadpbaiseameas diffeigntial libptheatsroppm
reflecting layer is now placed on 10 the hottom and the porous gold black rption laye ve it. The
i Sicon NHABLAR LY B LR 206 R TR RAHRALH R et A o TR EOh B ece
between the afysbeptipnepdragiisoihe A-Si. Any infrared light not getting absorbed by the gold black layer
will be reflected back to the absorbing gold black layer from the aluminum layer on the bottom and this
increas§8 the detector efficiency. ¥5MIIAAMlog Readoy, Cirsgihpnd the Dj ﬂential Difference Amplifier
The A-Si'in the configuration of Figure 15 & Eigure 16 is a linear resistor and‘the resistance value
changes linegyly with temperature. It is desirable for.the CMOS ETIR specirometer tq be able, to detect
the sitghtest ahu oL TRt e el e e o oRE SRR R ot e
detector is indigaalsdirectio- 8Rarab st shefr efoyel covier ofésehd 020 didte dowitgraaseheechipi ghddifenential

the SR, 1 ORI a3 L LT Oy SR 2 (i B fechhetents o DA to

readout the infnpeddndete dat'svattagenvahies)al eforeadingeouir th e twek age antpis haodnrbanyrandtaitadl to

connecten 24 e O YR R R S BB E SR B SREE e v
IR changes with Mmmmomoda@aht_ﬁczi_tée tiveod npoit npgﬁmma_mmwimdmdh@mmabedebmmﬁme
detector. FOfiFﬁﬁrgr\Zefldg fs%%?é-#&%ggh“ta‘i% f‘ff%P'%éR 3{5 g?%‘?gosl'@?ﬁég OegeBBf VollRBG Y, 'Rt method

for taking the di e between the previous reado currentr ut and amplifying this voltage
difference is diteforsthgTiesistotokaqusindisbdB A Wiiéh ierlizatbers offiers N betataidotharphifification is

doneonV 1 ore iti ' 3 n -to-digital
conversion), @1@%&% ﬁ?(?lﬂjé@ﬁ%}?rﬁ?ﬁ&gg%ﬁg@@:ﬁéﬁ@é@%ﬁ%éﬁ%?r@%gég?%ih@?géﬁpﬂﬂaggasic
CMOS halots boddicigrizetkyibriaggatiomle analog circuits with low component count. The DDA is an
extension to an op-amp, the main difference is that instead of two single-ended inputs, as the case in
op-amps, it has Ryvo:dﬁfélﬁp&)ql inplit pots (\/Jppr_n)l_arEtij\ﬂag n_rgv'[ e synibol fap, the DDA is shown in
Figure 18. The olftput aka DDAGIARRE exprassed as, (323 10= A0 PE™)CNIVRD - V51(32) (33)

CMRR q CMRR

where Pan nare the common mode rejection ratios for the two input ports p

CMRR

and n respectively. d which is not known from the regular op-amp, measures the

effect of equal floating voltages at the two input ports. A is the differential gain of V)

25  while Ve is the common mode voltage of the differential pair (V2 _Vl) and Vot is the offset

voltage. It can be seen from (33) that with high differential gain and high common mode
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An instrumentation amplifier is well suited for amplifying the difference between two signals due to
characteristics of very low DC offset, low drift, low noise, very high open-loop gain, very high
common-mode rejection ratio (CMRR), and very high input impedances. But in its conventional form it
requires three op-amps and many external 15 resistors which have to be tightly matched. Mismatches in

resistor valuggjasbmismaichas iadhd@ farinangaiadea s anacebmpl dMed ek PR AANGE Hiodesired
common mode gain. An improved instrumentation amplifier can be realized using one DDA and two gain

determining rE8I&tofQIREE RIS Shahoyld BB Re AIPEA R R &R MRIRSE G AR R GRAEATY

programmablenbyiveFreet e ek nesistors fdidhes 3ath ok (R tRRYES dhmigmplifed #PschapmRctetized by
the equation + R211 Vo (1 + 11 Rl + R2)V/ V1 Vc mVoff CMRRd 2cmR,CMRRp (33) where CMRRP and

