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Local-field effects on the spontaneous emission rate of CdTe and CdSe
guantum dots in dielectric media
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The refractive index dependence of the spontaneous emission rate is determined using organically
capped CdSe and CdTe quantum dots as probes. The radiative lifetime of the exciton emission is
measured in a variety of apolar solvents with refractive indicdsetween 1.37 and 1.50. It is
demonstrated that quantum dots provide a model system for testing theories on the influence of
local-field effects on the spontaneous emission rate. The experimentally observed influerwse of

the radiative lifetime is smaller than predicted by well-known models for local-field corrections but

is in good agreement with a recently developed fully microscopic model for the local-field
enhancement of the spontaneous emission rate20@ American Institute of Physics.
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I. INTRODUCTION In the other limit, the full- or virtual-cavity model, the
two-level system is placed in a cavity with the same refrac-
jve index as the surrounding medium but the dipoles inside
he cavity do not contribute to the local electric field. In this
situation the radiative lifetime is described®sy

The influence of local-field effects on the spontaneou
emission rate of a two level system has been the topic
both theoretical and experimental work since IdngIn the
absence of local-field effects the radiative lifetime of a two

level system decreases with increasing refractive indek n2+2\ "2 rac
the surrounding medium s TradN)=| —3 N 3
Trad N) = Tvac (1) The two models described above still rely on a macro-
n scopic description of the dielectric. More recently, a fully

where 7,,n) is the radiative lifetime of the emission in a microscopic model for Ioca_l—field effects was presgntgd using
medium with refractive index and 7. is the radiative life- @ duantum-electrodynamical, many-body derivation — of
time in vacuum. This simple relation between the radiative-@ngevin-Bloch operator equations for two-level atoms em-
lifetime and the refractive index follows from solving the Pedded in a dielectric host. In the limit of no interaction
macroscopic Maxwell equations assuming a homogeneoletween the two-level systenta single system in a dielec-
dielectric constant over space. In reality, the two level systenific hosb the radiative lifetime shows a dependence on the
interacts with all surrounding microscopic dipoles of the me-Tefractive index of thgnonabsorbingdielectric host that is
dium in which it is embedded. This complicates the analysismuch weaker than predicted with the empty-cavity and full-
To incorporate the influence of local interactions, local-fieldcavity models and is given By
corrections have to be introducBdlIready since the 1940s n2 +2) -1

Tvac-

local-field effects were included in a quantitative description  7,,4n)=
of the absorption and emission of light In the past 15 3
years theoretical work has resulted in the development of |n order to test the validity of the different models, ex-
models in which the two-level system is placed in a cavity toperimental work has been done in which the luminescence
account for microscopic interactions with local dipoles. Thejifetime is measured as a function of the refractive index of
exact dependence of the radiative lifetimg(n) on the re-  the surrounding medium. In contrast to the large number of
fractive indexn is very sensitive to the choice of the cavity. papers discussing theoretical models for local-field effects,
Two limiting cases have been analyzed in detail: in thethe number of experimental studies to verify the theoretical
empty-cavity model, the oscillator is situated in an emptywork is very limited. The reason is that these experiments are
spherical cavity and the dependence of the radiative |ifetim$|0t as trivial as they may seethOne of the Comp"cations is
on the refractive index follows: that the surrounding medium may influence both radiative
3n2 \ 2, and nonradiative decay rates through mechanisms other than
vac (2)  avariation in the refractive index. This complicates a quan-
2n%+1 n titative analysis of the influence of local-field effects gy
and only a few experimental studies have been reported in
aAuthor to whom correspondence should be addressed. Phede:30-  Which the theoretical models could be compared with experi-
2532202; Fax:+31-30-2532403. Electronic mail: a.meijerink@phys.uu.nl ment. Most insightful experiments have been done using

