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peak wavel engtlighsrenptingtdivedes (EEDs)are osmmooly madereck deibsonductor walkinesingi s,
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15 such as GaInN LEDs that emit in the blue/green, the process temperature is higher than

the re-evaporation temperature of the indium, with the result that the fraction of indium is
not uniform across the wafer. This nonuniformity in the indium fraction results in a
nonuniformity in the output wavelength of LED devices across the wafer.
This variation in the output wavelength introduces a significant cost to LED
20  manufacturing, since the resulting LED devices produced from the wafer have to be tested
and binned according to wavelength. Also, LED users either have to design systems that
are tolerant of the variation in peak wavelength or pay the premium costs of binned LEDs.
There is, therefore, a need to reduce the wavelength nonuniformities of LED

devices across a wafer.

25 Summary of the Invention
An embodiment of the invention is directed to an optical device that has an

arrangement of light sources and a semiconductor wavelength converter. Each light
source is capable of emitting light at a respective peak wavelength, and the arrangement of

light sources is characterized by a first range of peak wavelengths. The semiconductor
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S5wavel ength converter is characterized by an absorption edge having a
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exte rce. second gpatla variation of relative emiSsion intensities is
20  substantially proportional to the first spatial variation of relative emission intensities.
The above summary of the present invention is not intended to describe each

illustrated embodiment or every implementation of the present invention. The following

figures and detailed description more particularly exemplify these embodiments.

Brief Description of the Drawings

25 The invention may be more completely understood in consideration of the
following detailed description of various embodiments of the invention in connection with
the accompanying drawings, in which:

FIG. 1A schematically illustrates an exemplary arrangement of light sources;
FIG. 1B schematically illustrates variation of light source peak wavelength as a
30  function of position;

FIG. 1C schematically illustrates spectra obtained from different light sources;



FIG 2C schematically illustrates different punp spectra and different

converted |ight spectra; FI Gs. 2D and 2E schematically
i |1 ustratwopompsbisgght and converted |ight intensity 10pPOTiUSeE)8f08G060
di fferent enbodi mrents of wavel ength converter; FIG 3 schematically

illustrates an enbodi nent of a nultilayer sem conductor wavel ength
converter; FIG 4 presents spectra neasured froman LED wafer;
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light spectra; and

FIGs. 6D and 6E schematically illustrate pump light and converted light intensity
profiles for different embodiments of wavelength converter.

While the invention is amenable to various modifications and alternative forms,

25  specifics thereof have been shown by way of example in the drawings and will be

described in detail. It should be understood, however, that the intention is not to limit the
invention to the particular embodiments described. On the contrary, the intention is to
cover all modifications, equivalents, and alternatives falling within the spirit and scope of

the invention as defined by the appended claims.



15 LED devices across its width. In the illustration, the wafer 100 has six
LED devices 101, 102, 103, 104, 105 and 106, although it will be understood
that an WD 2e@fmsss9goul d have a different nunber of devi PEF/USENSI8AED devi ce
101, 102, 103, 104, 105, 106 emts |ight having a spectrum having a peak
wavel ength, X, X2, X 3, X4, X5, X6 respectively. The values of kJ, 12,
13,14, X5, 16 need not all be the sgime. I n_ many cases, there 20is a

di fference between adj acent val serpuion) 3 14, k5, k6. The difference
may be regul ar il

P 18, the dFrerERERVRlon gy BodiReniesd Hahe ERLITRRT IR i RAIRNE, ' e

t he case dohesreer ideorwartitiad wmla:ﬂgﬂv\aﬂallmga Poiition d@ehetlphpedaRIynEe CEDAbLE i ons.
The wavel en th variation of the wafer 100 is defined as being the absol ute
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devices 101-106. WO 20091085594PCT/ US2008/ 086060 | n. sone, enbodi nent s,
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devi ces. rration e random or systematic. In this
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FI G 2A shows an LED wafer as an exanpl € of “an’arrangenent of
| i ght soureeg.a spherirkBaviag erpeé&i@aimial@h d ks i3 o4, ibdivicdprativelED devi ces.

