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A
high luminescence efficiency is an im-

portant property of colloidal quan-

tum dots (QDs), and quantum yields

higher than 90% have been reported for

core�shell QDs.1 High efficiencies are espe-

cially important for application of QDs as

luminescent biolabels,2 in QD lasers,3 in

spectral converters for warm white LEDs,4,5

electroluminescent devices,6 and solar con-

centrators.7 Luminescence efficiencies are

strongly temperature-dependent.8 Extensive

temperature-dependent luminescence stud-

ies for colloidal QDs have been conducted at

cryogenic temperatures (0.3�300 K).9�15 In

this temperature region, interesting effects

wereobserved, includingaprolonged lifetime

below 20 K related to bright�dark state

splitting,11,16 thermally activated quenching

due to surface defect states,9,10,17 and tem-

perature antiquenching assigned to a phase

transition in the capping layer.14,15 However,

the luminescence properties of QDs above

room temperature (RT) are hardly investi-

gated, and yet, for most applications in lumi-

nescent devices, the working temperature is

higher than 300 K. An interesting example is

the recent application of QDs as color con-

verters in warm-white LEDs,18 in which QDs

serve as narrow band red emitters under

excitation with blue light from a (In,Ga)N

LED. The narrow emission bandwidth renders

QDs superior to classical phosphors based

on broad band emission from luminescent

ions.19 In high-power LEDs for general lighting

applications, the heat generated in the p�n

junction and phosphor converter layer leads

to temperatures as high as 150�200 �C in the

layer applied on top of the blue diode.20 To

avoid these high temperatures, the QD phos-

phor layer can be placed in a more remote

configuration. Still, temperatures in such a

configuration are expected to be well above

50 �C due to heat dissipation of the QDs

themselves (excess energy from converting

the blue into red light). Clearly, the quenching

of QD luminescence at elevated tempera-

tures is relevant for application of QDs in

luminescent devices, and a better insight in

the quenching behavior is needed.

Despite its importance, research on lumi-

nescence temperature quenching above RT

is very limited for QDs. It is theoretically ex-

pected for a QD to have a very high lumi-

nescence quenching temperature (Tq).

Three generally accepted mechanisms for

thermal quenching involve thermally acti-

vated crossover from the excited state to

the ground state, multiphonon relaxation,

and thermally activated photoionization. The

first mechanism is generally depicted in a

simple configurational coordinatediagram.8,21

The energy difference between the minimum
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ABSTRACT

Thermal quenching of quantum dot (QD) luminescence is important for application in

luminescent devices. Systematic studies of the quenching behavior above 300 K are, however,

lacking. Here, high-temperature (300�500 K) luminescence studies are reported for highly

efficient CdSe core�shell quantum dots (QDs), aimed at obtaining insight into temperature

quenching of QD emission. Through thermal cycling (yoyo) experiments for QDs in polymer

matrices, reversible and irreversible luminescence quenching processes can be distinguished.

For a variety of core�shell systems, reversible quenching is observed in a similar temperature

range, between 100 and 180 �C. The irreversible quenching behavior varies between different

systems. Mechanisms for thermal quenching are discussed.
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of the excited state parabola and the crossing point