CMRR, are tiisooRmesian medereiaricagatinsoipgiie (ho)inputigitsdnnsh misspesivabh BMRRdwhich

is not known from the regular op-amp, measures the effect of equal floating voltages at the two input
Mﬁ%ﬁp&i

ports. A is theCditfefRertt R 25whilRgsBdsdhatsesrmantpadeyoltage of the differential pair (V2)
and Vff is the offset voltage. It can be seen from (33) that with high ditferential gain and high common

mode rejectipnggiiesiafUintdhidatrititloriadean iberseampishad avenmaridaveorapaendrode input
voltage range. It should also be noted that the offset voltage can be reduced using known offset

cancellation tgEhoiglyed Sust %tbﬁlﬁg@z\é%@@hﬂiﬁg%wﬁg dmeRPRMBSWiRS BPARsIgmARserery high
open loop gain (%gppand high common mode rejection ratios ( CMRRn,CMRRp ,CMRRd 5) yielding good

results for eq¥HEMEE3 SRRRHLICSAMRIR ARGHIRAME rtiFRy Hise Witha SLRTEES ORI FRgIFe! P o redre Bfo
capacitors C fhodpaehfed wikt&iorerthe iagaitidarandigaonshe ity ehie mwiaaddindose advanced

switched capacitor sample-and-hold circuits with charge injection cancellation can be incorporated
instead 0t thd “GIRHEAFAERIVTR 1y GPEMYBUPRIN BB THE &% SPGB RMer Y SresRfS eSOt R he

configuration in_Fiﬁure 19 is shown. FoRgvery successive readout the V o ]
switch toggles, connecting "R to either C1 or C2 and the DDA amplifies the difference

between the voltages (V2-V1). For every readout the current voltage is stored in the
capacitor with the switch closed and the other capacitor has the previous voltage stored on it,
thereby amplifying only the difference between the readouts. Due to the nature of the
15 interferogram there will not be two successive readouts with large voltage differences and
therefore the DDA can be configured to have a large closed loop gain. Very small resistance
differences (i.e. temperature change in the A-Si), can be detected, thereby improving the
SNR and the detectivity of the CMOS-FTIR spectrometer. The output of the DDA
((R1+R2)/R1 * (V2-V1)), is connected to the input of the ADC for conversion to a digital
20 number. The output voltage can be either positive or negative depending if V2 is larger or
smaller than V1. The DDA only amplifies the difference between the two readouts, therefore
the polarity of the most recent output holds the information if the readout was larger or
smaller than the previous voltage (i.e. depending on the state of the switch and polarity of
the output it can be evaluated if the current readout needs to be added or subtracted to the
25  previous readout). The ADC converts from the negative power supply voltage Vss to the
positive power supply voltage Vdd and depending on the polarity of the input signal and the
state of the switch, the digital value will be derived. The ADC structure and the basic

algorithm will be discussed in the next section.
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switch toggles, connectingto either Cl or C2 and the DDA amplifies the difference between the voltages
(V2-V1). For every readout the current voltage is stored in the capacitor with the switch closed and the

other capacitor has the previous voltage stored on it, thereby amplifying only the difference between the
readouts. Due to the nature of the 15 interferogram there will not be two successive readouts with large

voltage differgncesnansgd oarsiprg temRiMosandeepriigumedimitave a large closed loop gain. Very small
resistance differences (i.e. temperature change in the A-Si), can be detected, thereby improving the SNR

and the detegtivity the the GO SdtibiR sneofrometputd tetheip e ishiee R BithR ML MB)EL)), is
connected to the input of th A%iffior convfer ion to a digital 20 number. The output voltage can be either
osiive or et SR Y BHEB 6, S AL TTTE BESK iy AT SOH e Rence
between the fagoreati(RitsRPgRfoThehstie | arjiytotéhaeabUace ficostpetoficldidhs infoumbéigait the
readout was larger or smaller.than the previ voltage (i.e. depending on the state af the switch and
ottty o 50D XA L AT AU i LORFE AR Ao ML U ROk QPR RIS the 25
previous readoulipiteheohEstonireMDSetimolegatisachaoss| syigplinviokiegefMsis KO0 popitivespower
supply voltag d and depending on the polatity of the input si n . State e switch, the digital
value il be e e R B TA A ST ARG TRRE o o HEL L o d TR Ubion.

