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PCT/ GB96/ 02375 Optically Resonant Structure Field of the

I nvention This invention relates to an optically resonant Structure
and has particular but 5 not exclusive application to a vertical cavity
surface emtting | aser (VCSEL). Backgr ound In a conventi onal

Fabry Pewwmi97dsmde sem conductor | aser, a resonant cavit ypcr&Bosmn23rs or ned
extending longitudinally in the plane of the sem conductor substrate 10
with reflective structures at opposite ends. In contrast, in a VCSEL, the
resonant cavity is arranged vertically in the substrate wth-the advant age
that | i@ Cﬂﬁ' Résanat Stbeduper pendicul arly fromits surface over a

| arger area than with a horizontal structure, which renders the VCSEL
well suited to | aunching signals into optical telecommunications
fibres. An %ammefmm VCSEL is given in | EEE Photonics Technol ogy
Letters Vol No. 6 June 1995 pp 608-610, M A Fisher et al. The
devi ce constluquﬁnwmm‘PmdlY resomans stmguuze and s partienlar busr ed fi r st
and second refl tlve ) r [ B\r‘fé efl ective
structureg %ﬁtﬁa ?g?a". c%\algl{"%g%&ﬁ@nﬂrﬁ %&lgglﬁe ir%]"z‘des a |layer
of laser active materlal Wi th spacer |ayers to provide a 20 sufficient
cavity thi Cké‘le S tu%daChi eve resonance at a desired operating

In a conventional Fabry Perot diode semiconductor laser, a resonant cavity is
formed extending longitudinally in the plane of the semiconductor substrate

10 with reflective structures at opposite ends. In contrast, in a VCSEL, the
resonant cavity is arranged vertically in the substrate with the advantage that
light is transmitted perpendicularly from its surface over a larger area than
with a horizontal structure, which renders the VCSEL well suited to
launching signals into optical telecommunications fibres. An example of a

15 VCSEL is given in IEEE Photonics Technology Letters Vol. 7 No. 6 June
1995 pp 608-610, M. A. Fisher et al. The device consists of a semiconductor
substrate on which are formed first and second reflective means that comprise
periodic Bragg reflective structures, with a resonant cavity between them that
includes a layer of laser active material with spacer layers to provide a

2 sufficient cavity thickness to achieve resonance at a desired operating
wavelength A. The first reflective means may comprise a plurality of
interleaved layers of different semiconductor materials with different refractive
indices of \/4 effective thickness, overlying the substrate. The Bragg
structure of the second reflective means overlies the cavity and is formed of

25 layers of dielectric material, with different refractive indices, of \/4 effective
thickness.

In order to pass current through the laser active material in the cavity, a
metal contact is formed on the underside of the substrate and a conductive

- 30 contact layer is formed between the dielectric second reflective means and the
layers in the resonant cavity. Current is confined to the cavity by a

peripheral reverse-biassed junction.
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wavel ength [err]. The first reflective means may conprise a plurality of
interl eaved | ayers of different semiconductor materials with different
refractive indices of [err]/4 effective thickness, overlying the
substrate. The Bragg structure of the second reflectlve means overlies
the cavity a”ﬂoiﬁn med of 25 |ayers of dielectric material, with ’
different refractive indices, of [err]/4 effective thic 96/02375

In order to pass current through thé |aser active material in the cavity, a
metal contact is formed on the underside of 2t-he substrate and a conductive
30 contact |ayer {ls forrred bet ween the dielectr 5o ?econ | ective nmeans

and the | ayer & APNONARL VY ISCRYP Y uoy wheseas

ity b ol ' 13302
Efé\{} Gé96>/03375 PRfd ﬂﬁﬂé Eérpéﬁ‘diafl&etobéhﬁiﬁfcﬂnéskl’}ﬁ& &ty has a relaug&i?lﬁ%é Th

t hi ckness of the transwersmdimeasion; thescavipy iscerpicgll squareoneitularovhen yiewed m

wher eas |1 Aol 05 SRAPERALEH A o1 1oy bEUGKNARSor S ooy LY PES
relatively | ar ge transverse di nensi e cavil y I's typically square
or circular when viewed from above with a dianeter or side |length of

t he order of 5~ 2 e . . A probl t_arises..i nventi onal

VCSEL structures RJJY?%{"%? T’r‘?ﬁs 1 °°m}gpté%'b’§alvnéé o AR R \fP?'y‘?

transverse node OfessraGedafehe cadity,aht thaaswgssl node of resonance is left largely
uncontrolled and the relatively large diameter of the cavity may support a
number of different transverse modes, which leads to mode competition and

1o instability.

Use of a surface grating of concentric circular elements in a conventional
distributed feedback ( DFB) or distributed Bragg reflector (DBR) laser, with a
horizontal, rather than vertical resonant cavity is disclosed in "Circularly

15 Syxﬁmetric Operation of a Concentric-Circle-Grating, Surface-Emitting,
AlGaAs/GaAs Quantum-Well Semiconducror Laser”, T. Erdogan et al, Appl.
Phys. lett. 60 (16) 20 April 1992 pp 1921-23. With this device, a conventional
transversely extending resonant cavity is provided with a surface grating
which produces surface emission from the laser by second order Bragg

2 reflection. The circular pattern of the grating results in the emission of a

circularly symmerric beam.

Another device is described in US Patent No. 5 301 201 and "Zone Laser”
Appl. Phys. Lett. 65 (2) 11 July 1994 pp 144-146, D. Vakhshoori et al, in

25 which the laser cavity is divided into a plurality of concentric zones which -
each support an individual resonant mode. The outputs of the concentric
zones sum together in a similar way to light from the zones of a Fresnel lens,

thereby focusing the laser output into a single spot.

s In Applied Physics Letters, Vol 66, No. 21, 22 May 1995, pp 2769-2771, J. H.
Ser et al, there is described a VCSEL which has an overlaid fine metal
interlaced grating etched on its upper DBR, overlying its light emitting face.



uncontrolled and the relatively large dianmeter of the cavity may support a
nunber of different transverse nodes, which | eads to node conpetition and