The LED devi b ]t hi Ly i t ed th f 210, f
exarpl e by ber T GHGAAT Oh ‘Chbiidi o 1550 [ THE 1F ParSt By Bt ¢ he
15wafgr 310 dt@e?er?de)be{i@nqajﬁ'c&ﬁ%a%@;o?% k2ai§ haugs) X%h?h%ff?e'%er%%%d%é have a

di fferent nunber of devi ces. LED devi ces 201-206 each em't punp
l'i ght ha\mglgalaorrlfrspda:tt |Iuehqmélaktraﬁa1/ﬁhmtgmhnt4as ghown in FIG. lﬂBrthé tliffeagrer is

sem conduct r wavel e rter 212 is, attached .to.the LED wafer
370, Car e 5 15 LRV FURERe B sty R YR e i ee SRt o6

20propagq§g§e{Orgrgcetsgiﬁg\e@iy(ﬁh@r{ggth converter wafer 212 where it is absorbed
and re-emtted at a I onger different wavel ength. The wavel ength converter

waf er 212 may Be \mwe&mgthyvabxandtedf tho wafier 110B0» defired a2 bOing ftlor absglabpvaducast i s
Provi s Pat.ent Seri a(i No.

517 025 en¢ Tisferirins Dbt 2 IAREY B0 18 EBodan B SRy n S TSt

example, the longest peak wavelength is A6 and the shortest peak wavelength is A1.
Accordingly, the wavelength uniformity across the illustrated wafer 100 is defined as | A6
-l | . Thus, a lower value of variation signifies a more uniform output.
The output spectra of the different LED devices 101-106 is shown in FIG. 1C.
30 This shows that each device 101-106 emits light over a range of wavelengths surrounding
the peak wavelength. The spectral output of the wafer 100 is the addition of the output

spectra of each of the individual emitting devices 101-106.
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adhesive layer, as is discussed in greater detail in U S. Patent

Provi si onal Application 25Serial No. 60/978, 304. One suitable type of
mul ti | ayewosemvssivduct or wavel engt h converter 212 i s de®Criuseasiossoes.
Patent Application 11/009, 217 and in U S. Provisional Patent Application
60/ 978,304. A nultilayered wavel ength converter typically enploys

mul til ayered quantum wel| structures. The sem conductor materials used in
the 30nul til a&@ﬁe@em@@ﬂ@wg%ﬂ@cﬂww@ By gppusequat praguish eklighin Itipaore

wavel engt i em . . j ; f the
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converti ngviche Ohy pitatibh ailydeGaddohh, bl vyt sWhfeMBic. In this illustrative example,
20091085594PCT/ US2008/ 086060 emitting LED wafer to green Ii ght. | n anot her
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; oD, et it
i Faped Prmen R A [ e e oI DR EE O M el S Jere

are proviwieer 10t dvea tioail tgdpy chavicn@ adheiabfogwllIEHDECI0AdI (80 It Wil bat | east
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band gap ere thé carriers reconbi me and generate nger
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sem cgnductor materials_10or the nultjlayered structure of the wayel ength
conveflter.  Ancwmplpar i AngemeRipieat drurees (P thabmelugay 8rengieAsi®onver t er
| s descrilgdeid is%cﬁem%&?’l?%ﬂ&@ﬁ{edegﬁﬁ?@t2/@% it é‘ﬁdv%%?ﬁgélb %f&‘%lo.@ag/aﬁm’ 304.
A multilayer, quantum we sem conductor converter 300 was Initially

pr epar ed caamale dffaR astabhgdniait ef lightsgumed. €Ehd D bedien HPiHaax ywbBEf. A Gal nAs
buffer layer was first gro by MBE on the InP l15substrate to prepare the
sur f ace leﬁ%V}diuﬁwEBrdGWFﬁ- %ﬁf&aﬂéwcmw Repo Haﬁﬁﬁf&%ﬁj”Hteéﬁnﬁlll@cWé{ehi gh
vacuum { rAGSFRLx Sk 6ok oaRALHBh (B CPAIReh (Ol 8k-A0 BmBEdifif, ks V1

cpi taxi al Iéyoere)s( Igr Ephe g?ﬁverter. The det g]irnl S o%u trﬁe as-grlown’converter
300, Isonplate2 Wi ias ssuUlbBD rdatiecs3ZIR -2 @&y, eltlsduginthd wafel Gl 0 Shaghdvesadifferdnzed i n

