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In t he present paper w e review our recent w orks on techno logy, basic
physics, and appli cati ons of one-dimensi onal photonic structures . W e demon-

strate spontaneous emission control in Inx Ga 1 À x A s/GaA s planar micro cav-
ities w ith distribu ted Bragg reÛectors. I n general, observed trends are in
agreement w ith theoretical predictio ns. W e also demonstrate the operation
of resonant- cavity light emitting dio des and opticall y pump ed vertical cav-

ity light emitting dio des develop ed recently at the Department of Physics
and Technology of Low -Dimensional Structures of the I nstitute of Electron
T echnology .

PACS numb ers: 78.30.Fs, 78.66.Fd, 78.55. {m, 78.67.De, 78.45.+ h, 78.47.+ p

1. I n t rod uct io n

In recent years a number of opto electro nic devi ces employi ng m icrocavi ty
structures were proposed. Such devi ces beneÙt from uti l izati on of speciÙc ẽ ects
resul ti ng from placing the acti ve structure inside the Fabry { Perot typ e micro cav-
i ty [1{ 4]. One of the m ost nota ble exam ples of such devi ces are resonant- cavi ty
l ight emitti ng diodes (RC LE Ds) real ized in the earl y nineti es. The m ain advan-
ta ges of resonant cavi ty LED s over conventi onal devi ces are higher emission in-
tensi ti es, higher spectra l puri ty , and more di recti onal emission patterns. Al l above
m enti oned features m ake R C LED s attra cti ve al terna ti ve for lasers in m any ap-
pl icati ons. In the present paper we revi ew our recent works on technology, basic
physi cs, and appl icati ons of one-di mensional photo nic structures. W e dem onstra te
sponta neous emission contro l in In x Ga1 À x As/ GaAs planar m icrocavi ti es wi th di s-
tri buted Bra gg reÛectors (D BR s) and report the operati on of RC LED s and op-
ti cal ly pum ped verti cal cavi ty l ight emitti ng di odes (VCSELs) devel oped recentl y
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at the Departm ent of Physi cs and T echnology of Low- D im ensional Structures of
the Insti tute of Electro n T echnology. The epi taxi al growth issues, fabri cati on tech-
nology, and basic characteri stics of these devi ces are di scussed.

2. D ist r ib ut ed Br agg r eÛect ors an d m icr oca vi t ies

The one-dim ensional photo nic cavi ty is usual ly constructed norm al to the
substra te pl ane by stacki ng m ulti lay er Ùlm s includi ng an acti ve region, spacer
and two dielectri c m irro rs. Such a structure form s a one-dim ensional Fabry{ Perot
cavi ty resonato r. A dielectri c mirro r can be form ed wi th a periodi c stack of quarter
wa vel ength thi ck layers of alterna ti ng high and low refracti ve index m ateri al . Such
a m irror is ref erred to as a D BR . The dielectri c layers can be semiconducto r layers
deposited vi a molecular beam epi ta xy (MBE). The acti ve region consi sts usual ly
of a spacer layer of the thi ckness equal to integ er m ul ti ple of the hal f wa velength
and of one or several quantum wel ls (QW s).

The sim plest form of an opti cal cavi ty consists of two coplanar m irro rs sep-
arated by an opti cal length of either one wa velength (Ñ -typ e cavi ty) or one-hal f
wa vel ength (Ñ=2 -typ e cavi ty). Coplanar cavi ti es are the simpl est form of the opti -
cal micro cavi ti es. Thei r properti es wi ll be di scussedbelow. W e wi l l start wi th di s-
cussing properti es of GaAs micro cavi ti es conta ini ng InG aAs quantum well placed
in the middle of the cavi ty . The exci toni c tra nsi ti ons in the quantum well are
the source of sponta neous emission, whi ch properti es we want to analyze depend-
ing on the size of the cavi ty . The Bra gg m irro rs on both sides of the cavi ty are
composed of the equal num ber of pai rs of quarter- wa vel ength Al As/ GaAs layers,
whi ch makes them tra nsparent to the radiati on generated in the quantum wel l.
W hat determ ines the sponta neous emission rate in such m icrocavi ti esis the am pl i -
tude of the electri c Ùeld of the standi ng wave of the cavi ty m ode at the locati on of
quantum well . In a Ñ -cavi ty quantum wel l is located in the anti node of the cavi ty ,
wherea s in a Ñ= 2 -cavi ty exci to n di pole sees the node of the cavi ty as i t is shown
in Fi g. 1. These two di stincti vely di ˜erent situa ti ons should reÛect in sponta neous
emission pro perti es of di scussed m icro cavi ti es.

