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W e review t he recent development of solid -st ate cavit y quantum electro-
dynamics usin g single self- assembled I nA s quantum dots and three- dimen-
sional semiconductor micro caviti es. W e discuss Ùrst prosp ects for observing
a strong coupli ng regime for single quantum dots. W e then demonstrate that

the strong Purcell e˜ect observed for single quantum dots in the weak cou-
pling regime allow s us to prepare emitted photons in a given state (the same
spatial mo de, the same polari zati on ). W e present Ùnally the Ùrst single- mode

solid- state source of single photons, based on an isolated quantum dot in a
pilla r micro cavi ty . This opto electron ic device, the Ùrst ever to rely on a
cavity quantum electro dynami cs e˜ect, exploits b oth Coulomb interaction
b etw een trapp ed carriers in a single quantum dot and single mo de photon

funnelin g by the micro cavity .

PAC S numb ers: 42.50.Dv, 78.55.C r

1. I n t rod uct io n

Ca vi t y quantu m electro dyna m ics (C QED ) has become since 1990 a major
source of inspi ra ti on for basic research in opto electroni cs[1]. In the 80' s, a beauti ful
series of experim ents on ato m s in m icrowave and opti cal cavi ti es had demonstra ted
tha t opti cal pro cessesincludi ng sponta neous emission (SE) can be deeply m odi Ùed
by using a cavi ty to ta i lor the emi tter -Ùeld coupl ing [2]. Am ong other ẽ ects
observable in the low- Q CQED regim e, the m odiÙcati on of the emission di agram,
the enhancement or inhi bi ti on of the SE rate, the funnel ing of SE photo ns into
a sing le m ode and the contro l of the SE process on the sing le photo n level are
parti cul arl y attra cti ve to im pro veopto electro nic devi cesor develop the novel ones.
For very high-Q (i .e. weakl y dam ped) cavi ti es SE can even become a reversible
pro cess (stro ng coupl ing regim e).

(129)



130 J.M. GÇerard et al.

The hi gh quali ty of som e sol id-state m icrocavi ti es avai lable unti l the earl y
90' s has permi tted som e major achi evements, such as the strong coupl ing f or quan-
tum wel ls in planar cavi ti es[3], the fabri cati on of high-e£ ciency m icrocavi t y LED s
whi ch expl oi t SE angul ar redistri buti on [4], and low- threshold verti cal -cavi ty sur-
face emi tti ng lasers [5] or m icro sphere lasers [6]. However, the broadness of the
spectra l l ine of usual sol id-state emi tters (bul k semiconducto rs or quantum wells,
rare earth ato m s,. . .) has been for long a major hi ndrance to the observati on of sev-
era l im porta nt CQED e˜ects, includi ng SE rate enhancement (so-cal led \ Purcel l
e˜ect " ).

Self-assembl ed semiconducto r quantum dots (QD s) are parti cularl y well
sui ted for perform ing solid-sta te CQED [7], as shown by the observati on of a
stro ng Purcel l e˜ect for QD s in semiconducto r micro cavi ti es [7{ 11]. In thi s revi ew
paper, we Ùrst recal l bri eÛy some relevant properti es of QD s in thi s context, and
present avai lable 3D sol id-sta te m icrocavi ti es.Af ter di scussing whether the stro ng
coupl ing regim e can be achieved f or sing le QD s, we present recent exp erimenta l
resul ts obta ined in the weak coupl ing regime. We show Ùnal ly tha t an e£ cient
sing le-m ode sol id-sta te source of sing le photo ns can be real ized using isolated QD s
in a pi l lar micro cavi ty. Thi s devi ce whi ch expl oi ts both a few parti cle Coulom b
e˜ects in QD s and the Purcel l e˜ect is the Ùrst of a novel cl ass of opto electro nic
devi ces based on sol id-state CQED .

2. Som e asset s of se l f -as sem bled sem ico ndu ct or Q D s
f or qu an t um opt ics an d ca vi t y qu an t um el ect rod yn am ics

Sol id-sta te CQED exp eriments have been unti l now m ostly perf orm ed on
InAs/ GaAs QD s in GaAs/ GaAl As micro cavi ti es.Tho ugh other QD s, such as I I{ VI
self-assembled QD s [12, 13], QD s form ed by interf ace Ûuctua ti ons in quantum
wel ls [14] or semiconducto r nanocrysta ls [15, 16] are also potenti al ly interesti ng in
thi s context, we concentra te our attenti on on tha t m ore m ature system .