Table |. The t ljsts t i [ i al j.tion,. band d
Faver dedtiist pohEPlvicRs bt bEPETRoIur2e frcBntrmralivh it 300, She
CO”VG”erreﬁ;%@ti'é}%aﬂ%%l%h%ht}»gﬁﬂ?zﬁ?se guantum wel I s 304, each having an

ac

energy gap (Eg) of 2.15 eV. quantum wel | 304 was sandw ched bet ween
CdMyZnSe absorhenltilay@rssmB06diawm wagyckmgdnemgyrtgapafof 212, 14 8tta¥Med kathecoul d

oo b S S M b DS B RS 00 B,
Var i ogs \ayelanrgtito RIS SIptH-@HS ERervArer 2 Moy h YBEGE hidorbbi a6 RESMittat Band
Gap (eV) Description
a longer different wavelength. The wavelength converter wafer 212 may be directly
bonded to the LED wafer 210, for example as is discussed in detail in U.S. Provisional
Patent Application Serial No. 61/012,604, or may be attached to the LED wafer 210 by an
adhesive layer, as is discussed in greater detail in U.S. Patent Provisional Application
25  Serial No. 60/978,304.
One suitable type of multilayer semiconductor wavelength converter 212 is
described in US. Patent Application 11/009,217 and in U.S. Provisional Patent
Application 60/978,304. A multilayered wavelength converter typically employs
multilayered quantum well structures. The semiconductor materials used in the
30  multilayered wavelength converter are selected based on the wavelength of light emitted

by the LEDs and the desired wavelength of the converted light. For example, 11-VI

semiconductor materials may be used for converting the output from a GalnN blue or UV



304 CdO, 48Zn0, 52Se 31 2.15 Quantum wel | 306 Cd03sMy0.21Zn0.41Se 80 2. 48
Absor ber 308 Cdo. I mwo.21Zno.4 1 Se :C | 920 2.48 Absorber 310
Cd0, 22Mgove3ams3dse 1000 2. 93 W ndow 312 Cd0. 22My0. 45Zm0TAB3@8/086060
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emitting LED wafer to green light. In another example, I1I-V semiconductor materials
may be used for converting the output from a green-emitting, Ga-based or GalnN-based
LED to red or near infrared light.

In a multilayered wavelength converter, absorbing layers are provided with a band
gap having an energy selected so that at least some of the pump light emitted by the LEDs
is absorbed. The charge carriers generated by absorption of the pump light move into
other portions of the structure, the potential wells, typically quantum wells, having a
smaller band gap where the carriers recombine and generate light at the longer
wavelength. This description is not intended to limit the types of semiconductor materials
or the multilayered structure of the wavelength converter.

One particular example of a suitable wavelength converter is described in U.S.
Provisional Patent Application Serial No. 60/978,304. A multilayer, quantum well
semiconductor converter 300 was initially prepared on an InP substrate using molecular
beam epitaxy (MBE). A GalnAs buffer layer was first grown by MBE on the InP
substrate to prepare the surface for II-VI growth. The wafer was then moved through an
ultra-high vacuum transfer system to another MBE chamber for growth of the II-VI
epitaxial layers for the converter. The details of the as-grown converter 300, complete
with substrate 302, are shown in FIG. 3 and summarized in Table I. The table lists the
thickness, material composition, band gap and layer description for the different layers in
the converter 300. The converter 300 included eight CdZnSe quantum wells 304, each
having an energy gap (Eg) of 2.15 eV. Each quantum well 304 was sandwiched between
CdMgZnSe absorber layers 306 having an energy gap of 2.48 ¢V that could absorb the
blue light emitted by a GaInN LED. The converter 300 also included various window,
buffer and grading layers.

