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Ilesonant-ca.vity light-emitt,ing diodes (11CLEDs) are a nen7 generation of LEDs which have 
ali act,ive regioii inside a p1aila.r Fabry-I'erot micro-cavity. Tlie cavity is resonant with the  
emission wavelengtli of tlie active region. RCLEDs exliibit directed emission of very high 
spectral purity anel have enliancecl efficiency a.s coinpared t o  conventional LEDs, whicli 
maltes RCLEDs at,t,ra.ct,ive for applica.tlioiis i11 silica fiber basecl corninunication systems. 

Light-e~nitt~ing diodes (LEDs) a.re wiclely usecl as 

sources in diort  a.nd medium dista.nce opt-ical fiber 

cominunicalions I~ecause of t.lieir relia.bility. low cost,, 

l.enipernt,urc: insen~it~ivit~y, antl large fiber-a.ligiliiieilt 

tolerantes[']. There is coiisiderable inlerest, t,liere- 

forc, i11 i in~~rovii ig t,lie effkiency and spectral cha.ra.c- 

teristics of iglit-einitting cliodes. Tlie resonant.-cavity 

liglit-e~nit~tiiig diode (RCLED) is a nem type of LED 

wit,li improwcl spectral purity as well a.s enha.nced 

iiitensityp-"I. Thc RCLED has tlic active region (pn- 

junction) iixjicle a. Fabry-Pérot inicro-cavit,y. One of tlie 

cavity motles (usually tlie fundanieiital mode) is in res- 

oiiancc with tlie e~nission wa.x~elengt,li of tlie active seini- 

conductor. .h a result of t-he micro-ca.vit,y, the emission 

c1iara.cteristics of tliis device are chaiiged dramat,ically. 

Tlie reflcctors of tlie cavity cai1 Ix eitlier dist,ribut,ecl 

Bragg reflectors (DBIis) or inet,allic reflectors (e.g. ALI 

or Ag). T112 distributed Bra.gg reflect,ors consist of a 

stack of t,wo alternating m:i.teria.Is witIi rlifferciit refmc- 

tive indices. The  tliicliiiess of eacli hye r  in tlie DBR 

is 0116: qua.rt2r of the resoiiance wa.velerigt,h of t,lie ca.v- 

it,y. Very 1iig;li reflect,ivit,ies can hc obta.iiiec1, if t.lie tnro 

materinls co istituting tlie DBK are fully transparent a t  

tlie \va.veleii;;tli of iiiterest. Reflectivities > 09% 11iave 

I~ccii rcport,<:d using such ~131ts["]. I\fct.iillic reflectors, 

in pa.rt,iculai silver (iig), Iia.ve rcflect,ivitfies of 98-99% 

a t  tlie air-Ag interface aiid 9547% for tlie Ga.As-Ag 

int,erface["]. The magnitude of tlie Ga..k-Ag reflect,ivity 

is si~fficientl:~ high for R,CI,ED applications. 

In orcler .,o illustxat,e the priiiciple of the RCLED we 

firsl consicle:. a planar Fabry-Pérot. ca.vit,y illust,ra.ted iii 

Fig. 1. Tlie cavity consist,s of two co-plana,r reíiect.ors 

witli reflectivities Ri a.nd R2.  The phase shift incurred 

by the elect~romagiietic wave upon reflection is assumed 

to be d l  = 4 2  = O. Planar wwes propagating along the 

optical a,xis of the cavity can eitlier constructively or 

destruct,ively interfere wit,h theinselves, as shown in Fig. 

1. Mrhereas co~istruct~ively interfering waves can forni 

st,ationary modes in tlie cavity, destructively interfering 

niotles a.nnil-iilate theniselves and therefore cannot exist 

in a cavity. The opt,ical modes are referred to  as allowed 

modes and disallowed modes, respectively. 
Assuixing perfect reflect,ors of the cavity with R = 

R, = R, = 1 and no absorption losses inside the cavity, 

pliot,ons cannot escape froni the cavity. In such an ideal 

ca.vit,y, t,he spectrum of allowed modes is a train of S- 
f~i ic t~ioi is [~I ,  as illristrated in Fig. 1. The  mode of lowest 

frequency, i/", is the fundamental cavity mode. For c$ = 

dl = bz = 0, the wavelength of the  fundamental mode 

is given by X = 2L,, where L, is the cavity length. 
M'liereas tlie plioton lifetinie in an ideal cavity is 

irifiiiitc. tlie photon lifetiine in any real cavity is finitt.. 