I1X. Analog toADiGitalddnave rsis. st RiDiG by eeitirescaRroerusbe are dinsideseritionamdydfitbbsaputs to
the ADC is the analog.signal with a voltage value equal to ifference of the current readout to the
orovious readB P R QuIh TSR0 PO ) Ot HTAE oot A B St S Pswitch
and thel@ain detbatitvity[RidR 29 iehirdihe Bagic e driefdienalgpoiktmmais ywriak re kigichdllyad (dpplogies for
analog to digital conversion in CMOS technology. Such topologies include a flash ADC, a pipeline ADC, a
successive approximiafion ADE (8Iramp-compate\ABQ) Wilkissou ARG, iatdaratir@ ADC and many more.

Any ADC architectufe gan be. .and this d iption only, disglpses th rithip that needs to be
adapted during the D%'?foriv'grsg%lgha\?é mg}grpﬁﬁggtﬁog%gA(ghfgﬁefi\Zﬁvi%ﬂ%z%n emerf84The basic

conversion algorithm is written logically in (34). +DApc ; if (Si: V2 = [JR and Vo >0) or (Si: VI =VR and Vo

<0) 1-DADC ;i S1DLE.=: < EASTRVES C igital value
after convers}é/rrl(%%m the'%@g,%ﬂ?ﬁ %Io\é%‘i)\J/% %q‘r%r{e%(gi%é% \‘}gﬂ\ﬁo oi] %@[@%ﬁc@t@é@ﬁ%ﬁ@%ﬁé \%%e will be
added or su ed-.tdxhe ' S0, 1-Enf . Nt ' S g higher
or lower vall?g@%ngtfhe 15p5(£](\%/{|{o&%ks&p%?r?[¥gr§!§ @%n Pc!é‘%}hﬁlglug %%Hsae%mnﬁw ?ghir g?)ﬁéﬁ%os%%raﬁgjls%tgie of the
switch Si andconversion, i.e. if the current point in the interferogram has a higher or lower value than the

D

15  previous point. The sign for ~APC as seen in (34) depends on the state of the switch S1 and

whether the output voltage is positive or negative, which can be easily evaluated with a

D

simple comparator. For simplicity when working in the digital domain the ~APC can be

represented using 2-complement form and this way can be added or subtracted easily to

D

calculate the final digital value ~current “evaluated through (35)

D

20 current = D

+ (DADC << DGain_ Factor ) (35)

previous

where Dpreviousis the previous final digital value of the interferogram point being evaluated,

and Deain_actr is the digital value of the gain factor (R1+R2)/R1 that needs to be divided to

2 Dgain _ Factor

=(RI+R2)/RL Tye shift left operation (<<) in (35) is
D

get the unity gain value, i.e.

the digital division of the amplified value. The value ~curent js stored and used for the next
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whether the output voltage is positive or negative, which can be easily evaluated with a simple
comparator. For simplicity when working in the digital domain the D AD C can be represented using
2-complement form and this way can be added or subtracted easily to calculate the final digital value
Danes , evaluated through (35) 20Deurrent = Dpre'jous (DADc " DGain_Fa"(35) where DPremis is the
previous final digital valge of the interferogram point being evaluated, and DGam_Factor is the digital

value of the J&AYQHERS (RTHR29ME ivaprnsedd to'bEPaRAEd @b BedHIbNEEtarg Ry alha WilRiei.e. 2-=
(R1+R2)/IR1. foa&hidtileio presaiiom ceMo Snidgrinaidntalh dhasiffial fhecadrlfigd aligoring yRlue

Dcurrent is stored and used for the next readout as DPremis and this procedure is repeated for the full
interferogramNAgaiR\ ABIENR EBRY7E8 sHM dRfGATateE T slslle & Mfeditopls didifabprst&Aures and
the storing ofi#aghgaéa on on-chip memory are easily integrated using standard CMOS tools and
fabrication methods. 5The interferogram changes as a function of the voltage applied to the MZI, due to

the full irgegratienmétfeeoiarferemeienwifiheieleofr andogodaghipphiad therramplinguate erdfthe voltage
can be synchronized more accur elﬁ int(?:ﬁm,&ﬁr}iﬁon to other FTIR spectrometers. In other FTIR
ir

