WO 2010/128325PCT/GB2010/050737 1 Description SPECTROPHOTOMETER Technical Field
[11This invention relates to a device to identify and quantify a substance, and more par- ticularly the
present inveMiG 11283330 a spectrophotometer in which there is no physid€I’E&BafAOMBEIWeen the
light dispersion means and the light detection meahs. In addition the invention also relates to a
spectrophotometer with no moving parts. Background Art Spectrophotometry is the study of
electromagnetic spectra. Spectrophotometry]Dug@pipﬁ@ﬂe of a spectrophotometer. A
spectrophotometer is a photometer; a device for measurin&light intensity, that can measure the
intensity of light as a function of th otometers are used in many

fields such as ch%@@tﬂcg% % forensic sciences, space and earth observation, security and many
types of industries. Spectrophotometers have additional broad applications for example in colour

identificaltidn in flaflpaneNVgiditayslatealiectrdenice dmideasiii orsliaeoHtfY A orberbegaprldpsHntipRy -
environmental maaitarigghépetncassiiielatedich apecialpirioinaatalmuarelragth identification.

physical separation between the light dispersion means and the light detection means.
In addition the invention also relates to a spectrophotometer with no moving parts.
Background Art

[2] Spectrophotometry is the study of electromagnetic spectra. Spectrophotometry
involves the use of a spectrophotometer. A spectrophotometer is a photometer; a
device for measuring light intensity, that can measure the intensity of light as a
function of the wavelength of light. Such spectrophotometers are used in many fields
such as chemistry, biology, forensic sciences, space and earth observation, security and
many types of industries. Spectrophotometers have additional broad applications for
example in colour identification in flat panel displays or electronic cameras, colour
control for xerographic printing, environmental monitoring, and process controls
which are related to colour/wavelength identification.

[3] The most common application of spectrophotometers is the measurement of light ab-
sorption, but spectrophotometers can be designed to measure, for example, diffuse re-
flectance, transmission or the emission spectrum of materials or devices. Spectropho-
tometers may in principle operate over the entire wavelength range of the electro-
magnetic radiation spectrum of light. However, most spectrophotometers operate in the
visible, infrared, near infrared, mid-infrared or ultraviolet wavelength ranges of the
electromagnetic spectrum. The wavelength region and the range of a spec-
trophotometer is determined in part by the spectral data that the spectrophotometer is
designed to gather, and the type of light dispersion and light detection systems used.
This in turn puts limitations on the acquisition speed, sensitivity and resolution capa-
bilities of the spectrophotometer.

[4] Conventional spectroscopic systems can be classified in two categories; (a)
dispersive systems and (b) interferometric (FTIR) systems. In both cases the basic
system consists of a mechanism by which the light is dispersed (either spectrally or
temporally) with a grating or linear drive mechanism, plus a detection element (usually
a semiconductor based photodetector or photo-multiplier tube). Thus, such systems
consist of a minimum of two parts. In practice such systems require multiple additional
optical elements such as lenses, mirrors, shutters, slits and optical choppers in order for
the spectrophotometer to function efficiently. Historically, spectrophotometers use a

monochromator to analyse the spectrum, but there are also spectrophotometers that use



[31The most common application of spectrophotometers is the measurement of light ab- sorption, but
spectrophotometers can be designed to measure, for example, diffuse reflectance, transmission or the
emission spectrum of materials or devices. Spectrophotometers may in principle operate over the
entire wavelength range of the electromagnetic radiation spectrum of light. However, most
spectrophotometers operate in the visible, infrared, near infrared, mid-infrared or ultraviolet wavelength
ranges of tharejscdigrmeigeetivspecianClhtarayelSughhsyetsion anedehexanple sievspectiBphotometer
is determinexhipy pe2 QyShenspecirepiiataiaietdhe spagiioptotamaienimirsigngdto Datker, and the
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baffles and oog photodetectors, lenses mirrors and shutters .to be correctly aligned
for the specttBpROtSHRRE G0 FiHRAGRBTERR Y PFHESE RAAEHECSPL BN S HIMINCROA %0 the
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heavy, large in size and are prone to maltunction due to damage or misalignment of the optical path,
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1J52008/1983 N.l.wh.lch escribes a miniature Fourier transform spectrophotometer having a moving
scanning monolithic silicon substrate.
Other examples include spectrophotometers disclosed in US2008/198388A1 which

describes a miniature Fourier transform spectrophotometer having a moving scanning



3 mirror; 1JS2006/132764A1 describing an integrated optics based high resolution spectrophotometer
having an arrayed waveguide grating coupled to a photodetector; 1JS2004/145738A1 describes a
MEMS spectrophotometer with a rotating grating; DE102 16 047A1 describes a multiple reflection
optical cell having an internal sample holding cavity, 3 light entry port, and a light exit port that is free
of moveable mirrors or other moveably linked optical components. The reflecting surfaces of the cell

may take thexfigem B530p0d8a Iseldboksibpes alieintegrstedydipiaridadsairbighresodpiiet arrangements of
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used for dis tical waves as well as focusing reflected light onto a photo
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based high resolution spectrophotometer’; W0O2007/072428A2 entitled

‘Spectrophotometer and spectrophotometric processing using Fabry-Perot resonators’;

JP P-2000-321202A entitled ‘Multiple-wavelength spectrophotometer and photodiode

arrayed photodetector’ ; US 6,785,002B2 entitled ‘variable filter based optical

spectrometer’; US 6,249,346B1 entitled ‘Monolithic spectrophotometer’; US 7,426,040B2

entitled ‘ Chip-scale optical spectrum analyzers with enhanced resolution’. All the above

prior art utilise separate components for light dispersion and detection leading to issues

during fabrication and performance degradation.

All of the spectrophotometer above still have separate monochromator and detection

optics meaning that on a miniature scale they will lack resolution (due to the limited

spatial separation between the dispersion and detection elements), are difficult to fabricate

(due to the need for accurate alignment) and have issues relating to the effect of stray light

(since intense light may readily scatter within the spectrophotometer).

Disk resonators, also known as micro disk resonators, or resonators are known in the art
for the addition and removal of specific wavelengths from a fibre optical cable in

telecommunications. Examples of disk resonators include



US 2004/0120638A1 entitled 'Tuneable optical filter' which describes a tuneable filter having a
resonator with a resonator frequency dependent upon a variable gap is provided. Although this
application describes an optical filter it is not used for detection; Optical Express, 2006, vol 14, no 11,
p4703-4712 (Lee and Wu) entitled 'Tuneable coupling regimes of silicon micro disk resonators using
actuators'. This paper describes tuneable coupling regimes of a silicon micro disk resonator controlled
by MEMS attbiafioA/OtBiod Rt losutid afe Saritvebla optieadidtaptidaictiltascabairingun BNt ittraving parts to
function andihmgica slistoareimnal rsefator tetpeiion dee 2GR Vatblentited pritadeigh Q
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associated withstray i, & eachy additonal componen niroguced i, an optical sysiem, greates a
loss of photons and so reduces signal intensity. Furthermore, array based spectrometers suifer the

additional di§seRAAtAGESOReAliRgdIRSH BPs eI e Fede TikslesH ih ar arsle pab plseainie wbiietkase
spectral resbhrtian erasegsitivity meaifatingtive widthota siitidsris possiblienn dckvestionalsdiating

based spectiameisissSetiesstipse systaiw iR htaworrddhateferadassuitakleniennerablignd
applicationsalt MFM2§/ SYglgms overcome some of these disadvantages. However these systems suffer

from the disac}vantages that they either have one or more moving parts, are not unitary in construction
or are complex in their construction, or have poor light dispersion properties and resolution due to
miniaturisatBiﬁdﬁ&ﬂ!‘mégéw&ﬂféﬁigies do not fully address the problems described above in that
they are prdhechiiddald?helbtepioblems with stray light and are generally expensive and difficult to

produce, or hayg.nEOkJIhit ARG SIRR AT PRESIERAPAHIRSRLARR AYR LR PHYRMURRI Aese
problems are described above. Such spectrophotometers are complex due to the number of
parts. These systems often contain mechanical grating monochromators to disperse the
light, slits, baffles and cooled photodetectors, lenses mirrors and shutters which all have to
be correctly aligned for the spectrophotometer to function properly. These systems are
prone to malfunction due to the complexity and large number of parts, have slow
acquisition times, are expensive to produce and have problems associated with stray light,
as each additional component introduced into an optical system, creates a loss of photons
and so reduces signal intensity.

Furthermore, array based spectrometers suffer the additional disadvantage of having
their optical properties fixed so that, it is not possible to increase spectral resolution or
sensitivity by altering the width of a slit as is possible in conventional grating based
spectrometers. Often these systems are heavy and therefore not suitable for portable



To overcome these disadvantages chip based components have been used. However all of the
spectrophotometer approaches described above have separate monochromator and detection optics
meaning that on a miniature scale they will lack resolution (due to the limited spatial separation
between the dispersion and detection elements), are’difficult to fabricate (due to the need for accurate
alignment) and have issues relating to the effect of stray light (since intense light may readily scatter
within the sppphapiatometer). Therefore the prior art does not address the identified problems.
Technical SolwieMStsisthaseiocecamobiant of the PrsevhYSMIPLINPER Videc pResis apfretometer
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stray light (since intense light may readily scatter within the spectrophotometer).
Therefore the prior art does not address the identified problems.

Technical Solution

It is therefore an object of the present invention to provide a spectrophotometer which
addresses one or more of the above identified problems. Specifically this invention relates
to a spectrophotometer comprising a monolithic semiconductor substrate (1), one or more
wavelength dispersing means (3-14), and one or more wavelength detecting means (3-14),
characterised in that the dispersing means (3-14) and detecting means (3-14) is a micro-
resonator (3-14).

Advantageous Effects

Advantageously such a spectrophotometer would have little loss of input photons and a
high signal to low noise ratio, and thus would have an improved signal intensity.

Accordingly, an embodiment of the present invention also provides a
spectrophotometer with no physically moving parts.

Advantageously such a spectrophotometer would result in a system which is not
complex, would be low maintenance, has no grating-detector alignment problems or stray
light issues. Such a system would also result in a spectrophotometer with a fast acquisition
time and high resolution.

In a preferred embodiment the spectrophotometer comprises a monolithic substrate,
characterised in that the monolithic substrate (1) is a semiconductor having a one or more
waveguide means (2) and one or more resonators (3-14) wherein each resonator (3-14)
forms part of the waveguide means (2), or each resonator (3-14) is optimally positioned in
proximity to the waveguide means (2).