4

Trad N) =
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Eu’t. The intraconfigurational # transitions of the Et’ sion to changes in the local symmetry since the exciton emis-
ion are characterized by a long luminescence lifetimesion of QDs is a fully allowed electric dipole transition. It is
Rikken and Kessner studied the luminescence lifetime of théhe aim of the present work to measure the influence of re-
Ewt emission for Comp|exes (Eﬁ-hfa-topoyEﬁ*-dpa) fractive index of the medium Surrounding QDs on the radia-
dissolved in hydrocarbons and fluorocarbons with differenfive decay rate of the excitonic emission and to compare the
refractive indice$? They found that for the electric dipole results with theoretical models described above.

transition the dependence gf40nnis best described by the

empty-cavity mode[Eqg. (2)]. Schuurmangt al. did experi-  Il. EXPERIMENT

ments on a Eti -fod complex in supercritical CO* The A cChoice of the system

refractive index of the surrounding medium was varied be- ) o ) ) .
tween 1 and 1.3 by changing the pressure between 1 and The synthesis of efficiently luminescing quantum dots is

1000 bar. These experiments confirmed the applicability ofucial for the experiment. Highly efficient Il-VI semicon-
the empty-cavity model for Bii complexes. Luminescence ductor nanocrystals like CdSe and CdTe can be grown in a
lifetime measurements by Meltzet al. for EG* in Y,0, hot solvent of organic molecules that coordinate to ions at

nanocrystals embedded in media of different refractive indefn€ surface of the growing r?anocrysjtﬁﬂ'ypical coordinat-
indicated that the full- or virtual-cavity modgEq. (3)] gives N9 molecules are TOPQtri-octylphosphineoxide HDA

a better agreement with the experimentally observed relatiof1€x@decylaming DDA (dodecylaming and TOP (tri-
betweenn and 7,,4. %4 octylphosphing After synthesis, the surface of the semicon-

In all experiments involving EXf a complicating factor ductor nanocrystals is well-passivated with these molecules

is the sensitivity of radiative and nonradiative relaxationand nonradiative recombination at surface sites is sup-

rates to small changes in the immediate surroundings of thBreSSEd' Various groups havg shown that it i,S possible. to
EW* ion (in spite of the shielding of the 4 shell of EG* grow CdSe and CdTe QDs which are characterized by a high

by the outer 52 and 5° shell9. Subtle changes in the local luminescence quantum yieldp to 80% and a single expo-

; it 9-22 11 :
symmetry strongly affect the radiative decay rate of th _nentlal (radiative decay. It is for these QDs that the

forced electric dipole transitions within thef% configura- influence of the refractive index on the radiative decay rate

tion, as is, for example, clear from the strong variation of thetan be studied. To this effect, the highly luminescent QDs

lifetime of the EG" emission within the inhomogeneously gre df.:ﬁlved n vaél_ous orlganic SON; ntsh The (rjefre_agwet n-
broadened emission line for ElU in the yttrium oxide ex ot the surrounding solvent can be changed without in-

nanocrystals? In addition, the local dielectric surroundings fluencing the capping of the QD. Caution should be taken to

will be different for E?* located in the middle of the nano- 8::1')(; ;Joszurlg ir; ;(:)?ﬁg'gfiﬁg’ig?&:&ajﬁg?gi;?ﬁ dC?:r}g:;e
particles in comparison to Bti ions close to the surface. As P

a result, the local-field effects are expected to vary betwee;%he capping molecules. High refractive index organic sol-

. . : : : : ents like pyridine and carbon disulfide are not useful since
different ions in the system. This complicates the analysis o . :
- TR capping exchange with these solvent molecules can take
their influence on the radiative lifetime. For the Eucom-

plexes corrections need to be made for nonradiatival- place. The solvents used in this experiment are commonly

tiphonon relaxation to derive the radiative decay rate from used for the dispersion of QDs and no capping exchange