10 imstaprTT1ry. Use of —a surrace grating-of——cToncent i ¢ circutar—

el énents in a conventi onal di stributed feedback ( DFB) or distributed
Bragg reflector (DBR) |aser, with a hori zontal, rather than verti cal
resonant cavit\wpyyfsses! osed in "Crcularly 15 Symetric OpgigldaR b a
Concentric-Circle-Gating, Surface-Emtting, Al GaAs/ GaAs CUARt UM Vel |
Sem conductor Laser"”, T. Erdogan et al, Appl. Phys. lett. 60 (16) 20
April 1992 pp 1921-23. Wth.- this device, a cdnvent i onal transversely

extendi ng resonant . cavity is_ provided with surface. gr ati.jag . whi ch
produces surface er#'§§?"6ﬂ°sh°5 & GTarNES &P P %BS%H”GP%G’P@%B@“’ fogﬁxamﬁe
reflection. The ci rgiiak T igoftsuridh o iBe 86minafi0pslatition thédd he em ssion of
a circularly symretric beam Anotﬁer device is described in
US Patent No. 5 301 201 and "Zone Laser" Appl . Phys. Lett. 65 (2) 11
July 1994 pp 144-1 \GEehs MavEntiofl @l . in 25 which the |aser cavity
is divided into a plurali'ty, of concentric zones which each sggport an
i-ndi vi dual r esonantThersesentrinwensionmfiers a5¥ altenaative spprpash.c In accordapemwirhshe
together in a siml. l.] . NEshal snel S

t her eby focusing tﬁg‘; é@é’r&gﬁt%g{sﬁéﬁggméﬁgl ngl e spo{ .saug&&S%QFpﬁL%pquﬁed
Physi cs Letters, VahdG6é&ondloefleive iBéind/spacédiart gpasxpqero®ide ap apricilly resonant Ser

|, there is desgr.ibed whirch . id L !
ot orf aced orati ng AUBh B prey Y tipfdReC0aBtibn Befrech e Rlliys | g

face. means and extending over an area with relatively large transverse dimensions

10 in a plane transverse to the thickness dimension, and means for reflecting a
component of the optical radiation from the caviry travelling parallel to said
plane, with a phase characteristic for supporting a preselected transverse

resonant mode in the cavity.

15 The reflective means may comprise means for producing Bragg reflection of
radiation from the cavity. The Bragg reflection may be produced by means of
a pattern of material with a spatially periodic oprtical refractive index
characteristic.

20 The structure according to the invention may be used in a laser, for example a
VCSEL, so that a layer of laser active marerial for producing optical radiation
may be provided between the first and second reflective means. The layer of
laser active material may be spaced from the reflective means by at least one
spacer layer. .

25
The invention also includes an optically resonant structure comprising means
for providing an optically resonant cavity, optically active material with a
relatively small thickness dimension and extending over an area with relatively
large transverse dimensions in a plane transverse to the thickness dimension,

30 wherein means are disposed around the active material for reflecting a
component of the optical radiation therein travelling in said plane with a

phase characteristic for supporting a preselected transverse resonant mode in

R T kg e -



WO 97/ 13302

PCT/ GB96/ 02375 - 3- The
purpose of the grating is to produce pol arisation stabilisation, for

exanpl e to select TM pol arisation as the dom nant pol ari sati on node.
Summary of t ; tion. 5 The present invention offers an alternative
approach. I n accordance wth the i nvention, there is pPEVIGH60I3FS
optically resonant structure conprising first and second reflective
nmeans spaced apart so as to provide an optical |y resonant cavity with
a relatively small thjckness di mensi on between the reflective means
and ext endi ng ovEle @MitErea with rel ati vel y | arge transverse di nensions 10
in a plane'transverse to the thickness dinension, and neans for reflecting
a - conponent of the optical radiation fromt he cavi ty travelling

paral | el to sai dThe meaps$ foxeproducing Brags eeflectidnamay comprise a:pdmrnsﬁmstl ng a

presel ected {1 aNGYeLaty o leos  SRUIAL LRSS anmgragg ¢ sthRimaie

refl ective neans nay conprise nea roduci ng of
radi ation from t Hecrbad hgrexnifm- fkeaggsmm‘ﬁane blocking lgreodwhiel coyfinesans of

a pattern of materlal d{\ﬁn %& |aII perlodlc optical refractive index
characteristic. b UUPPRIL HT ‘cording to the invention nay be used

in a laser, for exanple a
The rings may be of different widths in order to maximise support of the
preselected resonant mode for the cavity. The rings may comprise grooves
19 formed in the layer or alternatively ridges which are upstanding from the

layer.

So-called Bragg waveguides have been proposed previously in which
conventional waveguide cladding is replaced by a periodic multilayer structure

15 with high reflectivity that results from interference between partial reflections
at a number of the interfaces between the layers. Bragg waveguides,
including antiresonant reflecting optical waveguides or ARROWSs were
proposed and first demonstrated in GaAs planar structures in 1977, see P.
Yeh, A. Yariv, C-S Hong, J. Opt. Soc. Am. 67, 423 (1977) and A. Y. Cho,

20 A. Yariv, P. Yeh, Appl. Phys. Lett. 30, 471 (1977). The idea was extended to
a cylindrical geometry but the benefits in respect of a conventional cylindrical
waveguide were found to be unrealisable in practice for optical fibres because
the fabrication tolerances are unrealistic and the launching of tht is
inefficient, see N. J. Doran K. J. Blow, IEEE J. Light. Tech. LT-1, 108 (1983).

25 It has however been found in accordance with the invention that a periodic
Bragg reflector arrangement around the cavity of a VCSEL can support a
preselected resonant mode in the cavity of the laser, without .suffering from
the previously discussed disadvantages which occur in respect of an optical
fibre. | '

30
Brief Description of the Drawings

In order that the invention may be more fully understood, an embodiment of



VCSEL, so that a | ayer of |aser active material for producing optical

radi ati on may be provided between the first and second refl ective
means. The I ayer of [aser active material may be spaced from the
reflective means by at | east one spacer |ayer. 25 The invention
al so includes an optically resonant structure conprising neans for
provi di ng an owoiegabdeg resonant cavity, optically active nat esdradpdslobiysa
relatively small thickness dinension and extending over an area with :
relatively | arge transverse dinensions jn a plane transverse to the

t hi ckness di nension, 30 wherein neans are ‘di sposed around the active

material for reflecy) a. i g%ﬁ' | rein
travelling in sai &%#gﬁlé ‘W}{ ﬁ%@m%g;‘é%g’rﬁa’g‘?glr%ﬁibé orsgdljg};’)?ra ing a
presel ected trans\uflexemple eitio piferemdac ithe accompanyidenwidg3Bowhich:

PCT/ GB96/ 02375 . . . . . . .= t he
cavity. Th&BHE s Fd@‘ﬁ“&’ﬁﬁﬁﬁ‘ﬁﬁdgﬂ%{“@é’flﬁe\ﬁ%& vtk ey c%rlr;pﬁr%gse a
pattern of rings structur®kufeshrdingdits daeitp accdrding to & fist| emyboxiiment of lkse
structure. In the enbodi nent 5 described hereinafter, the rings are
formed in a bl oéki'REIXPer, which confines current flow through the

cavity. Figure 2 is a top plan view of the cavity shown in Figure ;

Figure 3 is a graph illustrating the field amplitude as the function of radial

distance from the centre of the cavity shown in Figure 2, together with the

spatial periodic refractive index variation of the Bragg structure in the radial
10 direction; and _

Figure 4is a sectional view corresponding to Figure 1, of a second

embodiment of a device according to the invention.

