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Cavity-QED studies in a lov@ regime demonstrate enhanced spontaneous emission from CdSe/ZnS core/
shell nanocrystals embedded in a polystyrene microsphere and provide important information on radiative
dynamics in these quantum dots. The cavity-induced relative enhancement in photoluminescence decay rates
depends sensitively on the relative contribution of radiative and nonradiative decay processes. The experimen-
tal results, including the temperature and nanocrystal size dependence of the time-resolved photoluminescence,
suggest that the enhanced spontaneous emission arises from photoluminescence from the lowest dipole-
allowed transition. For large nanocrystals, decay of the transition is primarily radiative in origin.

DOI: 10.1103/PhysRevB.64.115310 PACS nuniber78.67.Bf, 42.50-p, 78.66—w

Spontaneous-emission-reflecting optical interactions be- Whether optical interactions in colloidal QD’s such as
tween matter and vacuum can be controlled by using opticaCdSe nanocrystals can be controlled with an optical micro-
microcavities. Extensive experimental efforts using composeavity, however, remains an open question. In spite of many
ite atom-cavity systems have led to the achievement of theecent advances, radiative dynamics, especially the physical
strong-coupling regime where the dipole-coupling rate benature of band-edge photoluminesceri&), in colloidal
tween a single atom and a resonant-cavity mode exceed3D'’s is still not well understood. Time-resolved PL from
both the atomic-dephasing rate and the cavity-decay'ratethese nanocrystals features multiple decay components with
Optical processes including reversible spontaneous emissiatecay times ranging froms to ns. This along with the com-
in this regime have been successfully exploited to explore @lex energy structure near the band edge of the colloidal
variety of topics such as quantum measurement, entangl€D’s makes it difficult to extract information on the under-
ment, and more recently quantum information processing. lying decay processes. To be able to control optical interac-
The progress made in atomic cavity QEDQED) has fur-  tions in a QD with an optical microcavity, it is important that
ther stimulated considerable interest in CQED of quantunthe relevant dynamics be dominated by radiative instead of
dots(QD's) that feature atomiclike discrete energy levéls.  nonradiative decay processes.
addition to applications such as microlasers, composite QD- In this paper we report experimental studies that have
cavity systems avoid the difficulty of center-of-mass motionenabled us to probe radiative dynamics in CdSe nanocrystals
inherent in atomic CQED and can, in principle, scale up to aand to demonstrate the feasibility of controlling radiative dy-
relatively large mesoscopic system, for example, having amamics in these QD’s with whispering-gallery optical micro-
array of QD’s couple strongly to a cavity mode. cavities. The experimental approach is based on CQED in a

Experimental efforts toward achieving the strong-low-Q regime. In this regime, the enhancement in the spon-
coupling regime using monolithic QD-microcavity systemstaneous emission or the radiative decay rate is characterized
have thus far been hindered by the inadequate cavity finess®y the Purcell factor given b ,=I'c/T"; whereT'; is the
and by rapid dephasing in QD’s. To overcome these difficultadiative decay rate into a cavity mode dndis the radiative
ties, we have proposed to use a composite QD-microcavitdecay rate in a homogeneous dielectric medfurhe cavity-
system where colloidal QD’s or semiconductor nanocrystal$nduced relative change in the total decay r&te=T",,,,
couple to a whispering-gallery mod&/GM) in a fused- +T',, wherel o, is the nonradiative decay rate, depends on
silica microspheré.The composite system features a cavitythe relative contribution of', andI' ., and is given by
finesse two orders of magnitude greater than that of mono-
lithic semiconductor microcavities. Compared with QD’s [ ot (L+Fp)T, 1
grown by molecular-beam epitaxfMBE), colloidal QD’s SR A _1:Fpm- @
are characterized by completely quantized acoustic phonon
modes, which can suppress dephasing associated wigincel ., is not affected by the cavity. The manifestation of
electron-phonon interactions. Homogeneous linewidth of orCQED effects thus depends sensitively on the ratio
der 30ueV has been recently observed in CdSe nanocrystals; on/ Iy, providing information on the underlying radiative
compared with a homogeneous linewidth of order 1 meV indynamics that is otherwise not available from conventional
the absence of phonon quantizatiidomogeneous line- time-resolved PL studies. For large nanocrystaR (
width of order 1ueV, more than one order of magnitude ~4.5nm),e approaches the theoretically expeckgg indi-
smaller than that observed in any QD system grown bycating that decay of the underlying optical transition is pri-
MBE, has also been achieved in CuCl nanocrystals embednarily radiative in origin. These studies represent a crucial
ded in a NaCl crystd. first step toward the use of colloidal QD’s to achieve the
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FIG. 1. PL Spectrum from nanocrysta|s wiRE=2.7 nm, embed- are obtained at 10, 20, and 35 K, respectively, with the amplitude
ded in the interior surface of a polystyrene sphere. The bright ringiormalized to the same peak intensity. The insebjnshows sche-
in the right inset is due to PL from embedded nanocrystals. Arrowdnatically the excitonic-energy structure near the band edge.
in the left inset indicate the spectral positions used for the time-
resolved PL in Fig. 3. that the time-resolved study needs to be performed with a