Tlie finiteness of tlie lifetime can be due to  either non- 

perfect reflectors, i.e. Ri < 1 and R2 < 1 or due to ab- 

sorption losses inside the cavity. As a consequence, tlie 

ca.vity iiiodes a.re spectrally broadened, as illustrated in 

E'ig. 1. The  broadening can be deduced from the un- 
certainty relation AEr 2 Iz ,  where A E  = hAv is the 

broadeniiig of tlle optical mode, r is the photon lifetime 

inside tlie cavity, aiid h is Planck's constant. Assum- 

ing a. t,ra.iispareiit ca.vity mediuni (no absorption) and 

tlie refiectivitics Ri aiid Rz, tl-ie average cavity escape 

probal~ilit~y per single pass of a plioton inside the cavity 

is given by 
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Figure 1: Optical resonat,or consisting of two reflectors with 
reflecbivities Ri and R2 and phase shift.s 41 and $ 2 .  T l i ~  
spectrum of allowed inodes of ali ideal cavit,y (R = RI = 
R, = 1) consists of t,raiii of b-fimctions. For a cavit,y witli 
R < 1, tlie allowed modes are broadened. Tlie niode broad- 
ened Av can be calciilat,ed fror~i t,lie iincert,aiiit.y relation 
AEAr 5 h. 

where we assumed Ri Z TiL> E 1. The ineaii photon 

lifet,ime inside tlie cavit,y is then given by 

where f = c/nL, is tlie oscilla.tion frequency of thc  

plioton inside the  cavity: 11, is the refractive index of tlie 

cavity medium, a.nd L, is the cavity lengtli. Using Eqs. 

(1) and (2), tlie broadeiiing of t,he modes is given by 

where Q is ca.lled the ca.vit>y quality factor. 

Mk next consider ali opt,ica.lly act.ive medium, for ex- 

a.mple a semiconductor, insicle a pla.11a.r ca.vity. At rooin 

teinperature, tlie semiconductor lias a natural emission 

spectriim that  reftects the t.11erma.l í1istril)ution of elec- 

1:igire 2: Scliematic iiat,ural emission spectrum and broad- 
ened optical modes of a resonator. The  n a h r a l  emission 
spectrum does and does not overlap with a resonator mode 
for t,he resonance aiid off-resonance cavity, respectively. 

trons and holes in tlie bands. T h e  theoretical spec- 
tral width of the barid-to-band transition is 1.8 ItT ['I 

which ca.n be much broader than t he broadened opti- 

cal modc of the cavity. The  natural emission spectrum 

of the seiniconductor can be either in resonance or off- 

resonance with one of the ca.vity modes, as schemati- 

cally illustrated in Fig. 2. We first consider the case of 

off-resonance and discuss the spontaneous emission of 

pliotons along the optical axis of tlie cavity. As illus- 

tra.ted in Fig. 2, no overlap exists between the mode 

distribution and tlie natural emission spectruin. There- 

fore, photon emission a.long the  optical a.xis of the cavity 

is ii~hibitecl for a.ny non-resonant wavelength. T h a t  is, 

tlie emission probability is low for off-resonance emis- 

sion and t,he corresponding lifetime is long. 

We next consider a cavity which has an  optical mode 

in resonance with the natural emission spectrum of the 

semiconductor. 1% assume that  the cavity mode is nar- 

rower than the  natural eiuission spectrum of the  semi- 

conductor, as illustra.ted in Fig. 2. As a first conse- 

quence of the cavity, the optical emission of the struc- 

ture 11% a narrower linewidth, i.e. a higher spectral 

purity a.s compared t o  the natural emission spectrum 

of the semiconductor. T h a t  is, the lineshape of the 

emission is determined by the  shape of the cavity mode 

rat,lier than by t,he therinal distribution of carriers in the 
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hands of tli: seniiconduct,or. \;cry pure spectral eiiiis- 

sioii witli li:iewditlis « kl' 1mve incleed been observecl 

i11 R C I L E D ~ ' ~ - ~ ] .  

As a seconcl consequence of tlie cnvity, Lhe 011- 

resonance emission of the serniconrluctor is clrastica.lly 

enlianced. "'he eiiliaiiceinent f x t o r  G, lias becn clet,er- 

mined to I I C [ ~ ]  

where Ri is tlie reflectivity of tlie light-exit mirror, R2 
is the l-iigli-reflectivity brtclí-side inirror, ancl Rz > R I  

lias bceii assu~ned. Equat,ion (4) is valid if the optica.lly 

active inecliiiin is at tlie anti-nodc posit,ion of t,lie st.ancl- 

ing optical Tvave insidc tlie cnvity. For typical scmicon- 

tluctor st,ru:truresl tlie emissioii eiiliaiicement G, cai1 

assume values of 50-100 at. tlie rcsonaiice n~~ve~eiigtl i["I .  