Fig. 1. Schematic illus tratio n of the band diagram of the Ñ-sized and Ñ =2 -sized micro-

cavities. N ote the shape of the standing w ave pattern in both cases.
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The opti m izati on of the m icrocavi ty requi res pro per tuni ng of the wa velength
of radiati on emi tted f rom the acti ve region, the peak reÛectivi ty of the D BR s,
and the cavi ty resonance. Thi s is the reason why the structure perform ance is
very sensiti ve to the vari ati ons in thi ckness of the layers and thei r com positi on.
The wa velength of radiati on from the QW depends on both the com positi on and
thi ckness. The spectra l shape of the reÛectivi ty of D BR s in the case of GaAs/ Al As
reÛectors depends on the layer thi ckness in the m irrors. Sim il arly , the positi on of
the cavi ty resonance depends on the thi ckness of the spacer layers between the
m irro rs and the QW region and the phase of the reÛection from the m irro rs. Thus,
the opti mum perform ance of the structure requi res sim ul ta neous al ignm ent of al l
three features.

3. Spon tan eous em ission co n t r ol i n p lan ar m icr oca vi t ies

In thi s section we wi l l di scuss the e˜ect of a planar micro cavi ty on spon-
ta neous emission. W e wi l l basical ly fol low our earl ier trea tm ent of these phenom -
ena [5, 6]. Let us consi der an elementary exci ta ti on (exci to n) in sol id coupl ed to
the quanti zed radiati on Ùeld. The coupl ing can be described by a perturba ti on
term in the exci to n-Ùeld Ha mi lto nian

V = edE : (1)

The exci to n is in ini ti al (exci ted) state and dro ps into the Ùnal (ground) state
emi tti ng a photo n of energy ñh ! . The rate of sponta neous emission Ûsp i s given by
the Fermi golden rul e

Ûsp =
2 ¤

ñh
j h i j edE j f ij

2 £ ( ! ) ; (2)

where ed is the (vecto r) dipole m oment, E is the electri c Ùeld at the locati on of
the exci to n dipole and £ ( ! ) i s the density of opti cal m odes per uni t energy at the
angular frequency ! . It is clear f rom Eq. (2) tha t the sponta neous emission rate
can be al tered ei ther by m odi f yi ng the m ode density , or by m odi fyi ng the electri c
Ùeld at the locati on of the exci to n dipole. Both the m ode density and the electri c
Ùeld can be m odiÙed in a m icrocavi t y who se size is properly adjusted. T o observe
cavi ty related e˜ects, Ùeld does not have to be conÙned in al l three di mensions.
One-di mensional micro cavi ti es al ready give sizable e˜ects, a ltho ugh thei r strength
scales wi th the degree of conÙnement. Inside the cavi ty , electrom agneti c Ùeld form s
a standi ng wave whi ch m eets the resonance condi ti on, nam ely the round tri p phase
shi ft equal to integ er m ulti ple of 2 ¤ , as in the Fabry{ Perot resonato rs m ade of
m etal l ic m irrors.