Table I: Details of Various Wavelength Converter Layers

Layer Material Thickness | Band Gap Description
No. (A) V)
304 CdgasZng 52Se 31 2.15 Quanturn well
306 Cdo.ggMgo.zlzn()AlSG 80 248 Absorber
308 Cdo.ggMgo,zlzno.mseiC 920 2.48 Absorber
1
310 Cdo.zzMg()AsZno.ggSG 1000 2.93 Window
312 Cdo.zzMg()AsZIlo.ggSG - 2500 2.93-248 Grading




2500 2.93 -2.48 Grading WD 20091085594PCT/ US2008/ 086060

Cdo3sMyo. 21Zno. 41Se 314 CdO, 38Mgo. 21Zno. 41Se: C 1 460 2. 48 Absorber 316
Cd0, 38MgOwWoRAmMNSasEe - Cd0. 22Mgo. 45Zno. 33Se 2500 2. 48 - PETAB2@8M8G06¢y 318
Cd0, 397Zn0, 61Se

Cdo38Mgo217Zn9.41Se

314 Cdo.ggMgo,zlzno.mseiC 460 2.48 Absorber
1

316 Cdo.ggMgo.zlzn()AlSG - 2500 2.48 -2.93 Grading
Cdo22Mgo 45Zn9335¢

318 Cdo.gano,mSe 44 2.24

320 Gao.47In0.53AS 1900 0.77 Buffer

The back surface of the InP substrate 302 may be mechanically lapped and
removed with a solution of 3HCI: 1H,0 after the wavelength converter 300 is attached to
the LED wafer. This etchant stops at the GalnAs buffer layer 320. The buffer layer 320

5  may subsequently be removed in an agitated solution of 30ml ammonium hydroxide
(30%by weight), Sml hydrogen peroxide (30% by weight), 40g adipic acid, and 200ml
water, leaving only the II-VI semiconductor wavelength converter 300 attached to the
LED.

Different areas of the wavelength converter wafer 212 emit light at different
10 wavelengths. For example, the area of the wafer 212 primarily above LED 201 emits light
having a peak wavelength of A.1. Similarly, the areas of the converter wafer 212 above
LEDs 202-206 respectively emit light having peak wavelengths of A,2-A,6. The small
positional variation in the wavelength of the light emitted by the converter wafer 212 is
typically a result of manufacturing processes, such as temperature variation across the
15  wafer during converter layer deposition.

FIG. 2B shows an exemplary graph of the pump wavelength, A,, vs. position, x,
across the LED wafer 210, and also for the converted wavelength, A, as a function of
position, x. FIG. 2C shows the spectral output for the different LEDs, in a manner similar
to that if FIG. 1C. The range of peak pump wavelengths | Aol — A6 | is larger than the

20 range of peak converted light wavelengths | Ael — A6 | .

The variable A, represents the band edge for pump wavelength absorption in the
wavelength converter 212. The value of A, is dependent on the composition of the
semiconductor material used for absorbing light in the semiconductor wavelength
converter, and can be selected by changing the composition. The value of A, can be set

25  longer than the longest peak wavelength of the light emitted by the LED wafer 210 by
selecting the precise ratios of the materials that form the absorbing material in the

wavelength converter. For example, in the exemplary wavelength converter illustrated in
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i ght emiffactign gt thefietal app qp@ptrg@@lgyFor exanmple, the value of A, may be chosen so

that at least 80% of the light in spectrum 216 has a shorter wavelength than A,. Other
15  exemplary criteria are that at least 95% or 99% of the light emitted by the longest peak
wavelength LED has a shorter wavelength than A,.

The spectral outputs from the different regions of the wavelength converter 212,
having peak wavelengths A.1- A6 are also shown in FIG. 2C. There is some spread of the
peak wavelengths, but the spread is less than that of the pump light. One of the reasons

20  for this is that the wavelength converter can be made using a molecular beam epitaxy
method, which can require significantly lower growth temperatures than MOCVD. The
resulting structural and concomitant optical nonuniformities are less pronounced than in
the devices grown at high temperatures with MOCVD.

