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A Fu ll y In tegrat ed  Co mp le men tary Metal Ox id e S emicond u ctor (CM OS ) Fou rier 

T ran sf orm In f rared  ( FTIR) Sp ectro mete r an d  Ra man  S p ectro mete r  

 

FIE L D O F ART  

The present i nventi on r el ates to t he field of spe ctr ometr y.  5  

 

B ACKGROUND  

C ompl ementar y Met al Ox ide S emi conductor (CMOS) technolog y is a  mature fabric ati on 

technolog y and h as well  establis hed techniqu es a nd foundries all owing m ass producti on of  

products for a relative l y low cost. Tradit ionall y Fou rier Tr ansform  Inf rar ed (FT IR )  10  

s pectrometers  have  be en  bulk y, in corpor ati ng man y opti cal d evices, l en ses and movabl e 

parts thereb y cost has  been hi gh and the d evice is onl y ac cessi bl e in a labor ator y 

environment. R ecentl y mi niaturiz ed FT IR  spe ct rometers for  the field ha ve been disclosed,  

some incorporati n g Micr oelectom ech anical S yste ms (MEMS ) devices, so me using opti cal  

fibers, but thes e s ystems are sti ll  the siz e of  a sma ll  box , cost is sti ll  relativel y hi gh,  and the y 15  

all  sti ll  have easil y da maged opti cs, lenses an d a moveable  mi rror. A lar ge numb er of  

appli cati ons ex ist  for F T IR  spe ctroscop y in the  near, mi d and lon g inf rared re gions, i.e.  

1.1µ m - 15µ m. These infrared re gions provide dist inguishi n g signatur es for man y or gani c and  

LQRUJDQLF� PDWHULDOV�� 7KHVH� VR� FDOOHG� ³ILQJHUSULQW� UHJLRQV´� Dre us eful  in a v ariet y o f 

appli cati ons including an al yti c al chemi str y, bioch emi str y, materi als rese ar ch, environmental 20  

sensing, ch emi cal bi o - se nsing, condit ion - based m aint enanc e and medic al di agnosi s.    

FT IR  spectroscop y is perhaps the most  powerf ul tool  for identif yin g typ es of ch emi cal  

bonds. Tradit ionall y FT IR spectrometers  ar e la r ge  ben ch level  devices,  ex pensive (a few 

hundreds of thous ands of doll ars) and are onl y acc essi ble in labs and resea rch f acil it ies. 

R ecentl y sm all er F T IR  s pectromete rs have b e en int roduced, but the y ar e sti ll  a bulk y siz e 25  

and ex pensive.  

All these spectrometers incorporate some sort of  opti cs, lenses and movable parts; all  are  

prone to displ acem ent a nd malfuncti on in a fiel d environment. C ontroll ing the movable  

PLUURU¶V� YHORFLWy require s advanced methods including lasers to control the actuators, all  
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adding a de gr ee of com plex it y and cost to the c lassical FT IR  spe ctromet er. To the best of  

our knowledge there is sti ll  no invention disclosing an FT IR  spe ctromete r with no movi ng 

pa rts, low cost, mi niature and low po wer. In a ddit ion to an ex ist ing FT IR  sp ectroscop y 

market, such  a  devic e wil l produce  a  new  mark et f or a  vari et y of  consum er  / commercial  and  

indus trial based products .  5  

 

S UMMARY O F IN VENTI ON  

A spectromet er is provi ded in o ne embodi ment of the invention, compri sing: a b roadban d  

infrared si gn al, divi ded int o wavelen gth spans so that each w avelen gth spa n onl y propa gates  

in it s fundamental mode, with means to generate an int erfero gram via modul ati on in sil icon 10  

wave guides  

The s pectrom eter is pro vided in another embodi ment with a broadb and i nfrar ed sourc e fo r  

the signal i nte gr ated on t he same inte gr ated cir cuit  as the spectromete r.  

The spectromete r ma y b e buil t such that the gene rati on of the int erfe ro gra m via modul ati on 

is base d on the  therm o - opti c ef fect o f sil ico n; alt ernati vel y, the  ge nerati on of  the 15  

int erfero gram via  modu lation is based on  the  plasma dispersion eff ect  of sil icon (Free 

C arrier Abso rption)  

The spe ctrometer  ma y b e suppl ied with me ans t o sense t emperatu re to  o b tain high  spectr al 

accur ac y.  

The spe ctrometer  ma y i n another  embodi ment h ave a sampl e  int erfa ce  int egr ated on  chip  20  

using ATR  in sil icon w ave guides in which the li ght does not leav e the wave guide and is 

onl y diffr acted o r couple d out of the wave guide w hen rea chin g an infr ar ed detector.  

The spectromete r in an embodi ment ma y b e prov ided with a sampl e int erface int e gr ated on 

chip for ex ternal r eflect a nce uti li z ing a diffr acti on  gr ati ng to m odulate the angl e of light.  

The spe ctrometer  in an  e mbodi ment ma y be p rov ided with a  fr ee - standin g thermal d etector  25  

mi crobolometer inte grat e d on the same inte grat ed circuit  as the spe ctromete r.  

The spect rometer can b e  provided with ci rcuit r y im plementi ng an al gorithm  invol ving the   

$'&�WR�LQFRUSRUDWH�WKH�''$¶V�VHQVLWLYLW\�enhan cement.  
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The spectromet er c an be an int egrated CMOS - FT IR spectrometer.  

The spectromet er c an be a C MOS - R aman Spectro meter.  

In va rious embodi ments, the spectrometer can be made useful for longe r wavelen gths, up to 

11µ m b y usin g sil icon nit ride, and up  to 15µ m b y using v arious mater ials transparent to  

infrared wave l en gths up  to 15µ m.  5  

The pres ent invention ma y p rovide an appar atus comprisi ng: a sp e ctrometer with a   

broadband  sign al divi de d int o  wa velen gth sp ans   so that  ea ch w avelen gt h 

span onl y p rop a gates in it s fundamental mode ; an int egrated bro adband infrar ed source on  

sil icon on insul ator waf e r; an int erf ero gr am gen er ated via modul ati on in si li con wave guides 

based on the thermo - opti c effect or plasma dispersion effect of sil icon; high spectral  10  

a ccur ac y based  on s ensing th e tempe ratur e wh en modul ati ng with the   the r mo - opti c eff ect in  

sil icon; a sampl e int erface using att enuated tot al r eflectan ce (ATR) in sil icon wave guides in 

which the li ght do es not  leave  the wave guide  an d is onl y diffr acted  or c oupled out of th e 

wave guides when rea chi ng the  infr ared  dete ctor; a sampl e int e rfa ce for ex ternal r efle ctance 

uti li zing a dif fra cti on gra ti ng to modul ate th e an gl e of li ght;  a fre e - standin g thermal det ector  15  

mi crobolometer ; an algorithm  invol ving the analo g to digit al converter (ADC) to  

LQFRUSRUDWH� WKH� 'LIIHUHQWLDO� 'LIIHUHQFH� $PSOLILHU¶V� �''$�� VHQVLWLYLW\� HQKDQFHPHQW�� DQ�

expansion  of the spectro meter to longer w avelen gths, up to 11µ m with sil icon nit ride, (see  

Figu re 23), and up to 15µ m b y using various mat erials transpar ent to infrared wave len gths 

up to 15µ m;  and an int egrated CMOS - FT IR  sp ectr ometer and C MOS - R ama n S pectrometer.  20  

It is to be und erstood that other aspe cts of th e present inv enti on will  become r eadil y 

apparent  to those skil led  in the a rt from t h e follo wing d etailed d escriptio n, wher ein various 

embodi ments of the inventi on are shown and described b y w a y of il lust ra ti on.  As will be 

reali z ed, the invention is  cap able of  other  and dif ferent  embodi ments and it s several d etails  

are c apable o f modi fic at ion in various other resp ects, all  without  departin g f rom the spirit  25  

and scope of the present invention.  Accordingl y t he drawin gs and detailed  descriptio n are to 

be re ga rded as il lust rati ve in nature and not as rest ricti ve.  

 

 

N
, 1, ..,i i NO'  



4  

B RIEF DES CRI PT ION O F T HE  DR AWIN GS   

R eferrin g to the drawin gs, several aspe cts of the present invention are il lust rated b y w a y o f 

ex ampl e, and not b y w a y of lim it ati on, in detail  in the figu res, wh erein:  

Figu re 1  is a s chemat ic block diagram fo r the int egrated C MOS - F T IR  spe ctromete r 

developed on a S O I waf e r;  5  

Figu re 2  is a cross - s ecti on view of a schematic of the fabric ati on la ye rs  of the P ol y - S iC 

In fra red Emi tt er on an S O I waf er;  

Figu re 3  depicts a S il icon wave gu ide structure: (a) persp ecti ve side - vie w of the structure; 

(b) ax is and b oundar y co ndit ions u sed to s olve for  the TE  and  TM modes; ( c) 2 - Dimensional 

cross se cti on view of  the  wave guide  used for the  first step in the eff ecti ve  ref racti ve  index 10  

method; (d) i s a top view of the wave guide u sed for the second step in the effecti ve 

refr acti ve method in which the refra cti ve index  of sil icon is substi tut ed with the solut ion 

from (c);  

Figu re 4  d epicts the p ower dist ributi on and e ffecti ve ref racti ve  index  for a w ave g uide  

220nm in height and width of 600nm at . The lowest to highest order mod es are  15  

shown in (a) to (c ), resp e cti vel y;  

Figu re 5  d epicts a Br a gg G ate Fil ter im plemented b y var yin g w ave guid e widths , thereb y 

chan gin g the ef fe cti ve re fracti ve ind ex ;  

Figu re  6  d epicts a  top v iew of  the M ZI Inte rfe ro meter: ( a) with a Mult i Mode Inte rfe renc e 

(MM I) couple r; (b) wit h a Y - br anch combi ne r  20  

Figu re 7  is a gr aphical depiction of power cou p li ng to the output  ports when uti li z ing a 

MM I co upler as a functi on of the phase di ff er en ce betw een the two a rms of the MZ I for a 

given w avelen gth;  For a Y - bran ch combi ner onl y the Pout  port ex ists.  

Figu re  8  is a cross s ecti onal view  for  a  series  of  block dia grams d epicting th e f abric ati on 

la ye rs of one arm in t he MZI modul ated b y th e th ermo - opti c ef fe ct;   25  

Figu re 9  d epicts an MM I coupler;  

Figu re 10  depicts the r e sult s of a sim ulation of the MM I wh en the two input s (a) are in 

phase (b) out of ph ase b y ;   

0 1.4 umO 

S
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Figu re 11  d epicts a t ypic al i nterfero gram;   

Figu re 12  is a sch ematic  diagram depi cti ng a top view of the s ampl e int erf ace for the ATR  

method;  

Figu re 13  is a s chemati c dia gram depi cti ng a cr oss - secti onal view of the  sampl e int erfa ce  

for the ATR m ethod;  5  

Figu re 14  is a s chemati c dia gram depi cti ng a cr oss - secti onal view of the  sampl e int erfa c e  

for re flectan ce mode;  

Figu re 15  is a schem ati c diagram depi cti ng th e fabri cati on la ye rs of an uncooled A - S i 

Microbolom eter for th e ATR  sampl e int erfa ce;  

Figu re  16  is a  schem ati c dia gram d epicting an un cooled A - S i Mic robolometer fo r ex ternal  10  

refle ctanc e sampl e int erf ace;  

Figu re 17  d epicts a DC bias circuit  for A - S i dete ctor;  

Figu re 18  d epicts t he s ymbol  of a DDA;  

Figu re 19  depicts an  ex ampl e DDA bas ed inst ru mentati on ampl ifier whic h is programm able  

b y two ex ternal r esis tors for a gain of (R1+R 2)/R1.  15  

Figu re 20  d epicts an ex ampl e ex pansion  of the C MOS - FT IR  spectr ometer to longer  

wavelen gths, u p to 11µ m;  

Figu re 21  is a cross secti on view of disclosed C MOS - R aman spectrometer input   waveguide 

int erfac e; and  

Figu re  22  is a s chemat ic dia gr am of  the top view of  C MOS - R aman  spectromet er top  20  

wave guide inter fa ce fo r a  certain w avelen gth span.  

 

DES CRIPT ION O F V ARIOUS  E MB ODIME NTS  

The detailed desc riptio n set forth below in connecti on with the appended drawin gs is 

int ended as a d escriptio n of various embodi me nts of the p resent inve nti on and is not 25  

int ended to represent th e onl y embodi ments co ntemplated b y the inven tor.  The detailed 

descriptio n includes sp ecific d etails for  the purpose of  providing a compr ehensive  
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understandin g of the pre sent invention.  However, it  will be apparent to those skil led in the 

art that the p resent inv e nti on ma y b e pr acti ced  without  these specifi c de tails.  Furthe r, the 

drawin gs provided are  n ot necessa ril y to sc ale an d in some inst ances prop ortions ma y h ave 

been ex aggerat ed in orde r more clear l y to depict c ertain featu res.  Throu gh out the drawings, 

from ti me to ti me, simi lar numbers ma y be use d to referen ce sim il ar, b ut not necessaril y 5  

identical, parts.  

To understand th e ph ysi cs that gove rn Fou rier  Transform Infr ared  ( FT IR) spectroscop y a 

basic  understandin g o f the quantum  theor y of mol ecules is ex plained. Molecular bonds  

vibrate at v arious f reque ncies dep ending on the e lements and t ype o f bon ds. For an y given  

bond, there are s ever al specific frequ encies at  which it  can vibrate. Using the laws i n  10  

quantum  mechanics, the se frequ encies corr espon d to the ground  state an d several ex cit ed 

states. One  wa y to  c ause  the f requen c y o f a  mol e cular vibr ati on to incr eas e is to ex cit e the 

bond b y h aving it  absorb  li ght ene r g y. Fo r an y gi ven transit ion betwe en t wo states the li ght  

ener g y, d etermi ned b y t he wav elen gth must  ex actl y equal th e diff eren ce in the ene r g y 

between the two states. The differenc e in ener g y states is equal to the ener g y of li ght 15  

absorbed, as shown in  

(1)  

where  is the ener g y of st ate (usuall y th e first ex cit ed state, i.e.  ), corr espon ds to 

the ener g y of state  (usuall y the ground state, i. e . ), is P lanks const ant, is the 

speed of  li ght  in va cuum and is t he wav elen gth of  li ght. The  ene r g y corr esp onding to t h ese 20  

transit ions between mol ecular vibrati onal states is gene rall y 1 - 10 kil ocal ories/m ole, which 

corresponds t o the inf rar ed porti on of the ele ctro magn eti c spectrum.  