between the excited state and ground state parabola is

considered as activation energy for thermal quench-

ing. For electronic transitionswith a small Huang�Rhys

factor S (i.e., small electron�phonon coupling), this

activation energy is high. For QD luminescence, S has

been shown to be very small (∼0.1�0.2) from the low

relative intensity of the phonon side bands in single

dot emission spectra.22 For these small values of S,

temperature quenching is not expected.21 Multipho-

non relaxation is a quenching process in which the

energy gap between the excited state and the ground

state is bridged by the simultaneous emission of

phonons (vibrational quanta). If the gap can bebridged

by 5 phonons, radiative and nonradiative decay com-

pete. For larger gaps, radiative decay dominates and

high quantum yields are possible. For QD emission in

the red spectral region, at least 50 vibrational quanta

are required to bridge the gap due to the low Cd�Se

vibrational energy, and thus multiphonon relaxation is

not expected to play a role. Finally, thermally activated

photoionization can cause luminescence quenching

by escape of a charge carrier from a luminescent center

by thermally activated ionization. In traditional phos-

phors, the process involves ionization from a localized

dopant excited state to the host conduction band. For

a QD, it can be viewed as thermally activated escape of

a charge carrier to a nearby trap state. Contrary to the

other quenching mechanisms, which are intrinsic to

the nature of the luminescent center, quenching pro-

cesses involving traps or defects are not intrinsic, and

therefore, the quenching temperature can vary for the

same type of luminescent center depending on the

nature and location of the defects or traps. Traps and

defects have been used to explain luminescence

quenching above 50 K for organically capped CdSe11

and CdTe10 QDs. For core�shell QDs, the quenching

temperature increased to 200 K or above RT for CdSe/

CdS/ZnS multishells12 or CdSe/CdS nanorods.23 These

observations suggest that thermal quenching of QDs is

related to carrier trapping in (surface) defect states, and

surface passivation through inorganic shells can sup-

press this process. The luminescence quenching behav-

ior of core�shell QDs at elevated temperature has not

yet been systematically studied, and therefore, the in-

trinsic quenching temperature of QDs remains to be

determined. In this work, we focus on the high-tempera-

ture region (300�500 K) and systematically study the

thermal behavior of different types of highly efficient

core�shell QDs, aiming at obtaining insight into the

origin and mechanism of temperature quench-

ing of colloidal QDs. To reduce the influence from

surrounding media, the nanocrystal (NC) samples were

immobilized and isolated in a cross-linked polymer

matrix. We were able to distinguish the reversible and

irreversible quenching effects by recording both

photoluminescence (PL) spectra and PL decay curves

during successive heating and cooling cycles to in-

creasingly higher temperatures (hereafter referred to

as “yoyo” measurements) .

RESULTS AND DISCUSSION

To gain understanding on the quenching behavior

of QDs at elevated temperature, it is important to also

monitor the role of the environment. To this effect,

temperature-dependent PL intensity and PL decay

time measurements were performed on QDs in differ-

ent matrices (liquid and solid). To investigate the in-

fluence of the medium, CdSe/CdS/ZnS core�shell�

shell QD samples were dispersed in the high boiling

point solvent octadecene (ODE) or incorporated in

solid polymermatrices: cross-linked poly(methylmetha-

crylate) (cPMMA) or cross-linked poly(lauryl metha-

crylate) (cPLMA). Both polymers show high transpar-

ency and limited deformation in the temperature range

investigated (up to 220 �C). The temperature depen-

dence of the emission intensity of theQDswasmeasured

in the different matrices and is depicted in Figure 1. With

increasing temperature, the PL intensity of the QDs in

ODE solution drops significantly faster than that in the

solidmatrix, and it is almost gone above150 �C (423K), as

clearly shown by the photographs taken during the

Figure 1. Temperature-dependent photoluminescence (PL)
of CdSe/CdS/ZnS core�shell�shell QDs measured in var-
ious environments. (a) Photographs taken under UV irradia-
tion at the temperatures indicated. The QDs are incorpo-
rated in cross-linked PLMA (top row) or dispersed in ODE
solution (bottom row) and sealed in glass tubes under N2.
(b) Temperature-dependent PL intensity of CdSe/CdS/ZnS
QDs in ODE solution (black squares), cross-linked PMMA
(blue triangles), and cross-linked PLMA (red circles). The solid
symbols mark the heating stages and the open symbols the
cooling stages.
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experiment (Figure 1a). Along with the quenching of