Detailed Description
15 The basic VCSEL structure shown in Figure 1 is generally similar to that
described by Fisher et al supra and comprises a semiconductor substrate 1 of
InP material on which a resonant cavity 2 is formed, of thickness X between 2
first reflective means 3 and a second reflective means 4. The dimensions of
the cavity are so arranged that in use, light of a predetermined wavelength A
20 e.g. 1.55 um is generated by laser action and emitted in the direction of

arrows 5.

The first reflective means 3 is electrically conductive and comprises a plurality
of interleaved layers of InGaAsP 6 of bandgap equivalent wavelength 1.4
25 microns, and InP 7 of A\/4 effective thickness that are deposited on the
~ substrate as a stack with 45 periods, so to provide a 90 layer DBR structure.
The layers 6, 7 are typically deposited by conventional gas source MBE
techniques.

50 In the resonant cavity 2, an undoped InGaAsP laser active material layer 8 of
bandgap equivalent wavelength of 1.55 microns of a thickness corresponding
' to one wavelength at 1.55 um (i.c 0.45 - 0.47 um) is overgrown onto the first



The rings may be of different widths in order to maxinise support of the
preselected resonant node for the cavity. The rings may conprise grooves

~formed in the layer or alternatively ridges which are upstanding from
the | ayer . So- cal | ed Bragg wavegui des have been proposed

previously i conventional waveguide cladding is replaced by a
periodic mul w&hgtfgpoﬁtructure 15 with high reflectivity t GBORITS from

i nterference between partial reflections at a nunber of the interfaces
bet ween the | ayers. Bragg wavegui des, -6nAcl udi ng antiresonant
reflecting optlcal wavegui des or ARRONQ wer e proposed and first
demonstrated i n eflstiyé means Sby arvmospberiq M@‘Wmmc vapour phise epitadyar i v,

e ooni s, CURPFPELoeSd of SobdPREk S mhichchl s Mptllind™ 'V, P

cylindrical geonnptcyr hytr,hhéahmerﬂymg spacer lageretlt fanﬁnedo&(pdoped InPhmbterial.
cylindrical

ui de e fou unr abl,e i,n pr.actice for

optical fibres bgé’ﬁﬁ \?eh%’?‘&f)' Yﬁﬁ?gﬁaﬁf ﬁﬁii Sthat the VRV st ¢ and
Eee g, T o e e ar boon oLeri 1

ig ec as ver been found in
accordance wth t“Ha‘ theavsrallry Fﬁéﬂ‘mﬁz’%ﬂ%gﬁf'g around 1 gg reflector
arrangenent around the cavity of a VCSEL can support a presel ect ed
resonant node in_the cavity of the laser, wthout sufferipg,from t he
previously di scugg’éde‘éﬂnﬁa@éﬁ‘ﬂf’ CRmPE3es 30 ‘F‘FF"ﬁ%‘é‘ﬁé&‘E % i cal
fibre. 30 T;Eﬁiﬁfng%é'l%rpil bNR1D, aidebsa mterlmea Wi bfdrs 1903F the

i nvention may be nDre er'st ood, an énbodi ment
1o Si material, the layers being deposited by conventxona.l evaporauon techniques.

The layers 11, 12 have an effective wavelength thickness of A/4 and are of
different refractive indices so as to act as a DBR in a similar manner to the
first reflective means 3, although the layers 11, 12 are electrically non-
conducting. |

15
In order to energise the laser, an electric current is passed through the
resonant cavity 2, from an electrically conductive p-doped GalnAsP contact
layer 13 of bandgap equivalent wavelength 1.4 microns on the underside of
the dielectric reflector 4, the layer 13 being connected to a metal contact layer

20 14 formed by vapour deposition on an intermediate contact layer 15 formed
of p* GalnAs material, deposited on the layer 13. An external electrical

- connection, not shown, is provided to the layers 13, 14. A current blocking

layer 16 formed of n-doped InP material is deposited on the upper spacer layer
10 and, by conventional photolithography and etching, as for the structure

25 described by Fisher et al supra, a central aperture D of diameter d, typically of
the order of 5-20 um, is formed, which defines the active region for the cavity.
It can thus be seen that the cavity of the VCSEL has a relatively small
vertical thickness dimension X between the first and second reflective means
3, 4 and a relatively large transverse dimension d in a horizontal plane,

% transverse to the thickness dimension. Likewise, the thickness dimension w of
the active layer 8 is small in comparison with the transverse dimension The

dimension w is typically of the range of 0.45-.47um and the dimension X is in
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PCT/ GB96/ 02375 a VCSEL with a cylindrical Bragg waveguide, w |l now
be destritedby way— of —exanpte—wtirreferemce—to-the—acco
drawi ngs, in which: Figure 1 is a schematic sectional view of a VCSEL
with a circul ar Bragg structure surrounding its cavity according to a
first enbodi nme e 5 invention; . Figure 2 is atop&ltﬁéh! of