I<iiowiilg t,he emission spect.ri~rii of t,lie activc niediuin 

\i~itliout cavity, Eqs. (3) ímd í.4) c i l l o ~ ~  one to  deterinine 

thc eiiliaiiceineiit of iiitegrutetl iiil,ensity coinparctl t.o a 

structure \i7- tliout niirrors. V'e est.ima.te tlie iiitegra.ted 

inteiisity enliancei~ient to  be a. faclor of S i11 tlie struc- 

ture describetl in this pul~licat~ioil. 

Tlie stri cture and layer secluence of ali ItCLED is 

sliomn in F'g. 3.  Tlie sequence of epit,a.xial 1a.yer.s of 

the structur:: wliicli mas grown by iiio1ecula.r-l>ea.m epi- 

ta.xy, coiisis;~ of ali n t - t y P e  Ga.i\s substra.te, a. 12 pe- 

riorl DBR., ai1 AlGaAs coiifiiieiiieiit. Iayer, 4 straiiied 

Gdi iAs  qii~.iituni wells wit.11 GaAs I~arriers, a sccontl 

AlGaAs coríiiienient layer, and a. pt-t,ypc Gatis  coii- 

tact layer. 7'lie t,op Ag elect,rode scrves as a top reflec- 

tor as well as ali oliinic cont,act, t o  t.lic seiiliconductor. 

Tlie to11 conthct lms a diameter of 20 pii and is defined 

by Çi02.  T /Au met,allizat,ioii is usccl as boncling pad 

for tlic diodl:. RuGe met~a.lliza.t,ion alloyed at  40U°C for 

20 seconcls f m n s  tlie I~aclí-side coiit.a.ct,. Liglit eii.iission 

occrrrs t,lirorigli a tvindow iii t . 1 ~  AuGe co~it~act,. Tlie 

window is coa.tec1 witli cul~ic  circoiiiuiii (%rOL:Y) wliicli 

serves as a.i. ant,i-reflection coating. We estiiriak the  

reficcti~it~y of tlie t,op aiid bottoin reflectjor t,o be (36% 

aiid 92% retpectively. 

Tlic rooai-temperature eriiission spect,runi of t,lie 

RCLED is riliown in Fig. I The RCLED spcct,rimi 

exhibit ,~ a single line a t  937 nm of liigh spcct,ral pu- 

rily. TIie full-widtli a.t Iialf-maximum of tlie spectruni 

is only 5 111-n corresponcling to 7 me\:. Notc tliat tllc 

linewidtli is mucli na.rrower tliaii IiT (25 iiieV) a1 rooni 

teinperature. The  current used to drive the LED is 14 

mrz . 

F i g ~ ~ r d  a k o  sho~vs t,he optical spectrum of a com- 

mercial GaAs LED ( A T k T  optical da ta  link, ODL 50 

Mbit/sec) a t  a drive current o i  40 mA. This LED has 

tlie same contact diameter (20 ,um) as the  RCLED. The  

LED spectrum is 50 iim wide correspoiiding to  80 meV; 

i.e. a.pproximately a factor of 10 wider than tlie RCLED 

spectruni. Tlie iiarrow spectrum of the RCLED niay 

allow it t o  be usecl in wavelengtli division multiplex- 

ing applications, wliere several signals are sent along 

tlie saine fiber a.t sliglitly different wavelengths. Tlie 

iiarrow RRCLED spectrum is also beneficia1 for reducing 

t,lie cliromutic dispersioii of a signal sent. over several 

Iriloil-ict,ers of optical fiber. 

S h e  optical power vs. current curve for the RCLED 

a t  300K is sl~owii iii Fig. 5. Shown is the far field inten- 

sit,y iii tlie normal directioii on tlie right vertical axis, 

aiid tlie butt-couplecl power into a 62.5 pin graded in- 

dcx miilti-mode fiber on tlie left vertical axis. The far 

field and coupled power curves are the identical shape, 

and cai1 be sliowii as a single curve. The  output effi- 

cieiicy of tlie device is very high for currents less than 

14 niA, but starts  sat,ura.tiiig a t  higher currents due to  

t~lie cffects of band filling. Eveii f ~ ~ r t h e r  optimization of 

tlie device efficiency sliould be possible. Butt-coupling 

to tlie substrat,e underfills tlie 0.29 numerical aperture 

of t,lie fiber, so coupled power can a.lways be increased 

by lensing. Further processing to  create an  integrated 

lens et)clied into tlie GaAs substrate would typically in- 

crea.se t.lie coupliiig etlicieiicy t,o t.he fiber by a factor of 

2.5-3, wliilc only sliglitly increasing tlie coupled spectral 

width. 