!
spectrometerSFREHARIRGIHRAV Vi FBP SRGUAMGY 8'HEtPaAR0H SRR hed dato¥d the

synchronized/tslttae samisghchierigaervelectignated, theongrdidon bSHNETIRIZDMNSSA preat deal
of complexity sualcll}gfncorporatin additional lasers to measure the mirror displacement) and Jeads to

errors which Ea8e ddEreRSEHPBSBIT e isat SR U RI08RY BRIGS FFIR Qi % rometer,
this is much lgzsofreedssietrs ynbhregligibte dedayainling vakadeneropagatingityolrgh thednferconnect
to the MZI and the response time of the MZ| needs tq be accounted for. 15Now that the interferogram has
poen eviluatH ST R R A oo ChS s P ENER b NGt R RTEFRUP M e Y e
converted intméasusp @wiralidistriisgiaceméatraiipledd o aftorstiomof viavelengtasedAesolwireanomber. C
(14 . This is dong by taking the complex Fourj rm of the interferogram, shown.in (36) C (2) =-v |
() expls | AEP IR S0 G e h e b BT L BE i o T BRAGEA0 EaLRe to the
MZ1 Well establigmed|iljiital delalppinuts arsltage i toppgatingnthineugh utierinteacsinest, thetre ez digiidl
method of Cgﬁlely and Tl%keé cﬂ@am Fas[q[ Iiorg:eier Traé%g:im (FFT) is used. The FFT uses the digital
values store ﬁ(e%’)oﬁﬂed IDe85H)G Riéhted 77 &€/ %rhnology. The spectrum is then derived with
the desiied specirah acaay i saleulnting e reliastive, 28 Index virlatons.per woliagespalied. Noise
due to thie incoherent light waves |sgaverage out Byata Ing many sam 165 Wiich intreases the SNR.
When the speatnptecispoéntyettidt intstéesminnanneedship rbenconyerted thetepibetrapaataah ligstitaliized,
compared and evaluated to a pre-stored database of spgﬁtﬁl)lms for various @{Sfenced materials.
Additional pry&@ggatg;rai ta®S a function of wavelength or wavenumber . This is done by

taking the complex Fourier transform of the interferogram, shown in (36)

C(2)= | 1V)exp(=j-4r-A-V)dV
e (36)

20 where 'M)is the interferogram as a function of the voltage V applied to the MZI. Well
established digital techniques are used to perform the Fourier Transform, here the digital
method of Cooley and Tukey called the Fast Fourier Transform (FFT) is used. The FFT uses
the digital values stored in (35) and is easily implemented in a CMOS technology. The
spectrum is then derived with the desired spectral accuracy by calculating the refractive

25 index variations per voltage applied. Noise due to the incoherent light waves is averaged out
by taking many samples which increases the SNR. When the spectrum is derived it is stored
in an on-chip memory and the spectrum can be analyzed, compared and evaluated to a pre-

stored database of spectrums for various referenced materials. Additional processors, digital
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modules, user interfaces and software such as an operating system can be integrated using standard
CMOS design allowing the full control and data acquisition of the CMOS-FTIR spectrometer to be
integrated on-chip. This section concludes the disclosure of an example of the CMOS -FTIR spectrometer
of this 5 invention. The FTIR spectrometer integrated in a CMOS technology allows for integration of
photonic elemgyiigiavithsdie aiaeicenignd BEiing s acompsthiidRysrantiamete il biastienglity of the
classical FTIR spectrometer is integrated in the CMOS chip and any addjtional user functions that are

needed can SHEIARHE MG EepI98i R Qrind i Aseirdlcad cligReavistioncef dhechi GE TIR

CMOS-FTIR gretisaipetabibipmeparttdeandimbattery 10 operated, low cost and can be integrated with
other electronic equipment and devices opening a wide range of new applications in addition to the

existing appliTatiosestion EdhR sisatio isttysuteddyan Xxdroplg bfftasethNEGFBIREgautrGingée bfghissource,
Single Interferometer Desi The main limiting factor for the maximum wavelength that can.be
ncorporited MBI ST oSBT LARE 158 ORHCORHORRRY St & daisGpaion
between 1.4grhpghot&gSielsmentx Wirhdhdeasectroaitonmakiray echadrearptipado EViee spiueravastelemgihs of
8-10gm. For the SOT technqglogy,the in ris usually silicon dioxide and therefqre the evanescent
wave i the WAUETEL A gLF AUEBTR. o I VSR Sl BEHEE Oh dik, G5B e
waveguides dltibiohastuserr fimstibias! dsatrarf@imaedtedoantreas difi dun RBidrexidesivgfetaribardva@MIeBgths
may operate from 1.4gm -.8gm. The CMOS-ETI t ter can be expanded to work from 1.4gm to
o by us RISy, Yo AL B Hon] i SRt DU R OGB s (RCIEAT P OREci MRt
Si-Nx bbhds Emeatedaisorpts betvesn Heltitiredoaissy mwitndtierelectanicegoisnent aal/eléaveding in
silicon nitride won'éé;et abgsorbed bftween 1 4§m-1 Ipm. Agros? section \{iew of tlhe {neth}ﬁ)d HI:I?G
25CMOS-FT RPN FoMidteAasp AN IBH APHAISTEATS M AFSH TGI8 ANT U IR AR LS wn R Figure
20. The wavepeati®imates tagey.of silicon nitride below and if needed above (above can be left as air in
some cases) the waveguide. The thickness of the silicon nitride layer h can be calculated using the
penetration defthafghefaeatbxidosionard Satidas (@)t @oreuSingl¢1b)eff@prRetethesides of the