It has been known since 1985 [17] tha t stra ined- layer epita xy can be used
to bui ld defect- free nanometer scale InAs ri ch clusters in GaAs whi ch consti tute
QD s for electro ns and holes. These self-assembled QD s supp ort well -separated
di screte electro nic states and exhi bi t a single narrow emission l ine ( § k T ) under
weak exci ta ti on condi ti ons. A l inewi dth lower tha n 2 5 ñ eV (resoluti on l im i ted) at
10 K has been reported [18] whi ch perm its us to expl oit ful ly the potenti a l of high
Q cavi ti es (up to Q ¿ 2 0 0 0 0 typi cal ly) for SE contro l. Som e hom ogeneous l ine
bro adening mostl y due to the electron{ phonon intera cti on is observed when the
tem perature is ra ised. Prel iminary m easurem ents by near- Ùeld opti cal microscopy
suggest the emission l inewi dth of single QD s could be as large as 5 to 10 m eV at
300 K [19].

D ue to the stro ng 3D electronic conÙnement in QD s, a few parti cle Coulom b
e˜ects dom inate sing le QD emission spectra under high exci ta ti on condi ti ons
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Fig. 1. Emission spectra of a single I nA s Q D under c.w. excitation. X and X X lines,

w hich exhibit di˜erent pow er dependences , can be identiÙed as the emission lines of the

Q D when it contains one and two electron {hol e pairs, resp ectively .

[20, 21] as di splayed in Fi g. 1. For instance, \ exci to n" and \ biexci to n" l ines,
into whi ch pho tons are emi tted when the QD conta ins, respecti vely, one or two
electron{ hole pai rs, are separated by typi cal ly one to three m eV for InAs QD s.
Thi s energy separati on vari es from QD to QD . . . and from one laborato ry to an-
other, whi ch hi ghl ights a great sensiti vi ty of these e˜ects to the preci se shape and
size of the QD . As shown in Sec. 5, these e˜ects are essential for the generati on of
sing le photo ns or stro ngly correl ated photo n pai rs usi ng sing le QD s.

Self-assembl ed QD s also di splay a largeelectri c dipolar m oment for thei r fun-
dam ental opti cal tra nsiti on, pro vi ding an e£ cient coupl ing to the electrom agneti c
Ùeld. D ue to the com pressive stra in experi enced by InAs, thi s di pole is (random ly)
ori ented in the x { y epi layer plane. Abso rpti on experim ents on InAs QD arra ys
have shown tha t the oscil lato r strength per QD is of the order of ten [22]; thi s
corresponds to values of the di pole components along the x or y di recti ons d x

(or d y ) around 9 È 1 0 À 1 9 CÂm , whi ch is ten ti mes larger tha n typi cal values for
ato m s emi tti ng at the same wa velength range. Thi s feature is reÛected by the
rather short radiati ve li feti m e ( ¿ 1 ns) of InAs QD s in bul k GaAs.

The peak emission wa velength of InAs QD arrays can be chosen | typi cal ly
in the 0.9{ 1 : 2 ñ m range at 10 K | since the avera ge size of the QD s depends
repro duci bl y on the growth condi ti ons in m olecular beam epi ta xy [23]. Such QD s
di splay a high radi ati ve quantum yi eld ( ² ¿ 1 ) pro vi ded carri er therm oemission is
negl igible (T < 1 0 0 to 200 K depending on the average size). Thi s excellent yi eld
is due to the tra ppi ng of exci to ns in the defect- free QD s, whi ch prevents a possible
di ˜usi on to wards non-radi ati ve recom binati on centers [24].

Tho ugh m oderate, size Ûuctua ti ons lead to a signi Ùcant di spersion of QD
bandgaps wi thi n arra ys, revealed by the inhomogeneous broadening of QD arra ys
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emission lines (20 to 100 m eV). Thi s feature consti tutes at Ùrst sight a major
di £ cul ty when one wa nts to pl ace a sing le QD in resonance wi th a di screte cavi ty
m ode. Thi s di £ cul ty can beturned to som e extent into an asset. Instea d of placing
a sing le QD inside the cavi ty (whi ch is in pra cti ce rather tri cky), i t is possible to
insert a col lecti on of a few hundred QD s, whi ch are stati sti cal ly al l di ˜erent tha nks
to size Ûuctuati ons. The detuni ng between the cavi ty m ode and the center of the
QD distri buti on can be easily adj usted so tha t a sing le QD on avera ge is resonant
wi th the cavi ty m ode. Fi ne tuni ng of the resonance can then be obta ined using
smal l tem perature changes [11].

Fi nal ly, let us m entio n a major practi cal advanta ge of QD s for appl icati ons:
unl ike ato m s, QD s can be pum ped in a non-resonant way, by exci ti ng the GaAs
barri er. Thi s opens a route to ward the devel opm ent of com pact electri cal ly pum ped
opto electro nic devi ces expl oi ti ng CQED e˜ects on QD s.