1Ve finally compare the RCLED structure with tha t  

of a. vert,ical-ca.vity surface-emitting laser (VCSEL). 1Ve 

not,e t,ha.t tlie two devices, although hoth devices have 

hasically similar structures, ha.ve two significant differ- 

ences. First, the inirror reflectivities of tlie RCLED are 

niuclt lower t1ia.n the reflectivities required in a VCSEL. 

Iii tlic la.ser structure, very liigh reflectivities, typically 

exceecling 99%, are required due to  the short gain length 



E. F. Schubcrt et al. 

Reflector 

Confinement 

Active Region 

Confinement 

Reflector 

. .- 

Ti 
Si02 
p+-type GaAs 
p-type AIGaAs 

P - ~ Y P ~  A10.2Ga0.8As 
4 GalnAdGaAs QWs 

n-type Alo.2Gao,8As 

12 Period 
AIAs/GaAs 

DBR 

AuGe 

Figure 3: Sc1ierriat.i~ illiist,ra(.ioii of a (:a.ls/(:aTii..2s/t21C~ahs RCLED wit,li one silvcr (Ag) inirror and one distributed Bragg 

ieflcct.or (DBR).  
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Figure 5: Liglit.-iiltciisity-versiis-current curve of an  
TICLED. 'I'he lpft ortliiiat,e sliows tlie power butt-coupled 
iiito a 62.5 pin corc graded-iiidex rnulti-rnode fiber. T h e  

riglit ordiiiat,e shows tlie far-fieltl iiit,ciisit.y in tlie normal 

cliiectioii. 



of sucli lastrs[". For RCLEDs. tlie reqitired reflect,ivi- 

ties are mu,:h lower, t,ypically 85-95% for t,hc, liglit,-exit 

reflector a n l  9599% for tlie I~acl<-sitle niirror. Fa.brica7 

t,ion a.nd ~i~ii.~-iufa.ct,uri~ig recluirements for RCLEDs will 

be thcreforc: rela.xed as coinpa.red to ITCSELs. Second, 

iii R,CLEDs t,he re-absorpt,ion prolnbility of phot>ons in 

the active irrea. trLact,,, is mucli l o w r  t1-ia.n t,lie pho- 

t,oii t,ra.iisiuission probci.11ility t.lirougli t h r  exit reflector: 

(1 - Ri ). Tliis coiiclit~ion ensures t hat . a t  a11 pur i~p 

levi:ls and cyerat.iiig t.emperat.iires. t he self absorpt.ioii 

of t.he cavity does iiot. appreciahly quencl-i t.hc c3.vit.y 

resoiiance, .mel therefore t,he out>put. power. Tliis lack 

of self-abso.ption is generally not nict 1)y VCSELS[~], 

which result s i11 very small spont,aneoiis rinission int,eii- 

sit,ies for VCSELs pun-iped below thres l io ld[~.  

In sumniary! we liave present,cd :I nove1 concept for 

a liglit,-emitting cliode whicl~ consist.~ of a. 1111-.jiiiict,ion 

diotle and a I;a.l~ry-Pérot. micro-cavity. 'The funclanieii- 

tal optical rnode of tlie cavity is in rt3sonance \rit.li 

the einissiol wavelengl1-i of the active mecliuni. S h e  

resonan,-cx:it.y light,-eniitt.iiig diotle offers sevcra.1 at,- 

tract,ive fex;ures such as a high spectra,l purit,y of tlie 

emission ancl ai] eiiha.iiced i~itegrat~ed iiitensity of the 

emission a,s compared to conwitiona.l LEDs. Esperi- 

inenta.1 resu t s  demonstrate that  linewidtl-is of R.CLEDs 

are ten times narrowei. t ha.ll tliose of convt~~~t,ioiia.l 

LEDs. Chi oma.t,ic dispersion is t 11erc.fore rcducetl iii 

RCLED-baced coinmunica.t~ioii systcms. These features 

ma.lce the device a.ttractive for short. ancl n ~ e d i i ~ m  dis- 

tance optical com~il~i~iicatioii  sysleins anel will ri.llo\~ for 

lower drive :urrent,s. higher bit rat,es, a.nd loilgei t,ra.ns- 

rnission clistances. 
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