An FT IR  spect rometer  a nal yz es in f rar ed li ght b y wavelen gth components and int ensit ies. An  

int erferomet ric spectrom eter rec ords the int erfer ence patt ern gen erat ed b y all  wavelen gth  

components at onc e an d mathematicall y conv e rts the int erfe renc e patt ern, known as the 25  

³LQWHUIHURJUDP´�� LQWR�a spectrum. A well  known int erferomete r is the Michelson 

Inte rfe rometer,  in which  a movable mi r ror caus es a p ath dist ance b etw een two coher ent 

EHDPV� DQG� WKH� LQWHUIHUHQFH� SDWWHUQ� LV� D� IXQFWLRQ� RI� WKH� PLUURU¶V� GLVSODFHPHQW�� 2WKHU�

components of an FT IR  s pectr omete r ar e a bro adb and infrar ed li ght sour ce,  usuall y a globa r, 

1i i
hcE E

l��  

iE i 1E 1iE �

1i � 0E h c
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an infrar ed dete ctor, an  analo g re adout circuit ,  analo g to digit al conv ersion (ADC), a  

mi croprocesso r for  Fou r ier transfo rm and  a me mor y storin g saved  spec trums of diffe rent  

compounds . The dis closed invention performs  all  the tasks of the tradit ional FT IR  

spectrometer,  with incr e ased spe ctral resolut ion, accur ac y no movable p a rts, no lenses, no  

opti cs with the whole device int egrated onto a C MOS compatibl e fabricat ion chip developed 5  

on a S il ico n - on - Insul ator  (SO I) wa fer.  

The S il icon - on - Insul ator  (SO I) te chnolo g y r efe rs  to the use o f a  la ye red sil icon - insul ator -

sil icon subst rate. The  insul ator comm onl y used is  sil icon diox ide (SiO2) a nd the technolo g y 

has man y adva nta ges in  both photoni cs and el e ctronics. In photoni cs, t he high ref racti ve  

index  variati on between the sil icon (n~3.5) and the S iO2 (n~1.5), all ows the developm ent of  10  

well  guided wav e guides  based on tot al internal reflecti on. On the elec tronics side, low 

parasit ic cap acit an ce due  to is olation from the bulk sil icon reduces powe r  consum pti on. In 

addit ion S O I d esigns are  resis ti ve to latchup due to compl ete isol ati on of the n -  and p - well  

structures. Fo r these re as ons the use of an S O I w afer ma y b e an appli cabl e technolo g y for  

both phot onic s and the CMOS  electronics.  15  

C ompl ementar y M etal Ox ide S emi conductor (CMOS) is basicall y a class of int egrated  

circuit s, and  is used i n a r an ge  of appli cati ons with digit al lo gic  circuit s such  as  

mi croprocesso rs, mi croc ontroll ers, static R andom Access Memo r y (RAM) , and man y mor e. 

It  is also us ed in appli c ati ons with analo g cir cu it s, such as  in data  con verters  and im a ge 

sensors. The re are  quit e a  few advanta ges that t he  C MOS t echnolog y h as to  offe r. One  of th e 20  

main advanta ges is that C MOS technology, w hich m akes it  the most comm onl y - used  

technolog y for  di git al cir cuit s toda y,  en ables chips that ar e small in siz e to  have  fe atures  li ke  

high ope rati n g speeds a nd efficient us a ge of e ner g y. In addit ion, devi ces using C MOS 

technolog y hav e a high  degr ee of noise im m unit y and well  establis hed foundries and  

techniques ex ist  for C MOS fabricati on.  25  

The C MOS - FT IR  spectr ometer as disclosed here in has all  the components of the classical 

FT IR  spe ctromete r full y int e grated  int o a  co mpact, mi niaturiz ed, low cost, C MOS  

fabric ati on compatibl e c hip. The disclosed  C MO S - FT IR  spe ctromete r c an  be op erated  in the 

short and mi d infrared re gions, i.e. from 1.4µ m to 8µ m, with a possibl e ex tension  to the long 

infrared r e gions, i.e. 8µ m to 15µm. The main li mi tati on for working the long infra red re gion  30  
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is that S ili con Diox ide (SiO2) is not transparent in thi s region. To overcom e thi s li mitation a 

different materi al can be  used inst ead which is transpar ent up to  15µ m. The det ail s for  a 

C MOS - FT IR  sp ectromet er and C MOS - R aman S pectromete r operati o n w il l be discussed 

herein below.  

I. C MOS - FT IR  S pectro meter and C MOS - R aman  S pectrometer A rchit ectu re  5  

The main buil ding blocks of the int egrated C MOS - FT IR  spectromete r on an S O I wa fer ar e 

shown in Figure 1. Init iall y, as an ex ampl e for an infrar ed emi tt er (othe r infrared emi tt ers  

can be used) mad e of S il icon C arbide (S IC ), whic h will  be discussed in detail in secti on II, 

emi ts broadband infr ared  radiation. Each S IC  infr ared sour ce wo rks indep endentl y and one  

possi bil it y with the ca se of one infrar ed det ecto r onl y on e source is on at a ti me. 10  

Alternati vel y, the infra re d sources c an work in pa rall el in the case of  infr ared det ectors.   

The li ght can be coupled  int o the waveguide via diffracti on. The diff racti on grati n gs will  be 

discussed more in detail in S ect ion II. Th e advant age of the diff ra cti on gr a ti ng is that it  acts 

as a wav elen gth filter eli mi nati ng the need for filters later on in the opti cal  path. The filter is 

im portant to maintain single mode ope rati on withi n the desired wavelen gth span .  15  

Alternati ve l y th e li ght c an be ed ge coupled str aight int o the wave guide a nd a filter can be  

placed late r in the opti cal  path.  

It is c rucial fo r the infr ar ed li ght trav eli ng in the wave guides to be sin gle mode; otherwise it  

would be im possi ble to dist inguish between the modes in the int erferomete r. For a  

broadband sour ce and wi th onl y a sin gle w ave gui de dim ension , it  is ver y d ifficult to support 20  

DOO�ZDYHOHQJWKV�DQG�DOORZ�RQO\�D�VLQJOH�PRGH�WR�SURSDJDWH��)RU�WKLV�UHDVRQ�WKHUH�DUH���«� 

initi al wave guides, f rom thi s poi nt forward  depi cted as  resp ecti vel y, ea ch  

supporting onl y the sin gle fundamental m ode for a wavel en gth span, .  

Each ini ti al wave guid e will  have diffe rent dim ension s, width and hei ght, to support its 

wavelen gth span which guides onl y the fund am ental mod e (hi gher o rde r modes will  not 25  

propa gate in the wav e guide). As an ex ampl e will  support wavelengths ran ging from 

1.4µ m - 1.9µ m with waveguide dim ension s of 600nm width and 220nm height. It shoul d be 

noted that as the wav elen gths i ncr ease the wave gu ides dim en sions  also i ncrease.  

N

N
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S pectral resolut ion in the classic FT IR  spe ctromet er is mainl y dete rmined b y the max im um 

dist ance the mi rror can move and ma y also be li mi ted b y mi rror ti lt . Intu it ivel y thi s can be  

understood that for two close wavelen gths to be  dist inguished the opti cal path differenc e 

must  be large enou gh fo r the waves to have a phase differ enc e, i.e. in classical FT IR  

spectrometers th e mi rro rs must  move larger d ist ances to achiev e hi gher the spe ctral 5  

resolut ion. In the disclos ed invention the wave len gth span of infr ared li ght  being modul ated 

is controll ed with the wave guides dim ension s a nd wavelen gth filter. A few ex ampl es for  

filters ma y be the Diffr acti on Grati ng on the input , a Bra gg Gati n g F il ter (BG F) or a  

photoni c hole latti ce. The infrar ed l ight in each span must  remain single  mode for ever y 

wavelen gth in that span. To achieve thi s the filter shoul d usuall y reflect the shorter  10  

ZDYHOHQJWKV�WKDW�GRQ¶W�EHORQJ�WR�WKDW�VSDQ�EHFDXVH�WKH�ODUJHU�ZDYHOHQJWKV�WKDW�GRQ¶W�EHORQJ�

ZRQ¶W� SURSDJDWH� GXH� WR� WKe wavelength dim ens ions.  S ome possi ble filter confi gurati ons  

such as the  diffr acti on gr ati ng, BG F and photoni c  holes will  be discuss ed more in detail in  

S ecti on III.  

Each wavelen gth  span w il l independentl y ente r it s respe cti ve Ma ch - Zehn der Int erf eromete r 15  

(MZ I) which consi sts  of  a Y - branch spli tt er, mo dulation via the thermo - opti c effect or via 

free  c arrie r abso rption, and a mul ti - mode int e rf erenc e (MM I) coupler.  Alternati vel y a  Y -

branch combi ner c an be used inst ead of the MM I coupler. The Y - br anch spli tt er  will  spli t 

the li ght 50/50 int o the two arms of the M ZI, a p hase diffe renc e will  be int roduced betw een  

two arms with a volt a ge appli ed eit he r b y the thermo - opti c ef fect in which the volt a ge  20  

chan ges th e temper ature  of the w ave guide  or vi a the f ree  ca rrie r absorp ti on in which the  

wave guide consi sts  of a  reverse biased diode. E it her of the two methods can be used for 

modul ati on and each has it s advantages and disad vanta ges which will  be discussed more in 

detail in secti on IV. The  MM I coupler r ecombi n es the li ght in the MZI. Dependin g on the 

phase diff eren ce  betwe e n the two a rms of the  M ZI,  the li ght gets coupled  to it s relative ex it 25  

port. The MM I coupl er i s based on self im a gin g and a detailed  discussi on will  be given in  

secti on IV. Alte rnati vel y the Y - combi ne r ma y b e used to recombi ne the li ght and the in -

phase portion will  conti nue to propa gate in the wave guides while the ou t of phase portion 

will  scatt er out.  

2 S
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FT IR  is cap able of gas, li quid and soli d sampl e anal ysis , makin g it  a  po werful tool  for  a 

variet y o f  appli cati ons. Man y sampl e int erf ac es can be incorporated in  thi s invention;  a 

method for Attenuated  Total R eflectan ce ( ATR ) and ex ternal r efle ctanc e ar e disclosed. In  

the ATR  method the wav e traveli n g in the wave gu ide has an evan escent w a ve component in 

o rder to sati sf y the boun dar y condit ion. The evan escent w ave pen etrates i nto the sampl e and  5  

from the absorption of the evanesc ent wave the opti cal int ensit y in the waveguid e decr ease s  

per wavelen gth absorb ed . For ex ternal reflectan ce , different an gles of li ght can be designed  

to exit  the chip b y diffr acti on to the sampl e. S ampl e int erfaces will  be discussed more in 

detail i n secti on V.  

An y infr ared d etector m a y b e used with the disclosed invention and as an ex ampl e the 10  

uncooled mi crobolomete r infrar ed detect or is ba sed on thermal sensing and incorporat es 

amorphous sil icon (A - S i ) as the temp eratur e sen sit ive material is present ed. A - S i has low  

noise properties, high T emperatur e C oefficient of R esis tance (TC R ) and can be prepar ed 

with a ran ge of ele ctric al resi sti vit ies to meet the C MOS - )7,5� VSHFWURPHWHU¶V� UHVLVWDQFH�

specificati ons. The in fra red dete ctor disclosed m a y uti li z e a porous gold  black absorbin g 15  

la ye r and  a thi n ti taniu m la ye r (inste ad of alu mi num) which ma y enh ance s ensit ivi t y b y 

lowering th e thermal con ductance o f the pads. A more detailed discussi on of the figur es of  

merit , fabric ati on and ma terials used for the in fra r ed detector will  be discussed in s ecti on V I.  

As an ex ampl e temperature chan ges leadin g to resis ti ve changes in the A - S i can  be sense d 

using a diff erenti al dif fer ence ampl ifie r (DD A) in  the analo g re adout circu it . The DDA can  20  

accur atel y sens e the  dif feren ce in  resis tanc e (v olt age ) of  the d etector f rom the pr evious  

readin g and ampl if y thi s  value b y a fa ctor gre ate r than 1, thereb y incr ea s ing the signal - t o -

noise rati o (SNR) and the sensit ivi t y o f the FT IR  spectrometer. Th e DDA  will  be discussed 

more in d etail in se cti on V II. Alternati vel y an y an alog chain  sensin g the  r e sis tance ch an ges 

in t he A - S i m a y be us ed.  25  

The main adv anta ge  of t he C MO S  FT IR  sp ectro meter is that the  whole s ys tem is int e gr ated  

in a C MOS process, the refor e  standard analo g - t o - digit al conve rters ( A DC), Fast - Fourie r 

transform (FFT) al gorit hms and memor y a rchit ectures, which ar e well  establis hed in the 

indus tr y, can e asil y b e int egr ated in the compact C MOS - FT IR  spe ctromet er. In addit ion, an y 
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comput ati onal needs, functi ons or designs can easil y be int e grat ed int o the chip using 

standard CMOS techniqu es.   

Table 1 depicts the th er mal conducti vit y and  re f racti ve index  of some m a terials that will  be 

used throu ghout the t ex t. These m aterials are  C MOS compatibl e and  ar e u sed fr equentl y in  

the semi conductor indus t r y. Th ermal conducti vit y is the measure o f the m aterial 's abil it y to 5  

conduct he at. This is  an im portant param eter  for  a mi niaturiz ed C MOS - F T IR  spectrom eter  

because the rmal dist ributi on needs to be carefull y controll ed and isol ate d for most  of the 

device. The whole chip a nd crucial components can be cooled using comm on thermoelectric  

cooli ng te chniques.    

 10  

Material  Thermal C o nducti vit y 

 [ ]  

R efracti ve  index  n a t 

 

S il icon (S i)  150  3.5  

S il icon Diox ide (S iO2)  1.4  1.5  

S il icon Nit ride (Si 3N4)  32  1.8 - 2.2  

Amorphous S il icon (a - S i)  133  4.2  

P ol yim ide (P I)  0.4  1.6  

Titanium  21.9  3.8  

Alumi num  237  1.3  

Barium Fluoride ( Ba F2)  12  1.4  

P otassium  Bromide (KB r )  4.8  1.5  

Air  0.025  1  

 

T able 1. T hermal C onducti vit y and refractive indexes of material s commonly used in 

semiconductors  

 

k 1 1W m K� �� � 1.4 umO 
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R aman spect roscop y is a techniqu e used  to stud y th e vibr ati onal, rotati o nal and oth er low  

frequen c y mod es in s yst em. It is sim il ar to the FT IR  spect roscop y, yi elds the same result s, 

but provides compl ementar y inform ati on. The main differen ce in a R aman spe ctrometer is 

that li ght from a mono chromati c sourc e is use d to ex cit e the vibrati onal and rotati onal 

modes in the s ampl e und er test. Bro adband  li ght e mi tt ed from the s ampl e i s coll ected  and an 5  

int erfero gram is gen era ted from the R aman scatt erin g. W it h rega rds  to the disclosed 

invention, all  the components that will  be discussed in secti ons III ± IV a nd secti ons V I - IX  

are the same fo r the disclosed C MOS - R aman spectrometer. The onl y diff erenc e will  be in 

secti on II in that the broa dband source is not needed, just  a monochromatic li ght source and 

in secti on V in which case the sampl e int erf ac e for a C MOS - R aman im plementation is 10  

before  the w avelen gth fi lt er and the int e rfe romet er. The  diffe renc es and  the desi gn fo r the  

C MOS - R aman spectrom eter will  be discussed m o re in detail  in secti on X.  