For a given pump wavelength, the converted output power, i.c. the optical power at

25  the converted wavelengths, varies substantially linearly with input pump power: a change
in pump power of a factor of two results in a similar factor of two change in the converted
power. If the value of A, is set to be larger than most of the spectrum of the longest peak
wavelength light source, then the wavelength converter absorbs approximately the same
fraction of light from each light source. As a result, the intensity profile of the converted

30  light emitted across the wavelength converter is substantially similar to the intensity

profile of the pump light entering the wavelength converter.



selecting the precise ratios of the materials that formthe absorbing
material in the wavel ength converter. For exanple, in the exenplary

wavel engtwocomwessider illustrated in WO 20091085594PCT/ USZDOBL@868@60 FI G 3,
the ratios of Zn, Cd and My are selected so that the energy gap of the
absorbing material is 2.48 eV, corresponding to ka being equal to 500 nm
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i m epi t axy met hod,
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be Iargerprt han nost of the spectru peak wavel engt'h | i ght
sour ce, tpvefiletofi¢hoyangl bglgtwheosnbearttetly ab sior fusnapghtox absatteldy Haveveameh,
fraction .of light fromeach_light source. a.result,. the intensit

profile df S5 Teab AL lspit sms f fhgﬁ?ns@mqa §VaNEICBEE SPHA WP 0L RGPS oMbrter is

substgnt il {nferiitfpldHic bPhkREnYdMCE fl‘%hi 1% ng%;)bﬁioﬁﬁl th A LRIt pIie SMheri ng
t he wavel ength converter. WD 20091085594 Us2008/ 086060 In

i |1 ustratpuom lighresiddetess tmeferenpl ary punp light intensity profile shown in
FIG 2D as curve 220. The curve represents the intensity of punp light as a
function of position across the LED 210. The digits 1-6 represent the

posi ti onsgQfhdkEDs 201- 206 respectively. According to this exanple, the LEDs
201 and emt less light than the central LEDs 5203 and 204. It should
be not ed t hat Theengpeat specmoviron) a bRic@alals Idih waéut obtumcatfram Epistar

25  Corp., Hsinchu, Taiwan, was measured at five different locations across the wafer. The
results are shown in FIG. 4. The peak wavelength for the various recorded spectra varies
from 460 nm to 466 nm across the wafer, i.c. the wavelength variation was around 6 nm
(about 1.3% of the wavelength).

A wavelength conversion wafer, of the type illustrated in FIG. 3, was excited with

30  ablue laser diode and the photoluminescent spectrum measured at various locations across

the wafer. The results are shown in FIG. 5. The wavelength across the wavelength



magni tude in order to sinplify the discussion of wavel ength uniformty.
Curve 222 represents the intensity profile of the wavel ength converted
l'ight. | rwohlie/ss3apl e, where the value of la is set toPabasRWS/086060
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FIG 5. Erd gllﬁg%#sg%gg%gdgmemvel ength WO

20091085594PCT/ US2008 converter varies by about 2.5 nm (about 0.46%
of tHé wavel engt byame gharf extamdell YightsoaraeniObas presdracd SChemhiﬁEall\y/aiﬁ EiGalone.

The wavel ength v ri a n of currentl avali | NN- base een LED
waf er s isz%‘glb 2 e 4t 53)\)&%%1%1@5 #heEI iR ﬁbﬁa 5?@5% S G LED
waf er, dyg.fiRr BP&Ml%gloﬁé‘@H@h% ?égu?x{éfbolf BoeiviR abs%cﬁ{ef %‘éﬁgﬂﬂgl engt h

segregation and re- ration. Therefore a green-emtting
conver t edvavafeagths apl %@videpwkhsMWa@lldqgth@b@nomxhé eamgt: F1GN6B showdt y t han