) e o with the solvent molecules is expected.
luminescence lifetime measurements. The nonradiative re-

laxation rates may vary as the solvent is chantjegor the
Eu®* complexes in supercritical GQhe change in pressure
could affect the distance between the central’Eion and Two types of semiconductor QDs have been prepared to
the coordinating atoms from the ligand molecules or theinvestigate refractive index dependence of the spontaneous
complex geometry. Even a small change in distance can iremission rate. All syntheses were carried out in a glovebox
fluence the radiative decay rates. In spite of the complicaunder argon employing standard oxygen and moisture free
tions arising from the sensitivity of the intraconfigurational conditions(less than 2 ppm ©and HO).
4f5 transition rates to the local surroundings, the experi- CdTe QDs are synthesized at 165°C in a mixture of
ments on E&' to establish the relation betweefy; andn  TOP/DDA by a modified version of the method reported by
have until now been the most insightful ones demonstratingalapin et al?>?4In a three necked flask 10 g of dry DDA
the influence oh on 7. and 7 mL of TOP were heated to 50 °C. To this solution 0.22
In this paper nanocrystalline organically capped CdSe (1.54 mmo) Cd(Me), in 7 mL of TOP and 0.16 d1.25
and CdTe quantum dot®)Ds) are used to probe the influ- mmol) Te powder were added. The reaction mixture was
ence of the refractive index on the radiative decay rate. Dubeated to 165°C for 3 h. The final product is a viscous
to quantum confinement effects, discrete levels arise at thiquid.
band edges and as a result semiconductor QDs are also To obtain a stable colloidal solution of the CdTe QDs in
known as artificial atom& 1 By placing these artificial at- a variety of organic solvents, the TOP/DDA capping is ex-
oms in media with different refractive indices, an ideal testchanged by a hexanethiol capping. Capping exchange is
case is obtained to determine the relation betwggrandn  achieved by adding 10@l of hexanethiol to 50ul of the
if the QD luminescence is dominated by radiative de@ay, crude solution of the CdTe QDs in TOP/DDA. After one day
Texp™ Trad - AN iMmportant advantage of QDs overEuisthe 5 ml of an organic solventhexane, octane, cyclohexane,
insensitivity of the radiative decay rate of the exciton emis-toluene, or chloroformis added and a stable and transparent

B. Synthesis of highly luminescent QDs
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colloidal suspension of QDs is obtained for all solvents. Thevents. The spectral width of the detection is however not
guantum efficiency of the CdTe suspensions is around 40%expected to give a large variation in lifetimes since there is
CdSe QDs are synthesized in a mixture ofonly aweak dependence of the luminescence lifetime of the
TOP/TOPO/HDA®™ A total of 20 g of TOPO, 10 g of QD emission on the particle size. Luminescence decay
HDA, and 2 mL of triethylorthoformate were placed into a curves were obtained using time-correlated single-photon
250 mL three necked, round-bottom flask, and heated slowlgounting via time-to-amplitude conversiofTAC) with a
to 330 °C. A portion of 0.79 g10 mmo) of Se was dissolved Time Harp 100 computer card. The laser power used for
at room temperature in 10 mL TOP. To this solution 0.28g excitation was low(less than 1 mW/cRA for two reasons:
mmol) of Cd(Me), was added. The temperature of the First, the ratio of stop to start pulses needs to be sthalbw
TOPO/HDA mixture was allowed to falthe heating mantle 0.05 to assure good statistics. In addition, by using a low
was removegto 300 °C at which point the TOP Se/@de),  excitation power the formation of biexcitowith a different
solution was quickly injected into the mixture using a sy-decay ratgis prevented. Measurements were done on very
ringe. After the injection, the temperature was allowed todilute solutions(OD below 0.1 in the visibleto prevent an
drop further to 180 °C. The reaction temperature was thetnfluence of reabsorption. The time resolution of the mea-
stabilized at a growth temperature of 240 °C for two hourssurements is better than 0.5 ns and is mainly limited by the
which results in QDs with the highest quantum efficiency inspread in transit times for the PMT. Luminescence quantum
the presently used synthesis methd€dSe QDs were dis- efficiencies(QE) were determined using a SPEX Fluorolog
persed in the same five organic solvents as used for CdTe fepectrofluorometer and Rhodaming @E=90%) as a stan-
luminescence and lifetime measurements. The quantum effgard. Further experimental details can be found in Refs. 24
ciency of the CdSe QDs prepared in this way for the preserséind 19.
experiments is around 55%.