. /1
the cavity sho&gﬁo?;n;g}gure 1; Figure 3 is a graph illustra mgwp
field anplitude as the function of radial di stance fromthe centre of
the cavity shown in Figure.2, together with the spati al periodic

refractive i ndex vaﬁlatlon of th Braggsstructure in t.he radial

direction; and erregiop of Aums %WW?%%\F%‘F‘PEQB% %ﬁ”‘mﬁ"@fﬁr e 1,
of a second - eI GRaHds WngdrudAily Gn IRE Plafld BPtHeGubkpard, %ﬁ@‘hﬁ&rhtyr
Detail ed Description 15 The bamg CSEL structure shown_in Fi gur
general l'y sinilar hmhvatm the range WQJ%SQR/F!F# angteater. I will by seem phat the
compri ses a sem cogduptq g&&sg;y £ forfs direct eldcBRal B Wick Pre L) s

or me thic ective

resonant cavity 2 1is ess X bet
means "3 and a se:coﬂ@lméielentrnl\@emmgw thiheurdintpasesothsough the mattrivé inahe t y

are so arranged that |n u i redeter ned vel en
e.g. 1.55 [err] m| %"effﬂ?& t|c8!h %ﬁ ﬁsﬁnﬁc‘%@cﬁ?frect i on
of arrows 5. matemls thincfobinrthe ﬁmfxieﬁed:mmeman&na :hs sebserater 1 Sodd vy

conducti ve and conpri rali ved | a er of In AsP
6 of bandgap equi \% V%T’g 1174°n theindeRide'of thY Sibscate er,

blocking layer 16, produces a reverse p-n junction with the p-doped spacer

70 layer 10 so as to confine current flow through the central aperture D. Thus,
the current passes through the layer 8 in this active region to generate optical
radiation which resonates in the cavity 2. It wxll be understood that due to

 the distributed nature of the multi-layer first and second reflective means 3, 4,

the optical path length over which light resonates between them has an

15 average length which is greater than the physical dimension X shown in
Figure 1. |

In accordance with the invention, a series of circular rings 18 is formed in the
uppermost surface of the blocking layer 16. As shown in Figure 2, six rings

20 18,-18; or more may be preferred although, in Figure 1, only four rings are

* shown for ease of illustration. As shown in the drawings, the central region
D has a circular periphery and rings 18 are concentric with the circular central
region. In the embodiment shown in Figure 1, the rings are formed as
upstanding ridges from the general planar extent of the blocking layer 16.

25 This is achieved during manufacture, prior to the deposition of the layers 11
to 15, by electron beam lithography and selective etching of the blocking
layer 16. Initially, the layer 16 is laid down with a continuous thickness y
and is subsequently etched selectively by an amount 2z so as to define the
ridges 18. In an alternative embodiment (not shown), grooves can be etched

30 into the blocking layer. The electrical contact layers 13, 14 and 15 fill the
spaces between the rings 18 when subsequently deposited on the layer 16.



25 mcrons, and InP 7 of [err]/4 effective thickness that are deposited on

t he substrate as a stack with 45 periods, so to provide a 90 | ayer DBR
structure. The layers 6, 7 are typically deposited by conventional gas
source MBE t echni ques. 30 In the resonant cavity 2, an undoped

| NnGaAsP | asesw@oiizyg naterial |[ayer 8 of - bandgap equival ent wavel ength
of 1.55 mcrons of a thickness correspondi ng to one wav BW&S 1.55
[errIm(i.e 0.45 - 0.47 [err]nm) is.overgrown onto the first WO
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r ef ![.ect i ve me?ns'lb mﬂgpnidh?pmﬁd qu&sgayree lérhha: dif@gngcnpthﬂﬁnfm?h&se
epitazy etyween_an,n ed l,ayer of, In i C S gs a
under | yi ng N[hs‘gé)cfé?"ﬁt °é‘?f°’é’f‘f‘da‘5§?%%h%/ﬁ?ﬁ@”§biﬁé’éfs 43\29&‘@3 89 et of
p-doped | nP mat eshe 2ings 18 fornili eeflediiek Bagg euaird foe Lighofiom thdy@viy 2 10 are
sel ected so that_t.he cayi L oduc r.eso?ance at, the desired, operating
wavel ength of | e‘?’f"?ﬁ :"’%éf‘['@??m ?l?‘ ﬁ‘“mn of frop's 3 has A camponean in & y

di mensi on X bei ngadergawllél id ehe'glifle of the opticdlljeactios Mydr BE T HRCHACISRANS 4

conprises an i nttgr L eaved, stack, of ﬁ“ el ectric mat erial consi sting of

layers 11 of Al ["Bf iteqveniog magenial iof ayer 13, 14.,15prodnesa spsyially pedodit 10 S
material, the | auRicivbehdd plRERSWhRH dOKAAGTHE %i'cngaaénﬁm{i{en%éagn{e to

techni ques. The layers 11, 12 have_an effective wave I'ckness
of [err]/4 and dhe aforesaid plane to the centre of the circular region D. Figure 3 shows the

spatially periodic partern is selected so that the phase of the reflected light

- 10 constructively supports a preselected resonant mode for the resonant cavity 2.
Typically, the mode comprises the HE,; mode which has a field amplitude as
a funcrion of radial distance outwardly from the centre O of the central
region D, as shown in Figure 3. The field amplitude has a substantially
Gaussian peak at the centre O and deﬁys towards the outer edge of the

15 central region D. The spatially periodic refractive index pattern formed by

the ridges 18,-18, is shown in Figure 3 as a function of radial distance r, for a
situation where the central region D has a diameter d of 9.2 gm (r = 4.6 pm).

The radial width of the ridges 18 may change from ridge to ridge.

20 Furthermore, the spacing berween the ridges may differ. The specific ridge
configuration is chosen to support the preselected resonant mode for the

" resonant cavity 2. In one example, the innermost ridge 18, was wider thin.

the other ridges. The actual width may be computed according to the
principles set out by Doran et al, supra.

25
Alternating layers 11a of A1,0, and 12a of Si are formed over the ﬁngs 18.
The alternating layers 11a, 12a form a DBR for reﬂecﬁng the optical field that

occurs outside the central region D.

s0  Without the provision of the ridges 18, the HE,, mode has to compete with
other modes and thus tends to be unstable, but the provision of the Bragg

structure provided by the rings 18 permits stabilisation of the preselected

=N e L I ST N



different refractive indices so as to act as a DBRin a simlar manner to
t he first reflective neans 3, although the Iayers 11, 12 are

el ectTicatrty Tomn= conducti Ny, I5 FTorder—to energlse—‘t'i're—
| aser, an electric current is passed through the resonant cavity 2,
froman electrically conductive p-doped Gal nAsP cont act | ayer 13 of
bandgap equi vakgiabeaepse! ength 1.4 microns on the underside of JGB h%?s

dielectric reflector 4, the layer 13 being connected to a neta §/

| ayer 20 14 formed by vapour deposition on an intermedi ate contact |ayer

15 formed of p[err] GalnAs material, deposited on the layer 13. An
external electrical connection, not shown, is provided to the |ayers
13, 14. A current tsinsveérsenmode. | ayer 16 formed of n-doped InP material is
deposited on the upper spacer |ayer 10 and, by conventi onal