spectral resolution better than 0.01 nm, which is very diffi-

strong-coupling regime and furthermore provide the mucteult to achieve.
needed information on radiative dynamics that is essential Assuming that optical dipoles are randomly orientated,
for understanding optical properties in these remarkabléesonant with the cavity mode, and positioned at the maxi-
QD’s. mum of the vacuum electric field, and that the homogeneous

CdSe/ZnS core/shell nanocrystals used in our study werénewidth of the transition is smaller than the cavity line-
fabricated by using a high-temperature organometallic synwidth, we haveF ;= QD\%/4m?n3V, wheren is the index of
thesis developed earliin these nanocrystals, a CdSe corethe sphere) is the wavelength in vacuun) is the mode
is capped by a thin shell of ZnS with a band gap greater thadegeneracy, an¥ is the effective mode volume defined as
that of CdSe. The ZnS shell significantly improves the quanthe spatial integral of the field intensity, normalized to unity
tum yield of the nanocrystals with an average room-at the maximuni:’® For a 15um sphere, usingd=3000,
temperature quantum vyield of 40-50%@hree groups of A=620nm,n=1.5,D=2, andV=35um? for the WGM’s
nanocrystals with average core radRisf 2, 2.7, and 4.5 nm we obtain F,=0.3. The actual effective Purcell factor is
(referred to as NC1, NC2, and NC3, respectiyelere used. smaller due to the spatial and spectral distributions of nanoc-
The average core radii were determined from PL spectra ang/stals in the measurement. Using statistical average similar
are consistent with results of transmission-electron microsto that used in Ref. 12, we obtain an effective Purcell factor
copy. For CQED studies, CdSe/ZnS nanocrystals were dopeaf 0.2.
in the interior surface of a polystyrene sphémdo indica- Time-resolved PL was carried out by using correlated
tions of degradation due to the doping process have begphoton counting. The excitation pulses, obtained by
observed. An inset in Fig. 1 shows the optical image of arequency-doubling a mode-locked Ti:Sapphire laser, were
typical nanocrystal-doped polystyrene sphere. centered neak =400 nm with a reduced repetition rate of

Dielectric spheres are versatile optical cavifiest In 500 kHz. A photomultiplier tube was used as the detector
these spheres, WGM'’s form via total internal reflection.with a system response near 1.5 ns. Experimental results pre-
Lowest-order WGM'’s propagate along an equatorial ring ofsented were obtained at excitation levels where behaviors of
the sphere surface. For studies presented in this paper, poliime-resolved PL are independent of the input pulse energy.
styrene spheres with a diameter of 4B were used. Sepa- Figure Za) shows time-resolved PL in free space. Quali-
rate control experiments also used spheres with a diameter tdtively the same results have also been obtained by using
100 um (no CQED effects were observed with theseCdSe/ZnS core/shell nanocrystals from another grou.
spheres Figure 1 shows the PL spectrum obtained at 10 K10 K decay times of PL range from of the order of 1 ns to a
from NC2 embedded in a polystyrene sphere. A SPEX-750Mew hundred nanoseconds. This complex behavior of mul-
spectrometer with a spectral resolution of 0.02 nm is usediple decay components is in part due to the exciton-energy
The linewidth of the narrowest WGM's as shown in the in- structure in nanocrystals. The energy structure of band-edge
set, is 0.2 nm, corresponding tdafactor of 3000. Note that excitons in CdSe nanocrystals, drawn schematically in the
for the purpose discussed above, only a moBigss needed. inset of Fig. 2b) is characterized by five levels with angular
Hence, we have chosen to use polystyrene spheres insteadmbmentum projectiofr,,= +2, +1-, 0-=1Y, oY, whereU
fused-silica microspheres that feature much gre@edac- andL denote upper and lower states with the safe*
tors. Using a high® fused-silica-microsphere system for Within the effective-mass approximatiggMA), transitions
studies of enhanced spontaneous-emission rates also medran the crystal ground state to state® and ¢ (dashed
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FIG. 4. Time-resolved PL from nanocrystals embedded in a
polystyrene sphere obtained near the center of the respective PL
spectra and with the amplitude normalized to the same peak inten-

R=45 nm ! R=45 .nm I sity. Results obtained at a wavelength resonant with a given WGM
0 50 100 150 0 50 100 150 and at a nearby wavelength, but off resonant with the WGM, are
Time (ns) Time (ns) shown in each figure and are nearly the same.