the excitonic QD emission, a red-shifted emission band

appears which is assigned to defect emission. After

cooling back to RT, the intensity of the QD emission in

ODE does not recover, indicating irreversible quench-

ing. The lifetime measurements for the QD emission

confirm the much lower quenching temperature

(quenching above 70 �C) in solution than in solid

matrices (quenching above 110 �C) (see Supporting

Information, Figure S1). The temperature-dependent

emission from QD samples in cPLMA and cPMMA

shows a reproducible and similar behavior with

higher Tq. Both the luminescence intensity and lifetime

are partially recovered during the cooling process

(detailed behavior in the solid matrices will be dis-

cussed later). These results show that Tq is strongly

influenced by the surrounding medium. In an ODE

solution at elevated temperatures, the irreversible

quenching is probably caused by surface states cre-

ated by loss of capping ligands due to detachment. It is

well-known that loss of capping ligands leads to sur-

face states in the forbidden gap, which quench the

luminescence of quantum dots.24 These dynamic ef-

fects in solution occur at relatively low temperatures

and obscure the observation of intrinsic quenching

processes of QDs and make it necessary to incorporate

the QDs in a solid matrix. In a solid matrix, the passivat-

ing ligands cannot detach and leave the surface, thus

preventing the irreversible quenchingmechanism that

dominates for QDs in solution at relatively low tem-

peratures. For QDs dispersed in a solid environment

(cPMMA or cPLMA), very similar and reproducible

quenching behavior is observed. The higher Tq and

partially reversible quenching behavior confirm that a

solid matrix which immobilizes QDs is a good environ-

ment for studying temperature quenching of QD lumi-

nescence. The two polymer materials have a very dif-

ferent glass transition temperature (Tg) and stiffness

(without cross-linking, PMMA has a Tg >100 �C while

PLMA has a Tg < �65 �C).25 The similarity of the lumi-

nescence quenching indicates that the physical proper-

ties of the polymer matrices are not very important.

To better understand the thermal quenching pro-

cesses, it is important to distinguish between reversible

and irreversible quenching. One way to achieve this is

to study the reversibility of both the decrease of the

luminescence intensity and radiative lifetime upon

heating and the recovery upon subsequent cooling.

Irreversible quenching is related to a change in the QD

structure and is not intrinsic quenching, while the

reversible quenching can originate from the QD struc-

ture itself andbe related to intrinsic quenchingprocesses.

To study the quenching processes, we performed “yoyo”

measurements on various types of QDs, including orga-

nically capped CdSe QDs, CdSe/CdS/ZnS core�shell�

shell QDs, CdSe/CdS dot core/rod shell nanorods, and

CdTe/CdSe core/shell QDs. The CdSe core sizes of the

structures are similar (∼3.0 to 3.4 nm), and the lumi-

nescence quantum yields are high (60�70%, except

for the bare QDs which have a lower QY). The char-

acteristics of the samples are given in the Supporting

Information (Table S1). By monitoring the luminescence

intensity and lifetime for successive heating and cooling

cycles, we are able to differentiate between irreversible

and reversible quenching processes and determine the

temperature range for quenching.

The initial yoyo measurements are done on CdSe

QDs embedded in cPMMA. In Figure 2, the PL intensity

and lifetime are plotted as a function of temperature

for subsequent heating and cooling cycles. Upon rais-

ing the temperature, both the intensity and average

lifetime decrease but the decrease in intensity is more

pronounced. This result is consistent with previous

observations at lower temperatures9,11,12 and can be

regarded as the higher temperature extension of the

quenching process which starts below RT. The cooling

measurements reveal that the decrease in lifetime is

completely reversible while the PL intensity recovers

only partially. There is a 20% permanent loss of in-

tensity after heating up to 120 �C, and this loss in-

creases to 60% after heating to 160 �C in the second

cycle. It indicates that part of the dots turns permanently

Figure 2. Temperature-dependent (a) intensity and (b) aver-
age lifetime of organically capped CdSe QDs incorporated in
cPMMA. Data from the first thermal cycle (25�120 �C) are
represented by squares, while triangles indicate the second
cycle (25�160 �C). Solid symbols refer to the heating process,
while cooling process is indicated by open symbols.
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“dark” during the heating process. The PL lifetime is

biased toward the remaining “bright” QDs, and the

complete recovery shows that these are reversibly

quenched at high temperatures.