C. Apparatus Ill. RESULTS

Luminescence spectra and luminescence lifetimes wer’é" CdTe
measured using a Pico Quant diode laser£406 nm, 2.5 In Fig. 1 room temperature emission spectra are shown
MHz repetition rate, 55 ps pulse widtlas an excitation of CdTe quantum dots after capping exchange with hex-
source. Emission spectra were recorded with a 0.25 m Actoanethiol and transfer into hexafieig. 1(a)] and toluengFig.
Research monochromator fitted with a Princeton Instrument&(c)]. The quantum dots show a bright yellow emission with
liquid nitrogen cooled charge-coupled device camera. To dea maximum at 570 nm. The position of the emission maxi-
termine the lifetime of the luminescence a monochromatomum is the same in all five solvents. From the position of the
(0.1 m focal length, 1350 lines mm grating, blazed at 500 exciton emission band the particle diameter can be estimated
nm was used for wavelength selection and a fasto be 3.0 nnf>?*On the right-hand side of Fig. 1 lumines-
Hamamatsu H5738P-01 photomultiplier tube PMT was useadence decay curves are depicted for the emission of CdTe
for light detection. With the monochromator an emissiondots in two of the solventghexane and tolueneThe lumi-
band around the emission maximum was selected for recordiescence lifetime is around 18 ns in both cases. This is in
ing the luminescence decay curves. Since the luminescenegreement with the radiative decay time reported for CdTe
lifetime is expected to depend on the particle diaed thus exciton emission and indicates that the experimentally ob-
emission wavelengjtithe decay curves were recorded at theserved luminescence lifetime is indeed determined by radia-
same emission wavelength for the QDs in the different soltive decay’*??Also the single exponential character of the
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decay curves provides strong evidence that the luminescence T T T T ! 7
is dominated by radiative decay. Exciton emission is charac- 1
terized by a weak electron-phonon couplifejso in QDs
(Ref. 21)]. As a result, nonradiative relaxation of the exciton
by phonon relaxation processes can be neglected. The life-
time of the QD exciton emission is thus dominated by radia-
tive decay unless energy transfer occurs to quenching centers
in or close to the QD. In case of quenching by energy trans-
fer, nonradiative decay rates will vary between QDse to 16F
differences in quenching rates between @QBsd nonexpo-
nential decay curves are expected. Indeed, for CdSe and 15k L , ) \ L]
CdTe QDs prepared via a different synthesis method nonex- 138 140 142 144 146 148 150
ponential decay curves are observed and the faster initial nD2°

decay is attributed to quenching cent&t$22°>2The present

observation of a pure|y exponentia| luminescence decay ifIG. 2. Radiative lifetime of the exciton emission at 570 nm for
hexanethiol-capped CdTe QDs as a function of the solvent refractive index

Fig. 1 shows that the emission from the CdTe QDs is doml_for QDs is apolar solvents. The filled squares represent the experimental

nated by radiative decay. Further support for the fact that thessyits and drawn lines are fits to the theoretical models described H9)EG.
presently observed decay curves reflect only radiative decagmpty cavity, Eq. (3) (virtual cavity), and Eq.(4) (fully microscopig.

is obtained by measuring the wavelength dependence of the

luminescence lifetime. The luminescence lifetime decreases

for shorter wavelength according to the well-knowh de-  determined from analysis of the ten measurements. It is evi-

pendence, which is valid for radiative decay offly® dent that the variation in refractive index gives only a small
In spite of the strong evidence showing that the luminesvariation in the luminescence lifetime which will be dis-

cence decay curves are determined by radiative decay onlgussed below.