R eÛectance, pho tolum inescence perpendicul ar to the Bra gg reÛector (PL),
and photo lum inescence f rom the edge of the structure (PL in plane) of Ñ-sized
In 0 2 Ga0 8 As/ GaAs planar m icro cavi ty, resonant at 1000 nm are shown in Fi g. 2.
The photo lum inescence signal from the edge of the structure can be regarded as
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Fig. 2. ReÛectance, photolumi nescen ce perp endicu lar to the Bragg reÛector (PL ),

and photolumin escence from the edge of the structure (PL in plane) of Ñ- sized

I n0 : 2 Ga 0 : 8 A s/GaA s planar micro cavi ty , resonant at 1000 nm.

a reference sponta neous emission (SE) una˜ected by the cavi ty . In the di recti on
perpendicul ar to the cavi ty plane the PL signal is concentra ted in a narro w l ine
forced by cavi ty resonance and i ts intensi ty increasesroughly by a factor of 10 (the
integ rated intensi ty of PL l ine increases1.9 ti m es). The characteri sti cs of sponta -
neous emission in microcavi ti es depend on the wavel ength di ˜erence between the
emi tter and the cavi ty resonance. By lowering sampl e tem perature it is possible
to shi ft QW PL l ine to higher energies, whi le the positi on of the cavi ty resonance
rem ains practi cally una˜ected. In the case of di scussedÑ -sized cavi ty , tem perature

Fig. 3. ReÛectance, photolumi nescen ce perp endicu lar to the Bragg reÛector (PL),

and photolumine scence from the edge of the structure (PL in plane) of Ñ= 2- sized

I n0 : 2 Ga 0 : 8 A s/GaA s planar micro cavi ty , resonant at 1000 nm.
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tuni ng produced further increase in PL signal by another facto r of 10, whi ch leads
to to ta l enhancement of PL signal by the m icrocavi ty by about 100. Thi s is to be
compared wi th calculated cavi ty enhancement factor equal to 190.

The another typ e of the cavi ty is Ñ / 2-sized microcavi t y in whi ch QW posi-
ti oned in the center of the spacer is located at the node of standi ng wa ve pattern
of the cavi ty mode. ReÛectance, pho tolum inescence perpendicul ar to the Bra gg re-
Ûector (PL), and photo lum inescencefrom the edge of the structure (PL in pl ane) of
Ñ / 2-sized In 0 :2 Ga0 :8 As/ GaAs pl anar m icrocavi ty , resonant at 1000 nm are shown
in Fi g. 3. As i t m ight be exp ected thi s cavi ty e˜ecti vely quenches PL signal (the
rati o of integ rated intensi ty of PL perpendicul ar to PL in plane signal is 1/ 12). The
fact tha t there is sti l l some PL emi tted from the cavi ty is due to tw of actors. Fi rst is
tha t we col lect PL signal from small solid angle around di recti on perpendicul ar to
the cavi ty , second is tha t QW might be slightl y of center wi th respect to intended
positi on and consequentl y exci ton dipole intera cts wi th a nonzero Ùeld am pl itude.
Neverthel ess, the PL quenchi ng by Ñ=2 -sized cavi ty is beyond any doubt. Thi s is
an importa nt result because i t once again pro ves tha t sponta neous emission is not
an inherent pro perty of emi tter but i t is indeed a stimul ated emission, sti mulated
by vacuum Ùeld Ûuctuati ons of the electrom agneti c Ùeld in the cavi ty .

4. R esonan t ca vi t y l ight em i t t in g di odes

The R C LED structure s studi ed in thi s work were f abri cated by solid source
MBE. Since in the case of DBR growth the very high preci sion of the grown layer
thi ckness is requi red, the special attenti on was paid to the growth rate cal ibra ti on.
The growth rate was cal ibra ted by the standard reÛection hi gh-energy electron
di ˜ra cti on (R HEED ) oscil lati on techni que. Thi s was done in a way to exclude
the possible sources of errors. The substra te tem perature duri ng the calibra ti on
pro cedure was set to the 520£ C, the one used to grow the R C LED structures.
In addi ti on to the cal ibra ti on done pri or to the growth, the R C LED runs were
contro l led in si tu using the pyro metri c interf erence techni que [7]. The pyro m et-
ri c interf erence techni que is a very conveni ent al terna ti ve to the m ost comm only
used in sit u reÛectom etry . Its idea is based on the sim ple fact tha t in the case
of hetero struct ures growth the layers of di ˜erent com positi on have di ˜erent op-
ti cal constants and as a resul t the therm al radiati on generated in the substra te
underg oes mul tipl e reÛections at the interna l interf aces and the surface of growi ng
structure. Consequentl y, the vari ous reÛected waves interf ere. Thi s interf erence
can be observed usi ng narro w band wi dth pyro m eter. The oscil lati ons of the py-
rom etri c signal are the functi on of the growi ng layer thi ckness. The phase and the
period of oscil lati ons pro vi de inform ati on on the actua l growth rate. The oscil la-
ti ons am pl itude can be as hi gh as 15£ C. Al tho ugh thi s does not permi t the insta nt
tem perature m easurem ents, the m ean value ta ken over a long ti m e can be corre-
lated wi th the true substra te tem perature. The RC LED structures consist of two
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Fig. 4. (a) Schematic RC LED structure w ith I nGaA s 3 QW active region, designed