The r emainder  of thi s d escriptio n consi sts  of  S e cti on II, which d escribe s the li ght sourc e  

fabric ati on. S ecti on III will  disclose the ini ti al wave guide s cheme and BG F. In S ecti on IV  

the MZI int e rfe rometer d esign will  be disclose d. S ecti on V will  discuss the sampl e int erfa ce.  15  

In S e cti on V I the infr are d detector is disclosed. In S ecti on V II the an alog readout path an d  

the DDA  is discussed.  S e cti on V III pr esents the  A DC and di git al algo rithm s used. In  se cti on 

IX , the C MOS - FT IR  sp ect romete r ex pansion  for the long infrared re gion s is discussed. In 

S ecti on X the desi gn for  the C MOS - R aman spect rometer is disclosed; and  lastl y in S ecti on  

X I, the conclusi on of thi s  detailed desc riptio n appears.  20  

II.  S il icon Carbide Infr ar ed Emi tt er  

S il icon C arbide was one of the first mat erials in which the phenomenon of 

electrolum inescen ce w as  first observed in 1907. As a possi bil it y of an in frar ed sourc e, thi s 

invention int roduces a p ol y - S iC  as a r esis ti vel y heated infr ar ed sourc e. T he infra red sour ce  

is c apable of fast therm al c ycli n g unde r pulsed operati on becaus e of the  P ol y - 6L&¶V� KLJK�25  

emi ssi vit y, hi gh therm al conducti vit y, and low th e rmal m ass.  

Figu re 2 shows a cross secti on view of the fabricati on la ye rs invol ved in the P ol y - S iC  

infrared emi tt er on an  S O I w afe r. The f abri cati on steps are onl y an il lust rati on for 

conceptual unde rstandin g and do not depict the f ull  fabricati on flow or se quence.  First the 

sil icon is etched awa y on  the sides and in front of the emi tt er leaving an air  gap from the rest  30  
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of the circuit . S il icon has a high thermal condu cti vit y and it  is used as a heat sink to control 

the flow of heat awa y fr om the infrared emi tt er. P ol yim ide is a comm on material used in 

C MOS circuit s and is well  known for it s low thermal conducti vit y, v e r y low  str ess and 

ex cell ent adherenc e to silicon. Init iall y a thi n, low stress la ye r of  S il icon Nit ride is d eposi ted 

b y low temper ature che mi cal vapor deposi ti on (LP C VD) as shown in ( a) . S il icon Nitride is 5  

used to elect ricall y isol at e the sil icon f rom the e mi tt e r and it  has be en sh own to have good  

bonding prope rties with P ol y - S iC . Nex t the polyi mi de is spin coated and patt erned with 

anchors for the h eat sink connecti ons to the sil icon nit ride / sil icon la ye r a s shown in (b). In  

(c) a  low stress, he avil y doped P ol y - S iC  film is deposi ted b y using LP C V D and patt ern ed to 

define th e emi tt er  using  inductivel y coupled pl as ma etch  and p att ern ed as  shown in (d). In 10  

(e) another  la ye r of  pol yim ide for the rmal insul a ti on is spin coated  and  patt erned,  leavin g 

openings fo r the biasing of the infrar ed emi tt er. Lastl y in (f) alum inum  is deposi ted at each  

of the ancho r/pads on t he sides of the emi tt er for oper ati on of the in frar ed sourc e via  

appli cati on of curr ent or volt age. The pol yim ide  can be eit her r emoved  with mi crowave 

plasm a ashing to get a fr ee standin g structur e or c an be left as a thermal ins ulator.  15  

As stated herein above,  each wavelen gth span has it s own infrared source. 

Each sourc e c an work in  parall el if ther e N infra r ed detectors are us ed or alt ernati vel y one 

infrar ed  dete ctor ma y be  used to cover  the whole  span. In the case o f one  infrar ed dete ctor   

each  sourc e  is turn ed on  independentl y, in a ti me d prepro gramm ed s equen ce , to  ex tract the  

int erfero gram for  it s rela ti ve wavelen gth spa n an d is then turned off,  at w hi ch ti me the heat  20  

will  escape through the heat sinks  int o the isol ated sil icon awa y f rom the rest of the device. 

One of  the advanta ges of  using  a s epar ate inf rar ed  source  for  e ach sp an is t hat the op erati n g 

volt age / t emperatur e c a n be adjust ed to get ma x im um power int ensit y f or it s wavelen gth  

span. The w ell  known S tephan - Bolt z mann law in (2) states the pow er emi tt ed per unit  ar ea  

of a black bod y is di re ctl y propo rtional t o the four th power of it s absol ute t emperatur e;  25  

(2)  

where is the tot al power  radiated p er unit  ar ea, is the S tephan Bolt z mann const ant (

) and is the tempera ture in Kelvi n. In ad dit ion W ein's 

, 1, ..,i i NO'  

4j TV 

j V

8 2 45.67 x10 [ W m K ] � � �� � T
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displ acement law (3) stat es the wavelen gth in whi ch the int ensit y of the r a diation emi tt ed b y 

a blackbod y is at m ax im um , is a functi on of the temperatur e.  

(3)  

where  is the W ein's dis placement const ant  ( ). The P ol y - S iC  

infrared  emi tt er is not an  ideal black bod y,  but as  a good app rox im ati on can be used  as one  5  

to derive the ope rati n g volt age; usin g (2 ) and ( 3) an opti mi z ed operati ng tempe ratur e / 

volt age can be d erived f or each inf rar ed emi tt er s eparat el y so that the p ea k wavelen gth f all s 

in the wavelength span  and so that the temperature is high enou gh to get the desired 

emi ssi on. W hen measuring the inf rar ed emi ssi on for  the pol y - S iC  source, it  is good pra cti ce  

to normali z e the r adiated  emi ssi on to that of an id eal blackbod y.  Fo r an  ide al blackbod y, th e 10  

infrared  emi ssi on for th e wavel en gth span FDQ� EH� FDOFXODWHG�XVLQJ� 3ODQFN¶V�

law;  

(4)  

where  is the amount  of  ener g y per  unit  surf ace  area  pe r unit  ti me p er  u nit  soli d 

angl e emi tt ed at a wavel ength ran ge b etwe en and b y a blackbod y at temp eratur e  15  

. is the Planck const ant, is the speed of li ght in a vacuum, is the Bolt z mann  

const ant,  is t he w avelen gth and is t he temperatur e in Kelvi n.  

III.  Input W ave guides an d W avelength Fil ter  

For the  C MOS - FT IR  sp e ctrometer to b e abl e to i nterpret the  int erf ero gr a m, the wave guid es 

must  onl y support a sin gl e mode for e ach discr ete wavelen gth. Ea ch mode i n th e wave guide 20  

travels at a di ffe rent spe ed, i.e. e ach has a diff er ent eff ecti ve r efr acti ve i ndex , . If th e  

wave guide  supports mor e than on e mode  for  a  discrete wavel en gth, the n when th e li ght 

recombi nes in the int erfe rometer, it  would be im possi ble to diffe renti ate b etween the modes  

and int erpolate the spec trum. This is the main reason wh y for a bro ad band source 

wave guides are n eeded, each onl y supportin g the fundamental sin gle mode  for a w avelen gth  25  

maxO
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span . B y chan gin g the dim ension s of the wavegui de, i.e. h eight and width, the  

modes which will  propa gate in the wav e guide can be controll ed and  high er order modes will  

scatt er. For lon ger w av elen gths, lar ge r w ave gu ides are  nee ded; as  an  ex ampl e for a 

wavelen gth of 1.4µ m the wave guides dim ension s are 220nm height  and 600nm width, while 

IRU�D���P�ZDYHOHQJWK�WKH�ZDYHJXLGH¶V�KHLJKW�LV�����P�DQG�ZLGWK���P� 5  

Waveguides  work on  the conc ept of tot al  int ernal re flecti on and Fi gu re 3.a  shows th e  

structure o f the  rib wav eguid e, in which a r ecta ngular  sil icon w ave guid e is on  top of  an  

insul ator la ye r mad e of S iO2. Although the wav eguid es in the desi gn wi ll  be cover ed b y a  

material, in most  cases S iO2, the soluti on shown here will  assum e that it is surrounded b y 

air, thus leading to an as ymm etri c case. The s olut ion for the as ym me tric case is more 10  

gen eral and a solut ion for the s ymm etric cas e, i.e. wave guides cove red b y S iO2, can be 

directl y d erived from t he as ymm etri c cas e.  

To solve the field dist ributi on in the waveguides and ex tract the modes, first the transverse  

electric (T E ) and transve rse ma gneti c (TM) mode s for a two dim ension al wave guide will  be  

anal yz ed  and the eff ecti ve re fra cti ve index  method will  be used. It is not  possi ble to solve 15  

directl y for  the mod es i n a rib wav e guide stru c ture and  ther efor e the  e ffecti ve  re fra cti ve 

index  method is  used to derive the prop erties of t he wave guid e.  

The eff ecti ve re fra cti ve index  method states that first a solut ion for the TE modes (or TM 

modes) is solved when t aking a c ross secti on vi ew of the wave guid es, a nd assum ing it  is 

infini tel y wide as shown  in Fi gure  3.c. A fter sol ving fo r the two dim ensi onal structure,  an  20  

effe cti ve ref racti ve index  of the structure in Figure 3.c is calculated. The nex t step is to use 

the eff ecti ve ref racti ve in dex  found from Fi gur e 3. c and use  it  inst ead o f th e re fra cti ve index  

of sil icon when  looki ng from the top  view as sh own in Fi gu re 3.d.  W it h the ne w mate rial, 

having a r efra cti ve index  calculated from t he first s tep, the TM mode (o r TE  mode if ini ti all y 

TM mode was used) is solved for the structure sho wn in figure 3.d and the final effe cti ve  25  

refr acti ve index  of the thr ee dim ension al wav e guide is derived.  

The infr ared  radi ati on w il l propagate in  the w av eguid e at  a v elocit y co rr espondi ng to the 

effe cti ve re fra cti ve index .  

, 1, ..,i i NO'  
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To solve the TE and TM modes of  the two dimensional structure of Figu re  3.b is used. The 

solut ion for the TE modes, i.e. the electric fields i s in t he y dire cti on is shown in (5).  

(5)  

where C  is a c onst ant. Us ing (5) th e mode condit io n for the TE mode is s ho wn in (6).  

(6)  5  

The mode con dit ion is the eigenvalue equati on f or the TE modes of the as ymm etric slab  

wave guide,  i.e. . Equa ti on (6) is an im pli cit  relations hip whi ch in volves the  

wavelen gth, re fra cti ve index  of the la yers and core hei ght as known quanti ti es and the 

propa gati on cons tant  as the onl y unknown qu anti ty.  Th er e a re onl y disc ret e values  of 

that sati sf y (6 ), the discre te solut ions of are the discrete modes that a wave guide supports. 10  

Each solut ion of is then used in (5) to solve the field profil e and eff ecti ve re fracti ve index  

of the wav e guide. The  ef fecti ve r efr acti ve index  is used in Fi gure  3.d as th e ref ra cti ve index  

of the new material inst e ad of sil icon and the TM mode is solved using (7) and Fi gur e 3.b 

(Fi gure 3.d is  rot ated 90 degrees to ali gn with t he coordinate s y stem i n Fi gure 3.b).  

( )
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(7)  

where C  is a c onst ant. Us ing (7) th e mode condit io n for the TM mo de is s ho wn in (8)  

(8)  

Again the discret e solut ions of in (8) ar e the TM  modes of the wav e guide in Fi gure 3.d.  

The solut ions are used in (7) to ex tract the magne t ic field profil e and effec ti ve refra cti ve 5  

index  of the three dim ension al waveguid e. The ef fecti ve re fra cti ve index  is a measure of the 

velocit y in which the inf rared li ght will  propa gat e in the wave guide. Usin g the solut ions to 

(5) and (7 ), the pow er f lowi ng in the dire cti on of propa gati on can be d erived usin g the  

compl ex  P o ynti n g vector  shown in (9).  

(9)  10  

where is the compl ex  P oyn ti n g vector and is the power flowin g ac ross an  area ,  

i.e. .  

The power flowin g in a wave guide of 220nm in height and 600nm wid th is shown in Figure 

4. The mode pro file is shown using a  Fini te Dif f erenti al Time Domain (FDTD) sim ulation. 

The power dist ributi on for the first three lowest order modes is shown for a wavelen gth of  15  

1.4µ m. It can b e se en that onl y the low est order  mode ( a) will  propa gate in the wavelen gth  
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and the two higher mod es (b) and (c ) will  scatt er int o the subst rate and the surroundings.  

The opti cal wave p artial l y propa gates in the sil icon wave guide and p artia ll y in the ai r and 

S iO 2  substrate for slab w ave guides. I n 4( a) an e ffe cti ve ref racti ve index  of 2.6 is derived and  

thi s corresponds to most  of the power b eing insi d e the sil icon with a refr a cti ve index  of 3.5 

and onl y  a small portio n of the wav e trav els in the S iO 2  and air, with a refr acti ve index  of 5  

1.5 and 1 , respecti vel y. For the other modes the wave is most l y t ravell in g in the S iO 2  or air 

and there fore the eff ecti v e ref racti ve ind ex  is m uch lower.  

For e ach wavel en gth span, , the wav e guide ge ometries ar e deriv ed us ing 

functi ons (5) ± (9), abov e so that onl y the low est order mode will  propa ga te. It is im portant 

to note that each wavele ngth insi de a certain spa n will  propagate with a different e ffe cti ve  10  

refr acti ve index , thi s propert y is the basis  of d eriving the int er fero gra m which will  be 

discussed in s ecti on  IV.  