FIG. 3. Time-resolved PL from. .nanocrysmls embedded in &ates when the PL is resonant with a given WGM occurs for
polystyrene sphere at spectral positions, resofthet lower curve

in each figurg or off resonan{the upper curve in each figyrevith only one PI._'Component and the relative en'hancement de-

given WGM's. The measurements were carried out at the lowerP€NdS sensitively on temperature and especially nanocrystal

energy side of the respective PL spectra. For each figure, the an®/Z€S.

plitude is normalized to the same peak inteng@yAt 10 K. (b) At To understand the manifestation of CQED effects, we em-

20 K. Results of numerical fits to PL from nanocrystals wRh  phasize that as long as the homogeneous linewidth is small

=4.5nm are shown as squares and are discussed in the text. ~ compared with the cavity |inewidtHF,p is determined by the
properties of the cavity and remains nearly the same for all

lines) are dipole forbidden, while transitions to stateq:, ~ Measurements in F|g._1§.For a relatively smalF(~0.2),
+1Y, and @’ (solid lines are dipole allowed. In addition to clear signature of relat|ve. changes in the total decay rate can
direct radiative recombination, phonon-assisted optical tranP® observed only wheh, is greater than or at least compa-
sitions from both dipole-allowed and dipole-forbidden tran-rable tol'yon,, as indicated by Eq(1).
sitions can also contribute to the Pt.. We attribute the PL component that exhibits pronounced
For a collection of nanocrystals with a large inhomoge-cavity-induced enhancement in the decay rate to optical
neous linewidth, a number of direct as well as phonon-emissions from states 1", the lowest dipole-allowed tran-
assisted optical transitions can contribute to PL measured atsition. For these stated, . includes contributions from
given wavelength. In principle, each transition can lead to dhermal activation to higher excited states, decay to states
single or multiple decay components in the time-resolved PL=2, and possibly relaxation to surface states. The decay into
with the decay including both radiative and nonradiative pro-the 2 states requires spin flipping of excitations, which is
cesses. In order to reduce contributions from higher excitedhown to be extremely slow in recent studies using time-
states, time-resolved PL presented in this paper was obtainedsolved Faraday rotatidi At low temperature, thermal ac-
at the lower-energy end of the PL spectrum unless otherwisivation from the+ 1" to + 1Y states is also slow because of
specified. Little information on details of the underlying ra- the large energy separatio™>10 me\) between these
diative dynamics, however, can be extracted from the constates:* In comparison, for dipole-allowed transitions with
ventional time-resolved PL since it is difficult to correlate energies higher than the 1' states, rapid relaxation into
decay components with a specific optical transition. lower-energy states are expected since in this case the relax-
Figure 3 shows time-resolved PL of nanocrystals embedation does not require spin flipping. Hence, for these higher
ded in polystyrene spheres. In each part, the lower curve isxcited statesl’ ., is much greater thah, . PL from these
obtained at a wavelength resonant with a WGM while thestates should contribute to the initial fast-decay component
upper curve is obtained at a wavelength near but is off resan time-resolved PL. No significant cavity-induced relative
nant(~3 A away) with the given WGM. For these measure- increase in the decay rates, however, is expected for PL from
ments, a spectral bandwidtif @ A was used in order to these higher excited states. We also note that for all nanoc-
separate the resonant and off-resonant contributions. Becaugestals we have used, no pronounced enhancement in PL
of this, the signal level is relatively low with counts per decay rates was observed for PL obtained at the céséer
second of the order of 100. Data-acquisition time of the ordeFig. 4) or at the higher-energy side of the PL spectra where
of 1 h istypically needed in order to obtain a good signal- contributions from higher excited states become much more
to-noise ratio for a time-resolved PL curve. Note that in freeimportant.
space, behaviors of time-resolved PL within a narrow spec- The above assignment on the PL from the lowest dipole-
tral range 6 5 A are nearly identical. An example of the allowed transition is further supported by the size and the
relevant wavelength positions is also shown in the inset iremperature dependence of the CQED effects shown in Fig.
Fig. 1. As shown in Fig. 3, the enhancement in PL decay3. The enhancement in PL decay rates can only be observed
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in relatively large nanocrystalNC2 and NC3 but not NO1  allowed transition is theoretically expected to be of the order
Earlier theoretical calculations have shown that the relativedf 10 ns, in general agreement wit_h the experimental ré8ult.
oscillator strength for the- 1' states increases with increas- Note that although there are considerable error ba20%)