waveguide the same method holds, either air or silicon
The main limiting factor for the maximum wavelength that can be incorporated in the

15 CMOS-FTIR spectrometer is the use of silicon dioxide. Silicon is transparent between

1.4pm to 15um but SI-0

X bonds lead to strong infrared absorption between the wavelengths
of 8-10um. For the SOI technology the insulator is usually silicon dioxide and therefore the
evanescent wave in the waveguide will get absorbed and eventually optical power for waves
propagating in the waveguides will be lost. For this disclosure fabricated with a silicon

20  dioxide wafer, the wavelengths may operate from 1.4um — 8um. The CMOS-FTIR
spectrometer can be expanded to work from 1.4pum to 11um by using a layer of silicon

SI-N,, bonds lead to

nitride below and on top of the waveguides instead of silicon dioxide.
absorption between 11um to 13um and therefore an evanescent wave traveling in silicon
nitride won’t get absorbed between 1.4um-11um. A cross section view of the method for the
25 CMOS-FTIR spectrometer expansion to the long infrared region, i.e. 1.4um-11pm, is shown

in Figure 20. The waveguide has a layer of silicon nitride below and if needed above (above

can be left as air in some cases) the waveguide. The thickness of the silicon nitride layer h
can be calculated using the penetration depth of the waveguide from equations (5)-(8) or

using (15)-(16). For the sides of the waveguide the same method holds, either air or silicon
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nitride can be used. Some applications require infrared absorption information up to 15j..tm. For working
in wavelengths between 11-15gm the same solution as shown in Figure 20 can be used, but instead of
using silicon nitride, potassium Bromide (KBr) which is transparent up to 25j..tm or Barium Fluoride
(BaF2) which is transparent up to 15j.tm can be used. KBr 5 and BaF2 are common materials used in

infrared speci@sgeRYn He GHAED Shrad P iRRGEHS FRELRFeRAMABISHRHRFNP MfdPraatesinjfitse 15384, to study
the vibrational, rotational and other low frequenC)]/pmodes in a system. It is similar to the FTIR

spectroscopy’ JidgEkidiR Wavelenine BEee HhrHAL e SAPS AT TP MR AB T IS AO-5AN
difference in peR@eiBkArsRecrOMeia istah igtideopbassionPBhsainatigdBht GRLICS takaitdmear

infrared (NIR) laser, is used to excite the vibratiopal and rotational modes in the sample under test. The

broadband e REM A6 RIS EHAILR Gl iRd SHARBBAEM R iSoHEN SR8 HEH HE'Raman

scattering. Withiregezdgdedherdiseirsathisvesdioniafrihel cparposeips. that are discussed in sections Il -
IV and sections VI-I1X are the same for a CMOS-Raman 15 spectrometer in accordance with this

disclosure. AXiffveDs Riapp@oecttomsettion || where the broadband source is not needed, just a
monochromatic NIR laser light as a source is used and in section V where now the sample interface is at
the beginnindrafriire spestgrscAgyinstlactec M e-Td6 dpesttcyrtatevitiratmeak sbifhihomeh\aaguities doypporting

ly the singl de of the wavel h lloi, =1""N. initial waveguid ill_have.all th
components TENBLeH MOl EMoB e Hr e e e R G e oL e outpur
of the MZI gaesudtsaipnt tprihnddbstemiopddthentary diffferciaiiosimilae torkRigud fiS dibee viitheuRdreasample),