for operation at 1000 nm at T = 300 K . (b) T EM picture of RC LED structure w ith

I nGaA s 3 QW active region and step- like A lA s/GaA s interf aces in Bragg reÛectors.

Bra gg reÛectors, each composed of a numb er of Al As/ GaAs quarter wa velength
layers, embedding an acti ve region. The acti ve region consists of Ñ -typ e cavi ty
wi th either one or three InG aAs QW s, each 80 ¡A thi ck, separated by 100 ¡A GaAs
barri ers. The schemati c vi ew of the structure is shown in Fi g. 4a, wherea s Fi g. 4b
shows tra nsmission electron microscopy (TEM) pi cture of the grown R C LED
structure. T o m inim ize series resistance of the D BR m irro rs, di ˜erent constructi on
of Al As/ GaAs interf aces were appl ied. The structure s fabri cated were of abrupt
GaAs/ Al As interf aces, step- l ike interf aces were between the GaAs and Al As lay-
ers. 20 nm thi ck Al 0 : 5Ga0 :5 As layer wa s intro duced and Ùnal ly the GaAs/ Al As
interf ace was graded usi ng digi ta l al loy. Fi gure 5 shows TEM picture of di ˜erent
interf aces used. Di ˜erent combina ti ons of thi s generic structure have been tested
in order to choose the opti m um devi ce design.

The MBE grown structures were tested extensi vely pri or to the devi ce fab-
ri cati on. The m ost suita ble techni ques of characteri zati on of R C LED structures
are reÛectivi ty and photo lum inescence.The advanta gesof both m ethods lay in the
fact tha t they are non-destructi ve and relati vely easy to im plem ent. The mentio ned
m etho ds pro vi de the inf orm ati on on the sam ple as a who le. In parti cular, they do
not al low for the inv estigatio n of indi vi dual layers com posing the structure. Thi s
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Fig. 5. TEM picture of di˜erent typ es of Bragg reÛector interf aces used in RC LEDs.

m ight be a serious l imita ti on in some cases since the RC LED can consist of as
m any as few hundred layers. In order to reveal the interna l structure of R C LED
hetero struc ture s the TEM techni que has been appl ied. Since it is a destructi ve
techni que i t wa s used only for l imi ted num ber of sampl es. On the other hand,
photo lum inescence and reÛectivi ty (R ) were appl ied to al l structures and in the
Ùrst place served to qual i fy materi al for further processing. W e have used high
resoluti on PL and photo reÛectivi ty (PR ) m appi ng to assessspati al uni form i ty of
the wafers wi th RC LED structures. The angle resolved PL m apping was used to
study cavi ty detuni ng e˜ects in the structures .

The sponta neous emission from QW s located in a micro cavi ty is strongly
m odi Ùedby the cavi ty . The spectra l wi dth of PL l ine depends on the cavi ty Ùnesse
and can be as low as 1 nm . Thi s is however observed onl y when the PL signal is
col lected in the su£ cientl y narrow sol id angle. W hen the l ight is col lected in wi de
sol id angle, the observed PL l ines are substa nti al ly broadened, up to the values
sim i lar to the ones observed for the QW s wi tho ut m icrocavi ty . The PL spectra
m easured on a micro cavi ty structure at di ˜erent di recti ons and col lected from the
su£ cientl y narro w sol id angle shift to hi gher energies when the angle at whi ch the
spectra are recorded, m easured wi th respect to the norm al to the sam ple surface,
increases. Thi s blue shift fol lows the relati on [8]:
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Fig. 6. PL spectra measured on RC LED structure at di˜erent direction s w ith respect

to the normal to sample surf ace for tuned and detuned ca vity .