For practical applications, the thermal quenching of

CdSe/CdS/ZnS core�multishell QDs is important since

these types of dots can be synthesized with high

quantum efficiency and stability and is the most com-

monly used QD structure in applications (biolabels,2

QD-LEDs,6 and color converters4,26). We did yoyo ex-

periments in three temperature regions: 25�100 �C (I),

100�150 �C (II), and 150�210 �C (III). The results for the

PL intensity and lifetime measurements are presented

in Figure 3a. In region I, up to 100 �C, the total PL in-

tensity decreases while the average lifetime increases

slightly. Both changes are fully reversible. These ob-

servations show that the PL intensity is not always a

good indicator to study the thermal quenching of QDs.

Figure 3. Temperature-dependent PL intensity (left column) and average luminescence lifetime (right column) of (a) CdSe/
CdS/ZnS QDs incorporated in cPLMA, (b) CdSe/CdS nanorods incorporated in cPLMA, and (c) CdTe/CdSe incorporated in
cPMMA. Squares mark the first thermal cycle (20�100 �C), triangles the second cycle (20�150 �C), and the circles the third
cycle (20�210 �C). The solid symbols refer to heating and open symbols to cooling.
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The overall intensity may decrease due to complete

quenching of a fraction of the QDs. The exciton lifetime

probes the remaining bright fraction of QDs and is thus

a better indicator for intrinsic quenching mechanisms

in QDs. The slight increase in lifetime can be explained

by thermally activated delocalization of the electron

wave function from the CdSe core to the CdS shell due

to the shallow offset between the conduction bands of

CdSe and CdS. Further delocalization of the electron

wave function reduces the wave function overlap with

the hole and has been suggested as an explanation for

the increase in lifetime.23 An alternative explanation is

thermal population of higher energy dark exciton

states (for which emission to the ground state is

forbidden). The exciton energy level structure of CdSe

QDs has been intensively studied. The shortening in

lifetime between 4 and 50 K can be explained by

thermal population of the ((1L) bright exciton fine-

structure state situated just above the lowest energy

dark exciton state ((2).11,14 Another optically inactive

excited state (0L) is situated above the bright state

((1L) (20meV higher in energy for 3.1 nmCdSe QDs).27

With increasing temperature, this dark state is ther-

mally populated, and this can also explain the ob-

served lengthening of the lifetime between 20 and

100 �C. The observed red shift of the emission can also

contribute to the increase of the lifetime, but based on

size-dependent radiative decay rates, only a ∼1.4 ns

increase is expected for the observed 10 nm shift

around 600 nm.15 The absence of lifetime shortening

gives evidence that there is no intrinsic quenching up

to 100 �C.

A strong decrease in both the PL intensity and

the exciton lifetime occurs between 100 and 150 �C

(region II). When the CdSe/CdS/ZnS QDs were heated

above 100 �C, a steeper decrease in intensity was

observed. This change is accompanied by a decrease

of lifetime which competes with the lifetime increase

process observed in region I. To illustrate the initial

lengthening followed by a shortening of the exciton

lifetime, several PL decay curves are presented in

Figure 4 for different temperatures. The decrease of

lifetime starting above 100 �C is a direct evidence for

TQ. The changes of the intensity and lifetime are not

totally reversible after heating to 150 �C. Upon cooling

to 100 �C, there is also permanent loss of intensity and

shortening of lifetime, giving evidence for an irrever-

sible structural change in part of the QD ensemble.

In the last cycle, with heating over 150 �C, the decay

of the intensity and lifetime follows the same trend as

the decrease in region II until 210 �C, where the in-

tensity is less than 10% of the initial value. During

cooling, there is a partial recovery for both intensity

and lifetime. In this region, the TQ quenching process

clearly contains an irreversible and a reversible part.