Navel engt SESD YD RhG B SHIRGS\THa FIERAAET SAMCIOBP LB SERD Il
ext enged 1, 28%08 AHE BRS 6MIRIR shBGrP RMNInSPsBEURB peak wavelengths A,1- 4,6 that
are associated with the emitting regions 601-606.
A semiconductor wavelength converter 610 is attached to the extended light source
600. The semiconductor wavelength converter 610 may be a multilayer semiconductor
wavelength converter of the type described above. The semiconductor wavelength
25  converter 610 includes a semiconductor material for absorbing the pump light emitted by
the extended light source 600. The semiconductor wavelength converter 610 also emits
light at a longer wavelength, referred to as the converted light.
Different regions 621-626 of the semiconductor wavelength converter 610 are
pumped mostly by pump light from respective regions 601-606 of the extended light
30  source 600. The spectra of converted light emitted from each of the regions 621-626 have
respective peak wavelengths A.1- A.6. The values of A.1- 1.6 need not all be the same.
FIG. 6B shows an exemplary plot of the converted peak wavelengths as a function of

10



10 wavel ength may vary across the emtting area of the extended |ight
source. One particul ar exanple of an extended |ight source is an LED that
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| i ght at showanger wavel ength, referred to as the converted light. Different
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most 1YY by pumdDitaHner sighiar isihatdisapescldgp v dhconavesgtivsonypeerdias @hded | i ght

30sour ce - f vVekt i ] 1 he
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converted peak wavel engths as a function of 20091085594PCT/ US2008/ 086060
posi t i on Pgek Be@ppyRyelen t(ivaf’dﬂrﬂ%,f'ecvé@@t %malp%r) \Ill\g@@ystﬁo%% catiepst $0i ng
respecti vgo oM 353)9‘} - : I j | itting
regi ons \é%/pgl%g )N%Egle ar |eg;ﬁ g%ﬂﬁb?lﬁ%g%n%pg%%ﬁ Ogg%ilé%\?@%ggpﬁp&éﬁ%&m
substlant itak b ghontatepsnkiepth thin X.hdheainifatmionof the thieveptadipegkeakvalagdisangt h:
both arise fr%mthe %/tgri ous Pgilocessi ng conditions extant at the tinme of

5f abr i cati°dRt thpmthahet B¢ aHBPIS8hown in FIGs. 6A-6E, the punp wavel ength

i ncreases wt Lok acs ' o]
ant i e e L e o R B A R EBE e

ext ended wawghmgthmfrtbeeftemted|light sauocerG0§hthen ithe watdlengeh ampeeai d0abisdrbat t he

spatial variation of both_ Xp.an be different fromthat shown. 10In
a manner a@P?ﬂXﬂf&?tekyg}L? Fte oD é@%ﬁ%éﬁg} W&lq}%&fé]lleeﬁij?‘}ﬁfgéﬁfﬁgb%oﬂ%ﬁ has an
assoolat afoabaoy RIEMIEI IR Linknsit) Bf 68 ENERIPRARILS dhdigaRAGHagap [N

t he absorbing sem conductor naterial. e value of "k, nmay be selected to be
| onger t ranvértee id omgestiallyesakilpuphepreél esfghhintetBity of theeuoyr ight tntexagpl e)
and may bE set so that at |east 80% 95% or 99% of the power light within

t he spectPUMAECHERCPBEHESt peak punp NA a' el ength 15has a short er

wavel engt h t hap ik@radhe BRiifiQrm E)Yenﬂjla&'f)%nﬁ)q{@h@Eﬁt&ﬂit?%?&ﬁl@@l’{cﬁ)lzr?ﬂﬂflhﬁ i's
better than that of the punp |ight.
6D as curve 620. The curve represents the intensity of pump light as a function of position
25  across the extended light source 610. The digits 1-6 represent the regions 201-206 of the
extended light source respectively. According to this example, the edge regions 601 and
606 emit more pump light than the central regions 603 and 604. It should be noted that
the spectra shown in FIG. 6C omitted variations in magnitude in order to simplify the
discussion of wavelength uniformity.