b i id I | th le i initial
waveg e soEtO LI P R A e S R SR T L e
shown in FigllﬂsemjsThedetmr@(%e_nﬂmyihreﬂimajvancﬂasiigim%rmum;rarneﬂilexlﬁﬂakemdemﬁ@smﬂq any
one of them %?BP%aHE‘? fﬁ{eﬁ“ﬁ%ﬂksﬁ%’@%ﬂe%%@ﬁ’iéj}:{‘&@Ecsf‘%%gﬁﬁ%ﬂﬁh‘?édé}f@g?%%3@%@8@%‘?&“0”

view is shown of the Inifial waveguide for one ng egrated laser s the 'sample
and it emits itifieaRaineadatitier fog. aWilte tegaadibtin thevdisslonethisverding difftaetimmmponents that are

discussed in sections Il — IV and sections VI-IX are the same for a CMOS-Raman

15  spectrometer in accordance with this disclosure. A difference is apparent in section Il where
the broadband source is not needed, just a monochromatic NIR laser light as a source is used

and in section VV where now the sample interface is at the beginning of the design.

As in the CMOS-FTIR spectrometer there are still N waveguides supporting only the single

mode of the wavelength spanAﬂu':l,--,N

. The initial waveguides still have all the
20  components disclosed in the CMOS-FTIR spectrometer, the wavelength filter and MZI and
now the output of the MZI goes straight to the detector either via diffraction similar to
Figure 13 (but without the sample), or by tapering the waveguide so the light get coupled out
the detector. The sample is now near the initial waveguide section and the vibrational and
rotational light is excited with a monochromatic NIR laser, as shown in Figure 21. There are
25 many well known designs for integrated NIR lasers or LEDS and any one of them can be
used for the disclosed CMOS-Raman spectrometer. In Figure 21, a cross section view is
shown of the initial waveguide for one wavelength span. An integrated laser excites the
sample and it emits infrared radiation for all the broadband wavelengths. Using diffraction

each waveguide will only diffract the wavelength span it supports. Rayleigh scattering is not
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each waveguide will only diffract the wavelength span it supports. Rayleigh scattering is not an issue
because it won't diffract into or propagate in the waveguides. Any wavelengths that are not part of the
desired span will be reflected by the filter before it enters the MZI. A top view of the CMOS-Raman
spectrometer interface is shown in Figure 22 for one wavelength span. The structure of Figure 22 is

repeated for thejatinscwanelRRESH sRaMSRRRPRPYIMA IO B WaveaiidadinansiansiManstiadight
starts propagating in the wav%{%u_ide only the single mode isp}gﬁortec and from that point forward the

disclosed CMESSIEAHAATIHE Siredenad Y ba sedleptag Byt G PREOLH LGRS M4 Conclusion The
disclosed i ti rovid t fully int ted. CMOS-FTIR 1 t d

MO Ramdh Gl o S Qe R LBt HER S SO AL b0 806 cal FTIR
spectrometenfaliylénigiyraiad Mie sticetupact, Fiyniatkeikekplemeddst BYIEnGrEakvetsigthapamatble chip.

The di CMOS-FTIR spectromet b d in the short and mid infrared regions, i.e. f
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spectrometerohfydischisgld hasiinicreasesttspesidroasdiatipoimdonoxabliesatistdosel @NICGHE IRases, is
compact, not prone to damage in harslﬂée itions and most importantly can be fabricated with a
standard CM §Cpé%ﬂﬁtt‘ffo'§%l§)"’\‘mﬁ§$t eﬁﬁ@%%ﬁ ﬁBﬁ‘%PEﬂﬂ'spectrometers at low cost. The fully
integrated C %cl):r;l' ﬁs? nectrometer is suitable for battery operation; desired functionality can be
integrated or&@rrpw&“rs‘fgn“ dard CMOS technology thereby 20 paving the way for new types of consumer

devices | " - _ s . . : TIR
Cpeciometer e O R A S R EF 1 B R IR R e
the desigh. Aafdllf Mte§rRardad spesrRaeirin BpretihbRietel sparicobwier HrRchbbt. aumeporenis

descriot - ) ) : tled in th c
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skilled in the &iY)@Qbd-ahei eptivaricoprivatible saiiédinddé edisiel oped) KMVPHietIB sHestremdediteantBewithout