Advantageously, a spectrophotometer of this type, without moving parts of the type described can be
manufactured to have the following properties. The spectrophotometer can be manufactured to be
small in size. Such a spectrophotometer could therefore find new utility as part of for example a mobile
phone or other device capable of conveying informafion from the spectrophotometer (mounted within
or on the surface of the mobile phone) from a remote position, thereby allowing a network of mobile or
static chemicaf\seastgeey dE depelsinphotuatica ahibib sips.selbovtmaenehalBa tirmd thilityra
spectrophotdenaibed wihebe waigliiconsid eoibavedbsifaliteviap @xapapiesin space applications. For
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Advantageously such a spectrophotometer would be cheaper to produce than those
currently on the market as the spectrophotometer does not have moving parts, gratings,
MEMS etc.

Advantageously such a spectrophotometer would have no moving parts. Therefore, the
spectrophotometer would not suffer from failure due to moving part failure. Such a
spectrophotometer would be more rugged and reliable than spectrophotometers currently
on the market.

In a preferred embodiment the spectrophotometer comprises a monolithic
semiconductor, comprising one or more wavelength dispersing means (3-14),and one or
more wavelength detecting means (3-14), characterised in that the dispersing means (3-14)
and detecting means (3-14) is a micro-resonator (3-14), further characterised in that the
monolithic semiconductor (1) is a semiconductor having a waveguide means (2) and one
or more resonators (3-14) wherein the waveguide is angled in relation to the incidence of
input light, wherein each resonator (3-14) forms part of the waveguide means (2), or each
resonator (3-14) is optimally positioned in proximity to the waveguide means (2), the
resonators are optimally dimensioned for a given electromagnetic wavelength, and ordered
such that the smallest



diameter resonator is closest to the point of entry of incoming light into the waveguide means, and the
largest diameter resonator is furthest away from the point of entry of incoming light into the waveguide
means, the substrate is divided into three functional regions, wherein the first region is a substrate
layer (17) made from a semiconductor doped either 6 or n- type, the second active region (16)
comprising of a semiconductor in which a band gap is incorporated to cover the wavelength range of
the spectrogimtemetesaratbhasciosestdotiiie poteof raste pfhaerthatedi gheistbdeareyegiddte third
optical cladgiegnkeginndd Sifaaviaehmiawessainastiverindex: taay theserepdiactveniegion (16), wherein

the second aeRYRAEgioR (hE) ircRosilaner hrheemdnalshiedian () AN HRICEQIRIS), a further
region (18a) is.a common éﬁ} rical cantact with the f | st re g?é%\%lf‘ggn the resonators (3-14) have

electrical corfReEs (19505 HIf e SaiPAcsS §6ﬁtﬁt 80 O A BFBIFEAE W the present
invention wiloapsd/ BaYesRIbED TRATIbReseieand A5y oagmee«Hm prepHising oh 2fapisraslestantt as

illustrated by higtre$dndogdpois the @pooarydanyinged thwvings: hwithi cim deigtiteelspEangepitofeter

spectrophotgaetara 1%@%3\% 1%9;%9&3&%&'19H?ai'?)ﬂ‘ﬂg@&Bﬁrﬁ%ﬁ@ﬂﬁé‘%ﬁﬂ%ﬂc{éﬂ&Q&Eﬁ§§0ndlng to
those indicated l"%/ d BinFk igure 1 Fl ured’:.éx'l;nra %h |menscpa(% rese
e

avm o TOWer efra e,SecO €910

semiconductor & owm resona ors coupied with the wave &e el her ﬁonzontally (A)
or vemcanymndm@% %@&ﬁ%%ﬁﬁ% Qﬂt%?eaﬁlgﬁé%ﬁtdﬁ%?@r HiFGRgPR (R region
and designedwrititthegrontafiy) aligrnediresoeétciscabadepictadtin thigiirg B:A&iont shpultidlso be noted
that certain gspggisrof3he frawingsaieanesiascalpang) hatikertairraspects are exemplified or
omitted to aid clarity. Best Mode This invention will be exemplified by reference to its most preferred
embodimerﬁ However ri}i ventipn is not limited to said embodiments. This invention relates to a
spectropho ettt Hﬁl% t &%Wélﬁg physical separation between the light dispersing means and
the light deteclingpateasstsseichapspeat opteotimmatell navimg desenbeihin paets. debtitheyreageis given
above, the isvanpiehByevidurddieatsamadpedlicphaid metarsrwhiab havehnaviogpaitsmre prone to
failure or cafRQlihe MiRiatufsed or are expensive/difficult to manufacture or have other associated

problems.

Figure 1: Concept of spectrophotometer
Figure 2: two cross-sections through the semiconductor chip [1] corresponding to those
indicated by A and B in Figure 1.

Figure 3: Three dimensional representations of the semiconductor chip showing
resonators (3- 18) coupled with the waveguide (2) either horizontally (A) or vertically (B).
Figure 4: Epitaxial design for a typical spectrometer chip working in the NIR region

and designed with horizontally aligned resonators as depicted in Figure 3A.
It should also be noted that certain aspects of the drawings are not to scale and that
certain aspects are exemplified or omitted to aid clarity.

Best Mode

This invention will be exemplified by reference to its most preferred embodiments.
However, the invention is not limited to said embodiments.

This invention relates to a spectrophotometer in which there is no physical separation
between the light dispersing means and the light detecting means, such a
spectrophotometer having no moving parts. For the reasons given above, the inventors
have found that some spectrophotometers which have moving parts are prone to failure or
cannot be miniaturised or are expensive/difficult to manufacture or have other associated
problems.

It is therefore an object of the present invention to provide a spectrophotometer having
no moving parts. Accordingly, an embodiment of the present invention



It is therefore an object of the present invention to provide a spectrophotometer having no moving
parts. Accordingly, an embodiment of the present invention 8 provides a spectrophotometer
comprising a monolithic semiconductor substrate (1), one or more wavelength dispersing means
(3-14), and one or more wavelength detecting mean§ (3-14), characterised in that the dispersing
means (3-14) and detecting means (3-14) is a micro-resonator (3-14). It is envisaged that such a
spectrophotpimdtias wonid @dpbdiare o qnoving a1 ohdlidhtaspoigshydactpesthsphstohetae of the type
described caiprevaasldiadiudehda havedhesfolawpgnareperdiemord hensPeaiophatomatensan be
manufactures! g besmalkinsire: BHehe SRBCHaRPalometer eavid Paleie R Ll eq part o

for example a mobile phone oy other device capable of conveying jnformation fr e
mocttophoHEIAFIBLPEET L tho S STEASBEGR ATE BN SRR HEI I e st AN by
allowing a ERYEH diaridbifdyprtEROEHEMcaPSereBReRINSECH eOk I R dyBeicHeaCEbRe] size fensor
would also fimchufiityitadsjpdctvephotoihateng phiopeetiveight or size is undesirable. For example in

xerographic Prfing.ca:sRReIaRbRICTRSHRY FamdPRAKRY SOMRANENG R & 6lgsed-loop colour control

system Wh"%B%&'l%ﬁﬂ&%‘%é %P&h’i&erﬁe@ﬁ%”ﬁﬁ AT %ﬁé"@ﬁ%ﬂ”ﬂ@% pled a,0etwosked .
environment. In a Camera the spectrophotometer chip could be used to replace currentR/ available light

sensitive chibtrprsYifcecaPabinafLeayne stigsrainty it bosPeruanhpienrdmienaryed as
opposed to aniastdetingidisc recbilaphesofiligta Mouddposmientiberebiha lspacopleotomiedér
described bglewywerithiiavBemiow RGN IRMH@INEBpeAdSariagenusi AU ®SRLIRRetoMeter

would i i pore e SRESEARIGIATIGTs SRR OBASITBISIAMDIEh AL Aghggpnected to 2
mains pOWQr Su Y or operate In adifficu EenVlronme isés}uc as 1or exampl.e Sp- ce, _eronautlcs,
KRG LU0 ARl SR BT P A STBAP A S SIS SHOB data s all

defence etc:.
wavelengthsdetigeeniol ity semesbidinulizneblesiye Pratetore shecericrepdeaiblesal@we read in

miIIisec.ondsmaigesm aAehmﬂagle@usfysmueﬂt.ahspeﬁtmmdiemﬁgefdpboﬂd[ﬁwecaﬁmeﬁiﬂﬂwal
properties ag AR sRecHAPhAIAmatarOWAhaelap s Yolisht anddheseigigproguce high
resolution sBectra. Iq.agdltlon uch a seeclgﬁophotometer cou(lid be ma ufa?tur%d to have very high
. € ectglé V\II%t VEI {Ee entire visi %ﬁméﬁ as OBBOFG to pnly etef 111 ltscret ran es?g
resolution and wi velength coverage. vantageously such a’spec ropgno ometer would be
cheaper to ﬂ)‘%ﬁluce than those spectrophotometers currently on the market as this spectrophotometer
does not have moving parts, gratings, MEMS etc. Advantageously such a spectrophotometer would

have no moNTsiefés: Iiveéaltsn the spectrophotometer would not suffer from failure due to moving

part failure. S“ﬁﬁ‘e%ﬁ%ﬁ%%ﬁ%%@@ﬁ&%éc‘%%@b‘%?ow%uﬁﬂ%%%g 2R Bliakie-tansRestrophotometers

currently on the market. ) o
dvantageously such a spectrophotometer would find utility in portable

spectrophotometers or spectrophotometers which are not connected to a mains power
supply or operate in difficult environments such as for example space, aeronautics,
defence etc.

Advantageously such a spectrophotometer would allow fast acquisitions of data as all
wavelengths of light would be read simultaneously. Therefore the entire spectra could be
read in milliseconds or less.

Advantageously such a spectrophotometer would have superior spectral properties as
such a spectrophotometer would have low stray light and therefore produce high
resolution spectra. In addition such a spectrophotometer could be manufactured to have
very high resolution and wide wavelength coverage.

Advantageously such a spectrophotometer would be cheaper to produce than those
spectrophotometers currently on the market as this spectrophotometer does not have
moving parts, gratings, MEMS etc.

Advantageously such a spectrophotometer would have no moving parts. Therefore, the
spectrophotometer would not suffer from failure due to moving part failure. Such a
spectrophotometer would be more rugged and reliable than spectrophotometers currently
on the market.