3. P r esentat io n of avai l ab le 3D sem ico n du ct or m icr oca vi t ies

Unl ike the m icro wave spectra l range, where superconducti ng m irro rs are
avai lable, losslessmeta l lic mirro rs do not exist at opti cal frequenci es. Ma jor e˜o rts
have been devoted in the 90' s to the devel opm ent of dielectri c microcavi ti es able to
conÙne l ight on the wa velength scale in one or several dim ensions. Two basic e˜ects
can be used, alone or in com bina ti on, for tha t purp ose.The Ùrst one is to ta l interna l
reÛection, whi ch has been expl oi ted for long in opti cal Ùbers (1D conÙnement),
and is used to pro vi de 3D conÙnement in m icrospheres [6] and m icrodi sks [8, 25]
(Fi g. 2b). The second one is distri buted bra gg reÛection whi ch is im plemented

Fig. 2. Scanning electron micrographs obtained for several 3D micro cavi tie s fabricated

in our lab oratory . State- of -the- art Ùgures of merit are taken from [7] for GaA s/A lA s

micropil lars (a), f rom [8] for GaA s micro disks (b), and from [29] for 2D photonic bandgap

airbrid ge micro caviti es (c).
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in 1D dielectri c mirro rs and more general ly in photo nic bandg ap crysta ls [26].
Mi cro pi l lars [27, 28] (Fi g . 2a) expl oi t both wa vegui ding along the pi l lar axi s and
reÛection by 1D Bra gg m irro rs to generate 3D conÙnement, whereas 2D photo nic
crysta l m embra nes (Fi g. 2c) combine a waveguiding in the semiconducto r slab and
latera l conÙnement by the photo nic crysta l [29].

It should be noted tha t these 3D dielectri c micro cavi ti es do not consti tute
perfect \ photo nic boxes" . Tho ugh they sustain a discrete series of 3D conÙned
m odes, they also supp ort a conti nuum of leaky m odes. R ecent progress in the
fabri cati on of 3D photo nic crysta ls at opti cal f requenci es [30] m ight soon change
thi s state of a˜a i rs; whereas the density of leaky m odes in the photo nic bandgap
energy range can be m ade arbi tra ri ly low for thi ck crysta ls, a ta ilored defect can
be used to create one (or a few) resonant cavi ty m odes in the sam e energy range.

Ho w good are 3D di electri c cavi ti es f or SE contro l? It is interesti ng to con-
sider at thi s stage two basic Ùgures of meri t. The Ùrst one is the quali ty facto r Q

of resonant m odes, equal to the rati o of the wa velength by the m ode linewi dth,
whi ch describes the cavi ty abi l i ty f or stori ng photo ns; Q is simpl y proporti onal to
the photo n l if eti me in the cavi ty . The second one is the e˜ecti ve cavi ty volume
V , whi ch reÛects how stro ng the conÙnement of l ight is. V i s deÙned as the vol -
um e of a hyp otheti c cavi ty , deÙned by Born{ Von Ka rm an bounda ry condi ti ons,
whi ch would pro vi de the sam e m axi mum ampl i tude of the vacuum Ùeld as the
cavi ty under study . Typi cal values of Q and V for state- of-the- art 3D semiconduc-
to r m icrocavi ti es are indi cated in Fi g. 2. These structures exhi bi t a rem ark able
abi l i ty for concentra ti ng l ight in 3D on the wa velength scale; the am pl i tude of the
vacuum Ùeld at the anti node is for instance around 1 0 5 V/ cm when V ¿ ( Ñ=n ) 3

and Ñ = 1 ñ m! By contra st, Q values rem ain m oderate, in spite of major recent
pro gress in thi s context. The photo n l i feti m e is onl y 0.6 ps f or Q = 1 0 0 0 and
Ñ = 1 ñ m . Mi crospheres consti tute a much di ˜erent class of 3D cavi ti es; large
di ameter ( ¿ 1 0 0 ñ m) m icrospheres exhi bi t Q ' s as large as 1 0 9 , at the exp ense of
a much larger e˜ecti ve volume (V ¿ 1 0 0 0 ( Ñ=n ) 3 ).

T o concl ude, much di ˜erent appro aches can be used to bui ld high-Q , low-V

3D di electri c m icrocavi ti es. The vari ety in thei r design and in thei r opti cal prop-
erti es contri butes to the richness of thi s research Ùeld since di ˜erent cavi ti es are
better suited for di ˜erent appl icati ons. For instance, low- lossm icrospheres can be
used to bui ld extrem ely low- thresho ld lasers [6, 31], whereas low- V semiconducto r
m icrocavi ti es have a strong potenti al for the dem onstra ti on of SE rate enhance-
m ent, nearly- single m ode SE coupl ing, or vacuum Rabi Ûoppi ng, as di scussed in
the next secti ons, pro vi ded a conveni ent sol id-sta te emitter (such as a sing le QD
at low temperature) is im plemented.