departing f o . . ‘ fian i not | limited
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30wherein reeétem&iert@aﬂn@ll@ﬁ@ﬁtinfrﬂi@_o_lsmgisn@&,, seicBa’ oy Wasuroflthe GNIEIE-FarIBr seeftiemettrintended
to mea'iéloned%@ﬂ)?éﬁ%??ﬁib@?&??@@@ﬁﬁlﬁ@éﬂﬁﬁoﬂ?ﬁ%dmgy%?et%ﬂ OR§ GhP r?é'ns%]ﬁﬁyk!{iﬁw‘gﬁlzé‘”d

nts of odiments

functional equivalents to the eleme the various em escribed throughout the Isclosure
that are knowi®opiaser ttodasag b ékhsah axstentd cconditinnagngkmaeat tHepartandyirmemhde dabrisated

encompasseq|jy NGHFMEERBINEAIRIBGy LM MERLE FRIDERJT it EPSRERTIRIRESUNPrISIng:

low cost. The fully integrated CMOS-FTIR spectrometer is suitable for battery operation;

desired functionality can be integrated on chip with standard CMOS technology thereby
20  paving the way for new types of consumer devices in addition to existing FTIR spectrometer
devices. The same disclosed invention for the FTIR spectrometer can be incorporated for a
CMOS-Raman spectrometer with minor changes with regards to the design. A fully

integrated CMOS-Raman spectrometer has also been disclosed.

The previous description of the disclosed embodiments is provided to enable any person
25  skilled in the art to make or use the present invention. Various modifications to those
embodiments will be readily apparent to those skilled in the art, and the generic principles
defined herein may be applied to other embodiments without departing from the spirit or
scope of the invention. Thus, the present invention is not intended to be limited to the
embodiments shown herein, but is to be accorded the full scope consistent with the claims,

30  wherein reference to an element in the singular, such as by use of the article "a" or "an" is
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(a) a broadband infrared signal divided into N wavelength spans AA" =1"'N so that each wavelength span
only propagates in its fundamental mode; and (b) means to generate an interferogram via modulation in
silicon waveguides. 2. The spectrometer of claim 1 with a broadband infrared source for the signal
10integrated on the same integrated circuit as the spectrometer. 3. The spectrometer of claim 1 where the
generation ofdeiAHRTQ0 ABaMI2dROAHIR AN IDRASEAISR KRJTRIANG-SPitrietuefrailiepnode the
spectrometer of claim 1 where the generation of the interferogram via modulation is based on the plasma

dispersion effBf%f AHESHYEHR! et ERTRBLBIHNGSNS. [hke Slemapinhatdho v RiaHs eRBYImElSs to

sense tempegatigfhta a@igHightapertabateUrREare - kKhod sreaERMesaieofc R MnbwthicatRasaRIe
interface intelcq;rated on chip using@TR in silicon Wave%uides in which the light does not leave the

waveguide aREISBNISE S ATRE: BTSRRI B e S0 UG RER P AR A RRared detector.
7. The spectrometer of claim 1 with a sample interface integrated on chip for external reflectance utilizing
a diffraction grating to modulate the angle of light. 8. The spectrometer of claim 1 with a free-standing
thermal detector microbolometer integrated on the same integrated circuit as the spectrometer. 9. The
spectrometer of claim 1 implementing an algorithm involving the ADC to incorporate the DDA's sensitivity
enhancement. 10. The spectrometer of claim 1 being an integrated CMOS-FTIR spectrometer. 11. The
spectrometer of claim 1 being a CMOS-Raman Spectrometer. 512.The spectrometer of claim 1 made
useful for longer wavelengths, up to llttm by using silicon nitride, and up to 15gm by using various
materials transparent to infrared wave lengths up to 15gm. 13. A method comprising: dividing a
broadband infrared signal into N wavelength spans' = 1, N so
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10that each wavelength span only propagates in its fundamental mode; and generating an interferogram
via modulation in silicon waveguides. 14. The method of claim 13 further comprising the step of
integrating a broadband infrared source for the signal on the same integrated circuit as the spectrometer.
15. The method of claim 13 further comprising the step of generating the interferogram 15via modulation
based on thedhexmagptic effect of silicon. 16. The method of claim 13 further comprising the step of
generating the interferogram via modulation based on the plasma dispersion effect of silicon (Free Carrier
Absorption). 17. The method of claim 13 further comprising of the step of sensing temperature to 20obtain
high spectral\agggiaeyiddliife method of claim 13 further comprising a step of interaction of the signal
with a sample via a sample interface integrated on chip using ATR in silicon waveguides 19. The method
of claim 13 further comprising the step of interaction of the signal with a sample via a sample interface
integrategl omchip fox sxdetivahéeiiestapeasingtizing a diffraction grating to modulate the angle of light. 20.
The method of claim 13 further comprising the use of a free-standing thermal 5detector microbolometer
integrated on the same integrated circuit as the spectrometer for sensing temperature, 21. The method of
claim 13 further confpyising thedohplemefrtatio sighaninlgedtmo inmlmv@ezh@m{p@m‘}rgrcbr%%ra the
DDA's sensitivity enhancement in the eration of a result from the interferogram 10 22.The method of
claim 13 further conTEnm gL AR B B SRE N RS T S FGHLE "o8eTH method of caim
13 further comprising the use of a CMOS-Raman Spectrometer. 24. The method of claim 13 further
utilizing silver nitrideiy the ropatttorgeneratd kmigiar ieograeiemigythed ulption amdilishngwaxkguisienaterials
transparent to infrared wave lengths