WO 2010/128325PCT/GB2010/050737 9 [47] Optionally the waveguide of the spectrophotometer may
be angled in relation to the incidence of light to prevent back reflection of light. [48] Optionally, the
waveguide SYERIEWEEEHphotometer may be between about 1 micron and &6Ji-BROKIIBIBTS wide,
about 1000 microns long and about 1 micron and &bout 20 microns deep. [49] In a preferred
embodiment each resonator is dimensionally optimised for a given electromagnetic wavelength and

each resbhator caf?BaoB3HdHE A 2XGEHER A& thefke TeBhY ameRiIpaY Reorekd iisiatiopieBifiprises
one or more flat drcddened duitheces phavembstlipreflerachagtiogrtheach resonator is spherical, cylindrical

or cuppefhkl]shap@ﬁaenmfy,déma%gﬁi@ée@ SRhpER 5 iBAREdS HeiaseiRRgeRY s formlada=nkh-qt
where X is the fr;g@f bace avelength oi!)tké(r:?h hi, @ s the resonance OE%er ndlf!f is the effective
refractive ndex G bR LR TTHOT ety IR TR EaRA dene s, bR, Tamieerm A b Felbnators
(3-14) arranged suickotisadat® resonators (3-14) are arranged in a linear manner, wherein the

resonatofgare arrangefdaresmatbiadaigesuchibakdhasomalasionifnsanisaeaiiangdeat the first
position and the Izrgtest resonator is Posi ioned at the Iastgositiqbn. Ina r.efirred embodiment the
eletir

agnetic wavelength an ach résonator ¢a € cylindric , C e@.s cA1ca.
resonators are ordere Sb%h tt]hat e Srhallest diameter resonator IS}EIFOSGS (0] %}Pé) pdlntf oren ?y of

incoming light intgPtHealvalgegesteo e ngbalde e Jarustediansete s div ol (8 RdHastasdrayfom the
point of entry of inegnprgdight dpttoineadtansghider Wephs:ifall lcAltednativelyappepasitinpal gi@ding or

doping of the abspripgIA¥PET LagY %%éi%‘%ﬁ Uﬁfﬁ@& %f%ﬁ%?gﬂﬁgéaf:f}i AR RN éﬂ?ni? Rfilgehspecific

wavelengths for each resonator. A set of resonators wit ameter could be used and the
resonance chand®By ATRRTIAHG Ans bl ashidals Hsesarapte, Foleréadiatd rsqtirtiameters
-1 micrometre, byetowipasitiderat/tideingsdnatbrimpurities) grading a total index step of <0.02 across 10

resonatof§yyould RipHYEAKEERNFMNER RRAGESH T pRR To SR B 20 rdANAL WifhaUhYadying the

diameter of the resanators. [52] Alternatjvely, the spectrometer chip could use the bias voltage as a
s of i OO RETHARO W At 3 D Sett i T T o IS T R TSRS
voltage on any givenuresgedioroouidlbte dpwmiviel thahibesronides moratof ih@rssonetettheThis is
also a very goodyyaynefiabaring the reselutianeitthessreaiimeteiehipopioridly. I93lprRpsgferred
embodiment the reso tors, work in th{a first order a&d oHI%r(g ond ing{e wavelent%th in the
embodiment eéesona OIS are ordered.suc al € Sma. Eesﬂh 14] ter reﬁ%)nar] T 1S
spectrometer. Alternative embodiments envisage using resonators which work at a |a er order (and
are therefore largé&psahd@ BBt bRl racRmnaUgbidptachs Hnreuidn a1sdargar¢dbdnators are
used in the highdn@ededihaecarestiraenisafia dnevihiwhyufivranteduviayefengih s ieobengXighded: 1. The

absorbing layer i&@ﬁﬁe&a@egﬁﬁ\é% . fixed spectral absorption bandwidth

[51] Alternatively compositional grading or doping of the absorbing layers may be used
instead of or in addition to resonator size to select specific wavelengths for each
resonator. A set of resonators with identical diameter could be used and the resonance
changed by manipulating the refractive index. For example, for resonators with
diameters ~1 micrometre, by compositional/doping (with impurities) grading a total
index step of <0.02 across 10 resonators would produce resonances spaced 1nm apart,
eg from 1500-1510nm without varying the diameter of the resonators.

[52] Alternatively, the spectrometer chip could use the bias voltage as a means of tuning
the refractive index. Thus, part of the chip test could be to determine if the bias voltage
on any given resonator could be optimised to move one or more of the resonances.
This is also a very good way of altering the resolution of the spectrometer chip on-
the-fly.

[53] In a preferred embodiment the resonators work in the first order and only respond to
a single wavelength in the spectrometer. Alternative embodiments envisage using
resonators which work at a higher order (and are therefore larger and easier to man-
ufacture with sufficient tolerance). When larger resonators are used in the higher order
there are three ways in which unwanted wavelengths may be excluded:

1. The absorbing layer is chosen to have a fixed spectral absorption bandwidth



10 of its own, therefore it will not respond to wavelengths above a certain limit 2. Use of a thin film filter
on the front of the chip (light input end) may be used to suppress shorter wavelengths which are not of
interest but which might couple into and be absorbed by the resonator 3. The waveguide itself will
absorb wavelengths below a particular cut-off Wavelc(ﬁgth and therefore acts as a filter Resonators
may be placed horizontally or vertically in relation to the waveguide for horizontal or vertical coupling.
Figure 3B shows a¥f ésapldhsteiondamabupiingspraghievielasshnibey sradtimmliioiidges. Such a
configuratiod. wouliegbarticulfitty Silitable thdrenithef thsehiiaizhrényarkimly ambkhigéoxdeto The

spectrophotometekig paeiasisrach e on 2L aicaarw higho Ma €oNHRE S R IRl Yo Pr/into V1, 1I-IV
or other semlcondgﬁgpgéagggomlglg tﬁg%m@i&ctor aIon is added. Preferably the substrate is doped

either p- or R- typeThInWaa1 ere erre sellfnwﬁfi r%1 rt:; sy ttrﬁast%ef'od'v'd%%fcntf’ thrce %Jnctlonal regions,

wherein thefirst region jsa ubstrate a semi-conductor doped either p- or n-

&
type, the second a%’fi\yg Fé‘éfaﬁ“(% %8 E?r&?ﬁgaéﬁeflg&m conductor in which a band gap is
incorporated t&k s AHe AR PhfedrbiieoBtalhe peetie Hotd Fskrepmithay &VF&F&&% index
greater tharhtimetoofaher sebistehtmuphd ghEi guird Jdp tivavs il dimgndgiohy €183 A avirg iadowwhriractive
index than tiie seconthRdineldegion (idcivbecain tbefkacandnactviiieginnicitis posititaed between
the first reg@H&;@qugoﬁy{ggﬁgéqp&@ggtfﬁfgge(;r[@glon (18a) is a common electrical contact with the
first region (17 h'é’ 5&%%&%9&@@&&%@&&@ a8agiRdlisRhe ﬁsga' gy electrical
contact or ap e f % oth \er cgoru uctive ma rlas Pnrlconi osm Os tlhse é) such as
for example silver or com os loR5 tHefesMBh er:%lynt'ﬁ)e §or?ast%rs abe el Siicontacts
(19, 20) on mEfP@ﬂbéﬁlﬁss%ﬂrﬂﬁ%%dd?@ﬁf‘a@@@d?nBFlge%&oId electrical contact a gold alloy electrical

contact or an dleepicitceshracbedmprisihg W@Ie&ﬁwmﬁﬁebﬁﬁd}m@m@l@gl@pmnaIIy the
cleaved facetbeofithehsémstaegducion waferaedyyee doateddvifromultitayeraohtingsdopadedhtor reject

light over a pagtigulgipa/arelengii range rSueh coptingsparginevinéminesriskidies wiha art. Ina
further optiqn, fa& s RSHRIE SORY-00BP5RE AREWNPBIATE R UR R Bie R e nadH g s fight guiding
optics. refractive index greater than that of the substrate, and the third optical cladding region (18)

having a lower refractive index than the second active region (16), wherein the second

active region (16) is positioned between the first region (17) and third region (18), a

further region (18a) is a common electrical contact with the first region (17). Preferably

the electrical contact (18a) is a gold electrical contact, a gold alloy electrical contact or an

electrical contact made by other conductive materials or compositions thereof, such as for

example silver or compositions thereof.

Preferably the resonators (3-14) have electrical contacts (19, 20) on their surfaces and
these contacts comprise a gold electrical contact, a gold alloy electrical contact or an
electrical contact comprising other electrically conductive materials.

Optionally the cleaved facets of the semiconductor wafer may be coated with multilayer
coatings to accept or reject light over a particular wavelength range. Such coatings are
known to those skilled in the art.

In a further option the substrate may comprise one or more solid state shutters/
modulators or light guiding optics.

In a more preferred embodiment, the spectrophotometer comprises a monolithic
semiconductor, comprising one or more wavelength dispersing means (3-14),and one or
more wavelength detecting means (3-14), characterised in that the dispersing means (3-14)
and detecting means (3-14) is a micro-resonator (3-14), further characterised in that the
monolithic semiconductor (1) is a semiconductor having a waveguide means (2) and one
or more resonators (3-14) wherein the waveguide is angled in relation to the incidence of
input light, wherein each resonator (3-14) forms part of the waveguide means (2), or each
resonator (3-14) is optimally positioned in