One method  that c an b e used to filter  the  desired  wavelen gth sp an and co uple the li ght int o 

the wave guides from th e infrar ed sour ce is via  diffracti on. For e ach w avelen gth span a  

number of diffra cti on gr ati ng with var yin g p erio ds can be used to coupl e the li ght int o the 15  

wave guide suppo rting onl y the sin gle mode  propa gati on of the wavelen gth spa n  

. The gr ati ng period  determi nes the wavelen gths  that will  be coupled into 

the wave guide.  

The B ra gg condit ion in (10) describ es how gr ati ng sc att erin g modi fies the li ght wave  vecto r  

in t he directi on of propa gati on, z .  20  

(10)  

where  is the wave v ecto r in the dir ecti on of  pro pagati on, m  is an int e ge r  great er than  0 

and is the grati n g p eriod.  To find  a  dut y c ycl e o f  50% is assum ed and  av era ge  of  the 

effe cti ve  re fra cti ve inde x  of the waveguid e (w here H1 is the hei ght of the wave guid e 

partiall y etched to fo rm the grati n g and H2 the h ei ght of the wave guide ) is shown in (11)  25  

(11)  
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where  is the corr espond ing w avelen gth  bein g d iffract ed. Th e f ree  spac e wav e v ector  

shown in (12) is;  

(12)  

and there fore the di ffr act ed an gle can be d erived in  (13)  

(13)  5  

Using the diff ract ed an gl e, the dist ance and h ei ght of the infrar ed sourc e fr om the diffracti on  

gr ati ng is opti mi z ed so the max im um li ght int ensit y dif fra cts int o the propagati on directi on 

of the w ave guide.   It  is i mportant to note that  bro adband inf rar ed emi tt ers  have much  lower 

spectral ir radian ce th an lasers or  li ght  emi tt ing diodes which h ave a v er y n arro w spe ctral  

bandwidth. For thi s reas on the diffracti on grati n gs  shoul d have a large are a so that the y can  10  

coll ect enou gh li ght for  a workabl e S NR. The di ffra cti on grati n gs a re tap ered down  slowl y 

so that all  the optical power coll ect ed in the large  grati n g will  propa gate in  the much smaller 

wave guide. This approa c h al lows for the broadba nd infrared li ght to prop agate with sim il ar 

opti cal int ensit ies as used in narrow band teleco mm unicati on designs e mpl o yin g las ers or 

li ght emit ti ng diodes.  15  

As ea ch ini ti al wave gui de is desi gned to suppor t onl y the wavel en gth span define d  b y it s  

dim ension s, there ma y b e some overlap betw een different w avelen gth spa ns, i.e. there ma y 

be an overlap of wav e lengths for and  when in two 

separat e wave guid es. Most  li kel y thi s will  occur  near the end of the w a velen gth span. To 

VWULFWO\�GHILQH�WKH�ZDYHOHQJWKV�WKDW�SURSDJDWH�LQ�WKH�ZDYHJXLGH��VR�WKDW�WKHUH�ZRQ¶W�EH�DQ�20  

overlap of w avelen gths b eing r esolved twic e in se parate int e rfer omete rs, a wavelen gth filter  

ma y b e add ed. In addit ion, such a filte r will  re flect hi gher o rder  mode s that are loos el y 

propa gati n g in the wave guides, ther eb y reducin g unwanted li ght (noise) in the design. A 

possi ble filter is the BG F which  is sim il ar to a mul ti - la yer  dielectri c fil m which is used to  

refle ct unwanted li ght ba sed on different la ye rs of  var yin g r efr acti ve indi ce s. The same idea  25  

can be used in the BG F , b y onl y va r yin g the w idt hs of the waveguide,  thereb y cre ati ng 
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secti ons of v ar yin g eff ec ti ve ref rac ti ve  index , . T he idea  is shown in  Fi gu re 5, in  which  

there a re  + 1 elements,  each with a len gth of a nd an eff ecti ve r efr acti v e 

index  . The transfer mat rix  method is used to solve the transmi ssi on and 

refle ctanc e spectrum. Th e method is  derived in (1 4 ).  

 5  

where is the wave number, r and t are the reflecti on and transmi ssi on coefficients  

respecti vel y. R  and  T ar e a me asure o f the r eflec tance and  transmi ssi on r especti vel y, i.e. R  

mul ti pli ed b y 100 will  give th e tot al per cent o f  refle cted li ght with re ga rds to the input . 

Using (14) a sharp ban d pass filter is easil y d esigned so that onl y the  wavelen gth span 

will  be transmi tt ed; the rest of the wavel en gths will  be refle cted b ack to  the 10  

source. Alternati vel y an y w avel en gth filter m a y be used  in the opti c al  path, such  as a 

photoni c hole latti ce  in which the di ameter  of t he holes and spa cin g be tween holes  will  

define the band gap, i.e. which wavelen gths will  propa gate throu gh he latt ice and which will  

be refl ected or s catt er ed.  
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This compl etes the  desi gn of the  input  wav e guid es. The re are   wave guid es e ach with a  

different  geometr y,  with specific sp an o f w avelen gths p ropa gati n g in  them , and wher e each  

wavelen gth is onl y p ropa gati n g in a single mode. Each of the  wave guides enters it s own 

MZI to gener ate the int er fero gr am;  and the M ZI is  discussed in t he nex t secti on.  

IV . Mach - Zehnde r Inte rf erometer ("M Z I")  5  

The M ZI is the on e of  the most  critical compon en ts in the FT IR  spe ctrome ter, and it  is used  

in cre ati ng an int er fero gr am. The detecto r will  rec eive inf rar ed r adiation for the  enti r e  

wavelen gth span ev er y ti me it  sampl es the infrared li ght int ensit y and  will  resolve the 

spectrum for ea ch wa velen gth independentl y as a functi on of the destructi ve and 

const ructi ve int erfe renc e  in the int erferometer. T he spectral r esolut ion mainl y depends on 10  

how much of an  ef fecti v e ref ra cti ve index  variati on can be achiev ed betw een the two arms  

of the MZI. In the class ical FT IR  spectromete r,  a movi ng mi rror create s an opti cal path 

differen ce  and each  wav elen gth will  have  an int e rfe r ence  patt ern  as a fun cti on of the mi r ro r  

displ acement. In the C MOS - FT IR  spectrom eter n o movable parts, mi rrors or otherwise are  

needed and the opti cal path differen ce ef fect is a chieved b y v ar yin g the effecti ve r efr acti ve  15  

index  of one arm in the int erfero m eter in r elation to the other arm. B y var yi n g the e ffe cti ve  

refr acti ve ind ex , the velo cit y o f the li ght in the  w ave guide is chan ged and  when li ght f rom 

the two a rms of the  M ZI are  re - combi ned a ph ase  differ enc e is int roduc ed in direct r elation 

to the eff e cti ve ref ra cti ve index  variati on betw ee n the two w ave guides. A top view of  the  

MZI int e rfe rometer is sh ow in Fi gure 6 (a).  for th e cas e of an  MM I couple r and Figu re 6(b ).  20  

in t he case of a Y - b ranch  combi ner.   

The M ZI consi sts  of a  single mode input  w ave guid e supportin g a wavelen gth span

 derived from the p revio us secti on. The input  li ght is spli t 50/50 int o the two 

arms of  the M Z I b y th e Y - B ranch  spli tt er. The  Y - bran ch spli tt er spli ts 5 0/50 for the  enti r e 

wavelen gth span  and do es not have an y w avelen gth dep e nden ce. Th e tw o spli t li ght waves  25  

travel the ex act sam e dist ance in the M Z I arms. In one of the M Z I a rms a  refr acti ve index  

variati on is int roduc ed in  comparison t o th e other  arm, ther eb y ch an gin g th e rel ati ve velocit y 

of the li ght in the  arms,  and int rodu cin g a ph as e diff eren ce b etwe en the  two li ght waves  

traveli ng in the  wav e gui des. The  two spli t li ght  waves will  recombi ne  in  the MM I couple r 

(alt ernati vel y a Y - br anch  combi ner can b e used in stead of the MM I cou ple r) and dep endin g 30  
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on the phase  diffe renc e th e w aves will  coup le int o the output  port s. For a c ertain  

wavelen gth, wh en the tw o li ght wav es ar e in phas e, the y will  recombi ne a nd couple int o the 

port . W hen the y ar e out of phase  b y ex actl y , half  the li ght will  ex it  the to p port  

and half  will  ex it  the  bo tt om output  port . For  a  Y - bran ch combi ne r onl y the  port  

ex ist s and for the out of phase portion the li ght will  scatt er aout of the wave guide int o the 5  

surrounding and subst rat e.  

A gr aph of the output  ports' li ght int ensit y normal iz ed to the input  li gh t as a functi on of the  

phase dif fer ence  betw ee n the two arms for a gi ven wav elen gth is show n in Fi gur e 7.  The  

gr aph repr esents the phase differ enc e for one wavelen gth, the int erfe r ogr am is gene rated  

when the re is a b road ra nge  of  wav elen gths, and  each  will  have  a  diffe ren t phase dif fer enc e 10  

for a ce rtain ef fe cti ve re f racti ve index  diffe ren ce. The soli d li ne rep resents the mi ddle output  

port and when the tw o ar ms of the MZ I ar e in ph ase all  the li ght is couple d int o the mi ddle 

port. The dott ed li ne with circl es rep resents the su m of the top and bott om port and when the  

li ght i s out  of phase b y the light i s coupled hal f an d half int o each on e of th e ports.  

Two possi ble modul ati on schemes ar e discusse d; modul ati on based on the thermo - opti c 15  

effe ct and modulatio n ba sed on fr ee car rier absorp ti on (also kn own as the p lasma dispersion)  

effe ct. S il icon possesses good thermal fe atures,  with it s high thermo - o pti cal coeffici ent 

(about three ti mes higher than classical ther mo - opti cal materials) a nd high thermal 

conducti v it y makin g mo dulation based on the thermo - opti c ef fe ct ver y at tracti ve. The onl y 

disadvanta ge is that modul ati on based on the ther mo - opti c effe ct is slower  than modul ati on 20  

based on  fr ee ca rrier  abs orption. For  spectr oscop y a ppli cati ons thi s is usu all y not  an iss ue:  

high speed modul ati on is  t ypicall y more im portan t for telecomm unicati on appli cati ons. Fre e 

carri er abso rption for sp e ctroscop y appli c ati ons ma y be used  when hi gh er speed modul ati on 

is desired. The disadvan tages for modul ati on ba sed on fre e ca rrie r absor pti on is that it  is 

more compl icated  to per form and to achiev e mo dulation there will  be  loss  in opti cal powe r  25  

FDXVLQJ�RQH�DUP�LQ�WKH�0=,�WR�KDYH�OHVV�SRZHU�WKDQ�WKH�RWKHU�DUP��L�H��WKH�OLJKW�ZRQ¶W�EH�

50/50 in the ouput o f th e arms  and will  caus e n on - s ymm etric al r esult s, which will  r equire 

accomm odati on in proc e ssi ng and int erp retation.   
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Due to the thermoele ctric S eebec k eff ect, a volt a ge is appli ed ov er a b ar o f semi - conducti n g 

material le ads to a temp eratur e diff er ence  betw e en both ends of  the b ar.  A thermocoupl e is 

made of two diss imil ar thermoelectric ba rs joi ned at one end. Thermoelectric coolers a re  

compos ed of a large number of thermocouples which are ele ctricall y co nnected in series.  

Efficient thermoele ctric coolers shoul d be buil t with thermo electric mate rials possessing a 5  

large S eebe ck coef ficient  , a low electric resis ti vity , and a low thermal conducti vit y .  

Table 2.  shows the  mat erial prop erties  of two  sets of C MOS compatibl e thermoel ectric  

materials, P ol y - S i and . The n t ype mat erial is  doped with phosphorous and 

the p t yp e material is doped with Boron. The thermoelect ric material is heavil y doped to 

reduce  ele ctrical resis ti vit y and  from table  2 it  ca n be seen  that the the rmal conducti vit y o f  10  

materials i s lower.  

 

Material  Doping 

C once ntrati on 

 

S eebeck 

coeffi cient 

 

Electrical 

resis ti vit y  

 

Thermal 

conducti vit y  [

]  

n - P ol y - S i  2.5  - 57  0.813  31.5  

p - P ol y - S i  2.5  103  2.214  31.2  

     

n - P ol y - S iGe  2.5  - 77  2.37  9.4  

n - P ol y - S iGe  2.5  59  1.87  11.1  

T able 2. Material  properti es for  400nm thick  poly - Si and pol y - SiGe lay ers   

 

S pectral accu ra c y is an im portant figur e of merit  in FT IR  spectromet ers and shoul d not be 15  

confused  with spe ctral re peatabili t y.  S pectral  a ccu rac y is  a  measur e o f disc repanc y betw een  

the actual me asured  valu e and the tru e val u e. S pe ctral rep eatabili t y often r efer red to as S NR, 

DQG�WKH�)7,5�VSHFWURPHWHU¶V�DELOLW\�WR�UHSURGXFH�WKH�VSHFWUXP�IURP�WKH�VDPH�VDPSOH��WKH�

same condit ions, and the  same confi gur ati on over  a cert ain amount  of ti me. Therefo re noise  

D U k

70% 30%poly-Si Ge

70% 30%poly-Si Ge

3 20 ( x10 )c cm �  ( / )uV KD
 ( )m cmU :�

k

1 1W m K� �� �
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is the measure of th e sp ectral  deviations bet wee n measur ements, r e gardl ess of  the output  

VSHFWUXP¶V�SUR[LPLW\�WR�WKH�WUXH�YDOXH��6SHFWUDO�DFFXUDF\�LV�FUXFLDO��LW�LV�LPSRUWDQW�IRU�WKH�

FTIR spe ctrometer  to produce wavel en gth inf ormati on withi n the int ended r esolut ion. 