ing nanocrysta| sizé‘%vw On the other hand, the relative os- in the numerical analysis, the observation of the pronounced
cillator strength for thex 1Y states decreases with increasing cavity-induced enhancement in the total decay rate by itself
nanocrystal size. When the nanocrystal size decreases frotfdicates thal’, is considerably greater thdf,g, since oth-
more than 3 to 1.5 nm in radius, radiative lifetimd’1for ~ €rwisee would be too small to have a significant effect, as
the +1% states increases from 10 to 100 ns. The raticshoWn by Eq.(1). This is further supported by the weak

I', /T, o, for the + 1% states is thus expected to decrease wit€MPerature dependence in batfand 1’ discussed above.
decreasing nanocrystal size. Hence, smaller nanocrysta ence, for large nanocrystals, population decay of the lowest

. ~dipole-allowed transition is primarily radiative in origin in
tSht‘))utlg fefa(t)l:]zeﬂ?eslnfdlert:tsewiegl g]s;aos(ranalllle;[elfglv;nco?o spite of the complex energy structure and relaxation pro-
ribution 1r — L sates vera » 1€adINg 10 casses, which is important for the use of these QD’s for
negligible CQED effects as observed for NC1.

Figure 3 also shows that at low temperatwepr NC3 cavity QED in the strong-coupling regime.

2 . In summary, experimental studies of CQED effects in a
e>§h|b|ts only a weak temperature dependence, In agreeme TW—Q regime have enabled us to obtain important and much
with the weak temperature dependence of the time-resolve,

e ) . : . “needed information on radiative dynamics in semiconductor
P.L (within the first 2(.) nsobtained in free space, as shown in nanocrystals and to demonstrate the feasibility of controlling
Fig. 2b). In_ comparison, much stron.ger_tempe.rat.ure.depen(—)ptical interactions in these QD’s with whispering-gallery
dence ofe is observed for N.CZ' This size variation in t.he optical microcavities. The cavity-induced relative enhance-
temperature dependence ofis expected since as we dis-

> ment in PL decay rates depends sensitively on the relative
cussed above, smaller nanocrystals feature a smaller ratio Q

T For th talsi ¢ v affected ntribution of radiative and nonradiative decay processes.
/1 nonr- FOT NESE NANOCIystais s more strongly afiected  r,q experimental results, including the temperature and the
by the temperature dependencdig,,,.

E - vsi h ¢ d | nanocrystal size dependence of the time-resolved photolumi-

5 or z(:\j?uarlw\ltgzguve danha ySIS, Wg ave locuse _oln resultiescence, suggest that the enhanced spontaneous emission
obtained for and have used two exponential Compog isas from the lowest dipole-allowed transition in CdSe
nents to fit the PL in the first 150 aumerical analysis of nanocrystals. For large nanocrystaR~(4.5nm), decay of
results fon N.C'Zt.aln? N,[%l are more |nvo|¥ed due to thf Fresthe transition is primarily radiative in origin. These results,
ence ot an iniial fast-decay compongnkor nanocrystals along with earlier results on both the dephasing rate and the
off resonant with the relevant WGM, the decay time for the

. AN cavity finesse of a composite nanocrystal-fused-silica-
first deqay component 'S.]I{_8'7 and 8.1 ns at 10 and 20K, microsphere system, indicate that this composite system is
respectively(the decay time for the second and slower co

m-.: .. . K
) highly promising toward reaching the strong-coupling re-
ponent is of the order of 30 ns at 10.KNhereas for nanoc- ime for QD's thus opening up a new frontier toward ma-

r%st?_ls rzsonant with the rglevz/;l:nt \éVGNclj éhg decay gme éo nipulating and controlling optical interactions in mesoscopic
the first decay component isIk~7.3 and 6.8 ns at 10 an quantum systems.

20 K, respectively. These results yiedd=0.2 and 0.19 at 10

and 20 K, respectively, approaching the theoretically ex- H.W. thanks Al. L. Efros for helpful and stimulating dis-
pectedF, and thus indicating that the underlying decay pro-cussions. We also thank P.C. Sercel for the use of the corre-
cess is primarily radiative in origin. For very large nanocrys-lated photon-counting system. This work was supported by
tals, radiative decay time (II/) for the lowest dipole- NSF Grant No. DMR-9733230.
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