There is also a continuous red shift of the PL peak

with increasing temperature, which is consistent with

low-temperature studies where the shift in band gap is

described by the Varshni equation.9,12 The shift is totally

reversible (Supporting Information, Figures S2 and S3).

A third system that was investigated in the present

work is the CdSe/CdS dot core/rod shell nanorods. The

unique optical properties of these nanostructures in-

clude a high QY, polarized absorption and emission,

and suppression of blinking and Auger recombination.

On the basis of these characteristics, they have been

proposed as materials for opto-electronic devices.23

We performed yoyo cycling experiments in three tem-

perature regions for CdSe/CdS dot core/rod shell

nanorods (core diameter = 3.2 nm, rod length =

∼20 nm) embedded in cPLMA. The temperature-

dependent PL intensity and average lifetime are plotted

in Figure 3b. Up to 80 �C, the intensity is constant while

the lifetime shows a small increase upon heating. This

result is consistent with measurements at lower tem-

peratures,23 where between 70 and 300 K an increase

of lifetime and a constant intensity were reported.

Upon raising the temperature above 80 �C, the intensity

decreases and the lifetimebecomes shorter (Supporting

Information, Figure S4). These changes are irreversible

as both the intensity and lifetime do not recover after

cooling. In the second and third cycle, where the

nanorods were heated to 150 and 200 �C, a similar

trend is observed: an irreversible decrease of intensity

and lifetime occur with increasing temperature. At

200 �C, the intensity has dropped below 10% of the

initial value and hardly recovers upon subsequent

cooling (Figure 3b). During heating to high tempera-

tures, a broad defect-related emission band also ap-

pears at longer wavelength (Supporting Information,

Figure S5).

The final nanostructures investigated are CdTe/CdSe

core�shell QDs. Depending on the thickness of the

core and shell, a type-II band alignment can be realized

for the CdTe/CdSe system,28 but for the presently

studied system (3 nm core, 1.3 nm shell), the short

luminescence lifetime (∼26 ns at RT) indicates that

Figure 4. PL decay curves of CdSe/CdS/ZnS core�shell�
shell QDs in cPMMA for excitation at 406 nmand emission at
∼600 nm at the temperatures indicated.
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there is strong delocalization of the electron over the

hetero-nanostructure (i.e., the QDs are still in the type-

I1/2 or “quasi” type-II localization regime28,29). The

results of the yoyo measurements on CdTe/CdSe QDs

embedded in cPMMA are presented in Figure 3c for

three temperature ranges (RT�100 �C, 100�150 �C,

and 150�200 �C). Similar to the observations for other

systems, in all three temperature regions, the intensity

decreases with the strongest decrease between 100

and 160 �C. The behavior of the lifetime is also analo-

gous to other systems: a slight increase between RT

and 80 �C is followed by a decrease above 100 �C.

However, different from the systems described above,

both the PL intensity and the exciton lifetime fully

recover upon cooling, indicating that the temperature

quenching in the CdTe/CdSe core/shell QDs is totally

reversible up to 200 �C. This observation is important. It

reveals that irreversible quenching is not necessarily

present in every QD structure and that, depending on

the band structure and/or core�shell heterointerface,

the irreversible formation of surface/interface or defect

states which quench the luminescence can be avoided.

The thermal quenching studies for the luminescence

of four differentQD systems showseveral general trends.

A decrease in intensity is observed starting above RT.

Initially the decrease is slow, and a more rapid drop in

intensity occurs for all systems studied between 100 and

150 �C. For the core�shell structures, the luminescence

lifetime shows a slight increase between RT and∼80 �C,

while for organically capped CdSe QDs, no increase in

luminescence lifetime is observed. Between 100 and

180 �C, a clear shortening of the lifetime is observed for

all QD structures, along with a strong decrease in emis-

sion intensity. The reversibility of the drop in emission

intensity and reduction of the lifetime in heating/cooling

cycles varies: for CdTe/CdSe QDs, the intensity and life-

time fully recover upon cooling, while for CdSe cores in

CdS nanorods, the loss in intensity is mostly permanent.