Therefo re  an approa ch i s disclosed in Figu re  8 for modul ati on bas ed on  the thermo - opti c 

effe ct while achievin g high spectr al accu rac y. To  achieve high spe ctral ac curac y the a ctual  5  

temperatur e diff eren ce b etween th e two arms, c a using a  chan ge in ref ract ive index  between  

the two arms, needs to be precisel y kno wn when ex tracti ng the spectrum for a given volt age  

appli ed. Fo r thi s r eason a  method using  a  la ye r of  amorphous sil icon (A - S i) as a  tempe rature  

sensor with ti tanium contacts for high er therma l isol ati on is disclosed . In cl assi cal FT IR  

spectrometers usu all y a h eli um neon laser is adde d to measure th e mi rrors displ acement and  10  

velocit y to achieve hi gh spectral ac cura c y. The disclosed method eli mi nates the need for the 

laser. In th e disclosed method a temper ature c hange c aused b y a volt age appli ed  to the 

thermoelectric d evice wi ll  cause a chan ge in resis tance of the A - S i. W hen the resis tance  

differen ce  betw een th e t wo arms  is measu red, th e ch an ge  in re fra cti ve in dex  is known and  

desired spectr al accu rac y is achieved. The resis ti ve information (voltage dr op across the A -15  

S i) per volt age appli ed t o the thermoelectric devi ce is used when ex tracti ng the spectrum in 

IIX . A - 6L¶V�SURSHUWLHV�DQG�ILJXUHV�RI�PHULW�DUH�H[SODLQHG�PRUH�LQ�GHWDLO�LQ�VHFWLRQ�9,� 

One ex ampl e of a possi ble method to achiev e both heati ng and cooli n g sim ult aneousl y, 

achievin g a la r ge temp er ature diff eren ce required  for thermal modul ati on,  is an int egrated  

pelt ier structur e. Altern a ti vel y an y m ethod such as resis ti ve he ati ng o r h eati ng via a m etal 20  

la ye r ma y be us ed to ac hieve the th ermal modul ati on. Usuall y ar chit ectu res which  ar e just  

based on h eat gener ati on in the w ave guides  wi ll  require th e subst rat e of the chip to be  

cooled to a lower t emper ature.  

The fabric ati ng la ye rs invol ved in the disclosed integr ated  pelt ier devic e a re shown in Figure  

8. The fabricati on steps are onl y an il lust rati on for conceptual understa nding and do not 25  

depict the full fabricati on flow or sequence. Init iall y in (a ), sil icon is etched leavin g the  

wave guide in the mi ddle and two sil i con heat sinks  on the edges. The he at sinks  will  be used 

to control the heat flow from the thermoelectric d evice, also known as P elt ier device. S il icon 

nit ride is deposi ted with LP C VD  in (b ). S il icon  nit ride, which  is tr ansparent to  infra red  

radiation up t o 11µ m, is used as cladding fo r the wave guide. The sil icon nit ride la ye r  30  

supports the ev anes cent wave o f the  opti cal fiel d in the wave guid e. Th e  evan escent  field 



/ 
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pla ys an im portant role for the sampl e int erface  and will  be discussed more in detail in 

secti on V. In addit ion sil icon nit ride has a much higher thermal conducti vit y than sil icon 

diox ide; therefor e the h eat taken or appli ed b y the P elt ier device will  propa gate mor e 

HIILFLHQWO\�WR�WKH�VLOLFRQ�ZDYHJXLGH��7KH�WKLFNQHVV�³W´�RI�WKH�VLOLFRQ�QLWULGH�VKRXld be as thi n  

as possi ble to achieve go od thermal conducti on to the sil icon, but has to be thi ck enou gh to  5  

VXSSRUW� WKH� HYDQHVFHQW� ZDYH�� 7KH� WKLFNQHVV� ³W´� DOVR� DSSOLHV� WR� WKH� ZLGWK� RI� WKH� VLOLFRQ�

nitride needed on the sides of the wave guide. The mi nim um thi ckness is derived b y the  

SHQHWUDWLQJ�GHSWK�RI�WKH�HYDQHVFHQW�ZDYH�LQ�WKH�ZDYHJXLGH��)URP�%HHU�/DPEHUW¶V�ODZ��WKH�

electric field i n the sili con nit ride is (15)  

 10  

where  E is the  ele ctric field as a fun cti on of th e d ist ance which is normal  to the bounda r y 

of  the sil icon and sil icon  nit ride and  is the ini ti al electric field int ensit y at the boundar y.  

 is the electric  field am pli tude deca y coef ficient  and is derived  in (16) for the opti cal  

wave guide in Figu re 11.  

(16)  15  

The pen etrati on d epth  is defined  as  when  the f ield drops to (37%)  of  the ini ti al  

field.  is the an gle o f i ncidence,  is the wavele ngth and is the relative  refr acti v e  

index  of the two  materia ls. For  the an gle o f inci dence,  as sho wn in equa ti ons (5) - (9)  onl y 

discrete modes ex ist , in the case of the pr esent invention the wave guide is designed for a 

single mode. The an gle  of incidence is derived  in (17) b y takin g the a ngle betw een the  20  

propa gati on const ant  an d the wav e number  of t he re flected  li ght in the sil icon 

wave guide.  

(17)  
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In (c)  a thi n la ye r of ti ta nium  is sput tered for co ntact conne cti ons to the A - S i. As shown in 

7DEOH� ��� WLWDQLXP¶V� WKHUPDO� FRQGXFWLYLW\� LV� DERXW� WHQ� WLPHV� VPDOOHU� WKDQ� DOXPLQXP��

Aluminum's enormous thermal conducti vit y le ads to a sensit ivi t y dr op of the A - S i  

temperatur e sensor and  therefor e ti tanium contacts im prove the te mperature s ensor 's  

performan ce. In (d) A - S i  is deposi ted and doped with Boron to obtain a high Tempe rature  5  

C oefficient of  R esis tanc e (TC R ). A - S i film is patt erned for a good c onnecti on to t he  

ti tanium with reacti ve io n etching (R IE) in rea cti ve gas. In (e) a thi ck la ye r  of sil icon  

diox ide is deposi ted with P ECVD. The sil icon d iox ide acts both as an el ectrical insul ati on 

la ye r fo r the A - S i but als o as a good  thermal insul ati on la ye r for the  sil icon heat sinks . In (f)  

alum inum  is deposi ted and patt erned on the ti tan ium  for electric al conduc tance and is used  10  

as the contact la ye r for th e temper ature  sensors p a ds. The A - S i temperatur e  sensor covers  all  

the length of the M Z I arm to best and most  a ccur atel y sense the t emperatur e of the 

wave guide. In ( g) sil icon diox ide is deposi ted with P ECVD, acti ng as an electrical insul ati ng 

la ye r for the p ads of the temperatur e sensor. The a lum inum  pads are routed  along the a rm of 

the M ZI and contact  to t he pads  is made  at  the e nd of the  M ZI arm.  In ( h) a  thi n la ye r of 15  

sil icon nit ride is deposi te d with LP C VD  acti n g as  an el ectric al insul ati ng l a ye r. Th e sil icon 

nit ride la ye r is k ept thi n for good therm al conduc tance f rom the P elt ier d e vice to the sil icon  

heat sin ks and sil icon wave guide. In (i) pol y - S i or pol y - S iGe thermo electric mat erial is  

deposi ted wit h LP C VD a nd patt erned. Th e n - t ype material was di f fused wit h phosphorous in 

a high tempe rature furna ce while the p - t ype mate rial is capped b y mask o x ide. The p - t y pe  20  

material is doped with B oron while the n - t ype m a terial is capped.  The pol y - S i or pol y - S iGe 

is patt erned  with r eacti v e ion et ching (R IE ) in re acti ve gas. Finall y in (j)  alum inum  is 

deposi ted and patt ern ed, formi ng the Pelti er d evic e.  

In the cooli n g mod e, current flows from the  n - t ype materi al past the bridge metal 

(alum inum ) to the p - t yp e material.  The b ridge metal becomes  colder  than the alum inum  25  

contacts to the sil icon h e at sinks . If the  polarit y of  the volt a ge appli ed to th e P elt ier devic e is 

revers e d, the b ridge be co mes hott er than the  conta ct pads to the h eat sink. In both cases,  the  

lack of he at or he at prop agates to and throu gh th e A - S i temperatur e dete ctor to the sil icon 

wave guide, ther eb y cha ngin g the re fra cti ve index  of the waveguide  b y chan gin g it s  

material 's tempe ratur e. T he P elt ier d evices  ar e co nnected in  series  throu ghout the len gth o f 30  

6SF

6SF
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the MZ I a rm. The  alum inum  bridge is form ed in a  U - shape  to allow suf ficie nt cooling po wer  

and temperatu re diff eren ce fa cil it ated b y the smal l t hermal b yp ass of air.   

S il icon is a good m ateria l to use for  thermo - opti c al modul ati on becaus e of  it s high the rmo -

RSWLF� FRHIILFLHQW�� 7KH� UHIUDFWLYH� LQGH[� ³Q´� RI� D� PDWHULDO� DULVHV� IURP� WKH� PROHFXODU�

polariz abil it y acco rding t o the Lo rentz - Lorenz  for mul a in (18)  5  

(18)  

w here is the mol ecular densit y, is the temperatu re, and is the permitt ivi ty of fre e  

space. Diff erenti ati n g e quati on (18) with respect to the temperature gi ves the refra cti ve  

index  dependence  on te mperature,  i.e. the  therm o - opti c coe fficient. For  sil icon the thermo  

opti c coeffi cient is  appro x im atel y  10  

(19)  

Equati on (19) is jus t t he  r efra cti ve index  variati on of sili con as a fun cti on of  temperatur e, the  

opti cal wave in the wave guide trav els with a velocit y of and therefor e wh en calculati n g 

the phase diff ere n ce b et ween the two arms, equ ati ons (5) - (9)  need to b e  rec alculated with 

the new refr acti ve index  of sil icon under each temperatur e condit ion to ex tract . It is also  15  

im portant to note that silicon has a low thermal e x pansion  and therefore f rom (18) it  has  a  

posi ti ve thermo - opti c co efficient.  For  materi als with high th ermal ex pansion  the thermo -

opti c coefficient is ne ga ti ve. B y appl yin g a diff erent volt a ge to each of  the thermo - opti c  

modul ators in the two ar ms of the M Z I, e ach wa ve will  trav el with a  diff er ent v elocit y due  

to the change in refr acti ve index  from (19) and chan gin g . The volt ages are appli ed in 20  

such a manner, i.e. one is increasing and othe r decreasin g to achieve a pha se differen ce  

between all  the w avelen gths in the  span . The s pectral resolut ion ther ef ore  

depends upon how close two wavelen gths can  undergo a  phase diff erenc e in the 

int erferomet er. For a giv en wavelen gth  it  is known that the wavenumber ex presses the 

number of radi ans of pha se chan ge th at t he wav e under goes pe r a given le ngth  (20)  25  
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(20)  

where is the wavelength in free space. Usin g (20 ) the spectral resolut ion can be derived 

b y takin g the max im um differen ce achiev able b etween the two arms an d finding the  

closest two w avelen gths  that unde r goes a tot al  of phase diffe renc e. It  c an  also b e  

derived f rom (20)  that i ncreasin g th e len gth of  the arms in the  M ZI inc r eases the  spectr al 5  

resolut ion. The thermo - o pti c effe ct is a ver y att r acti ve method for modul ati on in the MZI 

because  of  it s sim pli cit y,  and no  loss  is int roduc e d in the wave guid e (but  it  is slower than 

using the other m ethod w hich is free car rier absorp ti on).  

The se cond app roach  that can  be us ed to ach ieve modul ati on is bas e d on fr ee ca rrier  

absorption As an ex ampl e for an a rchit e cture based on fr ee c arri er ab sorption a reve r se  10  

biased diode ma y be us ed. Alternati vel y an y ar chit ecture which a chiev es modul ati on b y 

chan gin g the number of free ca rriers in the opti cal path travell ing the in the waveguid es,  

ma y be used.  The number of fre e carri ers in the wave guides can be contr oll e d b y fo rming a  

revers e bias ed diode  out of the sil icon  wav e guide  and appl yin g a  volt a ge,  thereb y chan gin g 

the width of th e depl eti on re gion. Th e width o f th e depletion re gion can b e  calculat ed usin g 15  

(21).  

 

(21)  

where  is the permitt ivi ty,  is the element a r y ch ar ge,  is the conc entrati o n of th e  

acc eptors, is the concentrati on of the donors,  is the buil t - in potential and is the  20  

volt age  appli ed. For  modul ati on based on fre e c ar rier abso rption, the numb er of  fr ee car riers  

gen erat ed pe r volt a ge c a n be d eri ved  and ref ra cti ve index  diffe renc e b etw een the  two arms 

can be ex tracted using Kr amers - K roing relations .  

The relation betwe en the free car rier absorption  and the refra cti ve index  can be describ ed 

using K rame rs - Kroin g. T he re fra cti ve index  c an b e writ ten a s  where  the re al part is 25  
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the conventi onal  index  of re fra cti on and  the i magina r y pa rt is the o pti cal ex ti ncti on 

coeffi cient. is related to , the li near absorption coe fficient, b y the relation  

where  is the opti cal wav elen gth. The Krame rs - Kr oing  coupli n g b etween  and ca n  

be ex pressed as follows;  

(22)  5  

where is the photon ener g y and the cauch y pr inciple value. Absorpti o n ma y be  

modi fied b y an alt er ed fr ee - c arri er con centr ati on ( ):  

 

(23)  

Due to the  fa ct that the  photon ener g y is  ex press ed in e le ctron - volt s and  t he unit s of are 10  

t ypicall y , it  is convenient to re - writ e equati on (22)  using the normali z ed photon ener g y

, where :  

(24)  

A good approx im ati on of the free c arri er absorpti on effect c an be desc ribe d b y a first order 

approx im ati on descen ding f rom the classic al Drud e model  15  

(25)  

where and are the r eal refr acti ve index  and the  absorption coef ficient variati ons 

respecti vel y,  is the electron char ge, is the permittivi t y o f fr ee spa ce, is the refr acti v e  

index  of int rinsic S il icon, is the  effecti ve mass, is the free car rier mobi li t y, is the 

free car riers concentr ati on variati on and the subsc ripts and ref er to ele ctro ns and holes  20  
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respecti vel y. Usin g Krm aers - Kroin g relations , the chan ge in re fra cti ve index  from (25) is 

ex tracted, givi n g:  

(26)  

Using (26), the fre e car r ier absorption effe ct giv es approx im ate refracti v e index  variati ons 

on the scale of - , note that it  is negati ve, i.e. conflicti ng in polarit y to the thermo -5  

opti c effe ct. The disadv a ntages for the t echnique are compl ex it y in  comp a rison to using the 

thermo - opti c eff ect, but more im portantl y a chan ge in ref racti ve index  causes an opti cal loss . 

This can  be p roblemati c in a spe ctroscop y ap pli cati on if a  pr ecise  spectrum is to  be  

evaluated  bec ause  thi s will  cause  one arm o f the  MZ I to hav e mor e pow er  than the  other  arm  

in the MZI c ausing an  anti - s ymm etric re combi nati on of li ght. It is also difficult to 10  

compensate for th e loss  because  the loss  is d epe ndent on the st ate of  the  diode and  varies  

throughout the modul ati on. W it h that sai d, taking a diffe renti al me asu rement, i.e. fi rst 

creati n g the int er fero gra m for a known  sampl e  a nd then fo r the  unknown  sampl e, the  anti -

s ymm etric  loss es c an be  subt racted out. The m ain advanta ge  for  usi ng fr ee  carri er absorption 

for modul ati on is speed; i t is much faster than  using a thermo - opti c eff ect for modul ati on: a  15  

few hundr ed ti mes faster in m ost cases.  