phot ol i t hogr aphy and etching, as for the structure 25 described by Fisher
et al supra, a cenAnahengmfigumdoobthedscaurntreis showtnyini Fightey4, ahd can be t he

order of 5-20 [err forne |ch ef he actlver ion foy.the
cavity. | t cgﬁﬁl‘f!ffﬁg edeg‘é:\ins{ fo TRy E""ﬁals fct‘k
relati'vely smalls ‘parts arélﬁﬂirk&hhth Inhe:kzmsafdemnmmbamx lha:hmaiboﬂhﬂenftldet and
second reflective ans 4 and a relativel a )
dimension d in a HoBREAthe blﬁ‘l’ké’i'ﬁel‘}'"s‘f?mﬂ’?’&snéiﬂF ﬁ?&) q’ﬁé‘“{“ﬁﬂ s“’hmh

di mensi on. Likew Sig gelictielly tegiohmSaothd EeSéaoity[ er r] of the active

| ayer 8 is small - in conpafison with the transverse di nension The

dimension [err] is typically of the range of 0.45-.47[err]mand the
di mensi on X is iN iy order to folfPte/ &rRAie, the active and spacer layers 8, 9, 10 are formed

PCT/ GB96/ 02375

10 on the first reflective stack 3 as described with reference to Figure 1, and
then a mesa of diameter &, corresponding to the previously described area D
for light emission, is formed from layers 8, 9, 10, by conventional lithography
and etching. A planar, semi-insulating layer 19 of InP is then re-grown all
around the mesa. A suitable technique for the re-growth that uses PCl, has

15 been described in a paper by M. ]J. Harlow, P. C. Spurdens and R.H. Moss:
"The influence of PCl, on the planarisation and selectivity of InP re-growth
by atmospheric pressufe MOVPE", Proceedings of the 7th International
Convention on Indium Phosphide and Related Materials, 9-13 May 1995,
Sapporo, Japan. The semi-insulating InP layer 19 was iron doped to provide

20 electron traps in the layer, but it will be appreciated that other suitable
dopants could be used. The regrown layer 19 has the advantage of providing
a flat surface that is contiguous with the upper surface of the spacer layer 10,
that can receive the various layers of the reflector structure 4, so that the step
in the reflector shown in Figure 1 around the edge of the region D, is avoided

25 in the structure of Figure 2. Reference is also directed to "Very Rapid and
Selective Epitaxy of InP around Mesas of height up to 14um by Hydride
Vapour Phase Epitaxy" S. Lourdudoss et al Conference Paper IPRM 94

The confining Bragg structure 18 is then etched in the top of the layer 19 in
30 the manner described previously with reference to Figure 1. The conracting
layers 13, 15 are then formed over the entire top surface, whereas the metallic

contact layer 14 is formed only on the surface that lies outside of the area D



-7-' the region of 1[err]m This is in contrast to a conventional edge

emtting |aser whi ch extends longitudinally in the plane of the
substrate, for which a typical length is in the range of 300 to 500
[err]m or greater. It will be seen that the el ectrical contact |ayer

13 forns dir%,ﬁag&trical contact with the spacer |ayer 5 10 in the
central aperture So that current passes through the mater P&F&BIGOIINE
cavity, in this region. The current can pass through the sem conductor
materials that formthe first reflective md@ns 3, and the substrate 1 so as
‘to reach a Au tal, contact_17 on the underside of the substrate.
However, the whep, iih gmiteede  Thee oetlectiye maapy ¢ is;chep formedraver dhe wi t h
t he p-doped spac stJrEAcel kv SesbeliO L J | QW: ough t he
central apertur e%lg T us,£ J&%y;e cureg’eﬁlgd)gggxg%?c '%@%ﬁ&{%ég%er 8 in
this active regi sade to ghmisyer: i4, opt shosn, in order ta piranidom ahernil consenitings in

the cavity 2. It _w . 0 . to the distyibuted .
nature of the rrufg: L* g@%‘r&?%?‘{sh?ﬁ%%g 'éte}éﬁé)'rsl%%?’e?ﬁ Qtheq gonvERHk ?ff“zl'ﬂu“' t he
optical path Issngth over which |ight resonates between them has an 15
average | ength L Che-i S greajer.t.han £ he physical di nension.X shown in

Fi gure 1. Wﬂ#’%&@@?&é}%’é’ °¢ﬁ}f§ %@ﬁ%?ﬁﬁm&sﬁﬁﬂ f & rcul ar
rings 18 is for methmple,tthe spaces berwpincthewidges18 h&dacinctdirily bekilabwihyer 16.
As shown in Figure 2, iﬁ rin%s1 20 18([)&{‘r+-1§gyer ] or re may be
preferred al t houfieriahand gopid be leftempty; iiternptively, the spaces begy sidgemse of
illustration. AscaildWe fillediwith & diffréd® Snatédis, fof le pBRiRide materidd has a
circular periphery and rings 18 lare co c_ent{li C Wt hé circul ar central
region. In th# e &‘Feﬁflﬁ%ﬂﬁ\ﬁﬁ“ r‘”F‘T’ijﬁr‘é otherlpyers pfithe sgrueturey famd as

upst andi ng ri‘dge&af.ﬂoplmihf&haeaﬁheluna&ﬁaegs S2fer®d, id1e bl ocking | ayer 16.
25 This is achieve 'during manuf acture, prior to the deposition of the

| ayers 11 to 15, by electron beamlithography and sel ective etching of

the bl ocking F N entith i/nott dkgest r“mﬁ'w ﬁ}egs gam il a
conti nuous thi ckngggﬁﬁor}ﬁhegnw Pgaslsyu ostequenﬁig retc edthe ec |vel"¥/mbt;);e an
amount z so as t epptediatad thdughe cavityr2 aybbbd 8sed|as agpassivet @ving twivilowe vhedi ment

(12 ot A s, Al o 1§ Pt LA e

bistable element. Passive cavities are well known per se in the literature of

microresonators, and have application in all-optical switching, logic,
bistability, etc, see for example the paper "GaAs-AlAs Monolithic _
_Microrésonator Arrays” J.L. Jewel, A Scherer, S.L. McCall, A.C. Gossard &
20 J.H. English, Appl Phys Lett, Vol 51, No 2, pp 94-96 (1987). The transverse
mode confinement produced by the present invention represents an advance

+ over the use of pillar structures as described in this reference, in terms of

ruggedness.