Ñ ( ˚ ) =
2 L

m

p
n 2

À sin2 ˚ : (3)

At the same ti me the emission intensi ty changes. The discussed features of R C
LED emission are i l lustra ted in Fi g. 6 (both for tuned and detuned cavi ty).

The opti mizati on of m icrocavi t y requi res proper tuni ng of the wa velength
of radiati on emi tted from the acti ve region and the cavi ty resonance. The R C
LED spectrum is determ ined m ainl y by the cavi ty resonance; i ts wi dth decreases
wi th the increase in the cavi ty Ùnesseand the intensi ty increase reÛect the on-axi s
cavi ty enhancement. Addi ti onal , favo rabl e RC LED pro perty is in thi s case i ts
emission characteri sti c di recti onal i ty . The di recti onal i ty of RC LED emission also
depends on the tuni ng between QW emission and cavi ty resonance. One has to
keep in m ind, however, tha t frequency of the cavi ty resonance depends on the
angle of observati on, whi ch means tha t emission l ine shif ts to shorter wavel engths
wi th increasing angle between the di recti on of observati on and the norm al to the
surf ace. Neverthel ess, at any angle thi s is a narrow l ine in contra st to conventi onal
LED . Sum m arizing, there is a very stro ng dependence of PL signal am pl i tude
and wa velength on the emission di recti on for R C LED structures . The PL signal
also depends on the QW cavi ty tuni ng. The PL spectrum wi dth depends on the
col lecti on sol id angle. Theref ore, i f tho se param eters are not properly speciÙed, the
spectra l characteri stics of the emission can be m isleading. The to tal integrated
spectrum of R C LED emission has been found to be actua l ly qui te broad wi th
FW HM of the order of QW spectrum wi dth.
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The R C LED is compl icated and very demandi ng devi ce, whose physi cs can-
not be understo od and consequentl y design and technology cannot be opti m ized
wi tho ut im plementa tio n of advanced diagnostic to ols at vari ous stages of fabri ca-
ti on pro cess. The outl ined appro ach pro ved to be very successful in our case and
yi elded comm ercial class devi ces.

The di odes were f abri cated by conventi onal photo l i tho graphy and m etal l iza-
ti on process. The l ight from the diode is extra cted thro ugh the openings in the
upp er Cr{ Pt conta ct. The botto m Au{ Ge{ Ni conta ct (to the n - typ e substra te)
form ed a sol id circl e. The diodes were electri cal ly tested at probe tester and good
ones were assembled in high frequency m icrowave typ e cases. General ly, we have
found very good correl ati on between the results of opti cal tests on as grown wa fers
and probe tests on Ùnal devi ces.

The frequency of the cavi ty resonance depends on the angle of observati on,
whi ch means tha t emission l ine of electri cal ly pum ped RC LED , simi larl y as i t
has been observed in the case of PL from the wafer wi th R C structure, shifts to

Fig. 7. 2D w avelength{angle plots of RC LED emission intensity for tuned (lef t part)

and detuned (right part) cavity .

Fig. 8. Emission spectrum of RC LED compared to conventional LED.
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shorter wa vel engths wi th increasing angle between the di recti on of observati on
and the norm al to the surface. The e˜ect is i l lustra ted in 2D wa velength{ angle
pl ots shown in Fi g. 7. Neverthel ess, at any angle thi s is a narrow l ine in contra st
to conventi onal LED whi ch can be seen in Fi g. 8. It m eans tha t we have spectra l
concentra ti on in al l di recti ons. The RC LED s can indeed be very bri ght. In pri nci-
pl e, the enhancement of the sponta neous emission insi de the cavi ty and emission
thro ugh one of the mirro rs outsi de the cavi ty can be very di ˜erent. For very high
Ùnessecavi ti es,whi ch are typi cal of VCSELs the overal l emission out of the cavi ty
can decrease (in the l imi t of very high reÛectivi ty R = 1 0 0% the emission out of
the cavi ty becomes zero). At m oderate values of the Q factor, whi ch are charac-
teri sti c of R C LED s the sponta neous emission both inside and outsi de the cavi ty
can be enhanced even by m ore tha n an order of m agnitude.