2. The spectrometer of claim 1 with a broadband infrared source for the signal
10 integrated on the same integrated circuit as the spectrometer.
3. The spectrometer of claim 1 where the generation of the interferogram via

modulation is based on the thermo-optic effect of silicon.

4. The spectrometer of claim 1 where the generation of the interferogram via

modulation is based on the plasma dispersion effect of silicon (Free Carrier

15 Absorption).
5. The spectrometer of claim 1 with means to sense temperature to obtain high spectral
accuracy.
6. The spectrometer of claim 1 with a sample interface integrated on chip using ATR in

silicon waveguides in which the light does not leave the waveguide and is only

20 diffracted or coupled out of the waveguide when reaching an infrared detector.

7. The spectrometer of claim 1 with a sample interface integrated on chip for external

reflectance utilizing a diffraction grating to modulate the angle of light.

8. The spectrometer of claim 1 with a free-standing thermal detector microbolometer

integrated on the same integrated circuit as the spectrometer.
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up to 15gm for longer wavelengths, up to 15gm.

9. The spectrometer of claim 1 implementing an algorithm involving the ADC to

incorporate the DDA’s sensitivity enhancement.
10.  The spectrometer of claim 1 being an integrated CMOS-FTIR spectrometer.
11.  The spectrometer of claim 1 being a CMOS-Raman Spectrometer.

5 12.  The spectrometer of claim 1 made useful for longer wavelengths, up to 11um by
using silicon nitride, and up to 15um by using various materials transparent to

infrared wave lengths up to 15um.

13. A method comprising:

AL,i=1.,N

dividing a broadband infrared signal into N wavelength spans =" o)

10 that each wavelength span only propagates in its fundamental mode; and
generating an interferogram via modulation in silicon waveguides.

14.  The method of claim 13 further comprising the step of integrating a broadband

infrared source for the signal on the same integrated circuit as the spectrometer.

15.  The method of claim 13 further comprising the step of generating the interferogram
15 via modulation based on the thermo-optic effect of silicon.

16.  The method of claim 13 further comprising the step of generating the interferogram
via modulation based on the plasma dispersion effect of silicon (Free Carrier

Absorption).

17.  The method of claim 13 further comprising of the step of sensing temperature to
20 obtain high spectral accuracy.

18.  The method of claim 13 further comprising a step of interaction of the signal with a

sample via a sample interface integrated on chip using ATR in silicon waveguides
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19.

20.

21.

22.

23.

24,

The method of claim 13 further comprising the step of interaction of the signal with a
sample viaa sample interface integrated on chip for external reflectance utilizing a

diffraction grating to modulate the angle of light.

The method of claim 13 further comprising the use of a free-standing thermal
detector microbolometer integrated on the same integrated circuit as the spectrometer

for sensing temperature.

The method of claim 13 further comprising the implementation of an algorithm
involving the ADC to incorporate the DDA’s sensitivity enhancement in the

generation of a result from the interferogram

The method of claim 13 further comprising the use of an integrated CMOS-FTIR
spectrometer.

The method of claim 13 further comprising the use of a CMOS-Raman

Spectrometer.

The method of claim 13 further utilizing silver nitride in the spectrometer of longer
wavelengths, up to, and using various materials transparent to infrared wave lengths

up to 15um for longer wavelengths, up to 15um.
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