In a more preferred embodiment, the spectrophotometer comprises a monolithic semiconductor,
comprising one or more wavelength dispersing means (3-14),and one or more wavelength detecting
means (3-14), characterised in that the dispersing means (3-14) and detecting means (3-14) is a
micro-resonator (3-14), further characterised in that the monolithic semiconductor Q)isa
semiconductor having a waveguide means (2) and one or more resonators (3-14) wherein the
waveguide raxigigy in tedatioreoidenseite@octiof mputdight aetpteimBachmessnaedrf(8-14) forms part
of the wavegiiigle dreadmighetic eackkesomatad (3dtAds eptimaltidasitinrediimed: peoxiaty to the
waveguide ReRRs(a), Hiegasparia AP ARIMAL AR BT LA A R AlCClmAARlG,
wavelength, and ordered such g]‘él"#};[ e smar%e ameter r sonatg}g Is cl oses Oq gomt of entry of
incoming ngfﬂiﬂﬂ%e{ﬁssm%}8bt? BLAY Y Eofﬁé & RyaeE §m5¥e rESOMARS ISR & Bway from the
point of entﬁywmeéﬁﬁn@ngﬁbwmﬁ@msféguﬂﬁé HahseeHansiipaabieciontiviveaiditshthfaet functional
regions, whetgiontheafigistegiolaysra Ehhstrdde dayer {dm)onadle ko dopedeitheopd vetor tgppatieither p-
or n- type, t@@c%‘&%@\@%ﬁo '@}k(ﬁ@&ﬁﬂ%ﬂ%rﬁf&%@ﬁﬂ%ﬁi@ﬁ %B’é(ﬂdf?@aﬁ Rand gap is

mcorporated to cover t ewave ngWh raﬂ3 etﬁ)f the gfet%tr cfh((?ttr%P %%rr??% Qhag ﬁlarefra tive. index
e )

greater than%arpoﬁhe Su rate Cand- caI chat 1 2 rFOV\E}(%r“r’gfractlve

avin
index than twéeg&éfﬁ%%&%%bﬁmwbW@&&ﬁ%@%&&ﬁtp&m Rﬁqr@e)qg o digvmed between
the first regiomw ¢t 79 faadi thirddegibm (18)sa durthen ye gegnofl 84) isvharem the neslewiricéiveanact with the
first region (16¢).iapdsienesenaiecs (Belfshayveorlectiicall cRit@ISi¢h 1 20k aurtheirsridacesa)
Conventiong] sp Cﬁg&ﬁ’? fé'&ﬁé@%gﬁ% ?O&?ﬁ tﬁ'@ﬁ%f]ﬂ?%%&"&’ﬁ?aiﬁ@%el%s&% Fs"(%r%' Praystems and

(b) interferometri asic system consists of a mec anism by which

FTIR) system cas
the light is diSSLPSALCRRRE? Qp%ci Iﬂpgp%rﬂﬁfg%%) with a grating or linear drive mechanism, plus a
detection elenferiVeriRIR apsefisenideacisidascanpboasidetdibiphcrsegatifspliar d]ﬁ@)TSWus such
systems corystisaesaundiiininte s iovee iy td BIRY kY disperkidiotheans andbadight deteciiasisneshs. In

practice such ssiemiSfeayirG T ple Adkitionakpetcal Féﬁﬂé?’l?eéﬂﬁﬁ 2%1'% AigPisiahutters,

slits and optlc lch%pplers a exarlr;lp(?1 which is shgv\{‘g in GB 1 A F hermore th[e output of
the spectrow%e &iis connected1 Y6 S eﬁa nl|rsoce slfrsl aﬁ% frﬁ%l}ltese |?4aamseil¥’ &1 Box-Car
averagers abﬂf%kw@f)gqsﬁtsptﬁrfa“tmwg E}F@HRH‘?WH oS ﬁH?@réYéﬁ%lﬁér?Qiﬁaﬂsétﬁﬁm%@H@I

Furthermoref tiveo nestd udi digh{aiispracsnor esedus biel wangbliedeyt tfea sy shapescinesselysyiténte
physical Siz%@ﬁlﬁl@erﬂlﬁliﬁp‘lléuﬂtﬁflbiﬁh wmti@l@n@ﬂ%g@éﬁsxw{e@g&isrf@ﬁgige%{imrsef@ﬁ@s%{wentional
spectrophot ihgtﬁj éa\vgnhégh rr%i;ﬁlgf %Q%vie ﬁ\?ﬁe%s'éf'Bbﬁe& aﬁ% ﬁ”gﬂﬁl&&%’ﬂé‘" ence

y. T a I e

heavy and b s tesulted mitation o use of spéctrophotometers. In addition such

spectrophot‘b‘h%{% the H?eqfé%&@?ﬁeﬁéitﬁ%n&ﬁﬁ%ﬂéf)efb%aﬂié’%ﬁé‘ﬁ& ﬁ%‘é"ﬁSﬂaﬁi&fW%é‘i’ﬁ n-This
application dexdiises abopewironveteg¢eiemdnt)thdiichigsdasendiiponng sitfeimonulittic sBeisonductor
chip. This elamegnéisigarvffasiusabiacusipgastandaicr semicond uetandeabhcationmiacesses.ablie chip
'“Corporate%VQQéﬂeH%&"Mﬂ'é@%é&?@s %ng‘iféayg&}hﬁe&?&tfﬂf‘ ﬁé‘éltes‘%”o‘f"%‘éhlﬂ{‘? HIOPbe Eﬁgﬂ”ators
acts as both thi ersion means.a .and g{ ﬁﬁctl n means. Furthermore, in a partic
embodimenttife" gﬁég%}ip&% st ﬁfln 8Fe(§8ﬁaeg?§t%2) 538338%}0@%% optics.
The basic cbﬁt%btgg meRtbruhavedur@eceps]tieppes dies thrdstsricORtRIRIIce Y 90 bulky
2010/1283Z2BRCTASBX01RMODMIBY lithitation of the use of spectrophotometers. In addition such

spectrophotometers are delicate in nature and therefore do not tend to be portable in
nature.

This application describes a spectrometer (element) which is based upon a single
monolithic semiconductor chip. This element is manufacturable using standard
semiconductor fabrication processes. The chip incorporates both the light dispersion and
the light detection system in which one or more resonators acts as both the light dispersion
means and light detection means. Furthermore, in a particular embodiment the chip may
incorporate a shutter/modulator (solid- state) and other light-guiding optics.

The basic concept is illustrated in figure 1. [1] represents the semiconductor chip of



typical dimensions 200 microns wide x 1000 microns long x 100 microns thick. The material
comprising the semiconductor chip may comprise of group 1V semiconductors, 11-IV semiconductors,
11-VI semic®iudwgsdrany of the following IlI-V semiconductors of alloys Red/6BR0AHR873ZaN, GaP,
GaSb, InAs, InN, InP,Sb, AlAs, AIN, AIP and AlSb'%he choice of which is determined by the desired
wavelength range of the spectrometer chip. Additionall éé) the mcorporatlon of dopant impurities may be

used to fine tuneMREBHERFRRNE FArBHEPOEIESs BPthaicrps (o7 ehrédnis e Bptital Mraveguide
composed of matestaisabisdopfifinghikewawdgiudecisddlipenatetypmpgledofgivupdpecetnithe

semiconductor C@%&Lﬁﬂ@?ﬂ?@é’éﬂﬁé&ﬁ%&%ﬂ?%qﬁﬁsem%dﬂéﬂa%ﬂ%? Aﬁy(ﬂ“fﬁé'!foki’ﬁ%ﬁ i gnd 50
microns wide x 1000, mlc?{ons onég&ﬁ]l -20) mlcro@gg ﬁ % gn the end facets oft ch p may be

coated to accept*SAUFSPPEECIIRESHONG RgFEdy %ﬁ&%ﬁg}@l B4
representative exhltﬁipl‘eﬂ’@hﬂlé]&bcmammafovbighWmctcmenedwbaylttedaﬁyedumbe\en@thlgeh@e

number of resongiae %Q&f%%&wﬁj%dﬁﬁﬁﬁlmﬁ@ﬁé angRRAHen @QH@a%@%&SQﬁﬁ@P&%J?%@'UUOﬂ A

typical embodiment incorporate 0-1000 resonator a,sSin ﬁt The dimension of
the resonator is C ocl\é%lilérﬁeﬁﬁ fh%pdlai%ne ér '8t {%grpéjsegﬁgstor IS equ EIO ﬁ%)%%?/netfe%gth of

interest (X) multusnéealbw%ge@@weﬁ@@f (Rytanatets b TElahbeia Yegdave daibsedolpf the
semiconductor ceﬁgmsmguh@pesm@aw {e@idormatoAQhiphug foradedesting bghk aifrovavelamgth of

1.55 microns re '2{9 ﬁla%SQ'EﬁrS]?lrs %H‘F%ﬁ{dcg@njf (f'l?}'%f’d%sxaﬁiﬁﬁ‘ﬂﬂ&&ﬁ fcg'ld tor with a

refractive mdex 0 eratlng Larger s operating for n>1 may-also

fabricated (e.g. fé‘i‘lﬁmfé deeny @@%ﬁ% Pprddasgtip heechghmaphe qﬂ?é?edqaq%we@her orders
forming resonancegwitiinmineztighrodvek paiteuésonatoksnatie argese Bwidh dherspnedtesiivameter

resonators closet {9 ihg-RANtel RINALINR RGABINGHIGNhaS SRV UL %EﬁﬂerT%ehEEEQPance may
also be (:ontrolled?\r{?lgb he refractive |ndﬁx v, which [31%1}/8]%\76[% n ed by var |n the alloy composition

and/or by introd Uiy HoPai MBOR: RS YIS PR % AN S HySFSOss-sections
through the semicosripatorssipifal. dotseichontindinectitowenlddigrcet oingomedar iHFI§Uve 1. [17] of

figure 2A repfeSQBiéﬂEl%r%Qﬁﬁifﬁiﬁgm%tﬁﬂatm&ﬂﬁl&fs%ﬁ Hfﬁtiﬁfiéb%ﬂ&@di%&refﬂélﬁ:ﬁq}ﬁ@ﬂﬁd either n-
or p-type. The S“c'f’s}tiﬁta 8 'ﬁﬁ Ft%' s9<9nr2t'8rr°s”§q'” EQ'CﬁSS%ﬁ‘e iy 0 1n ‘?b ‘B] Lz dgn the
spectrometer Chlp op t es e an ac iveregion IS gr IC& U ar beam

Epitaxy or Metal@dﬁ?ﬂ&%%@tﬂ@ﬁﬁé@‘ﬁ%ﬁ@a&y EoRY; g%@ﬁ%éﬁﬂé@hw&éﬂ&ssﬁ@am@m%r which
the band gap is desigrigthfaleorsoihetaigeDaaketendihuangelsfehingpieotronetar aledathith has a

refractive index glr%?ﬁ{lét]&%% 9&5%&4&3&@%&%@9&&%@ éﬁ%@hﬂ&‘?o%@%&?xﬂ Eo'é,éﬁl?hose”