Fig. 9. A ngular spectrum of RC LED compared to conventional LED.

The to tal wa vel ength integrated, intensi ty registered in plane of m easure-
m ents di ˜ers substa nti al ly for tuned and detuned cases (Fi g. 9). For compari son
in the Ùgure, there is also included the angular characteri stic of conventi onal LED .
For tuned sampl ewe observe single lobed curve wi th the maxi mum of the signal for
the di recti on norm al to the surface, wherea s the signal f rom detuned sampl e has
two sym metri cal m axi ma at wi de angles corresp ondi ng to the di recti ons at whi ch
QW emission is tuned wi th cavi ty resonance. The single lobed angular character-
isti c of the perfectly tuned diode shows enhanced di recti onal i ty com pari ng to the
emission of conventi onal LED .

5. V er t ical ca vi t y sur f ace em i t t in g las er s

Verti cal cavi ty lasers are signiÙcantl y m ore di £ cul t to fabri cate tha n thei r
edge-emi tti ng counterpa rts but the rapid evoluti on of thei r perform ance in re-
cent years opened them way to m any appl icati ons. The VCSEL structures di s-
cussed in thi s paper were grown by MBE on (100) oriented GaAs substra tes using
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R iber 32P sol id source reactor. The structures consisted of two Bragg m irro rs; the
lower form ed by 24.5 pai rs of quarter- wavel ength Al As/ GaAs layers and the up-
per form ed by 14.5 pai rs of quarter- wavel ength Al As/ GaAs layers. The estim ated
reÛectivi ty of the lower m irror was equal to 99.7%, whereas tha t of upp er m irro r
wa s equal to 97%. In between the m irrors, GaAs m icrocavi t y of the thi ckness 2 Ñ ,
conta ining 3 È 3 InG aAs quantum wel ls located at the anti nodes of standi ng wa ve
pattern of the laser mode, was placed (see Fi g. 10). The structure was intended
for opti cal pum ping exp eriments and as such was undoped. In real structures of
electri cal ly pum ped VCSELs the Bra gg reÛectors, to act as carri er emitters, have
to be doped to n - and p -typ e conducti vi ty going from the botto m to the to p of
the structure. In electri cally pum ped VCSEL the l ight is extra cted thro ugh the
substra te, whereas in the case of opti cal ly pum ped devi ce i t emerges thro ugh the
to p Bra gg reÛector.

Fig. 10. Schematic V C SEL structure with 3 È 3 I nGaA s QW active region designed

for operation at 1 ñ m at T = 300 K .

VCSEL structures were opti cal ly exci ted by hi gh power, pul se laser at room
tem perature. The tra nsverse extent of the opti cal cavi ty was deÙned by the diam -
eter of the laser beam and does not exceed 1 0 0 ñ m . The spectra l shape and the
intensi ty of VCSEL emission and decay of the emission as a functi on of pum p pul se
energy were measured. At low exci ta ti on densiti es the regular photo lum inescence
signal was observed. For higher exci tati ons we have observed a clear thresho ld
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Fig. 11. Emission intensity vs. pumping pulse energy for 3 È 3 QW I nGaA s V CSEL

structure.