4. St r on g-co u pl ing on si ng le QD s?

Owi ng to the ri chness of the CQED developm ents on ato m s in the stro ng
coupl ing regime [1], and to the potenti al appl icati on of enta ngled cavi ty/ emi tter
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sta te as Q -bi ts for quantum com puti ng [32], i t is qui te interesti ng to discuss Ùrst
whether thi s regim e can be achi eved for sing le QD s in semiconducto r cavi ti es.

Idea l ly, thi s regime occurs when a sing le local ized emi tter, ini ti al ly in i ts
exci ted state, is resonantl y coupl ed to a sing le empty m ode of a losslessm icrocavi ty .
SE becomes a reversible pro cess, since an emi tted photo n is reabsorbed before i t
can leave the cavi ty . The system experiences a Rabi oscil lati on at the angular
frequency ¨ , given by

ñh¨ = j d Â " (r e) j ;

where r e i s the emitter locati on, " | the Ùeld for one photo n in the cavi ty
m ode, and d | the electri c dipole of the emi tter. Ei genmodes of the coupl ed
cavi ty- emi tter system are then two enta ngled states, who se energies are separated
by 2 ñh¨ (so-cal led vacuum Rabi spl i tti ng (VR S)).

In practi cal cases, thi s regim e is observed only i f al l dephasing m echanisms
are slower tha n the Rabi oscil lati on. Thi s is in parti cul ar the casef or photo n escape
(ca vi ty relaxati on) or f or an eventual radiati ve coupl ing of the emi tter to addi ti onal
leaky cavi ty m odes (em i tter relaxati on). It is clear tha t in the sol id-sta te other
dephasing mechanism s can be dom inant f or the emi tter. A simpl ecri teri on for the
observati on of the VR S in presence of decoherence is

2 ñh¨ > Â E em + Â E ca v ;

where the Â E ' s design the emitter and cavi ty l inewi dths.
W e com pare theref ore in Fi g. 3 the VR S to the m ode and QD emission

l inewi dths; we assume tha t the QD is located at an anti node of the modeÊ . Tha nks

Fig. 3. Mo de linew id ths rep orted for state- of -the- art 3D micropil l ars [7], micro dis ks [8],

microspheres [6] , and photonic bandgap micro caviti es [29] are plotted as a function of

the inverse e˜ective volume of the cavity , and compared to the V RS, calculate d for a

single QD at the antino de of the mode.

Ê
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to the combi natio n of a stro ng dipole and of a smal l cavi ty vo lume, large values
of VR S (a few hundred of ñ eV' s) are wel l wi thi n reach of semiconducto r m icro -
cavi ti es. In parti cular, the VR S is then m uch larger tha n the QD l inewi dth at low
tem perature (< 3 0 ñ eV). However, thei r cavi ty losses are sti l l to o strong, espe-
ci ally for photo nic bandg ap m icrocavi ti es and for m icro pi l lars. By contra st, sil ica
m icrospheres di splay a very large Q (up to 1 0 9 ), but thei r mode vo lum e is so large
tha t the estim ated R abi energy for a single QD (2 ñ eV) is much smal ler tha n
the QD l inewi dth. These results i l lustra te how the quest for the strong-coupl ing
regim e enta i ls a com plex tra de-o˜ between Q and V m icrocavi t y Ùgures of meri t.

In thi s context, wet-etched m icrodisks [8] appear as the m ost prom ising sys-
tem at the m oment since they com bine a smal l volume (V ¿ 6 ( Ñ= n ) 3 ) and a high Q

( ¿ 1 2 0 0 0 ). Recent calcul ati ons show however tha t opti m ized 2D photoni c bandgap
m icrocavi ti es might sustain m odes wi th Q ' s around 30000, wel l insi de the stro ng
coupl ing domain in Fi g. 1 [33]. W e theref ore thi nk tha t both system s m ight al low
us to observe the stro ng-reg ime for single InAs QD s in a not to o distant future.
Som e attenti on should also be given to other QD s di splaying a larger osci llato r
streng th ( f > 3 0 0 ), such as tho se f orm ed by interf ace m onolayer Ûuctua ti ons in
quantum wells. Values of oscil lato r strength as large as 300 are predi cted for the
local ized exci to n tra pped on large terra ces, whi ch could in pri ncipl e al low us to
observe m ore easily the stro ng coupl ing regim e in microdi sks, photo nic bandgap
cavi ti es and state-of- the- art m icropi ll ars [34].