SO as to determin e maximum detection wavelength of the resonator, where k=hc/ gW ere h

the Planck constSMIHE Ytha (Rifaeitysdfighchs aQPSE?dl% %ﬁﬁéhomﬁp(ﬁé Doleigepishated as
k(nm)=1240/Eg(eysrdnithéocasd ofdpwlishrhe fishonalestfaguresnsuch s hoantumronse isoguiargum wires
or quantum dots tﬁﬁﬁtﬂé'ﬁ‘gﬂﬁﬁs éﬂ?ﬁe@&ﬁﬁf@@ﬁ%@@Wﬁﬁ@%@?&?ﬂﬁﬁg%ﬁ%&ﬁé@@@ﬁ%i&ﬁ@osen such

that k(hnm)=1240 Ecgr 5 eV) where Ee ﬁ c?lele tron cor |ne ent ene and Eh is the hole
confinement eneP(é (f gjki's e upﬁlg}ogf)%a% a0t VAR ﬁsctt %F%éée RIESR G Aaterial
as per [1] and chibsewiot Ravateyafdes mszﬁdlgwdlgha %w@wefmétmqridé%‘tﬁaﬁpw@ﬁ [m8y. $18)
represents an eleetdsﬂdrsne&aﬁb&mméhﬁd@vvgr amitaceof teerlaiee by pigaliysmrdalpm gold
and alloys thereof I[I}QC]S [gocl/lll tra 46&%10 | co tlaCtSu n %%en o‘ﬁ?tl 19 thteO upper surface of the
resonators, typlca ade from go e €or. 1I]-%gsonators canbep aced along the
waveguideh any ﬁ@avéwe ﬁ&%@é@%ﬁ%ﬁﬂ%%&@%}%@l@@Pﬁ?@é@ﬁaﬂe‘éﬁoﬂmm (&¥Biator to be
placed closest tosfumdigiattenti@iedadicatbe waxegditeiafibtire lajdeésvbéingprechiustines diway.
Resonators beteifie sk ANfhindk/GPaRatRR AR FRR Sequenai B ameiRs , Figute ae

provides a topolagical illustration of a particular embodiment Where the resonators [3

waveguide [2] arﬁb"eﬁ‘ﬂ?é&%ﬁr&aﬁlé%&ghn BPiCoBmBANEEREST SbEUREGRONT 5‘66‘;19]&% B%ﬂ’ﬁte
Electrical contac@eu‘eqmnotﬁdeldpna\mm@@rateﬁramuomspmmg@mbkﬁjue@:wnﬂmmﬁﬁytbpads for
example as in [1%4%@&%1*]3%;%@ Bf M&a@@@ﬁh%ﬁﬂﬂﬂr'?ﬂh@@%}b&%ﬁﬂq §rwaveguide [2]
and the resonatorsn[13 13(1 ure ?Illtt%rngtlv embo |mentd here th% ght is coupled
from the Waveguf{e INtO orsaév? 5 thr(ﬁugh etching

ereb éa}%sona S are E@flne
above the wavewwel@gbtrmmﬁﬁwmm@wéméhah@émteaaeﬁmmépm&eardbm uctors,
and example of mchfial@hﬂmﬁtaﬁﬂ;@banﬁigupe(ﬂg)shpws atypealepiaxiahstaiciors for a specific
embodiment as ifju! l{% F&%ﬁnﬁé §£§&%880&%J%ie %%%Pﬁlé‘r%? }i%‘?R%Rgﬁ%‘}@g%@‘ﬁ‘% . The

chip is grown on an s trate e to a concentration o nd %Jst Inned to
a thickness of aplbramg%ewliee?ﬁtfmneﬁt@ thesVeRG @7 D stHERD.6Y) {@14514&3}& APgrown of
thickness 200nm with optical band gap equivalent to 1.3m [22], then an
In(0.601)Ga(0.399)As(0.856)P(0.144) layer of thickness 100nm and optical band gap 1.5m [23]. This
is followed by a second In(0.72)Ga(0.28)As(0.6)P(0.4) layer of thickness 200nm with optical band gap
equivalent to 1.3m [24] followed by a p-type InP layer of thickness 5j.tm doped to a concentration of
2x1018cm 3 [25]. In this embodiment, the input light is guided in the waveguide ([2] and [22-24]

between the ton 781 and hottom 1211 InP Iavere travellina nredominanthvy thrornioh the 1 2m



WO 2010/128325PCT/GB2010/050737 14 [67]OPERATING PRINCIPLES [68]This invention differs
from the prior art in at least three ways; (a) No physical separation between the light dispersion means
and the light detection means, 2. (b) use of a series of resonators to disperse light over a wavelength
range, and 3. (c) use of a series of resonators to detktt levels of light at particular wavelengths.
[69]The light emanating from the point of interest enters the device as shown by the arrow in Figure 1.
The incidenpsuifaseedfth e chip-r2¢0de, coare thtohejectts efe tywvalvmlemgohs] of tintenest sacpresfilter.

The entran m%m@&ﬁlsq%m&ﬁ% aiRleclopaarpirrinedyiRiomRIRICalY igglate iBeahyp at any
C

given time. Due to the refractive index difference between the waveguide its_surroundings, the
ot 1s o TEEHSET AT bl e R S TR Dt B NN e St
distribution)véeypilcalhi@Galediznm prpiofiadecaynsy ke kil dbsjerineiicagnacneszytid dhip with
evantlascer;lttﬁfeldﬁﬁék?oﬁtﬁ@m @@W@&'Qﬂﬁﬂl}l Q@df’ﬁpﬁ%niﬁmwh iﬂﬁt@ﬁ'ﬁlhﬁ%a&hQ$I]t|aﬁd930nant
wavelengt one of the resonators ([3-14].in the,djagram alt .in,pragtice there many
e .5 e ol S o S B TR A
light passes @HePErEsanIBFIEGH cOrFisbRamRARHE ThntoNRA ARSFIE MeR e EReHIVR) SrdYrBS K ator
wavelengthfinithcgeidlaridtal gt teseoator 9T hnd,[2arhlliesanatdesalettivminacuptes dipautpiithe

incoming liky, effaetivelyselecing difersnryavalanais: ThASSRIECANEALMAIRIA cammfsing the

resonators is chosen so that it absorbs light over & particular wavelength range. Thus, when light

enters one SYEHRRHALY RS Rlasreh A688rHhY BroMistidy el @Pdnddre pHRY s shetPesSRUMBH When

connected tpoartiextegnalfairthdtswialthe dlenteicalreomaorst¢dr: pl8I&] 19} 18820 htivistfarpes a
current whicf ig,proRAsigiR| atﬂdt"t’l‘_?\;eﬁ‘gé’b*ﬂt&fﬂ@?ld%@%ﬁﬁﬂ%ﬂ@rt%dﬁ%@ﬁiﬁt&?ﬁ&%@éﬁﬂ% gagh
resonator acts asa detector sensitive to a specific \(llv.avelength and when the signals from each

detector arearcl%n%sé(rz?é 505?113[%%308&?5 SArcui A splégf?ﬁerﬁ of the light may be produced. The speed

at which the spegitra 3arpbw/ idesordeppiogieitalusHBLiny tHe erstirelaarabedicescapertithe in the
resonators (gieatysTaCIoaaanes eFRRES)2] are defined through etching of a semiconductor

structure grown atop a substrate. Electrical contacts are provided via evaporated and/or
sputtered conductors and contact pads, for example as in [19,20]. In this embodiment, the
optical coupling is horizontal between the waveguide [2] and the resonators [3-13]. Figure
3B illustrates an alternative embodiment where the light is coupled from the waveguide
[2] into the resonators [3-14] whereby the resonators are defined through etching above
the waveguide. Electrical contacts are provided via evaporated and/or sputtered
conductors, and example of which is labelled as [19].

Figure 4 shows a typical epitaxial structure for a specific embodiment as illustrated in
Figure 3A of the concept targeting a device operating around 1.5um. The chip is grown on
an InP substrate doped n-type to a concentration of 1x10'®cm™ and post-thinned to a
thickness of approximately 100um [21]. Onto this, an In(0.72)Ga(0.28)As(0.6)P(0.4) layer
is grown of thickness 200nm with optical band gap equivalent to 1.3um [22], then an
In(0.601)Ga(0.399)As(0.856)P(0.144) layer of thickness 100nm and optical band gap
1.5um [23]. This is followed by a second In(0.72)Ga(0.28)As(0.6)P(0.4) layer of thickness
200nm with optical band gap equivalent to 1.3um [24] followed by a p-type InP layer of
thickness 5um doped to a concentration of 2x10'®cm™ [25]. In this embodiment, the input
light is guided in the waveguide ([2] and [22-24] between the top [25] and bottom [21] InP
layers, travelling predominantly through the 1.3um In(0.72)Ga(0.28)As(0.6)P(0.4) layers
[22, 24]. The top InP [25] and In(0.72)Ga(0.28)As(0.6)P(0.4) layer [24] are selectively
etched in the resonator region where the In(0.601)Ga(0.399)As(0.856)P(0.144) layer [23]
forms the absorbing layer providing absorption at and below 1.5u m. Other epitaxial

structure embodiments are envisaged and known in the art.



allowing spectra to be obtained at a rate of up to typically 1 million per second. Industrial Applicability
[70]The disclosed semiconductor chip provides a spectrophotometer with low mass St low power
requirementVeéoHd832Tesistant, thermally stable, vibration-resistant, atonRicTo&pgderd/ittntine, space
vacuum-compatible, and, with no moving parts, th&chip would be maintenance free. Thus this
spectrophotometer is ideally suitable for hy- perspectral imaging for earth observation (for example
climate &%@tmospheRERNI GITRINSHHENGB2010/050737 15 monitoring) and space observation,
security pedhitoringl B survailimncéffelefricattenaliysisrtrenaoteasethsaegrauyst imaging applications across

environmental, h?.a[thcar@dé'ﬂs'ﬁ&ﬂ%@cé’l’@@ﬂ%‘ﬁk%ﬁﬂ%@@@ﬁ%@X%ﬁﬂ&%sﬁ%&ﬁ@ﬁ%@éﬁ&?ﬁ%ﬁ'gﬂﬂ'ces)’
industrial and security markets. Hyperspectral imaging using this spectrophotometer can be performed
from space using a lineaf 8V B8 rophotometer chips, as each chip can provide broadband
spectral informatibn. Curfehtisppieaches afshnatitiseCEpatetdigbro Yraveveatphtogiintegeatiod time of
-7ms allowing a ground pixel size of about 50m. In conventional imaging systems, a 2D silicon CCD
array is used Witlg one dimgnsio%gr&vidgnoc% Sé)atial[inf%rq tiop and th otger offering _spectral

u [ { I

. . c).use o, sonators ctect levels of light at particular.. .
information. A faSter acqui I]fllon me 8ﬁ‘ers e potential to enfl'lance T egspec% reso?utlon window on