30 Curve 622 represents the intensity profile of the wavelength converted light. In

this example, where the value of A, is set to absorb substantially all light of the spectrum
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If the value of Ad is set to be larger than nost of the spectrum of the

| ongest peak wavel ength of the extended |ight source 600, then the

wavel engtwocomessiver 610 absorbs approxi mately the sanePCTASRO08/08@H0 | i ght
from each region of the extended |light source 20 600. As a result, the
profile of the intensity of the converted |ight across the wavel ength
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ke e
pur poses, TEAECE ITOHERS PEeHigRdCH HeBhuErc SR bRt PSS fohagdEces in
uhi ch 't hex @8 ake BEXShRAIL hRAAoPEAtbuhE Ao} hoBYELEMGLEnAS ML N L he manner

shown int anpl es.” For exanpl e, ongest peak wavel ength may be
f ound i n arhegaeaitef liglit sanrcas,roargendat light sdurghtbusmay be st mmeextheridexdiohi ght

source, and nof pecessarjl)y at the edge. Also, the pe in ity need not
be found at eiAEroR j%‘hﬁ%thﬁrabwf'edeé i g disssad ﬁ&ﬁg@ﬁiﬁﬂ% 1%_Fgm

sour ogs, QYen®idh ?@ﬂ&ﬂaﬂﬁli@%le *PHEDS faﬂ?ié%t_eﬁ%in@ Stk 1 BerRitBRluct R ki

Addi tional |y, while the above description has di scussed GaN-based LEDs, the

20i nvent iand alse talLg®sapglusc HbV bsdnocdrestof atatdradst etlseshayantlbreath bonvertet
sem conduct or

.materi.al s, . and S o LEDs .that use -Vl sem conduct or
mat er i al % " 14 tﬁévewa%\feﬁa?ﬁgﬁf foreriendione s PEaes §ob 6 AGTESr med of
a I'l-VI sgiieonduat@hdimdShidtial, Msé@%m@,%& @?vélé?{g%%v@f Wﬁicilijﬂgfehv

sem conductor material. Consequently, the wavel engths over which the
invention is applicable are considerably greater in range than the particular example

25  discussed herein. For example, a wavelength converter may be used to reduce the peak
wavelength variation of blue, green and/or yellow light sources to produce light in the red
or infrared that has reduced wavelength variation.

Various modifications, equivalent processes, as well as numerous structures to
which the present invention may be applicable will be readily apparent to those of skill in

30  the art to which the present invention is directed upon review of the present specification.

The claims are intended to cover such modifications and devices.
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invention is applicable are considerably greater in range than the
particul ar exanpl e 25di scussed herein. For exanple, a wavel ength converter
may be used to reduce the peak wavel ength variation of blue, green and/or
yel low | i ght sources to produce light in the red or infrared that has

reduced wavel ength vari ation. Various nodifications, equivalent
processes, as well as nunmerous structures to which the present invention may
be applicable will be readily apparent to those of skill in 30the art to

whi ch th§ Eresent invention is directed upon review of the present

specific AMME ¢l ains are intended to cover such nodifications and

devi ces. WE CLAIM 1. An optical device, conprising: an arrangenent

of light sources, each |ight source capable of emtting |light at a
respecti Ve pelR oRHGE dsHigeLOMMESINgG: r angenent of |ight sources being

5characteri zed by first range. kK wavel engt hs; a Y- U

sem conduct or mve&%ﬂge{?gﬁt\/‘g{ﬁgﬁ sxﬁg&greagﬁﬁgﬁ%%arc[e&ay#ge gf ?%ﬁmt of
l'i ght sour cesat d fe§perié p@RAMBRngENReRBEdm P B REtRbued BéinPei ng
characterized by a second range of peak wavel engths when punped by |i ght

frof the arr aflipeanterized bylaifypitrangaofqeek wavdergtbvnad r ange of peak wavel engt hs
t he sem. conduct or

being 10narrower than the.first ran of ak vel engt hs;