5 . Sp ontan eous-em is sio n en han cem ent an d si ng le m od e em i ssion

As shown in the previ ous secti on, QD s in 3D cavi ti es are in the weak cou-
pl ing regime; sponta neous emission is an i rreversi ble pro cess. In thi s regime, i t is
sti l l possible to ta ilor to a large extent the SE rate of a radiati ng di pole, as Ùrst
pro posed by Purcel l [35], by changing the density of modes to whi ch i t is coupl ed.
SE enhancement (the so-cal led \ Purcel l e˜ect" ) has been the Ùrst CQED e˜ect to
be observed on ato ms; empl oyi ng QD s as \ arti Ùcial ato m s" has been the key for
i ts observati on in m onolithi c m icrocavi ti es [7{ 11]. To understa nd thi s, let us recal l
tha t the fam ous form ula wri tten by Purcel l

F p =
3 Q ( Ñ= n )3

4 ¤ 2 V
(1)

expressesthe SE rate of an ideal emitter into one of the discrete conÙned m odes of a
3D cavi ty , ref erenced to i ts overal l SE rate in free-space. In thi s sense, F p i s a pure
cavi ty Ùgure of m eri t, whi ch onl y depends on the wa velength Ñ , refracti ve index n

of the cavi ty m ateri al , e˜ecti ve volume V , and resonance factor Q of the conÙned
m ode. Thi s ideal emitter m ust be local ized at the anti node of the conÙned m ode,
wi th its electri c dipole al igned wi th the local electri c Ùeld. Furtherm ore, i t m ust
be quasi-monochro matic on the scale of the m ode l inewi dth and placed spectra lly
on perf ect resonance wi th the cavi ty m ode, i .e. at the m aximum of the spectra l
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density of modes of the cavi ty . If the quasi-m onochrom atici t y requi rem ent is not
sati sÙed, 1 =Q must be repl aced in expression (1) by 1 =Q + 1 =Q e, where the qual i ty
facto rs Q e of the emi tter is deÙned, as for the cavi ty m ode, by the rati o of Ñ by
i ts l inewi dth Â Ñ . In other words, the Purcel l e˜ects is washed out for spectra lly
bro ad emi tters, and Q e deÙnes, for a given emi tter, the upper bound for useful
cavi ty Q ' s. Tha nks to thei r narro w emission l ine, InAs QD s al low us to expl oi t
ful ly the potenti al i ti es of hi gh Q micro cavi ti es (up to 20000 typi cal ly).

Exp erim ental ly, the Purcel l e˜ect has been Ùrst observed using di rect ti me-
- resolved measurements on col lecti ons of QD s in m icro pi l lars ( È 5 [7]), micro disks
( È 1 3 [8]) and VCSEL- l ike oxi de-apertured micro cavi ti es ( È 2 : 3 [9]). In these ex-
perim ents, the apparent SE rate enhancement factor is m uch smal ler tha n F p , due
to the random spectra l and spati al di stri buti on of the QD s wi th respect to the
cavi ty m ode. A stati stical averaging of the magnitude of the Purcel l e˜ect perm i ts
us to account quanti ta ti vely for thi s result [7, 8].

Mo re recentl y, exp eriments have also been conducted on sing le QD s in m i-
cro pi l lars [9] or micro disks [11]. W e show here in Fi g. 4, as an exam ple, typi cal
ti m e-resolved microPL data obta ined on a 1 ñ m diam eter micro pi l lar conta ini ng
isolated QD s. A few sharp l ines appear on the micro PL spectrum under weak
exci ta ti on condi ti ons; since they al l exhi bi t a l inear power dependence, they cor-
respond to \ exci to n l ines" of di ˜erent QD s. A ref erence PL spectrum obta ined
under strong exci ta ti on is al l shown. In thi s regime, QD conÙned states are Ùlled,
and each QD exhi bi ts a bro adband emission, so tha t the PL spectrum reÛects then
the m odal structure of the micropi llar. For such a pi llar, i t is possible to com pare
di rectl y out- of-resonance QD s, whi ch are only coupl ed to leaky pi l lar m odes, and

Fig. 4. T ime resolved PL proÙles for three isolated QDs, either placed on- resonance

(solid line) or out- of- resonance (dotted and dashed lines) w ith the fundamental cavity

mo de of a 1 ñ m diameter micropil l ar (Q = 4 00 , F p = 6). Inset: PL is used to prob e

b oth the distributi on of isolated QDs (w eak excitation ) and the cavity mode (strong

excitation ).
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QD s in resonance, whi ch are also resonantl y coupl ed to the fundam ental cavi ty
m ode. In spite of the moderate F p ( ¿ 6 ) of the pi l lar under study , a three- fold
selecti ve enhancement of the SE rate is observed for the QD in resonance, whereas
the l i feti me rem ains m uch com parabl e to QD s in a bul k GaAs matri x ( ¿ 1 : 3 ns)
for out- of -resonance QD s. We have observed even stronger e˜ects ( È 1 0 ) wi th m i-
cro pi l lars wi th a higher Purcel l factor using a di ˜erent experim ental appro ach,
based on the study of the satura ti on of the QD emission under c.w. exci ta ti on.
These results conÙrm tha t, as exp ected, the m agnitude of the Purcel l e˜ect can
be larger for a sing le QD tha n for a col lection of QD s, pro vi ded the sing le QD is
reasonably well m atched spectra l ly and spati al ly to the cavi ty m ode.