23 In another modification, the rings 18 and the central fegion D are made
elliptical in order to impart a predetermined polarisation to the emitted light
for example with an ellipticity of 10-30%.

The invention is also applicable to a VCSEL in which the reflective layers 11,
3 12 are replaced by an anti-reflection stack, and the second reflective means
comprises a mirror external to the semiconductor substrate, and reference is

directed to "A C.W. external cavity surface emitting laser” by J. V. Sandusky



spaces between the rings 18 when subsequently deposited on the | ayer 16.
WD 97/ 13302

PCT@B967 02375 - -8~ " The
n-doped InP material of the layer 16 has a different optical refractive
index fromthe materials that formthe el ectrode |ayers 13, 14 and 15, so

t hat the mwogs3ied forma reflective Bragg structure for brgkiBoésam t he
cavity 2 which, whilst travelling in the direction of arrows 5 has a
conponent in a 5 plane parallel to the pl_alqe_ of the optically active

| ayer 8. The rings 18 and - the intervening material of |ayers 13, 14,

15 produce a spatigl mkns,zeeq?l SR.B dpBCTUES! b Cdidérederbni Ch
confines the conponent travelling parallél to t he aforesaid plane to
the centre of the Semicandurtor dagensmAdyancidfdevices and d\pplications (Keystamai i al | v
periodic pattern i C 1 h t edHrB3f 10
constructively sup%%l?ﬁéﬁakgg‘gggllzg’?fggg)r es ﬁan?o‘?r% e&%éai‘%gg?ggonant cavity
2. . Typi cal | y,Diges Senew Vohupe 26 ep 15B45HE[ err] node which has a field
anpl i tude as a function of radial distance outwardly fromthe centre 0
of the central region D, as shown in Figure 3. The field-anplitude has
a substantially Gaussi an peak at the centre 0 and decays towards the
outer edge of the 15 central region D. The spatially periodic refractive

i ndex pattern fornmed by the ridges 18[err]-18[err] is shown in Figure 3
as a function of radial distance r, for a situation where the central
region D has a dianeter d of 9.2 [err]m(r = 4.6 [err]m.




The radial width of the ridges 18 may change fromridge to ridge. 20

Furt hernore, the spacing between the ridges may differ. The specific ridge
configuration is chosen to support the presel ected resonant node for the
resonant cavity 2. In one exanple, the innernost ridge 18[err] was w der

t han t hAV@PHIIB0Y | dges. The actual w dth may be conput edcIvcByssrs® t O
t he principles set out by Doran et al, supra. 25 Alternating | ayers
1la of Al[err](err] and 12a of Si are fo§yed over the rings 1I8. The:

alternating |ayers 1la, 12a forma DBR for reflecting
t hat occur sQ)aimis de the central region D. 30 Wanmﬂ ﬂ& u"ﬂ"ﬂmo
of the ridges 18, the HE[err] node has to conpete wt erm nodes a

thus tends to be unstabl e, but the provision of the Bragg structure

pr ovi ded byt e 1 NGg, 13 RAML8nih Whichi®ebb.iidly KRE Rl 88k TELkive
PCT/ GB96/ 02375 means (3, 4)tspa'ﬂd\tpmeomd®pro\ude an ophitally) essonanfcadgivy &) iwith of t he
o 11 64t 1 on "of < Al ATl Gickne FEmeRHOR 1) bererepiAbe reisctivy fheads and

extending over an area with relmvely large transverse d:mens;ons (dina

plane transverse to the thickness dimension, characterised by reflective means

(18) for reflecting a component of optical radiation from the cavity travelling

parallel to said plane, with a phase characteristic for supporting a preselected

10 transverse resonant mode in the cavity. | |

2. A structure according to claim 1 wherein the reflective means (18)
comprises means disposed around the cavity for producing Bragg reflection of
radiation from the cavity.

5 |
3. A structure according to claim 2 wherein the means for producing
Bragg reflection cﬁmpriscs a pattern of material (13, 14, 15, 16,19) with a
spatially periodic optical refractive index characteristic.

0 4, A structure according to claim 2 or 3 including a layer (8) of laser
active material for producing optical radiation that is reflected in said
. preselected resonant mode between the first and second reflective means, for |

laser operation.

3 5, A structure according to claim 4 wherein the layer (8) of laser active

material is disposed between the first and second reflective means.
6. A structure according to claim 5 including a spacer layer (9, 10)
between the layer of laser active material (8) and the first or the second

30 reflective means.

7. A structure according to claim 4, 5 or 6 wherein at least one of the



5 . parts are marked with the sane reference nunbers. In the enbodi nent of
Fi gtH-e—bdr—the—btoelki-rg—tayer—eonmpri ses a ayer 19 of —sem -insul ati ng I.nP

which is selectively re-grown i In order to
formthe structure, the active and qmgﬂalm;“ﬁlum , 10 are forned 10 on
the first reflective stack 3 as descrs bed ence to Figure 1, and
then a mesa olOf’4M%er d, corresponding to the previously ddd/¢h96@R235ca D
for light emssion, is forned fromlayers 8, 9, 10, by conventional

| i t hogr aphy and etching. A planar, sens-~insulating layer 19 of InPis
then re-grown all around the nesa. A suitable technique for the '
re-growt h that useflectivg fheanscompsisdssa mivliple tyscearfiguration(6p&pds 12y M J.

Harl ow, P. C. Spurdens and R H Moss: "The influence of PC[err] on the
pl anari sation and selectivity of InP re-growth - by atnospheric pressure
MOVPE", Proceedi 8gs OA stfuetuét hedonding natanysm of claim€@och whertinothel méhinsim

Ph hi d d Rel.at ed,Mat eLi al 9-.13 May .1995 , . Th
se(r)r?P i Insﬁl Z'? i ngef‘?ngf’a%’?seéI?%ﬁ/Z@WBﬁ N gﬁtﬁ&ﬁﬂg},?{?@g%(lgr@?fgﬂ traSs in.

the layer, butsit will be appreciated that other suitable dopants coul d
be used. The regrown |ayer 19 has,the agyant age of providing. a flat
surface that is 30ntimﬁ°mgﬁﬁgﬂ}m&‘!’ efeis the ngs CUMRHse BIPAYEEr 10,

that can receive the various |layers of the reflector structure 4, so that
the step . in the reflector shown in Figure 1 around the edgé of the
region D, is avollfed Astrustureaccording e ckim® whereinahe ringsremprivee i s al so

directed to "Very Wﬁ%ﬁ (18). Sel ective Epitaxy of InP around Mesas of
hei ght up to 14] eFr m ride Vapour Phase Epitaxy" S. Lourdudoss et

al ConferencePaper | PRM "' 94, The confining Bragg structure 18 is

then etched in t to ' . : )
previously with Irig'fergnﬁﬁgé%%}gﬁﬂgﬁggﬁwggﬁom%%rs ,s 15 are

then fornmed over aterpircelat and corppnssicr f ace, whereas the netallic cont act
| ayer 14 is formed only on the surface that lies outside of the area D

12. A structure according to any one of claims 8 to 10 wherein the rings
15 are generally parallel and disposed elliptically around the caviry.