Fig. 12. SEM picture of etched-post V CSEL structures.

behavi or and rapid increase in the emission intensi ty accom panied by the charac-
teri sti c l ine narro wi ng. For very high pum ping pul se energies (Ñ 2 : 6 7 nJ) emission
starts to behave unsta ble and shi fts to lower energies, whi ch is the result of heat-
ing. The plot of emission intensi ty from VCSEL structure vs. pum p pulse energy
is shown in Fi g. 11. The thresho ld occurs at pum p pul se energy of about 0.7 nJ.
At the sam e ti m e a m arked decrease in the carri er l i feti me, f rom about 700 ps to
50 ps, i .e., more tha n one order of m agni tude has been observed. The above is a
behavi or characteri stic of the tra nsiti on from sponta neous to stim ulated emission,
and because i t coinci des wi th other characteri stic features such as thresho ld in the
emission intensi ty characteri stics and l ine narro wi ng, i t can be regarded as a Ùnal
pro of of the laser acti on in the inv estigated VCSEL structures . The VCSEL struc-
tures for electri cal pum ping have been prepa red in etched-post form (see Fi g. 12)
wi th characteri sti c di am eters equal to 3 0 ñ m and 5 0 ñ m . The mesa structures
were prepa red by wet etchi ng. As can be seen from Fi g. 12 the wal ls of the m esas
are defect free and no latera l undercuts were pro duced. Al so the etchi ng depth is
su£ cientl y contro l led.
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The verti cal cavi ty laser is in pri nci ple a zero thresho ld laser [9]. In con-
venti onal, edge emi tti ng laser, onl y a smal l porti on of the sponta neous emission
coupl es into a laser m ode. The rest is lost to free-space m odes, whi ch radiate in
al l di recti ons. In 3D conÙned verti cal cavi ty laser wi th wa velength size cavi ty in
whi ch only one opti cal m ode exists who le sponta neous and sti mul ated emission is
coupl ed to tha t m ode and no clear disti ncti on between sponta neous and sti mulated
regim e exists. In pl anar 1D cavi ti esdue to the lack of tra nsverse conÙnement there
is sti l l a thresho ld of laser acti on observed but i t is substanti al ly reduced. W hi le
in conventio nal lasers sponta neous emission to the laser m ode coupl ing facto r Ù

i s of the order of 1 0 À 5 and for ideal zero thresho ld laser Ù shoul d equal 1, we
have obta ined Ù = 1 0 À 3 for our weakl y conÙned VCSELs; i .e., 100 ti m es thresh-
old reducti on. Even tho ugh thi s is sti l l far from theo reti cal l im it, i t is signi Ùcant
im pro vement com paring to edge emitti ng lasers.

6. Co n cl u si on

Sponta neous emission contro l has been achieved in In x Ga1 À x As/ GaAs pla-
nar micro cavi ti es wi th D BR reÛectors. The room tem perature emission in Ñ-sized
cavi ti es is enhanced com pari ng to i ts free space value whi le in Ñ= 2 -sized cavi ti es
suppression of sponta neous emission is observed. The characteri stics of sponta -
neous emission in microcavi ti es depend on the wavel ength di ˜erence between the
emi tter and the cavi ty resonance. It has been shown tha t ideal tuni ng of the cav-
i ty can be achi eved by adj usti ng sam ple tem perature. In genera l, observed trends
are in agreem ent wi th theo reti cal predi cti ons. These changes to the sponta neous
emission pro cessdi rectl y a˜ect devi ce pro perti es. An increased coupl ing e£ ciency
of sponta neous emission into the lasing m ode is observed in VCSELs wi th Ñ-sized
cavi ti es. W e have dem onstra ted repro duci ble MBE growth of m icrocavi ti es and
VCSELs.

R esonant- cavi ty l ight emi tti ng diodes wi th very good emission characteri stics
have been also developed. R C LED s pro ved to be m ore to lerant to the epi ta xi al
growth param eters and devi ce fabri cati on pro cedures. As relati vely robust devi ces
they are less sensiti ve to typi cal of VCSEL m anuf acturi ng chal lenges and seem
to have great potenti al for com merci al izati on. The pro blems whi ch are sti ll to
be solved, before the technology can be regarded as m ature are wa fer uni form it y,
yi eld, and rel iabi l i t y of the devi ces. Neverthel ess, even at the moment there is no
doubt tha t resonant cavi ty enhanced devi ces (em i tters) and VCSELs wi l l have a
pro found impact on opto electronic and photo nic systems.
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