Unti l now, the Purcel l e˜ect has been observed onl y at rel ati vel y low tem -
peratures (T < 5 0 K). The signi Ùcant broadening of the QD emission line due
to the electro n{ phonon intera cti on (5 to 10 m eV at 300 K) is a m ajor problem in
vi ew of a potenti al appl icati on at room tem perature, e.g. f or the developm ent of
hi gh- frequency l ight emi tti ng diodes. At least in a near future, the Purcel l e˜ect
wi l l m ost l ikely be used not for changing SE dyna m ics, but as a way to col lect
e£ cientl y the SE of an isolated QD in a sing le-photo n source [7, 36].

Since the Purcel l e˜ect enhances select ively the QD emission into the reso-
nant cavi ty mode, m ost photo ns are funnel ed into tha t speciÙc m ode. Consi dering
for instance the QD in resonance in Fi g. 4, we see tha t its SE rate into leaky m odes
(g iven by the SE rate of o˜- resonance QD s) is around 1/ 1.3 nsÀ 1 , whereas i ts to-
ta l SE rate is 1/ 0.4 nsÀ 1 . The fracti on of the SE whi ch is coupl ed to the (two fold
polari zati on degenerate) funda m ental cavi ty m ode of the circul ar m icropi llar is
Ù = 1 À (0 : 4 =1 : 3) ¿ 0 : 7 . For state- of-the- art micro pi llars (F p > 30), Ù 's larger
tha n 0.95 are exp ected for ideal ly matched QD s [7, 10].

It shoul d be noted tha t unf ortuna tel y, not all photo ns coupl ed into the cav-
i ty m ode wi l l be col lected. Hi gh Q m icropi l lars have low intri nsic lossesand are
theref ore very sensiti ve to addi ti onal extri nsic losses.Of parti cul ar concern to us
is the opti cal scatteri ng due to the residual roughness of the etched sidewa lls. A
careful cavi ty design should be done in order to ensure tha t m ost emi tted photo ns
contri bute to the wel l col l imated intri nsic emission beam of the pi l lar to warra nt
an e£ cient col lection. Sim ple estim ates show tha t for a state-of -the- art roughness
and opti mized cavi ty param eters, col lection e£ cienci es of the order of 80% can be
obta ined [37], whi ch is al ready very appeal ing.

Qui te interesti ng ly, collected photo ns are also prepared in a given quantum
state, whi ch can be very interesti ng in practi ce. In order to i llustra te thi s point,
we present in Fi g. 5 polari zati on-resolved PL spectra obta ined on isolated QD s
in an ell ipti cal micropi l lar. Thi s anisotro pic shape entai ls a stro ng bi refri ngence,
whi ch l i fts the fundam enta l mode degeneracy present in circul ar micropi l lars. Such
pi l lars support a well -resolved f undam ental doubl et of m odes wi th crossed l inear
polari zati ons [38]. W hereas QD s in bul k GaAs have a randomly ori ented di pole in
the x { y plane, single QD s in resonance exhi bi t here a very strong l inear polarizati on
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Fig. 5. Polarization -resolv ed microPL spectra for an ellip tica l micropil l ar

( 1: 5 ñ m È 0 : 7 ñ m) containing few QDs.

degree of thei r emission (up to 90% for the best QD s), im posed by the resonant
cavi ty mode to whi ch they are coupl ed.

6. A sin gl e-mo d e sol id -st at e sou r ce of si ng le ph ot ons

A sing le photo n source is a devi ce abl e to emi t l ight pul ses conta ining one
and onl y one photo n in a determ inisti c way. Such an ideal source, i f perfect, woul d
consti tute a standard for l ight Ûux as well as f or the energy. Ho wever, i ts most
im porta nt potenti al appl icati ons are in the Ùeld of quantum communi cati ons and
quantum inform ati on pro cessing (quantum com puti ng schemes based on sing le
photo ns ha ve recentl y been pro posed [39]). In parti cul ar, certa in com muni cati on
schemes, whi ch are based on the encoding of the inf orm ati on on sing le photo ns,
can be intri nsi cal ly secure [40]. Unti l now however, these proto cols have been
val idated using stro ngly attenua ted semiconducto r laser diodes (0.1 photo n on
average per pul se), whi ch consti tute only rough appro xi mati ons to a single photo n
source since the photo n num ber in a pul se fol lows a Poisson stati stics: (1) 90%
of the pul ses conta in no photo ns, whi ch obvi ously l im its the bi t ra te, (2) 1% of
the pul ses (i .e. 10% of the useful pul ses) conta in more tha n one photo n, so tha t
unco ndi ti onal securi ty is no m ore warra nted [1]. The developm ent of a true and
e£ cient sol id-state source of sing le photo ns (S4P) is thus a major chal lenge for
quantum com munica ti ons.