the luminescence quantum efficiency of the QD solutions is

around 40% and not 100%. The lower quantum yield indi-

cates that there is partial quenching of the luminescencd- CdSe

This is ascribed to the presence of two types of CdTe quan- The exciton luminescence of CdSe QDs has been studied
tum dots: bright dots, showing radiative exciton recombinamore extensively in the literature than the luminescence of
tion and “dark” (i.e., nonluminescentdots for which the cdTe QDs. The efficient luminescence from TOP/TOPO
luminescence is almost completely quenched. The luminesapped CdSe QDs is well-known and in various studies the
cence decay curves for the emission from the ensemble @fiminescence lifetimes of this type of capped CdSe QDs
QDs are dominated by the radiative decay time of the brighhave been reported:19262%31The presently studied TOP/
QDs that have quantum efficiencies close to 100% and refFOPO HDA capped CdSe QDs show a bright yellow emis-
flect the radiative exciton lifetime. Convincing evidence for sion peaking at 572 nm. From the position of the emission
the coexistence of bright dots with a purely radiative decaymaximum the particle diameter is determined to be 3.4 nm.
and dark dots in the same ensemble is presented in Refs. 3the capped CdSe QDs readily dissolve in the same five sol-
and 29. Luminescence measurements on single QDs shoyents as used for the CdTe QDs. The quantum efficiency is
the presence of bright QDs with quantum efficiencies neanot strongly influenced by dissolving the QDs in the various
unity and dark QDs with a very low quantum efficierf@y.  solvents and is around 55%. Just as for CdTe the exciton
To measure the influence of the refractive index on theemission for the CdSe QDs shows single exponential decay
radiative lifetime the hexanethiolcapped CdTe QDs were diseurves in the maximum of the emission band. As an ex-
solved in five apolar solvents spanning a range of refractivample, the decay curves measured for CdSe QDs in the sol-
indices as wide as possible, viz. hexame=(1.375), octane vents with the highesttoluene,n=1.496) and the lowest
(n=1.397), cyclohexane n=1.427), chloroform A refractive indexhexanen=1.375) are shown in Fig. 3. The
=1.446), and toluenen(=1.496) % In all these solvents the luminescence decay curves are single exponential which in-
QDs dissolve readily and form a stable and clear colloidalicates that the decay times reflect the radiative decay rate of
suspension. The luminescence decay curves were measurbe excitonic emissioltsee also the section abgvéhe lu-
for the CdTe QDs in the five solutions under identical cir- minescence lifetime is around 26 ns, in good agreement with
cumstancegsame optical density of the QD suspension, op-the radiative decay times reported for the exciton emission
tical density(O.D.) ~0.1 at 406 nm, and same laser excita-from CdSe QDg%%6293133n 3 recent study on the fluores-
tion powe) and the measurements were repeated ten times icence lifetime of the emission from single quantum dots it
order to reduce the experimental error. For the QDs in allvas demonstrated that the nonradiative decay rate can vary
five solvents single exponential luminescence decay curve$or a single dot® Analysis of the luminescence decay behav-
similar to those shown in Fig. 1, are measured. The radiativéor of a large number of dots during different time intervals
luminescence lifetimesr{,) are plotted as a function of the showed that the lifetime measured during the period of maxi-
refractive index in Fig. 2. The radiative lifetime decreasesmum brightness are around 27 ns and can be considered as
from 18.2 ns for CdTe QDs in hexane to 17.0 ns in toluenethe radiative lifetime. This observation provides strong sup-
The error bars in Fig. 2 represent the experimental error agort for the observation that the single exponential decay
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Time (ns) Time (ns) tact with the surrounding medium of variable refractive in-

dex by a thin(~0.4-0.9 nm capping layer. For this two-
_';'OGF;/% 'E’l:)"/‘g‘gzcggcee%eg%ceu”?n ffn:hgofgﬂfg”e?ggsiir(‘";] 2)‘@;73?]3’“ forevel like system the radiative decay rate will be influenced
toluene(B). The meapszrements aqu(Je dolrJ1e at 295 Kpunder 406 nm excitationl.:)y the solvent only _throth_a Va”atlon_ of the refractive in-

dex of the surrounding medium assuming that the surround-

ing medium does not affect the thickness or interaction with
curves measured for the QD emission reflect the radiativéhe capping layer. In view of the similar apolar character of
decay rate and that the radiative lifetime for CdSe QDs is ofhe solvents used to dissolve the capped QDs no influence of
the order of 26 ns. the solvent on the capping layer is expected. As a result, the