the earth (ground pixel si¥@yelgigifisconcept a linear array of spectrophotometer chips provides both
the spectegljand sp@eidighfernaationg liloap Hicptinns Oiemeandiigeigher esailcdionsigach Fesnator would
be used to targ e‘aﬁé&?@ﬁ‘f@%’ VElgRgth TG T’Mi o tﬂ@%}{%ﬁﬁgﬁ%%ﬁéﬂg%ﬁf}gaggéonatOf size
for which we expect to be able to achieve a resolution of -1nm usihg current technology. For
applications whepgvelengths of interest - a pre-filter. The entrance point'may also include an”electro-
absorption modulator to optically isolate the chip at any given time. Due to the re-
fractive index difference between the waveguide [2] and its surroundings, the light is
channelled along the waveguide. The electric field distribution of the light (the optical
field distribution) is typically Gaussian in profile decaying laterally and symmetrically
across the chip with evanescent field tails. If a particular wavelength component of the
incoming light matches the resonant wavelength of one of the resonators ([3-14] in the
diagram although in practice there would be many more), it will couple into the
resonator, with the remaining light continuing along the waveguide. As the light passes
each resonator, any component of the light with a wavelength matching the resonator
wavelength will couple into that resonator. Thus, each resonator selectively couples a
part of the incoming light, effectively selecting different wavelengths. The semi-
conductor material comprising the resonators is chosen so that it absorbs light over a
particular wavelength range. Thus, when light enters one of the resonators it is also
absorbed producing electron-hole pairs in the resonator. When connected to an external
circuit via the electrical contacts (eg. [18]&[19] or [18]&[20]) this forms a current
which is proportional to the amount of light present in the resonator. Consequently
each resonator acts as a detector sensitive to a specific wavelength and when the
signals from each detector are connected to an appropriate circuit a spectrum of the
light may be produced. The speed at which the spectra can be recorded is limited only
by the electron and hole escape time in the resonators (typically microseconds or less)
allowing spectra to be obtained at a rate of up to typically 1 million per second.
Industrial Applicability
[70] The disclosed semiconductor chip provides a spectrophotometer with low mass &
low power requirement, cosmic ray-resistant, thermally stable, vibration-resistant,
atomic oxygen immune, space vacuum-compatible, and, with no moving parts, the
chip would be maintenance free. Thus this spectrophotometer is ideally suitable for hy-

perspectral imaging for earth observation (for example climate & atmospheric



speed is more important than resolution, multiple microdisks (resonators) can be coupled together to
cover a wider wavelength region with faster data acquisition or data from specific resonators may not
be detectedWék28HYy1288kicing the data collection time. Thus the spectrophoR$iH&IBRHHHYSHE 7
dynamically tuned on the fly to optimise either acqliisition time or resolution. For example the
spectrophotometer settings may be changed from covering a_spectral range of 1000nm to 2000nm at
mm resolution (1BOHERLIARG TODETNBLPR SHHRYARGR g ith TBWeH eSS example
coupling groups efidl@siesenaitr sciogethadtomovidepaliegolutiaorofs ©mvirduhen raly bhafdsteredata
collection rate. TQ

, - Thisfanheweninletsamaialy 3od ragriignrad denpradingian: e damanss of a
particular applica

ﬁ@. The acquisition time is |m|]1ed by. the transkent time for the photo?;n; nerated
electrons to exit {1 SRS AN I8 KRl RS E RSB SLEFH I REVRTAIPICI SR tem would
also not require thesfosmest frimovsagadsipatingseativhagesbedlpphapasted gbips. cosanb ehihiation and
decrease the acqisitinsigagbdissysiamafssingigsanateniappralasy wxRp s RRtically efficient
direct band gap seiconduictor allovs, stch s hese inthe L famiy, FLILIS thsrelore highly
attractive to produce a monofithic Bofution which targe(fs differént wave e%wgﬁﬂ hdows each of which
can be configuredO®-Ha Ry ayHarldaIREHIE AR Ve SoliiohcTh s ORersan & fsssbitheselectivity "on
the fly' meet the maeiisineptsviaigmalgnounshpixalsiael chidighes pefeifiakrgsaiutivinforsiaeion A

spectrophotometgy, ) d i ol r i
i Cogalgdﬂ&fa?&{etﬂﬁsgﬁ@f SRR 610, A Jigitalcame %@(Qﬁg@g@@we&&m

currently availab our sensors with sensor e spectrophotometer e images In true

colour. In additioefEPtraBH RIS hpQUESORFERE fdbganransatitRs tHRPReIBIME IR R on of
TVs (measuring threvipectath WO RQTOI L2838 PG iMEBRAH0M0 D0 ARFlitetimadiancading lughevels).

A_dyantggeously %é_%ﬁhﬁ(ﬁp%ﬁgp%g%%ﬁ%&fa%g Beot& E%sﬁ%%ﬁ@d?\%y@ﬁ%&.aﬁﬁ’eu_sed to define
visible light perceptign with a resolution of aro néi 5n .f{e??; This lnv(a;lfntlon,lsgan alternative to
traditional imagi YR UE AR 55 SRR AP FFB3IZe P deterirt SR HHESY Wikows to
offer basic wavelrigtie seheetivitywolitwnide tpactsal gangeiitbhradofant oo wprdsaliviony beia
spectroscopic appQAch HPRGMpR D eHatling-Hased, nstipnenierJhislptieioaressonoplieysystems,

some with high rrég{lntl%génce mechanical mo%/in%garts d slow da on, all. with stray light
issues and a large AR

o
e B et nto
an optical systend{PeHifes $PRSEICOEHPIRISNS BAY Y Psdlséedes dhpiehtdrdnging dissdyasntigetiog
development of aimentiiikithsyptemopiaenatee senaterdyividespatmadaetba g Wispersien and
detection Capab'lé‘i'tﬁér"xﬁhgﬁw% IRRroYed.SIgnah 'ﬁ&“&%g#&ﬂ%ﬁ&@@ﬁﬁ%&%&&?@@&@%tﬁ%ﬂ

alignment or stray light issues together with a fast acquisiti me and high resolution. L:‘Ié}] Itis
envisaged that sgﬁﬁ%?%féjcff%h‘b‘?&ﬁ'?é‘ﬁéP\ﬁl?ﬁqji%ﬁ}éaé‘gﬁgélb%%& ﬁorﬁﬂ%%ﬂ’af‘tf&%{:ﬁﬁ itigh time of --I

ms and can be de\¥10deth porots theanisibig theinfiraerevhosp butraittahyes vtvla e dwidduopie 000nm.
[75] This invention,gaicedisipdWraaniabrerdbrid meno iikiciee e dHsHS SRRLIT BRhetameter chip
which integrates %/vatvelc?rtlgth ?%Qaration a[rﬁd detet():tion %acﬁfgilities V\ﬁithin soli .stat% ptica(li.circuit.
Wavelength sepdiaion ARG AeabR KR HISE8 e STy Y AR Bl R L PSRt ted
parts and since evelerlpgisdsmbeddeirblizpMigieticobliae eppistiy ighe is Himiad2adhenilst light

intensity is maximtzggent time for the photo generated electrons to exit the chip and is anticipated to be
less than 1ms. Advantageously such a system would also not require the use of mirrors
and gratings which age badly in space due to cosmic radiation and decrease the ac-
quisition time. This system, using resonator technology, exploits optically efficient
direct band gap semiconductor alloys, such as those in the III-V family.

[71] It is therefore highly attractive to produce a monolithic solution which targets
different wavelength windows each of which can be configured to have a dynamically
alterable resolution. This offers the flexibility to selectivity 'on the fly' meet the re-
quirements for small ground pixel size or high spectral resolution.

[72] Such a spectrophotometer could also be used for example in a digital camera
apparatus to replace the currently available colour sensors with sensors (the spec-
trophotometer chip) to take images in true colour. In addition the spectrophotometer

chips could be used for ensuring true colour calibration of TVs (measuring the spectral



[76] The invention can work across a large bandwidth of wavelengths. The bandwidth used will depend
in part upon the composition of the semiconductors used. However, preferably the spectrophotometer
is designed YOWOR/138E vis-N1R bandwidth from 400nm to 2000nm and REWEBH HaHIRTY of
wavelength range/ resolution within that bandwidt!® For the design of a spectrophotometer in the near
IR region (900nm to 1700nm a||0f/S based upon group Ill-V compound semiconductors are preferably
used as the optid&IAdiBRE#8S BRIEYS)s SACHIITORN aRESS Bt BRENPRASIRELES PPRRHRS I the
approach may beitilizeekwlitticilicomeldit Ved oy fane nixabéedjpticgltyaptiva aidh aoveslatlanget
wavelength rangg. [yRisalmaterials include AlinGaN alloys for short wavelength spectroscopy,
AlGalnA lloys far the visible range, and InGaAsP, InGaAsN and InGaAIAsSﬁi) lloys for g"le near-
i mic- ik aredt THAVERDH TaAUE BN Chi LGRS BTN SRS RSB use of
different semicorsdibetorrathysse efadideiors tWetirfittsa vetidnes implisitibssie yaic@teclato thig alloy
can provide fine uaing widheeatisnlApd elastioninRoRAIiESRIIDR S FRdRATRANSEIRIhareo.
WO 2010/128325P9Tﬁ52010/0§07%7 :GL:E i[g&lucoalsz %IIEI\{IA%ONDUCTCPR DESIGN 1{7%5

T
spectrophotometlés’rlc‘ﬁlp is almost lélr%fir%Ty semiconductor basec ,a\f\ﬁtﬁofﬁ sen isc’:tgrr{léusé or aW(I)y forming

both the optical WisleBiiePonFSCaRTRIIIh D2YANR B¥ES aRA IS Wharacerdsiden sl Hvide sty The
waveguide is formgt fsoimshiil semieandusiooniaenad wihkie toenpliayns.designadisoedl that its band

gap is larger tha%ﬁ&&‘?{%%&ﬁ&giHRS%B‘?[JE%X 5(?\%%&5?%%%"&'ﬁ@%ﬁgﬂ'&%ﬁﬁﬁnﬁ483%rcﬁfées,T he

resonator is forme om a semiconductor m or quantum well active region forming

] € nuy
the core absorbifiEReGiBIFLtibh @%ﬂ%%we&b@évﬁvs%%@%ﬂfér@@}%l@lgﬁéfafemtwéﬁrsraequa| to than
the smallest energyofietog esd videehertly th) whotothsdifprrsicheneixdat comnpagiinhsandiddplngof the

semiconductor allgysds.daterninad ara sPamilinapaat wavsianahitangs &ﬁ%ﬁgemte giihe
electrical, optical.and therrUgI chai‘ac eristics of the materlghsl‘h%so WAVEGUIDE AND RESONATOR