In order to warrant the emission of sing le photo ns, the S4P should impl ement
a sing le sol id-sta te emi tter. F -centers [41], m olecules [42], and semiconducto r QD s
[43, 44] have recentl y dem onstra ted emission of photo ns one by one. Since the SE
of an emi tter of sub-wa vel ength size is natura l ly nearly om nidi recti onal , a m icro -
cavi ty shoul d be used to col lect e£ cientl y the sing lepho tons. Unl ike F -centers and
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m olecules, whose emission l ines are very broad spectra l ly, QD s at low tem perature
al low us to ta ke beneÙt of the Purcel l e˜ect in m icrocavi ti es. As shown in the
previ ous secti on, i t is possibl e to collect m ost photo ns, and to prepare them in a
given state (the same spati al m ode, the sam e polari zati on) wi th anisotro pic m i-
cro pi l lars, whi ch is very interesti ng for an appl icati on to quantum com muni cati ons.
Bef ore encoding the inf orm atio n on the polarizati on of sing le photo ns indeed, i t
is necessary to prepare them in a given ini ti al sta te. For an unp olari zed sing le
photo n source, thi s prepa rati on stage would result in the loss of at least 50% of
the photo ns.

Unl ike sing le ato ms, nothi ng intri nsic ensures an anti bunching of the photo ns
emi tted by a sing le QD . It is indeed possibl e to store in a QD several electron{ hole
pai rs, whi ch can recom bine and emi t photo ns separated by arbi tra ri ly short ti m e
delays. Some parti cular excita ti on/ col lection proto col must be used to ensure the
prepa rati on of single photo ns. A Ùrst appro ach relyi ng on Coul omb bl ockade has
been demonstra ted [45]; the contro l led electri cal inj ection of a sing le electro n and
of a sing le hole results in the emission of a sing le photo n. Thi s appro ach seems
however restri cted to very low tem perature (< 0 : 1 K unti l now) and is di £ cul t
to com bine wi th the implem enta tio n of a m icrocavi t y. It is also possible to take
beneÙt from the stro ng Coul omb intera cti on between tra pped carri ers in a m ore
sim ple way [36]. W hen several (N ) electro n{ holes pai rs are inj ected into a QD ,
N photons are sequential ly emi tted duri ng the relaxati on of the QD to ward i ts
ground state. These photo ns are emi tted at di ˜erent energies, due to the Coulom b
intera cti on between tra pped carri ers. It is theref ore possible to select the \ last
emi tted" photo n by using a simpl e spectra l Ùlteri ng.

The val idi ty of thi s sim ple operati on pri nci ple has been dem onstra ted re-
centl y by several groups, on the basis of photo n correl ati on experim ents [43, 44]. W e
present in Fi g. 6 a correl ati on histogram obta ined usi ng a conv enti onal Hanburry{
Bro wn and Twi ss (HBT) set-up for the X emission l ine of a QD placed isolated
in a m esa structure, for a pul sed opti cal pum ping. The typi cal numb er of in-
jected electron{ hole pai r per pul se is estimated to be ¿ 0 : 5 from a compari son
wi th the excita ti on power whi ch al lows us to satura te the X l ine. The peaks in
the histogram reÛect the pum p repeti ti on rate at 82 MHz. For a coherent source
(attenua ted laser) al l correlati on peaks have the sam e area. Qui te rem ark ably, the
centra l correl ati on peak around t = 0 i s absent for the X emission of the QD ,
whi ch pro ves tha t a single photo n at m ost is emi tted in the X l ine for each exci -
ta ti on pul se. If i t was not the case indeed, som e exci ta ti on pulses would lead to
the emission of two photo ns at least and (possibly) to detecti on events on both
detecto rs separated by a short delay of the order of the radiati ve l if eti me, whi ch
wo uld contri bute to the centra l correl ati on peak.

In a com plementa ry experim ent, we have also perform ed cross-correl ati on
between X and X X photo ns for a pul sed opti cal pum ping. W e pl ace for tha t pur-
pose one m onochromato r on each arm of the HBT set-up in order to select X X
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Fig. 6. H istogram of the time interv al betw een detection events for the X line of a

single QD in a mesa structure under pulsed excitation ( T = 8 K ). C ursors are separated

by the excitation laser rep etition perio d.