For const ructi ve  and  dest ructi ve int er fer enc e betw een the  li ght i n the  two a rms of the  M ZI to 

occur as an ex ampl e of a possi ble recombi nati on metho d an MM I couple r is s hown in Figu re 

9 (alt ernati vel y a y - b ran ch combi ner can b e use d). The MM I h as two input  ports comi ng 

from the M ZI and it  is as sumed that ea ch input  ha s half of th e tot al li ght in tensit y. The re ar e  20  

three output  ports, the output  port w il l have the light coupled int o it  when the two input s 

are in phase and the out put ports will  have the li ght coupled int o them half and half 

when the  two input  ports are out of ph ase. Th e out put ports ar e tap ered  and their dist ance s  

apart f rom one anothe r ar e opti mi z ed to coll ect the  most  amount  of li ght d e pending upon  the 

phase condit ions o f the i nputs .  25  

The MM I couple r work s on the principl e of sel f - im a ging eff ect. An inp ut field profil e is 

reproduc ed in single or mul ti ple im ages at periodic int ervals along the pro pagati on directi on. 
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This occurs due to const r ucti ve int erfer enc e betwe en the wave guide mod es . The beat len gth  

is derived b y usi ng the p r opagati on const ants betw een an y two low est - orde r  modes.  

 (27)  

where and are the prop agati on const ants of the two lowest order modes, is the 

refr acti ve index  of the rib wave guide, is the effec ti ve width of the mul timode secti on of  5  

the spli tt er/combi ner, an d is the free  spac e wav el ength. Th e F DTD sim ulation result s of 

the recombi nati on o f the two arms of th e M ZI in t he MM I a re p resented  in Fi gure  10. W hen  

the two input s are in phase  the input  li ght is coupled int o the mi ddle port and when the two 

input s are out of ph ase  the input  li ght  is coupled  half and h alf int o the  top and bott o m  

output  ports.  10  

W it h the MMI r ecombi ni ng the si gnals for all  the wavelen gths in the span , the 

spectra l i nfo rmati on is en coded in t he int er fero gra m all at once as a functi o n of the r efr acti ve 

index  variati ons in the MZI.  B y m easurin g th e opt ical powe r from th e mi ddle port for  eve r y 

refr acti ve index  variati on unti l the desired spectral resolut ion is achieve d, all  the absorptive 

spectral dist ributi on of the sampl e und er test f or the w avelen gth sp an   is 15  

derived. Th e top and bott om output  ports of the M M I are  used to guide aw a y th e destru cti ve 

LQWHUIHUHQFH�SDUW�RI�WKH�LQWHUIHURPHWHU�VR�LW�ZRQ¶W�DGG�RSWLFDO�QRLse to  the s yst em . In  the  

nex t secti on possi ble sampl e int erfac es ar e discu ssed and the decodin g of  the int erfero gram  

is di scussed in secti on IIX.     

V. Sample Interf aces  20  

From the M ZI, speci fica ll y th e port of the MM I coupler or Y - Br anch co mbi ner, comes  

the int erfe ro gram cove ring th e wav elen gths span . As there are   

wavelen gth sp ans ther e a re  int erfe ro gram which are s ymbol iz ed as .  

The int erf ero gr am is a f uncti on of the dif fer enc e  of volt a ge ( ) or cu rrent ( ) appli ed  

between the two a rms in the MZI,  for eit her the t hermo - opti c modul ati on or the fre e - c arri er  25  
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absorption modul ati on. An ex ampl e of an int erferogram is shown in Figu re 11. W hen there 

is no volt age di ffe renc e  between th e arms, i.e.  no eff ecti ve r efr acti ve i ndex  variati on, all 

wavelen gths are  in phas e and th e max im um center burst is at  . As the eff ecti v e  

refr acti ve index  variati on  between the  arms is  incr eased, i.e. , the interf ero gram goes  

down as  the const ructi ve  and d estructi ve  int erf ere nce tak es pla ce  in the  M M I couple r or  Y -5  

branch combi ne r for dif f erent wav elen gths.  

Each int erf ero gr am  is appli ed to the sampl e and based on the  

absorption b y the s ampl e the spect rum is derived.  This descriptio n disclose s an ATR  and an  

ex ternal refl ectanc e meth od in which dif fer ent an gles o f li ght c an diff ract out of the chip to  

the  sampl e. The top view of the sampl e int erfac e for the ATR  method, for the case wher e 10  

onl y on e infrar ed detecto r is used for all   int erfero gr ams, is shown in Figur e 12. The  

int erfero grams  comi ng f rom each M ZI throu gh ports 

at differ ent ti mes, due to  the pulsi ng pro cedu re o f the infr ared sou rces,  tr avel below and in 

direct contact with the sampl e. The ex ponenti all y deca yin g evan escent wav e traveli ng out of  

the boundaries of th e  wave guide p enetr ates  int o the sampl e and  the cor r espondi ng 15  

wavelen gths of the int er f ero gram a re abso rbed b y the sampl e. The infra red  li ght that did not 

get absorb ed conti nues to travel in the waveguid e to the infrared detector  or in the case of 

parall el oper ati on to the infrar ed dete ctors, i.e. one dete ctor for each of the  

int erfero grams. The d epth in which the evan esce nt wave pen etrates the s ampl e depends o n  

both the refracti ve index  of the sampl e and the wavelen gth. The pen etra ti on depth can be 20  

calculated usin g (5) - (9) i n which the fi eld is solved as  a  functi on of th e di stance trav eled in 

the sampl e or usin g (15) - (17) in which the  an gle of refl ectanc e in the w av eguid e is derived  

to solve the pen etrati on  depth. The  advanta ge of using  a sin gle d etec tor is that non -

uniformi t y iss ues betw ee n detectors is not an iss ue but the disadvantage is  that the infrared 

sources need to be pulsed for operati on one at a ti me and thi s dela ys the derivati on of the 25  

full spectrum. Furthermo re a  blackbod y in fra red s ource t akes some  ti me to turn off,  i.e. co ol  

down and specia l care ne eds be taken to make sure the source is full y of f before the nex t one 

turns on. In  the case  of u sing N  infr ared  dete ctors  all  the sou rces  c an wor k  in par all el at th e 

cost of havin g mor e hard ware to suppo rt all  the d etectors. Th e infr ared d et ector fo r the ATR  

method is  a suspended st ructure and conne cti ons are mad e throu gh the le gs /  pads.  30  
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As an ex ampl e a  cross secti on view of the ATR  sampl e int erfac e for one o f the wave guides  

using diffr acti on grati ng to output  the li ght is shown in Figur e 13. Th e sampl e is placed in 

contact with the wave gu ide and the li ght that was not absorbed conti nues to travel in the 

wave guide  and  is later  di ffra cted out  int o the the r mall y isol ated  suspended  infra red d etector.  

It  is im portant fo r the  d etector to  have  good th e rmal insul ati on from th e  surroundin g are a 5  

and is therefor e suspend ed above the wav e guides  and covered with pol yi mi de. The infrare d 

detector will  be disclose d more in detail in the following secti on. Altern ati vel y the d etector  

can be pla ced at the end of th e wav e guide and th e  wave guide is tap ered do wn so that alm ost 

of all  the  li ght th at did n ot get absorb ed b y th e sa mpl e will  couple out o f t he wav e guide int o  

the absorbin g la yer o f the  infrared d etecto r.    10  

An alt ernate s ampl e int erfa ce that c an be inco rpora ted invol ves the li ght leavin g the  

wave guide  at an an gle c orrespondi n g to  the dif fr acti on equ ati ons deriv ed  in (10) - (13)  and 

being re flected ba ck fro m the sampl e onto the detector. The idea is shown in Figure 14, in 

which a cross s ecti on f or one wave guid e is sh own. The li ght ex it s the wav e guide via  

diffracti on and th e an gle  can be controll ed, for e x ampl e an gles c an be a c hieved as w ell  15  

as graz ing an gles down t o a few  de gr ees to measu re sampl es in which th e absorbanc e of the  

surfac e is i mportant.  

Bec ause the  wave guid es are int e gr ated int o the ch ip together with the sam ple int erfa ce and  

the detector, a good de gr ee of cont rol and per for mance is achi eved that i s more difficult to 

achieve with other m ini aturiz ed FT IR  spe ctrometers. In other mi niaturiz ed FT IR  20  

spec trometers  such as th ose that use fibe r - opti cs, it  is difficult to ali gn and  couple li ght from  

the FT IR  spe ctrometer t o the sampl e and back with good a ccur ac y and  in a controll ed  

manner. W it h the disclosed C MOS - FT IR  spe ctr ometer the whole proce ss is done in  the 

fabric ati on fa cil it ies in which a ccur ate and pr e cise equipm ent control t he ali gnment and  

design.     25  

V I. Infr ar ed Dete ctor  

An y in fra red  detecto r m a y be  used. As an  ex ampl e, the d etector  propos ed in the  pres ent 

disclosure is an uncooled  mi crobolometer . The mi crobolometer a rchit e ctur e was chos en due 

the low cost, small si z e, broad br and spe ctr al response  and C MO S  compatibi li t y.  

Microbolom etric detecto rs ex hibi t a change in  resis tance with respect  to a change of 30  

045
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temperatur e of  the s ensing m aterial  A - S i a ccompa n yin g the  absorption  of i nfrar ed r adiation.  

The uncooled mi crobolometer infrar ed detecto r incorporates A - S i as  the temperature  

sensit ive material. A - S i has low noise properties, high Temp eratur e C oefficient of  

R esis tance (TC R ) and c an be pr epar ed wit h a r ange of electric al resis ti vit ies to meet the 

C MOS - )7,5�VSHFWURPHWHU¶V�UHVLVWDQFH�VSHFLILFDWLRQV� 5  

To first understand the operati on of the mi crobolometer a few im portant f igures of me rit are  

defined. R esponsi vit y , is the amount  of output  seen per  watt  of input  r adiant opti cal  

power and is de fined in ( 28).  

  (28)  

where  is the bias cu rrent , is the inf rar ed sensit ive  material resis tanc e ( A - S i),  is the  10  

rati o of absorbed to inci dent radiation, is the tot al equivalent thermal con ductance, is 

the modul ati on frequ enc y a dded to th e infr ared  radiation, is the thermal  response  ti me 

defined b y the  rati o o f t he devic e th ermal mass  to it s thermal conductan ce and is the 

temperatur e coe fficient o f resis tanc e (TC R ) given b y (29 ).  

  (29)  15  

where T is the temperat ure in Kelvi n. The detec ti vit y  measures S NR normali z ed with 

respect t o the d etector act ive are a (30).  

 (30)  

where is the frequenc y b andwidth, is the mi crobolometer are a and is the total nois e  

volt age,  includin g the  b ack ground  noise, the  te mperature  f luctuati on  no ise, J ohnson noise 20  

and noise. An im portant figur e of merit  is noise equivalent power (NEP ), which is the 

input  power nec essar y to give a sign al - t o - noise r ati o of unit y (31 ).  
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 (31)  

To ensure the performan ce requir ed in an FT IR  s pectromete r, a  mi crobolometer shoul d have 

large valu es of and low . This descriptio n discloses a f ree - standin g therm al  

detector with adequate th ermal insul ati on, good figur es of merit  as defined in (28) - (31), and 

C MOS compatibi lit y. T he detector and it s fabricati on la y e rs are shown in Figure 15. The  5  

fabric ati on steps are  only a n il lust rati on for con c eptual understandin g and  do not depict the 

full fabric ati on flow o r  sequenc e. First a  pol yi mi de sacrifi cial la ye r is  spun, cur ed and  

patt erned b y dr y etchin g ( a). In (b) a S il icon diox ide la ye r is deposi ted for the floati n g 

structure. In ( c) a thi n laye r  of ti tanium is sput tered for conta ct connecti o ns to the A - S i. As 

VKRZQ� LQ� 7DEOH� ���� WLWDQLXP¶V� WKHUPDO� FRQGXFWLYLW\� LV� DERXW� WHQ� WLPHV� VPDOOHU� WKDQ�10  

DOXPLQXP�� $OXPLQXP¶V� HQRUPous thermal conducti vit y le ads to a sensiti vit y drop of the  

detector and the refo re  ti tanium contacts gre atl y i mprove the  detecto r 's pe rformanc e. In (d )  

A - S i is deposi ted and  do ped with Boron to obt ain the ex pected  resis ti vit y and TCR . The A -

S i film i s patt erned for a good conn ecti on to the titanium with R IE in rea cti ve gas. In (e )  

a ver y thi n la ye r of sil icon nit ride is deposi ted, the la yer is used for electric  insul ati on and is 15  

ver y thi n to have good thermal conductan ce bet ween the A - S i and the gold black  absorbing 

la ye r. Alumi num is deposit ed and patt erned on the ti tanium for electrical c onductance and is 

used as the p ads of the  detector in (f). In ( g) a porous gold black  ab sorption la ye r is  

thermall y ev aporat ed. The gold black evapo rati on process is done  under relativel y low 

vacuum (~0.8 torr) to a chieve the porous and b lack la yer.  Th e porous  gold black la ye r  20  

absorbs nea rl y 100% of  infrar ed li ght from 1.4 µ m ± 15µm. In (h)  a th ick sil icon diox ide 

la ye r is deposi ted, whic h acts as good the rmal  and electric al insul ati on la ye r from the 

outsi de. In  (i) an alum in um infrar ed re flecti n g la ye r  is deposi ted, th e r efl ecti ng la yer  is so 

that no infra red radiatio n from the  outsi de will  enter the  mi crobolomete r structur e, as well  

an y infr ared  radiation t hat did not get  absorbe d in the first p ass will  get  re flected  and  25  

absorbed b y the poro us black gold la ye r after r efle cti on, thereb y incr easin g the  

mi crobolometer pe rform ance.  Lastl y in (j)  to f orm the flo ati ng stru ctu re, the  pol yim ide  

sacrificial l a ye r is remov ed b y a mi crow ave plasm a ashing proc ess.  
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The disclosed mi c robolometer structur e with th ermal isol ati on and abs orption method is 

well  suit ed for an int e gra ted C MOS - FT IR  spectro meter. The f abric ati on steps in Figu re 15,  

discloses a thermall y isol ated mi cro - bolom eter s uit able for ATR  sample int erfac es.  As 

shown in Fi gur e 13,  the dete ctor can b e cove red with pol yim ide acti ng as the rmall y 

insul ati ng buffer from the sampl e and packa gin g. For ex ternal refl ectan ce s ampl e int erfac es, 5  

the mi cro - bolom eter  stru cture is sim il ar to Fi gur e 15, ex cept now the  inf rared  li ght com es 

from the directi on of the sampl e so the structure is reversed. The ther mal insul ati on and 

absorption conc epts ar e t he same and the d etector  is shown in Fi gur e 16. The fr ee standin g 

structure is formed the s a me as in Figu re 15, the a lum inum  reflecti ng la ye r  is now placed on 

the bott om and the poro us gold bla ck absorptio n la ye r above it . The  thi n S il icon Nitride 10  

la ye r sti ll  a cts as an elec trical insul ati on la ye r an d has good  thermal con ductance  betw een  

the abs orption la ye r and the A - S i. An y in frar ed li ght not gett ing absorbed  b y th e gold bla ck 

la ye r will  be refle cted b ack to the absorbing gol d black la ye r from the a lum inum  la ye r on 

the bottom  and thi s increases the dete ctor e fficien c y.  