wavel engt h convert%Fe%?%quctoéiwegﬂgﬁﬁe?‘é%ﬁgé}ﬁe%?ﬁﬁﬁleg& palr'iaB%ené?Pég?havi ng
a wavel engt h |ight@6tirctd) @t dehfcdrdnassvaPdalpteoteRBOk ffePbeihf Bhdrh@btizegour ces.
2. A device as recited in claim1, wherein the sem conductor wavel ength

converter waf By ageepd rangs of peak wavelangths veieamuswsil by dightfrom thewvel engt h
converter wafer. 153. evice as recited in cl.aim?2 erei.n.the |ight

sour ces corrpr?%aélgm@(gg’egéki esh%‘ﬁ(g?‘iop ir%ﬁflel())];pi”m‘@@‘fei%@g‘s&ﬁ‘% wafer. 4.A
deypce as reChdrRfvdrith4l the fivst ranpB@F Bédk WARIARER! Mk isaRiRHGR tbrSwHRlengh t hat at

| east about 95% of the light emtted by the light source associated with the
| ongest peak ownvettenwathr brasg ehanacierized §i lan shsorptemn edgahaving aavaselepgihon edge

I th. 205. A ical devi i $],Ng: tended | i ght
Sour ce havi ngloReru e iheeP ol FanEoRh OB dightte gt cource bei ng

characterized by a first spatial variation of peak wavel engt hs associ at ed
with the_light em'tting,aéea and a first spatial variation of relative

eni ssi onZi nt eftdlevicass ESUEE inglan b wherein dhg segricondustor vayelgnatl converter

wafer comprises a II-VI multilayer semiconductor wavelength converter wafer.

15 3. A device as recited in claim 2, wherein the light sources comprise GaN-based

LEDs monolithically integrated on a wafer.

4, A device as recited in claim 1, wherein the absorption edge is set so that at least
about 95% of the light emitted by the light source associated with the longest peak

wavelength has a wavelength shorter than the absorption edge wavelength.

20 5. An optical device, comprising:
an extended light source having a light emitting area, the extended light
source being characterized by a first spatial variation of peak wavelengths
associated with the light emitting area and a first spatial variation of relative
emission intensities associated with the light emitting area;
25 a semiconductor wavelength converter attached to the light emitting area of
the extended light source, the semiconductor wavelength converter having an

output surface, the semiconductor wavelength converter being characterized by a

13



25a sem conductor wavel ength converter attached to the light emtting area
of the extended |ight source, the sem conductor wavel ength converter having
an out put surface, the senm conductor wavel ength converter being
characterized by a second spatial variation of peak wavel engt hs associ at ed
wi th the output surface when punped by light fromthe extended |ight source,
the second spatial variation of peak wavel engths being snaller than the

first spatial saeBhd dtanva{atiBR 3k pURUSLH R LIKS ass‘obﬁte%l%i?ﬁ@%ﬁiu%ur‘f@ée' ength
converter further being characterized 5by a second spatial "variation of

rel ative eni swhompimpehby hglddrams deaxtnded lightlsourhe, theisgeond spatiabearianbhen punped
by light fromihe, ext ende i.ght sgurce, .the second spatial variation of

el at Pve e o8 BT ERORD BB aTRGCrRRL G AT PR SPOBBRtaRdh 1o the first
spatial vari ajyhpsledthd, tlcdehi @AM ioSvavtldptedsiveit&SturtRerb iV itatachsizb@Ci ted in
claimb5, wherein sem conductor wavel ength converter is 10characterized by an

abs&r pti on bahyla seqondspatiahsiaredtionf helstovetdnzissien intenaics agsodiated5oglothet he | i ght

emtted by the extended light source.has a.wavel ength short t han, t he
absor pt i 0% ed&létpg\wé atéq.'aklﬂgpumped"by light Trom the extén edgllgri-lt source,%e second

spatial variation of relative emission intensities being substantially proportional to

the first spatial variation of relative emission intensities.

6. A device as recited in claim 5, wherein semiconductor wavelength converter is

10 characterized by an absorption band set at a wavelength so that at least about 95% of the
light emitted by the extended light source has a wavelength shorter than the absorption
edge wavelength.
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