Fig. 7. H istogram of the time interv al betw een detection events of X and X X photons.

C ursors are separated by the excitation laser rep etition p erio d.

photo ns on one arm and X photo ns on the second one. The outputs of the two
detecto rs serve as start (X X ) and stop (X ) signals for the ti m e-in terval m easure-
m ent. The centra l peak in the cross-corre lati on functi on shown in Fi g. 7, whi ch
corresponds to the detecti on of a X { X X photo n pai r generated by the sam e ex-
ci tati on pulse, displ ays a rem ark able asym metry . It exhi bi ts a very sharp ri se at
t = 0 , fol lowed by an exponenti al decay. Thi s decay reÛects the radi ati ve recom-
bi nati on of the exci to n, since after emission of a X X photo n (at t = 0 ), the QD
conta ins a sing le exci to n. For negati ve ti m es, the numb er of coincidences drops
down to the Ûoor level related to accidenta l coinci dences due to som e background
emission in the PL spectrum and to the dark noise of the detecto rs: thi s shows
tha t X photo ns are always emi tted after X X photo ns and never before duri ng
the sequential de-excita ti on of the QD . Thi s behavi or is very sim i lar to radi ati ve
quantum cascades in ato m s [46]. Other correl ati on peaks corresp ond to X and
X X pho tons generated by di ˜erent excita ti on pul ses. Tho ugh they reta in some of
the asymm etry of the centra l peak, thei r rise is not so abrupt due to the j i tter in
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the X X photo n detecti on (due to the biexci to n li feti me) wi th respect to the laser
pul ses.

Thi s set of experim ents shows tha t QD s can be used as a tri ggered source of
sing le photo ns as well as of photo n pai rs di splayi ng strong quantum correl ati ons.
The preparati on scheme works as long as the spectra l separati on between the QD
emission l ines is larger tha n thei r l inewi dth, in order to perm i t a cl ean spectra l
Ùlteri ng. For InAs QD s, operati on tem peratures as large as 77 K are theref ore
wel l wi thi n reach. For I I{ VI QD s such as CdT e/ ZnT e [12] or CdSe/ ZnSe [13], the
spl itti ng between X and X X l ines is respectivel y of the order of 10 and 20 m eV,
so tha t room tem perature operati on could m ost l ikely be achi eved.

Thi s preparati on scheme is also compati bl e wi th the im plementati on of a
m icrocavi ty to col lect e£ ci entl y the sing le photo ns. W e use here pi l lar micro cavi -
ti es, who se funda menta l mode exhi bi ts a col lim ated emission in the far Ùeld, well
sui ted for appl icati ons. Pho to n correl ati on exp eriments have been perform ed for
several QD s in resonance in a pi l lar m icrocavi ty such as the QD labeled \ QD 1"
in Fi g. 5. Due to the presence of som e background emission due to nearby QD s, a
non-zero centra l correl ati on peak is observed. Its area is however Ùve ti m es smal ler
tha n other peaks, whi ch demonstra tes tha t the pro babi li t y of emitti ng two pho-
to ns or more is Ùve ti mes smal ler tha n for an attenua ted laser source whi ch woul d
have the same photo n Ûux. Thi s probabi l i ty should becom e as smal l as f or QD s in
m esas i f the numb er of (useless) QD s in the m icro pi l lar is further reduced. Qui te
rem ark ably, the col lected photo n Ûux is about 60 ti m es higher for the QD in the
m icropi l lar tha n f or isolated QD s in m esas. A preci se quanti ta ti ve exp erimenta l
estim ate of the photo n Ûux is under way; prel iminary resul ts show tha t, in agree-
m ent wi th theo reti cal predi cti ons, col lecti on e£ ciencies wel l above 50% wi l l most
l ikel y be obta ined.

7. Co n cl u si on

Tha nks to thei r very speciÙc opti cal properti es resulti ng from the stro ng
three- dim ensional conÙnement of tra pped carri ers, QD s display uni que assets for
the generati on of quantum states of l ight and for sol id-state CQED . Besides the
Purcel l e˜ect (and related properti es such as nearl y sing le-m ode emission) QD s in
3D semiconducto r m icro cavi ti es wi l l m uch l ikely permi t the observati on of other
CQED e˜ects in the sol id state, such as the strong coupl ing regim e discussed in
thi s paper, as well as non- l inear e˜ects wi th a few photo ns or thresho ldl ess lasing.
In the weak coupl ing regime, a sing le QD in resonance in an ani sotro pi c micropi l lar
consti tutes an e£ cient sing le-m ode S4P. Thi s opto electroni c devi ce is the Ùrst of
a novel cl ass of semiconducto r devi ces based on a CQED e˜ect.
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