STRUCTURE [Siﬁsﬁ"‘??et%gt eét]’?’&t fh tc%ﬁéli]gftb%ﬁn%ﬁil e g%lélt?l%‘e. This is to prevent back
reflectiod TAdm the letroeradsagads s Ssdotrsskitrphetemetsipwithbaeig hesehdinidh ofiseandbeguide is

optimized to allovidnaedmnkifioh ERpG BP Ul B light dafopth@cSBRPEaRBRIANIRI s e B aMkiRefigures 1 to 3,
the cylindrical resgnator will be cl[ S ag&)\%{ﬁldottoﬁ@%%/eguide to allow evanescent leakage of the

light into each resbnator. Snce each resonator targets a specific wavelength, the diameter, thickness

and spadifiy) relativetd HHEHHRetsUieRaNS %ﬂtw@é“d%mﬁam PONRIHh Ot HeihSPEnd to
minimize stray lighipiaageneidpdesicinintgrifs resetaighdiepacies ydikbetidasigpad]giesh that D

= (wavelength * g7 DAWRELRIA B 'ﬁéﬁ%&&f&?ﬁ%@faﬂgthfdgemg&oﬂf he sqEIEandeipr,apd m is the

resonator order. Thus for a resonator sensitive to 1.5pmradiation, operating in second order, with a

. P
typical refractive HHSEbhS BeabiaiAneaL 0T sPshlvepaials RaiisaRAin Bhe CBuBies of ultraviolet
or e-beam lithograpbsdtiechmiquesg[820halerhnresayd(rimi aneideasiblewsinglielecintmdyam or deep
UV lithography. Atdhgps&iotyping stage it is envisaged that electron- beam lithography would be used

since it 5 remely yersatie. and eurent technology. s much betier for aispting malipig desians on
one wafer. Ih a production phase, electron-beam 1s-also possible, however, deep-UV a olographic

lithography technitisby drdapeishio prikapan gie saeinesidnyech thasersieingegiossurtth Slgsretsierances.

preferably the spectrophotometer is designed to work in the vis-NIR bandwidth from
400nm to 2000nm and allows for flexibility of wavelength range/ resolution within that
bandwidth. For the design of a spectrophotometer in the near IR region (900nm to
1700nm) alloys based upon group III-V compound semiconductors are preferably used
as the optical properties of III-V semiconductor alloys are well known.

[77] Although the approach may be utilized with silicon, III-Vs alloys are more optically
active and cover a larger wavelength range. Typical materials include AlInGaN alloys
for short wavelength spectroscopy, AlGalnAsP alloys for the visible range, and
InGaAsP, InGaAsN and InGaAlAsSb alloys for the near- and mid-infrared. The
wavelength range of the chip can therefore be tailored through judicious use of
different semiconductor alloys. In addition, the introduction of impurities, e.g. Zn, C,
Te into the alloy can provide fine tuning of the optical and electronic properties of the

chip and components thereof.



[B3JOPTICAL COATINGS [84JThe front and back facets of the spectrophotometer chip are optionally
coated with a coating to allow the spectrophotometer chip to work in a higher order, for example, 1st,
2nd or 3, 8NP HEMRBIS on. This is a desirable feature as it will allow opeR&ibi6RIHIARGEF7
resonators, therefore making manufacturing simpl&f. The precise com- position, thickness and
refractive index of the layers is ostimised to match the WO 2010/128325PCT/GB2010/050737 18

wavelené?lg]range GRRferiM %E%IR%@]I\I&/ consist of a number of di- electric layer pairs
chosen 4G9hat thelhotakoptiphbthickiee skijsisedonantavelaspaitionthrcwabetedgih tathge sgpass-band).

Alternatively, a nanQrcaie,ng %ﬂﬁiﬁ_ﬁcﬁ?@tﬂr}ﬂé‘&gﬁ&? WREChIRIERANABDA HRURIGIgRE @b particular

lengths into the chip. [85] ELE ICAL COUPLING
wavelengtns in oresgn%t(l)?s Lvh re Ifhe?ig tis etecteg. "IJ'he waveguide is formed from bulk semi-

conductor material where the alloy is designed such that its band gap is larger than the
energy of the highest energy (shortest wavelength) photons of interest. The resonator is
formed from a semiconductor multilayer with a bulk or quantum well active region
forming the core absorbing region such that the optical gap of the active region is
greater than or equal to than the smallest energy (longest wavelength) photons. Thus,
the exact compositions and doping of the semiconductor alloys is determined for a
specific target wavelength range, taking into account the electrical, optical and thermal
characteristics of the materials.

[80] WAVEGUIDE AND RESONATOR STRUCTURE

[81] The waveguide may consist of an angled rib-waveguide. This is to prevent back re-
flection from the end facets of the spectrophotometer chip. The height and width of the
waveguide is optimized to allow maximum throughput of light into the spec-
trophotometer. As shown in figures 1 to 3, the cylindrical resonator will be closely
coupled to the waveguide to allow evanescent leakage of the light into each resonator.
Since each resonator targets a specific wavelength, the diameter, thickness and spacing
relative to the waveguide is optimised to maximize light coupling efficiency and to
minimize stray light. As a general design rule, the resonator diameter (D) will be
designed such that D = (wavelength * m/Pi * n) wherein n is the effective refractive
index of the semiconductor and m is the resonator order. Thus for a resonator sensitive
to 1.5um radiation, operating in second order, with a typical refractive index of 3.2 the
diameter D is 300nm. This is well within the capabilities of ultraviolet or e-beam
lithography techniques.

[82] Tolerances <20nm are feasible using electron-beam or deep UV lithography. At the
prototyping stage it is envisaged that electron- beam lithography would be used since it
is extremely versatile and current technology is much better for attempting multiple
designs on one wafer. In a production phase, electron-beam is also possible, however,
deep-UV and holographic lithography techniques are much quicker at producing large
numbers of devices with such tolerances.

[83] OPTICAL COATINGS

[84] The front and back facets of the spectrophotometer chip are optionally coated with a
coating to allow the spectrophotometer chip to work in a higher order, for example,
Ist, 2nd or 3%, 81 order and so on. This is a desirable feature as it will allow operation
with larger resonators, therefore making manufacturing simpler. The precise com-

position, thickness and refractive index of the layers is optimised to match the



[86] The photo-generated electrons from the spectrometer chip fomi an electrical current that provides
the spectral intensity information. In order to extract the current, a p-n junction is utilized, which when
biased with WOQ3R&YE2BFZVides an electric field to sweep the electrons out oPEHEERIHLEITEA]
WAVELENGTH RANGE [88] As stated above the Wavelength range of the spectrophotometer chip is
determined by the semiconductor materials from which it is composed. For a spectrophotometer

operating in the ERICIR&HIRESEHIBHS & WhtatpgvrAHyeisHboerrist Y0bARTRS:Sirg -approaches
to achieve this rasigaritilisecpaledhnteais tatebtarsotaffopieodlrhiltkples gisantommwel alxsorbing region

based on INGaASR}IIR AlQYSGRHIFRIRR 5 UseshdONRYRLRRRCURIGIMRISH SRR QRSO in
different wavelength ranges are enwsa&ed Wlltgélé%cé%us combinations of semlc&{]d ctor material,
doping and resonbtPE IS A0 FIAERTX R RAF GBI R SRRSO EEB hip itself wil
have a nBffligible hiad¥ FREuUAMing@HRhENSased chip with dimensions of Imm x 250 microns x
200micrqgs) for whigh peteeRaitYaedd BRIGhS&/emihi e bt MASS I8 g fonis raERmSicihtis g main

mass of the spec%gfor}%tv%wet r will be the associated micro ticds x(<10019 .CT ee ufi:vgdent mass of a

t tt Cun

I
typical CCD based's 'ect‘ro?)shtqfo?ﬁfé‘fer‘? fe% 38%%,1%8 |{:n$allsorsluit))s?§n |atﬁ)y igher. The ypicaldimensions
of a CCD systeniielipntifeifdish phsdhvikeroeissdisichy nolasr/ariore spelesbphivtéhieters, the
resolution is limitedlday the Qizerohshahisixitaisidedmize dispersion). In this invention, the resolution is

intrinsicaﬂggﬁnked WAWW@ X%E light meaning that the spectrophotometer can be extremely

small. 1 The claims as filed form part of the desc%)tion. 19 Claims [1] A spectrophotometer

comprisihtPa monditHRELRROS AR Clpera a5, BibesPRGIPRABIERG H R r& g RS
(3-14), and one chemsereiwwadelroghintetastingmmeand {Bisld)mplvacdcténsedgaa tioahthendispersing

means (3-14) ang A8IRRINA MEALS _ﬁfc%%1&%@18}!&&-&9%@&5@&%@%]&%@Bﬁqw@hﬁipmewr
according to claim 1, characterised in that the dlslpersmg means égllza %d detectln%ﬂjeans (3-14)
have no physic awlﬁjﬁ%ﬁl&% @es to achieve this Tange utilise cooled InGaAs detectors. Efficient

multiple quantum well absorbing region based on InGaAs(P)/InP alloys could also be
used. However, spectrophotometer chips operating in different wavelength ranges are
envisaged with judicious combinations of semiconductor material, doping and
resonator size.

[89] MASS AND FOOTPRINT

[90] The spectrophotometer chip itself will have a negligible mass. Assuming an InP
based chip with dimensions of Imm x 250 microns x 200microns, for which the
density of InP is 4.8g/cm?, the chip mass is 24micrograms. Thus the main mass of the
spectrophotometer will be the associated micro optics (<100g). The equivalent mass of
a typical CCD based spectrophotometer excluding optics is substantially higher. The
typical dimensions of a CCD system are in the region of 5cm x 10cm x 15cm. In con-
ventional spectrophotometers, the resolution is limited by the size of the box (to
maximize dispersion). In this invention, the resolution is intrinsically linked to the
wavelength of the light meaning that the spectrophotometer can be extremely small.

[91] The claims as filed form part of the description.