For the CdSe QDs and CdSe/CdS/ZnS core�shell�shell

QD structures, both reversible and irreversible quenching

contribute. In earlier work on luminescence quenching

below RT, luminescence quenching is usually as-

cribed to thermally activated carrier trapping.11 Surface

states, defects, or impurities in the immediate surround-

ings of the QD can act as trapping centers, and carrier

trapping is followed by nonradiative recombination or

red-shifted defect-related emission. The present obser-

vations for highly efficient core�shell structures with RT

quantum yields of 60�70% show an onset for tempera-

ture quenching around 100 �C. This temperature is

significantly higher than that for organically capped

CdSe QDs, which are already partially quenched at RT.

This clearly demonstrates the importance of inorganic

shell coating for confining the wave functions, eliminat-

ing the surface defect states and suppressing the sur-

face trapping states, hence improving the QD's high-

temperature optical performance.

The yoyo measurements reveal details and differ-

ences for the thermal behavior of the core�shell

structures, giving insight into the origin of thermal

quenching. Two different thermal quenching pro-

cesses can be distinguished: irreversible and reversible

quenching. In Figure 5, different quenching mecha-

nisms are schematically depicted. Since the irreversible

quenching behavior varies between different struc-

tures and complicates the interpretation, we consider

it first. For CdSe/CdS/ZnS QDs and CdSe cores em-

bedded in CdS nanorods, the average PL lifetime and

PL intensity start to decrease sharply, after heating

above ∼100 �C. The PL intensity drop and lifetime

shortening are only partially reversible. After heating to

210 �C and cooling to RT, there is a 60%permanent loss

of intensity for CdSe/CdS/ZnS QDs and over 80% for

CdSe cores embedded in CdS nanorods. The most

likely origin of this irreversible quenching is the forma-

tion of surface states or defects related to an irrever-

sible structural change (Figure 5c). The thermally in-

duced irreversible structural changes are possibly due

to the lattice mismatch between core and shell materi-

als, which generate interfacial strain and favor disloca-

tion of atoms. Upon raising the temperature, the differ-

ence in expansion of core and shell materials and

increased mobility of the atoms may result in the

formation of temporary or permanent trapping cen-

ters. One may argue that structural changes at these

temperatures is unexpected since the synthesis tem-

peratures for the QDs are much higher, typically be-

tween 200 and 350 �C, and yet high QYs are realized.

However, the synthesis of core�shell QDs (or nanorods)

is carried out under a high chemical potential environ-

ment with a large excess of surrounding ligands and

precursors, resulting in high-quality QDs.29 It is known

that after long time annealing at elevated temperature

Figure 5. Schematic representation of luminescence quench-
ing mechanisms. Two traditional models for intrinsic quench-
ing of luminescence are based on (a) thermally activated
crossover and (b) multiphonon relaxation. Quenching related
to traps are shown for (c) irreversible quenching, which is
related to thermally created permanent trap states and (d)
reversible quenching, which is related to thermally created
temporary trap states or thermally activated trapping pro-
cesses involving pre-existing trap states.

A
R
T
IC
L
E



ZHAO ET AL. VOL. 6 ’ NO. 10 ’ 9058–9067 ’ 2012

www.acsnano.org

9064

in the reaction mixture, the QY decreases30 and the

shape of QDs and nanorods may also change upon

heating.29,31 Therefore, local structural changes for

core�shell dots (or rods) can be expected during

thermal cycling. Surface states and defects created in

the shell material may also quench the luminescence

due to delocalization of charge carriers over the shell.