13. A structure according to any one of claims 8 to 12 wherein the rings
are of different widths.

2 14. A structure according to any one of claims 8 to 13 wherein spaces
between the rings are filled with material (13, 14, 15) of a refractive index
different from that of the material of the layer (16,19) in which the rings are
formed.

25 15, A structure according to any one of claims 8 to 14 wherein the rings

have been formed by lithography and etching.
16. A structure according to any one of claims 8 to 15 including a current
blocking layer (16,19) for confining current to the cavity, the pattern of rings

30 being formed in the blocking layer (16,19).

17. A structure according to clim 16 wherein the blocking layer (16) has
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:ch;lg-éltGB?S/ gr2713t7'[5ed. The second refl ect i [VEHISESHEET4HAS BEE f or rrtuﬂww,”mmm,l”m
top surface, as previously described,| and BEBLAQERbl e ellectri cal conhectidn *

S made wooiised ayer 14, not shown, T order—toe—pfovid xt er nal
connection, e.g. by localised etching and netal lisati oﬁ&'@%ﬁ
conventional techniques. Modi fications and variations of the

descri bed structures are possible. For -14-exanple, the spaces between the
ri dges 18 need not necessarily be filled with mat erial and coul d be
left enpty. Altg?"ﬁ%fﬁmél}'ef §$§e@§@tmqrm¢mﬂw- could be -
filled with a different material, for exanple polyimde material. 10

Al so, the ridges 18 could be nmade in other layers of the structure, for
exanpl e, in eitH ofA stmcurn desarding 3o slsima df wheyein shoblocking layer (19) has

Furthernore, tha,j | l _;il:iInY | to lasers and it
wili be ap&%@%&?ﬁé@?%b@ﬁ:&fﬁgaﬂ coeltj{r?ttgfeﬁ%e ‘as a passive
cavity, withoat the 15 need for electrical contacts, for exanple, to be
used as an all ticgl .swtch or .. | le el 1.Passi v avities
are wel | known E)ig‘r 52\ ftﬁ"%aﬁ"t’%’?ﬁfﬂf@ %?g%hem?ngggg‘tp&‘&ﬁzﬁff Zl,9sésnd have
application in dbimebsf nBl maedschi ng, | ogic, bistability, etc, see for

exanpl e the paper "GaAs-Al As Monolithic M croresonator Arrays" J.L
Jewel, A Scherer, S. L. MmCall, A C Gossard & 20 J.H English, Appl Phys

Let Ej, Vgl b51, hNQOZ, RO stReenfte abcoRding o AF ohé aflalumsze:o 19 whese theofivist Eem?nt
proauce y the pgesent |1 nventionr r ents apn advance over the use
of pillar sty'&ctfaﬁeégvagneeféscemmaﬁfoufff oF Sreeaticbiaren 6.2 06 of

semiconductor materials having different refractive indices, on a
semiconductor substrate, the second reflective means comprises a plurality of
interleaved layers (11, 12) of dielectric materials having different refractive
indices, and the cavity includes an undoped semiconductor laser active

15 marerial (8) sandwiched between spacer layers (9, 10) of semiconductor

material of opposite conductivity type.

21. A VCSEL characterised by a Bragg structure (18) around its cavity (2)
for supporting a predetermined transmission mode (HE,,).

22.  Anoptically resonant structure comprising means for (3, 4) providing
+ an optically réonant cavity (2), optically active material (8) with a relatively
small thickness dimension () and extending over an area with relatively large
transverse dimensions (d) in a plane transverse to the thickness dimension,
23 characterised by means (18) around the active material (8) for reflecting 2
component of the optical radiation therein travelling in said plane with a
phase characteristic for supporting 2 preselected transverse resonant mode in

the cavity.

30 23. A structure according to claim 22 including a substrate (1) with said
optically active material formed as a layer (8) thereon, and said means for
defining the cavity includes first reflective means (3) formed on the substrate,
\'
- This Sheet Has Bee,

T



ruggedness 25 In another nodification, the rings 18 an central '
regi.on D are pmde ellipticalin order todnpart a pr edg,ﬁﬂﬁ"ml’u,’uf’”'" .
polarisation to the emtted |ight for exanple with an

10- 30% The invention is also applicable to a VCSEL in whi ch i
reflective layers 11, 30 12 are replaced by an anti-reflection stack and
the second r PP neans conprises a mrror externalPGISBINE23TS

sem conduct or substrate, and reference is directed to "A C W externa
.cavity surface emtting laser” by J. V. Sapglusky WO 97/ 13302

PCT/ GB96/ 02375 -11- A

Mukherj ee and S. For Gopeating stivhr sedonidirbfledrive meatioestemeloehe substrate.

Sem conductor | asers: Advanced Devices and Applications (Keystone,

Col orado, August 21-23, 1995) - Optical Society of Anmerica 1995 Techni cal
Di gest Series, Volume 20, pp 153-155.