V II. Analo g R e adout C irc uit  and the Diff erenti al Differ ence Ampli fier  15  

The A - S i in the confi gur ati on of Fi gure  15 & Fi gure 16 is a li nea r resis tor and the resis tan ce  

value ch an ges li ne arl y w it h temperature.  It is d esi rable for the  C MOS - FT IR spectromete r to 

be able to detect the sl ightest changes of tempera ture which means the slightest variati ons of 

resis tance. Th e TCR  of the detector is in the orde r of and ther efor e to im prove the  

detecti vit y o f the chip a diffe renti al diff eren ce  ampl ifier (D DA) can be used, in whic h  20  

variable gai n can be add ed to the readout to incr e ase the S NR. If onl y unit y gain is desir ed a 

VLPSOH�XQLW\�JDLQ�DPSOLILHU�FDQ�EH�XVHG�LQVWHDG�RI�WKH�''$�WR�UHDGRXW�WKH�LQIUDUHG�GHWHFWRU¶V�

voltage  values, i. e. re a ding out the  volt a ge which can  be tr anslate d to resis ta nc e or  

temperatur e values.  A b a sic DC bias ci rcuit  is sho wn in Fi gur e 17, a DC so urce is conne cted 

in series with the A - S i detector (mod eled as a r esis tor) and a lo ad resis t ance. Th e volt a ge 25  

chan ges with resis tanc e a nd indi cates the amount  of infrared r ad iation that was absorbed  

b y the d etector.  

For the analo g re adout circuit  to be able to dist inguish sli ght ch an ges o f volt age, , a 

method for t aking the di ffer ence  betw een th e pr evious  re adout to the  cu rrent r eadout and  

3% / K�
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ampl if yin g thi s volt a ge  d ifferen ce  is disclosed. Th is is done using  the D D A which inc re ases 

the S NR because the ampl ificati on is done on  before addit ional readout noise sources  

are add ed (such as b y th e  analo g - t o - di git al conver sion), thereb y incr easin g the detecti vit y of  

the CMOS - FT IR  spe ctro meter.  

The DDA is a basic C MOS analog buil ding bloc k yi eldi ng sim ple analo g circuit s with low 5  

component count.  The D DA is a n ex tension t o an  op - amp, t he  main diff er e nce is t h at i nstead 

of two sin gle - end ed inpu ts, as the c ase in op - amp s, it  has two dif f erenti al input  ports (Vpp -

Vpn) and  (Vnp - Vnn). Th e s ymbol  for  the D DA is shown in Fi gur e 18.  The output  of a DDA  

can be ex pressed as (32)  

  (32)  10  

An inst rumentation ampl ifier is well  suit ed for ampl if yin g the diff er e nce betwe en two 

signals due  to ch ara cter i sti cs of ver y lo w DC of f set, low drift, low nois e,  ver y hi gh op en -

loop gain, ver y hi gh comm on - mode rejecti o n rati o (CMR R ), and ver y hi gh input 

im pedances. But in it s conventi onal form it  requires three op - amps a nd man y ex ternal  

resis tors which hav e to be ti ghtl y matched. Mis m atches in resis tor v alues and mi smatches in 15  

the comm on mode gains of the two input  op - amps  cause und esired comm o n mode gain. An 

im proved inst rumentation ampl ifier can  be r eali z ed using one DD A and two gain  

determi ning resis tors. Fi gur e  19 shows a DDA reali z ati on of an instrumentation ampl ifier 

which is pro gramm able  b y two ex ternal resis tors for the gain o f (R1+R 2)/ R 1. The ampl ifier 

is chara cteriz ed b y the eq uati on  20  

 (33)  

where and are the comm on mode rej ecti on rati os f or the two input  ports  p  

and n respe cti vel y.  which is not known from the re gula r op - amp, me a sures the  

effe ct of equal floati ng v olt ages at the two input  ports.  is the differenti al gain of 

while is the comm on mo de  volt a ge  of  the dif fer en ti al pair ( ) and is the of fs et 25  

volt age. It c an be seen f rom (33) that with high differenti al gain and hi gh comm on mode 
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rejecti on rati os, accu rate  differenti al gain can be accompl ished over a wide comm on mode 

input  volt age  r an ge. I t s hould also be  noted th at the of fset volt a ge can be r educed  usin g 

known offs et c ancell ati o n techniques  such as the  autoz ero te chnique us ed  in op - amps.  The  

DDA design has ver y hi gh open loop gain ( ) and high comm on mode rejecti on rati os (

) yieldin g good  r esult s for equati on (33)  5  

A basic circuit  im pleme nti ng the readout is sho wn in Figur e 19, wher e two capacit ors C 1 

and C 2 will  store the volt age dependin g on the state of the switch S 1. More advanc ed  

switched cap acit or sam ple - and - hold cir cuit s with char ge  inj ecti on c an cell ati on can be  

incorporated inst ead of the configu rati on in Figu re 19, but for basic understandin g of the  

readout proc edur e the co nfigur ati on in Figu re 19 i s shown. For eve r y succ e ssi ve readout the 10  

switch toggl es, connecti ng to eit her C 1 o r C 2 and the DDA ampl ifies the differen ce 

between the  volt a ges ( V2 - V1). For ever y re a dout the curr ent volt age is stored in the  

capa cit or wit h the swit ch  closed and  the othe r c ap acit or has  the pr evious  v olt age  stored on  it , 

thereb y ampl if yin g onl y the diffe ren ce betw een  the readouts . Due to the nature of th e  

int erfero gram the re will  not be two su cc essi ve r e adouts   with la r ge volt a ge diff eren ces and  15  

therefor e the DDA can b e confi gured to hav e a la rge closed loop gain. Ver y small resis tanc e 

differen ces (i.e. t empe ra ture chan ge in the  A - S i) , can b e dete cted, the re b y im provin g the  

S NR and the det ecti vit y o f the C MOS - FT IR  spectromete r. The  out put of the D DA 

((R 1+R 2)/R1 * (V2 - V1) ), is connected to the input  of the ADC  for conversion to a digit al 

number. The  output  volt age can b e eit her posi ti v e or  ne gati ve  dep ending if V2 is l ar ge r or  20  

smaller than V1. Th e DD A onl y ampl ifies the diff erenc e betw een th e two r eadouts , ther efor e  

the polarit y of  the most  rec ent output  holds  the  information if th e r ead out was la r ger  or  

sma ll er than the previou s volt age (i.e. dep ending on the state of the swit ch and polarit y of  

the output  it can be evaluated if the current re ad out needs to be added or subt racted to the 

previous  re adout). The  ADC  converts from the negati ve pow er suppl y v olt ag e  Vss to the 25  

posi ti ve power suppl y vo lt age  Vdd and dep ending on the pola rit y o f the  input  signal and th e  

state of the switch, the digit al value will  be derived. The ADC  struct ure and the basi c  

algorithm  will  be discuss ed in t he nex t secti on.  
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IIX . Analo g t o Di git al C onversion and Di git al Al gorithm s  

From the pr evious  secti o n, one of the input s to th e ADC  is the an alo g signal with a volt a ge  

value equal to the dif fer ence o f the cu rrent r ead out to the previous  read out ti mes a gai n  

factor o f (R1+R 2)/R1. T he othe r input s to the A DC are the stat e of switc h S 1 and the gain 

factor (R1+R 2)/R1 from Figu re 19. Ther e ex ist  man y w ell  establis hed topol ogies for an alo g 5  

to digit al conve rsion in C MOS technolog y. S uch  topol ogies include a flas h ADC , a pipeline  

ADC , a successi v e appro x im ati on ADC , a ramp compare ADC , W il kinso n ADC , int egrati n g 

ADC  and man y mo re. A n y ADC  ar chit ectur e c an  be used  and thi s des cript ion onl y discloses 

WKH�DOJRULWKP�WKDW�QHHGV�WR�EH�DGDSWHG�GXULQJ�WKH�$'&�FRQYHUVLRQ�WR�LQFRUSRUDWH�WKH�''$¶V�

detecti vit y en hanc ement.  The basic conv ersion al gorithm  is writt en logicall y in (34).  10  

 (34)  

W here  is the digit al val ue afte r conve rsion fro m the ADC , the posi ti ve or ne gati ve  

value of  indi cates if the digit al value will  be added or subt ra cted to the previous  

co nversion, i.e. if the current point  in the int erfero gr am has a higher or low er value than the 

previous  point . The si gn for  as seen  in (34) d epe nds on the state o f the s witch S 1 and  15  

whether th e output  volt age is posi ti ve o r ne gati ve, which  can  be  easil y e valuat ed with a  

sim ple comparator. For  sim pli cit y wh en wo rking in the  digit al domain the  can  be  

repres ented usin g 2 - com plement form and thi s wa y c an b e add ed or  su btracted easil y to 

calculate the final di git al value , evaluated throu gh  (35)  

 (35)  20  

where  is the previous  final digit al  value  of th e int erfe ro gram  point  bein g e valuated,  

and is the digit al value o f the gain factor  (R1+R 2 )/R1 that needs to be  divi ded to  

get the unit y gain value, i.e. . The shift left operati on (<<) in (35) is 

the digit al div isi on of the ampl ified value. Th e v alue is stored and used f or the nex t 

2 0 1 0

2 0 1 0

  ; if  (S1: V V   and V 0)   or  (S1: V V   a nd V 0)  

  ; if  (S1: V V   and V 0)   or  (S1: V V   a nd V 0)
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readout as  and thi s pro cedure  is rep eated  for  the full int erf ero gr am. As the whol e  

device is inco rporat ed in a C MOS int egrated  circu it  the digit al p rocedu res and the storin g o f  

the data on on - chip m em or y ar e easil y int e gr ated using standa rd CMOS tool s and fabri cati on 

methods.  

The int erf ero gr am chan ges as a functi on of the  v olt age appli ed to the M ZI,  due to the full 5  

int egr ati on of the int erfe rometer with the electro nics on chip, and the sampl ing rate and the 

volt age can be s yn chroni z ed more accu ratel y in c omparison to other FT IR  spectrometers. In 

RWKHU� )7,5� VSHFWURPHWHUV� PHFKDQLFDO� PRYHPHQW� RI� WKH� PLUURU� DQG� PLUURU¶V� UHWDUGDWLRQ�

speed needs to be s ync hroniz ed to the sampl ing rate done  in electroni cs. The need for  

s ynch roniz ati on adds a great d eal of compl ex it y (usuall y in corpor ati ng a ddit ional lasers to 10  

measure the mi rro r displ acement) and leads to er rors which caus e dec re ased resolut ion and  

performan ce. W it h the disclosed C MOS - FT IR  sp e ctrometer, thi s is much less of an iss ue as  

onl y n e gli gibl e d ela ys in  the volt a ge  propa gati ng through  the int e rconne c t to the M ZI and  

the response tim e of the MZI n eeds t o be account ed for.  

Now that the int erfe ro gram has been evaluat ed  and the digit al da ta is  stored for e ach 15  

sampl ed point , the int e rfero gram ne eds to be  converted  int o the sp ectral dist ributi on 

information  as a fun cti on of wavel en gth or wa venumber . This is done b y 

taking the compl ex  Fourier transfo rm of the inter f ero gram, sh own in (36 )  

 (36)  

where  is the int erfero gra m as a functi on of th e volt age  appli ed to the MZI.  W ell  20  

establis hed di git al techni ques a re us ed to p erfo r m the Fourier  Tr ansfor m, here  the  digit al  

method of C oole y and T uke y  call ed the Fast Four ier Transfo rm ( FFT ) is used. The F FT uses  

the digit al values stored  in (35) and is easil y i mpl emented in a C MOS technolog y. Th e  

spectrum is then derived with the  desired spectral accur ac y b y cal culat ing the ref racti ve  

index  variati ons  per voltage appli ed. Noise due to the incoherent li ght wav es is avera ged out  25  

b y taking man y sampl es which increases the S NR. W hen the spectrum is derived it  is stored 

in an on - chip memor y a nd the spectrum can be anal yz ed, compar ed and e valuated to a pre -

s tored database o f spectr ums for various refe ren c ed materials. Additi onal processors, di git al 
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modul es, user int er fa ces and softwa re su ch as  an operati n g s ystem can b e  int egrated usin g 

standard C MOS design all owing the full control  and data acquisi ti on of th e C MOS - FT IR  

spectrometer to b e int e gr ated on - chip.  

This secti on concludes the disclosure of an ex ample of the C MOS - FT IR  spectromete r of thi s 

invention. The FT IR  sp e ctrometer  int e grated  in a  C MOS technolo g y all ows for  int e grati on 5  

of photoni c elem ents with t he ele ctronics, makin g a more  compa ct FT IR  spectrometer.  All 

functi onali t y of th e clas sical FT IR  spe ctromete r  is int egr ated in the C MOS chip and an y 

addit ional user functi on s that are n eeded  can  e asil y be  desi gned usin g standard C MOS 

processes and int e gr at ed on - chip. The C MOS - FT IR spectrometer is compa ct, can be batt er y 

operated, low cost and can be int egrat ed with other electronic equip ment and devices 10  

opening a wide  ran ge of  new appli c ati ons in add it ion to the ex ist ing appli cati ons for FT IR  

spectrometers tod a y.  