The luminescence lifetimes for the exciton emissionmeasurements of the variation of the lifetime of the quantum

from CdSe QDs in the five solvents are plotted in Fig. 4. Thedot emission in media with different refractive indices will
luminescence lifetime decreases from 27.7 to 25.2 ns as thgrovide insight into which of the theoretical models dis-
refractive index of the solvent increases from 1.38 to 1.50cussed in the Introduction can explain the observed relation
Just as observed for CdTe the influence of the refractive inbetweenr,,q andn.
dex on the luminescence lifetime is small. This observation In order to determine which of the various models can
is consistent with the reported insensitivity of the absorptionaccount for the experimental results, the data in Figs. 2 and 4
cross section of CdSe QDs on the solvent refractive indexvere fitted to the empty-cavity mod¢Eqg. (2)], the full-

reported by Leatherdalet al>* cavity model[Eq. (3)], and the fully microscopic mod¢Eq.
(4)]. The resulting fits are plotted in Figs. 2 and 4. For both
I\V. DISCUSSION types of QD the empty cavity and the full-cavity models

) strongly overestimate the influence of the refractive index on
The results described above show that both the CdTe angle aqiative lifetime and cannot explain our experimental

the CdSe QDs are ideal probes for monitoring the influenceq.q its. The recently published fully microscopic mofed.
of the refractive index on the radiative decay rate. The quantg)] however, can explain the observésinal) decrease in
tum dots are smalimuch smaller than the wavelength of o jiative lifetime with increasing refractive index. This
light) luminescent species that are shielded from direct CONghows that neither the empty-cavity nor the full-cavity model
can describe the dependence of the spontaneous emission
— — ———— rate on the refractive index for the QDs studied. It is encour-
4 aging to see that the fully microscopic model does reproduce
the measured influence of the refractive index on the radia-
. tive decay rate. More in general, the present results provide
reliable experimental data on the relation between radiative
decay rates and the refractive index of the medium in which
a two-level system is embedded. As such, the results are
important in the further development of theories that account
for the influence of local-field effects on the spontaneous
emission rate. It should be noted that typically QDs are not
completely spherical but are slightly prolate with an aspect
ratio of about 1.1. Orientation of the dipole may influence
] the coupling with the dielectric medium and complicate the
theoretical analysis.

138 140 142 12614 146 148 150 The difference between the present results, which show a
relatively small influence of on 7,4, and the results for

Eu’t complexes, for which a much stronger influence has

FIG. 4. Radiative lifetime of the exciton emission from TOP/TOPO/HDA heen reported, may also be related to the different nature of

capped CdSe quantum dots as function of the solvent refractive index fthe systems. In Fig (E\) schematic drawing showing the
quantum dots in apolar solvents. The filled squares represent the experime ’ ;

" =+ 1
tal results and drawn lines are fits to the theoretical models described by E(a.'ﬁere_nce fo_r the Et" complexes and the semiconductor
(2) (empty cavity, Eq. (3) (virtual cavity), and Eq.(4) (fully microscopid. QDs is depicted. In the case of the 3I':*ucomplexes the
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optical transition is localized within thef4 configuration of  for studying the influence of the refractive index on the spon-
the EG* ion and the transition dipole moment of the transi- taneous emission rate and provide reliable experimental data
tion involved is small. The Eif ion is placed in a relatively which can serve as input in the further development of the-
large cavity(the organic complexwith a low polarizability.  oretical models describing the influence of local-field effects
The interaction with the surrounding dielectric occurson the radiative decay rate for electric dipole transitions.
through this region of low polarizability and the boundary

conditions for the empty-cavity model form a good descrip-ACKNOWLEDGMENT
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