WO 97/ 13302
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1. ° An optically resonant structure conprising first and second
reflective means (3, 4) spaced apart so as to provide an optically
resonant cavity (2) with 5 a relatively small thickness di nension (X)
bet ween t he MO ¥43802ve neans and ext endi ng over an ar eXCRIGH6/02375
relatively large transverse dinensions (d) in a pl ane transverse to
t he t hi ckness di nensi on, characteriseqafﬁ refl ective neans (18) for
reflecting a conponent of optical radiltatPon fromthe cavity travelling
parallel to said plane, with a phase characteristic for supporting a
presel ected 10 transverse resonant node in the cavity. 2. A
structure according to claim1 wherein the reflective neans (18)

conuri ses neans di sposed around the cavity for producing Bragg reflection

of radiation fromthe cavity. 15 3. A structure according to
claim2 wherein the nmeang for gyoducing Bragg reflection conprises a
pattern of material (13&%3,¥1% 16,19) with a spatially perjodic
optical refractive indgx\cRar ir i edic. 20 4. A structurg cordi ng
to claim2 or 3 includi a ) | aser active nmateri for
produci ng optical radiati ' qrm-sard - ted
resonant node between the) Eyﬂ) [ective neaT | aser
oper ati on. =y | \\//4_ oIy
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25. 5. A structure according to clain14 wherein the |ayer (8) of |aser

ac : cond reflective
nmeans. 6. A structure according to claimb5 including a spacer

| ayer (9, 10) between the | ayer of |aser active material (8) and the
first or the second 30 reflective neans. 7. A structure
according to WQPM302 5 or 6 wherein at | east one of the PCT/GBR$)237S

97/ 13302 PCT/ GB96/ 02375

- 13- reflective means conprises a ng&bbple | ayer configuration (6, 7;
11, 12). 8. A structure accordi to anyone of clains 2 to 7
wherein the neansE:](§fo:2producino Bragg—faflection conprises a pattern of
rings (18[err]-18{e ) 5 g

_ A s e~agcording to claim8
wherein the rings conprise g :éﬂp : b re according to
= g

claim 8 wherein the rings Aot

: ]BD REFRACTIVE INDEX | "3
"g__—_‘,- - 187 18
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15

Yy vy
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upst andi ng ridges (18). 11. A structure according to any one of '
cfains 8 to 10 wherein the rings are circular _and concentric.__ _ 123
A siructure according to any one of clainms 8 to 10 wherein the rings 15 ar
generally parallel and disposed elliptically around the cavity. : 13.
A structure according to any one of clains 8 to 12 wherein the rings

are of differwoterasise hs. 20 14. A structure accordi ng tPCHERI@HI?0f
claims 8 to 13 wherein spaces between the rings are filled with
material (13, 14, 15) of a refractive index different fromthat of the
material of the layer (16,19) in whi ch rings are f or med. 25 15.
A structure according to any one of clains 8 to 14 wherein the rings

have been forned by |ithography and et ching. 16. A structure
according to any one of clainms 8 to 15 including a current bl ocki ng
| ayer (16,19) for confining current to the cavity,

the pattern of rings 30
being formed in the bl ocking |layer (16, 19). 17. A structure
accqrding to claim 16 wherein the bl ocking | ayer (16) has
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been sel ectively etched to—bound-the perinmeter of the cavit
structure accor 6 wherein the blocking Iayer ;
been sel ecti vel Q MIMM the perineter of the cavi ty
structure accor wher ein_the bl ocking | ayer 9) SGMAR 1999

formed of InP materl al . A stltacture according tp pny one of
rst 10 reflective ans. conprii ses a pturat+~&y

clainms 4 to rein th |
of interl eavé?f‘?éé@?‘kvek‘%‘tew réafbound ‘g’érﬁemﬁc?ﬁ)&erﬂml al

@M%@ﬁ SHERT

,'_\

avi ng
different refractive indices, on a sem conduct or substrate, the second
reflective nmeans conprises a plurality of interl eaved | ayers (11, 12)

of dielectriclimat eXisahauheadcogling td elamm 16 rvelidgraiat the locking lagérc@$), hand t he
cavity includes a und ped sem co lu tor 1aser%ﬁaé)6| ve, 10 material (8)

sandwi ched betsiRd °§ﬁ’$ e%"°l"é’y thepengetere fa¥eX-or mat eri al of
opposite conductivity type. A VCSEL characterised by a Bragg
structure (18) around its cavity (2) for supporting a predeterm ned

transverse trgnsmAstroguristeotdiig e elam 18GvhereindBe blodkingoRirérc@ad)l iy resonant

structure conpris neans for (3, 4 rovidin
r‘?c)) o?Ianateaf ( )P g

20. A structure according to any one of claims 4 to 19 wherein the first
10 reflective means comprises 2 plurality of interleaved layers (6, 7) of
semiconductor materials having different refractive indices, on a
semiconductor substrate, the second reflective means comprises a plurality of
interleaved layers (11, 12) of dielectric materials having different refractive
indices, and the cavity includes an undoped semiconductor laser active
‘15 material (8) sandwiched berween spacer layers (9, 10) of semiconductor

material of opposite conductivity type.

2. A VCSEL characterised by a Bragg structure (18) around its caviry (2)
for supporting a predetermined transverse transmission mode (HE,,).

0
22.  Anoptically resonant structure comprising means for (3, 4) providing
an optically resonant cavity (2), optically active material (8) with 2 relatively
small thickness dimension (1) and extending over an area with relatively large
transverse dimensions (d) in a plane transverse to the thickness dimension,

2 characterised by means (18) around the active material (8) for reflecting a
component of the optical radiation therein travelling in said plane with a
phase characteristic for supporting a preselected transverse resonant mode in

 the caviry.

3 23. A structure according to claim 22 inclu&ing a substrate (1) with said
optically active material formed as a layer (8) thereon, and said means for

defining the cavity includes first reflective means (3) formed on the substrate,
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an..-o.'pt.i cal Iaj resonant cavity (2), optically active material (8) Wik '&0-7

relatively - smal | thickness dinension (w) sqdi ng over an area

wTh relatively Targe Transverse di Nnensi g plane transg

to"the thickness dinmension, 25 characteri £ 3) around t\rﬁ(wf cefy
active material (8) for reflecting a C [ | b

therein travelling in said plane with a
supporting a prep€Itt ed tranenemeeLLECDALTS
23. A structure according to clai m%%™

opt i cal | y INEERNATIQNARAFRLIGATION: BUBIJSHED ERVDER
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4 (57) Abstract

A vertical cavity surface emitting laser comprises a resonant cavity (2) formed between 2 distributed Bragg refiector formed of
semiconductor material (3) and an overlying distributed Bragg reflector (4) formed of dielectric material. The resonant cavity contains a
layer (8) of lascr active material sandwiched between spacer layers (9, 10), and a blocking layer (16, 19) which confines an energising
electric current to flow through the cavity between a metallic contact layer (13) on the underside of the Bragg reflector (4) and a contact
(17). In order to support a preselected resonant mode, a series of concentric rings (18) is formed in the blocking layer (16, 19), surrounding
the resonant cavity (2) so as to provide a Bragg structure which reflects light from the cavity with a phase charactesistic that supports the
preselected transverse resonant mode.