IX . Lon g Inf rar ed Ex pansion  and S ingle Li ght sou rce, S ingl e Inter ferom ete r Desi gn  

The main li mi ti ng factor for the max im um wavelen gth that can be incorporat ed in the  

C MOS - FT IR  spe ctromet er is the use of sil icon diox ide. S ili con is transparent betwe e n 15  

1.4µ m t o 15µ m but  bonds l ead to s tron g infra red a bsorption between  the w avelen gths  

of 8 - 10µ m. For the S O I t echnolo g y th e insul ator is usuall y sil icon diox ide and therefo re the  

evanesc ent wav e in the wave guide will  get absor bed and eventuall y opti c al pow er for waves  

propa gati n g in the w ave guides will  be lost . For  thi s disclosure fabri cat ed with a sil icon 

diox ide wafer, the  wa velen gths ma y op erate  from 1.4µ m ± 8µm. The C MOS - FT IR  20  

spectrometer can be ex panded to work from 1.4µ m to 11µ m b y using a  la ye r of si li con 

nit ride below and on top  of the w ave guides inst e ad of sil icon diox ide. bonds lead to  

absorption between 11µ m to 13µ m and therefor e an evan escent w ave tr aveli ng in sil icon 

QLWULGH�ZRQ¶W�JHW�DEVRUEHG�EHWZHHQ�����P- 11µm. A cross  secti on vie w of  t he met hod fo r the 

C MOS - FT IR  sp ectromet er ex pansion  to the long i nfrar ed re gion, i.e. 1.4µ m - 11µ m, is shown 25  

in Figu re 20.  The w ave guide has a l a yer  of sil ico n nit ride below and  if ne eded abov e ( above  

can be left as air in some cases) the w ave guide. T he thi ckness o f the sil icon nit ride la ye r 

can be c alculated usin g the penetrati on depth of  the wave guide from eq uati ons (5) - (8) o r  

using (15) - (16). For the sides of the waveguid e the same method holds , eit her air or sil icon 

Si-O X

Si-N X
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nit ride can b e used. S om e appli cati ons r equir e in f rared  absorption inform a ti on up to 15µ m. 

For wo rkin g in w avelen gths between  11 - 15µ m the same solut ion as  show n in Fi gur e 20 can  

be used, but inst ead of u sing sil icon nit ride, pota ssi um Bromide (K Br) w hich is transpar ent 

up to 25µ m or Ba rium F luoride ( Ba F2)  which is  transparent  up to 15µ m can b e used.  K Br  

and Ba F2 are comm on materials us ed in i nfr ared s pectroscop y.  5  

X. CMOS - R aman Spectr ometer  

R aman spect roscop y is a techniqu e used  to stud y th e vibr ati onal, rotati o nal and oth er low  

frequen c y modes in a s y stem. It is sim il ar to the FT IR  spectros cop y, yi elds about the same 

result s, but provides compl ementar y info rmati on. The main differen ce in a R aman 

spectrometer is that li gh t from a monochromatic li ght source, usuall y ne ar infrar ed (N IR )  10  

laser, is used to ex cit e the vibrati onal and rotati onal modes in the sample under test. The 

broadband emi tt ed li ght f rom the sampl e is coll ected and an int erf ero gr am is gen erated from  

the R aman scatt erin g. W it h regards to the disc losed invention all  the components that are 

discussed in secti ons II I ± IV and s ecti ons V I - IX are  the s ame fo r a C MOS - R aman 

spectrometer in acco rdan ce with thi s disclosure. A differ ence is app arent in secti on II wher e  15  

the broadband sourc e is not needed, just  a monochromatic N IR  las er li ght as a sour ce is used  

and in s ecti on V whe re n ow the sampl e int erf ace i s at t he be ginni ng o f the design.  

As in the C MOS - FT IR  s pectromete r there are sti ll  wave guides supportin g onl y the sin gl e  

mode of the wav elen gth span . The ini ti al wa veguid es sti ll  have all  the 

c omponents disclosed in the C MOS - FT IR  spectr ometer, the wav elen gth f il ter and MZ I and  20  

now the output  of the  MZI goes str aight to th e dete ctor eit he r via dif fracti on sim il ar to  

Figu re 13 (but wit hout t he sampl e), or  b y taperin g the wave guide  so t he li gh t get  coupled out  

the detector. The sampl e  is now near the ini ti al wave guide se cti on and the vibrati onal and 

rotati onal li ght is ex cit ed with a monochromatic N IR  lase r, as shown in Figure 21. Ther e ar e 

man y well  known desi gns for int egrat ed N IR  lasers or LE DS a nd an y o ne of them can be 25  

used for the disclosed  C MOS - R aman spectromet er. In Fi gure 21, a cross  secti on view is  

shown of the ini ti al wa veguid e for on e wav ele ngth span. An int e grate d laser ex cit es the 

sampl e and  it  emi ts infr a red r adiation fo r all  the broad band  wav elen gths. Using di ffra cti on 

each wav e guide will  only diffr act the wavelen gth  span it  supports. R a yl eigh scatt ering is not 

N
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are not pa rt of the desir e d span will  be refle cted b y the fil te r befo re it  enter s the MZI.  

A top view of the C MOS - R aman spectromete r  int erface is shown in Figu re 22 for one  

wavelen gth span. Th e str ucture of Figu re 22 is rep eated for th e enti re w ave length span, each  

having l ar ge r wa ve guide  dim ension s. W hen the li ght starts p ropa gati n g i n the wav e guide,  5  

onl y the sin gle  mode is s upported and from that p oint  forward  the disclose d C MOS - R aman 

spectrometer is t he s ame as the CMOS - FT IR  spe ctrometer.  

X I. C onclusi on  

The disclosed invention provides a method for a full y int e grated C MOS - F T IR  spect romete r  

and C MOS - R aman spectrometer. The C MOS - FT IR spectrometer has all  the components of 10  

the classic al FT IR  spec trometer full y int e grate d int o a compact, mi ni aturiz ed, low cost  

C MOS - Fabric ati on - com pati ble chi p. The discl osed C MOS - FT IR  spe ctrometer can be  

operated  in the  short an d mi d infra red re gions, i.e. from 1.4µ m to  8µ m, with avail abl e  

ex tension to the longer infrar ed re gions, i.e. 8µ m to 15µ m. The C MOS - FT IR  spe ctrometer  

disclosed has in cre ased s pectral re solut ion, no mo vable pa rts, no opti c al le nses, is compa ct,  15  

not prone to damage in harsh ex ternal condit ions and most  im portantl y can be fab ricat ed 

with a standard  C MOS technolo g y all owin g the mass producti on of FT IR spectrometers at  

low cost. The full y int egr ated C MOS - FT IR  spe ctrometer is suit able for batt er y oper ati on; 

desired functi onali t y ca n be int egr ated on chip  with standard C MOS technolo g y th ereb y 

paving the wa y fo r new t yp es of consum er device s in addit ion t o ex ist ing FT IR  spect rometer  20  

devices. The same disclo sed invention for the FT IR  spect rometer c an be incorporat ed for a  

C MOS - R aman spectro meter with mi nor changes with re gards to the design. A full y 

int egr ated CMOS - R ama n spectrometer h as also b een disclosed.  

The previous  descriptio n of the disclose d embodim ents is provided to enable an y person  

skil led in the art to make or use the present inventi on.  Various modi ficati ons to those 25  

embodi ments will  be r ea dil y app ar ent to those  skil led in the a rt, and  the gen eric  principl e s  

defined h erein m a y be  a ppli ed to other embodi ments without  departin g from the  spirit  or  

scope of  the invention.  Thus, the pr esent inve nti on is not int ended to be li mi ted to the  

embodi ments shown herein, but is to be accorde d the full scope consi stent with the claims, 

wherein ref er e nce  to an  element in the  singul ar, such as b y use  of the  art icle "a " or  "an " is  30  
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not int ended to mean "o ne and onl y on e " unless  specific all y so  stated, b ut rather "on e or  

more".   All  structural  an d functi onal equivalents t o the el ements of  the v ari ous embod im ents 

described  throu ghout the  disclosure th at a re kno wn or l ater  come  to be  known to those  of  

ordinar y ski ll  in t he art ar e int ended to be en compa ssed b y the elements of t he claims .   

5  
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CLAIMS  

 

W hat i s claimed is:   

 

1.  A spectromete r comprisi ng:  5  

(a)  a broadband infra red signal divi ded int o  wavele ngth spans  

so t hat each w avelen gth s pan onl y p ropa gates in i t s fundamental m ode; and  

(b)  means to gener ate an  int erfe ro gram  via act ive modul ati on in sil icon 

wave guides.  

2.  The spectrom eter o f cl aim  1 with a b ro adba nd infrar ed sourc e fo r  the sign al 10  

int egr ated on the sam e int egr ated ci rcuit  as the spe ctrometer.  

3.  The spectrometer of c laim 1 where the gen erati on of the int erfer ogr am via 

modul ati on is based on the thermo - opti c e ffe ct of sil icon.  

4.  The spe ctromet er  of cl aim  3 with an  int e grat ed - on - chip  P elt ier devi ce with a  

thermall y a cti ve side above one of two branche s of an included int erferometer to 15  

effe ct a modul ati on of a differenc e betwe en the refra cti ve index  properties of the 

branches  to en ga ge the  thermo - opti c e ffe ct of th e wav e guides of  the br a nches an d  

effe ct t he a cti ve modul ati on.  

5.  The spectrometer of c laim 1 where the gen erati on of the int erfer ogr am via 

modul ati on is based o n the plasma  dispersio n eff ect o f sil icon (Fr ee C a rrie r  20  

Absorpti on).  

6.  The VSHFWURPHWHU� RI� FODLP� �� RSHUDWLQJ� ZLWKLQ� D� UDQJH� RI� LQIUDUHG� ���ȝP- ����ȝP�

(FTIR r an ge of util it y)  w it hin which the wavelen gth sp ans are c ontained.  

7.  The spect rometer  of clai m 1 wher e the  broadb an d infrar ed si gnal is divi d ed int o N 

wavelen gth spans usi n g b andpass filt ers.  25  

8.  The spectromet er of cl aim  1 with means to sense temperature to obtain hi gh spe ctral  

accur ac y.  

N
, 1, ..,i i NO'  



46  

9.  The spectromete r of clai m 1 with a sampl e int erface int e gr ated on chip using ATR  in  

sil icon waveguides in which the li ght does not leave th e wave guide a nd is onl y 

diffract ed or coupl ed out of the wave guid e when r eachin g an inf rar ed dete c tor.  

10.  The spectrom eter o f clai m 1 with a sampl e int e rf ace int e grated on  chip fo r ex ternal  

refle ctanc e uti li z ing a diffracti on gr ati ng to m odul ate the an gle  o f light.  5  

11.  The spectrom eter o f clai m 1 with a fr ee - standin g the rmal dete ctor mi cr obolom eter  

int egr ated on the sam e int egr ated ci rcuit  as the spe ctrometer.  

12.  The spect rometer  of claim 1 im plementi ng an  algo rithm  invol ving th e ADC  to  

incorporate th e D '$¶V�VHQVLWLYLW\�HQKDQFHPHQW� 

13.  The spectromet er of clai m 1 being an int e grated C MOS - FT IR  sp ectromet er.  10  

14.  The spectromet er of clai m 1 being an int e grated C MOS - R aman Spectrometer.  

15.  The spectromete r of cla im  1 made useful for IR wavelen gths accomm odat ed in 

sil icon wave guides cladd ed with S iO2.  

16.   The spectromete r of claim 1 made useful for IR  w avelen gths lo nge r than 

accomm odated  in sil icon wave guides cladded  with S iO2 and up to 11µ m b y usin g 15  

sil icon nitride cladding.  

17.  The spectromet er of c laim 1 m ade useful f or IR  wavel en gths longe r than  

accomm odated  in sil ico n wave guid es cl ad with  sil icon nit ride and  up t o 15µ m b y 

using claddin g materi als transparent to infra red wave len gths from  11 µ m  -  15µ m 

and havin g a r efr acti ve in dex  lower than si li con.  20  

18.  A method comprisi ng:  

divi ding a  broadb and in frar ed si gnal  int o  wave length sp ans  so  

that each w avelen gth spa n onl y prop a gates in i ts f undamental m ode; and  

N
, 1, ..,i i NO'  
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gen erati n g an int er fero gram via acti ve modul at ion in sil icon wave gui des of an  

int erferomet er of a spectr ometer.  

19.  The method of claim 1 8 further comp rising th e step of int e grati n g a broadband  

infrared sou rce for the si gnal on t he s ame inte gr ated circuit  as the sp ectrom eter.  

20.  The method of claim18 further comprisi n g the step of gen er ati ng the int e rfero gram 5  

via modulation based on the thermo - opti c ef fect o f sili con.  

21.  The method of claim 18 where an included P elt ier device int e gr ate d with the 

int erferomet er with a thermall y acti ve side ab ove one of two bran ch es of the  

int erferomet er heats or c ool s at least one of the two branches of the int erf erometer to  

affe ct r efr acti ve index  p roperties o f at l east one  of the  two br anches  to en ga ge a  10  

thermo - opti c ef fect of s il icon of the at least o ne branch and thus ef f ect acti ve  

modul ati on.  

22.  The method of cl aim  18 further comprisi n g the step of gener ati ng the int e rfero gram  

via modul ati on based  on the plasma  dispersi on eff ect o f sil icon ( F ree C arrie r 

Absorpti on).  15  

23.  The method of  claim 18  further  comprisi n g of  the step of   sensin g t emperatur e t o  

obtain high s pect ral a ccu rac y.  

24.  The method of claim 18 further comprisi n g a step of int eracti on of the signal with a 

sampl e via a sampl e int er face int e grated on chip u sing ATR  in si li con wave guides.   

25.  The method o f cl aim  18 f urther comprisi ng the ste p of inter ac ti on of  the si gnal wit h a  20  

sampl e via a sampl e int erfac e int egrated on chip for ex ternal reflect ance uti li zing a  

diffracti on gr ati ng to m o dulate the an gle of li ght.  

26.  The method of claim 18 further comprisi ng th e use of a f ree - standin g the rmal  

detector mi crobolomete r int egr ated on the same in tegr ated cir cuit  as the spe ctrometer  

for sensin g temper ature.  25  
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27.  The method of claim 18 further comprisi n g the im plementation of an algorithm  

LQYROYLQJ� WKH� $'&� WR� LQFRUSRUDWH� WKH� ''$¶V� VHQVLWLYLW\� HQKDQFHPHQW� LQ� WKH�

generati on of a result  f ro m t he int erfero gram.  

28.  The method of claim 18 further comprisi ng the use of an int egr ated C MOS - FT IR  

spectrometer.  5  

29.  The method of claim 18 f urther comprisi n g the use  of a C MOS - R aman Spec trometer.  

 