[3] The spectrophotometer according to claim 1 or claim 2, characterised in that each micro-resonator
(3-14) is sized to optimally accept a wavelength of light or plurality of wavelengths of light in that the
diameter (D) of each resonator is determined by the formula D=n2Jig.t. [4] The spectrophotometer
according to any one of claims 1 to 3, characterised iR that each micro-resonator acts as a detector of
the level of light of a particular wavelength. [5] The Spectrophotometer according to any one of the
preceding claims, characterised in that the spectrofH@iRfeter contains one or more waveguide means

(2). [6] The ppectrophofepieisiRceRISING HApEiaing 2. shamitetsemitomalceackursanatey, (3nk4) forms
part of the waveguige [eans, gk SACHESRNAICHA ! JoiapimaltoReSHoRRACM PRI [© the
waveguide means (%? ([ég ErLb kgt%%?ter accord |n ﬁ%é:lla] 5or.claim 6, c rfg?tensged in that
the waveguide meanss3)1& 3?16 d ?) BAER Ye Rt EREP e RE¥ offf
according to claim SeB@maanenns chdrhdfetisberthrasangie \@a%bwde is between about 1 micron and
about 50 mi@pns withe, spbowd A 0nmieraiosdatiggand haétwbeth abadtidethiardiatahel dlbetitia@ microns
deep. [9] The spectﬁ@&iﬁ@t@n@ﬁsm&e@mﬁtﬁlm @9@431‘1{9%9{@53 éﬁ&l@iﬁfﬁ% @a&a@terised in that

each resonatgr is dﬂensmnal optimjse ven Yvav The spectrgphoto %
ts& 8 { accor a1 characterise 1 a each
according to'any one of the preceding claims, rac erise hé resonator IS Spherical,

conical, stepped cofaP TaHNALY, @Tl]rfarlbsals&f—'ﬂpé‘bl epteaﬁlbh@ége@heaows}@lﬂ S ighedPsurfaces.
[11] The spectrophgiombtgrdceandileggthamy digbtommbae dicthime ®rtd[10 dherelcteriondtin the

waveguide means @&J@lﬁg@a@f{@m@ﬁ{ﬂg@%wnmors (3-14) arranged such that the resonators

(3-14) are ay. nge i r e such
that the sm Zst rgg%:s ogrbelfs{?br ggt[?gln%é at%é?em?]tgt Q%q{iﬁ\ %ﬁ%ﬁéﬁ%&?@?g poi%gned at

the last position. [15fFhESpRCHPABDATEST 36186 4 B3giq aEharacterlsed in

that the resonators Wfededered such that the smallest diameter resonator is closest to the point of
entry of incgiing lighiciSirtheptiauggeicleatoeatisg amdny one of the preceding claims,

characterised in that the spectrophotometer contains one or more waveguide

means (2).

[6] The spectrophotometer according to claim 5, characterised in that each resonator
(3-14) forms part of the waveguide means (2), or each resonator (3-14) is
optimally positioned in proximity to the waveguide means (2).

[7] The spectrophotometer according to claim 5 or claim 6, characterised in that the
waveguide means (2) is angled to prevent back reflection of light.

[8] The spectrophotometer according to claim 5, 6 or claim 7, characterised in that
the waveguide is between about 1 micron and about 50 microns wide, about
1000 microns long and between about 1 micron and about 20 microns deep.

[9] The spectrophotometer according to any one of the preceding claims,
characterised in that each resonator is dimensionally optimised for a given
wavelength.

[10] The spectrophotometer according to any one of the preceding claims,
characterised in that the resonator (3-14) is spherical, conical, stepped conical,
tabulate, cylindrical cupped or comprises one or more flat or curved surfaces.

[11] The spectrophotometer according to any one or more of claims 5 to 10
characterised in the waveguide means (2) is formed from cylindrical resonators
(3-14) arranged such that the resonators (3-14) are arranged in a linear manner,
wherein the resonators are arranged from small to large such that the smallest
resonator is positioned at the first position and the largest resonator is
positioned at the last position.

[12] The spectrophotometer according to any one of claims 5 to 11, characterised in
that the resonators are ordered such that the smallest diameter resonator is
closest to the point of entry of incoming light into the waveguide means, and



20 the largest diameter resonator is furthest away from the point of entry of incoming light into the
waveguide means. [13] The spectrophotometer according to any one of the preceding claims,
characterised in that the substrate comprises silicon_gr a IlI-V semiconductor onto which group IlI-V
semiconductor alloy based layers are added [14] Th%ospectrophotometer according to claim 13,
characterised in that the substrate is doped either p- or n- type. [15] The spectrophotometer according
to any one of the prideetirggstlaimeictéraragteioedisn frthaste asvistiermighdividea info ¢hiye dlinctional
regions, wherein thenfisshiiggiinisneoStbsiatestavemdmsmade from a semi-conductor doped either p-

or n- type, thessecop(lregian (16) GRMASING Gl iRgMicondCIRln yhigh.a andgap s ipgRrporated
to cover the wavelength range of tfhe jﬁectrgghotometer.an has a refrm& ve index %reater than that of
ﬂ@{ AT PRY r

the substrate, and tH& tHifG" 5tldn ep ' R (ABPHERANY SIBWER P IRBIGOGERARHE second
region (16), whereiviehsztesnd leYisenronisigositidriebapedivenstie fifsiedegion (17) and the third
region (18).[[4] Th&lspgeitophbbormeter accatdingtdackiaim 15 hehanacterisadhat hatsiita dlakdisegion
(18a) is a common %@Hig@l&%j@%w{%éhe first region (17). [17] The spectrophotometer according to

claim 15 or ﬁ%n 1q,h%hasraé:(:tterrls$gtci)n t6|’t]g.rt tgecglr%g:tricatlocogﬁact é%&"‘ g qﬁ(led elgcgéggl c%rinetﬁe}%ts, agold
alloy electrical contact or gn el%% fical contag madlegby pthe[yconcfuc Ive maté’riéis_or%omposltions
thereof. [18] The spRt¥REIHAEIHEHIA S FY i dnligHIE G iR (B BUIRGORIATS! UharkbestiSed in
that the resonators (8> Tt} thagee|ectricdlstartdaysi(10]) 20 dnftheir ssafaicesnd 49T deped either
spectrophotometer gcepidingpto glaisechddcharasterseasinghahtheraleciticabaantastsd Ihidl)a

comprises a gold elggiioal coniact geld ?A'@X&Piﬁg{% |t 9J;§g slesivicplapniagmare by

other conductive materials or compositions thereof. ctrophotomet ng to any one

of the preceding cldifts M A AR S LT %‘F‘ﬁf’g S WAl e ABdds JhHF S inces to
accept or reject lightladding prsigoulb Wavalerigtpvangdrioi{crindsptarophorserdaegiesorting to any
one of the precedinglaadinslehssaaidrisgibin( tiog Sulsitaiachaytcesipmsdiona«aionqre satid diate
shutters or light guiging QEERJ% (18).

[16] The spectrophotometer according to claim 15, characterised in that the third
region (18a) is a common electrical contact with the first region (17).

[17] The spectrophotometer according to claim 15 or claim 16, characterised in that the
electrical contact (18a) a gold electrical contact, a gold alloy electrical contact or
an electrical contact made by other conductive materials or compositions thereof.

[18] The spectrophotometer according to any one of the preceding claims,
characterised in that the resonators (3-14) have electrical contacts (19, 20) on their
surfaces.

[19] The spectrophotometer according to claim 18, characterised in that the electrical
contacts (19, 20) comprises a gold electrical contact, a gold alloy electrical contact
or an electrical contact made by other conductive materials or compositions
thereof.

[20] The spectrophotometer according to any one of the preceding claims,
characterised in that the facets of the chip may be coated with substances to accept
or reject light over a particular wavelength range.

[21] The spectrophotometer according to any one of the preceding claims characterised
in the substrate may comprise one or more solid state shutters or light guiding
optics.

[22] A spectrophotometer comprising a monolithic semiconductor, comprising one or
more wavelength dispersing means (3-14),and one or more wavelength detecting
means (3-14), characterised in that the dispersing means (3-14) and detecting
means (3-14) is a micro-resonator (3-14), further characterised in that the
monolithic semiconductor (1) is a semi conductor having a waveguide means (2)
and one or more resonators (3-14) wherein the waveguide is angled in relation to



[22] A spectrophotometer comprising a monolithic semiconductor, comprising one or more wavelength
dispersing means (3-14),and one or more wavelength detecting means (3-14), characterised in that
the dispersing means (3-14) and detecting means (3-14) is a micro-resonator (3-14), further
characterised in that the monolithic semiconductor (;ZL} is a semi conductor having a waveguide means
(2) and one or more resonators (3-14) wherein the waveguide is angled in relation to 21 the incidence
of input light, whereiieeacideesonibapyEHzh). fohersipadaf tsenatvdgulde fommamsa(@pf dheach resonator
(3-14) is optimally positeurRm ndMAXD)iteathervianeovide IMERRP(Aatieramrion are optimally
dimensioned for a gjyen alecamagaelic. WRvRIENgT, and Rusied-sHehhahHig Smalirsy diameter
resonator is closest to the\pomi of entry of Jncomlﬁgﬁgg m%o the (\‘r/aave%u deFH]eans and the largest
diameter resonatorﬁ%rfﬁﬁhé’gte FoAy RaRRHE B8NSt DAy PR ity é’?ﬁti_ 8%];'79§Veguide means,
the substrate is dividiaEfies IPHedHcHOHISEgIBs D WHereM eofi s e paYithlishd Bl sheate layer (17)
made from a semicondegiddcdapatt citlibthp-lagest e diee wecondras tiuehiegionail Gpaothprising of a
semiconductor in Wf%%‘t %tbéﬂ?ﬂ/%?nk?oiﬁ @@Eﬁtﬁfﬂot%fé%ﬂe@ﬁd@@ﬂ@iﬁ&gﬁé RBE.ed f@@ivided '
spectrophotometer and Bas refractive index %eater H?a tQat of the sub%trat? 1andt (=7th|rd optical
. . to three functiona {%%?ns, wherein the frst reg1on dlS a substrate aycir V?I .

cladding region (18}nhavmg aqowe( refractive index than the se€ond active region<16), wherein the
second active regionq4%] ¥ skiBIEaBKiEeLIPRICHAS Regfb R (DB alts ASFANLETHNG 185108 further
region (18a) is a cothtenmeiettica icontautwithithe firsthedierb(hd)gand theorpsoneddrsc(8«i4) have
electrical contacts (2, R)cRh B ¥afUEf8E@Se spectrophotometer and has a refractive index greater

than that of the substrate, and the third optical cladding region (18) having a lower

refractive index than the second active region (16), wherein the second active

region (16) is positioned between the first region (17) and third region (18), a

further region (18a) is a common electrical contact with the first region (17), and

the resonators (3-14) have electrical contacts (19, 20) on their surfaces.
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