The strongly irreversible quenching observed for the

CdSe/CdS nanorodsmay be related to the large surface

area of the rods, which increases the probability for the

creation of a defect or surface state in the CdS nanorod

which can trap the delocalized charge carrier.

From a practical point of view, the irreversible

quenching can be a crucial limiting factor for applica-

tions of core�shell nanostructures at elevated tem-

peratures. Interestingly, the results on CdTe/CdSe core/

shell QDs indicate that the irreversible quenching

process is absent in this system. During the yoyo mea-

surements in the whole temperature region up to

200 �C, the intensity and lifetime variation is totally

reversible. Interfacial diffusion between Se and Te may

reduce the interfacial strain. Chin et al.32 previously

reported a slight antiquenching behavior in the range

of 300�360 K for CdTe/CdSe core�shell nanostructures

with core size and emission wavelength comparable to

those investigated here. This indicates that, depending

on the sample, theQYmay even increasedue to thermal

annealing effects. The results demonstrate that CdTe/

CdSe hetero-nanocrystals are interesting materials for

high-temperature lighting applications.

Reversible luminescence quenching may be related

to intrinsic quenching. Traditional luminescent materi-

als applied in lighting show fully reversible tempera-

ture quenching due to thermally activated crossover

from the excited state to the ground state (Figure 5a)

or multiphonon relaxation (Figure 5b), as discussed

above. The quenching is an intrinsic and characteristic

property of the luminescent species. For the core�

shell QDs, reversible quenching is observed between

100 and 180 �C and is most reliably observed in the

temperature dependence of the luminescence decay

time. The temperature range is similar for the different

core�shell structures investigated. It is unlikely that

the quenching is due to one of the two traditional re-

versible quenching processes. The electron�phonon

coupling is weak for excitonic emission and is reflected

by a small Huang�Rhys parameter S (for CdSe, S is

about 0.1�0.2).33 In the configurational coordinate

diagram, the offset in equilibrium distance between

the ground state and excited state parabola is very

small. Hence the crossing point is at very high energies,

and for systemswith a Huang�Rhys parameter below 1,

no thermal quenching due to thermally activated cross-

over has been observed.

A quenching mechanism for luminescent species

characterized by a small parabola offset is multipho-

non relaxation, where the energy gap is bridged by the

simultaneous emission of phonons8,34 (Figure 5b). The

nonradiative multiphonon relaxation rate decreases

exponentially with the number of phonons p (with

p=ΔE/pωmax, whereΔE is the energy gap and pωmax is

the maximum phonon energy). Multiphonon relaxa-

tion can compete with radiative decay if the energy

gap can be bridged by ∼5 phonons. If more than 5

phonons are required, radiative decay dominates,

while for less than 5 phonons, nonradiative decay

dominates. For the presently studied systems with

∼3�3.5 nm CdSe cores, the band gap (ΔE) is about

2 eV and the LOphononenergies for CdSe are∼25meV,

thus p= 80, which indicates that the gap is too large for

effective multiphonon relaxation. Coupling with high-

energy vibrations of surrounding ligands (e.g., C�H or

N�H stretching vibrations of ∼0.4 eV) can give rise to

multiphonon relaxation (p = 5) but cannot explain the

temperature dependence. Themultiphonon relaxation

rate is only enhanced at higher temperatures if the

phonon occupation number or Bose�Einstein factor

n (n = 1/(epω/kT) � 1) increases, which can be viewed

as stimulated multiphonon emission in the presence

of a “phonon field”, similar to stimulated photon

emission.21,35 For high-energy 0.4 eV vibrations, there

is no thermal population (n close to 0) below 1000 K,

and multiphonon relaxation can therefore not explain

the observed temperature dependence. The large

distance to the high-energy ligand vibrations, espe-

cially for core�shell systems where the ligands are on

the surface of the shell, also reduces the coupling

strength (which scales with R�6) and makes multi-

phonon relaxation highly unlikely.

As discussed above, the two traditional models for

intrinsic quenching of luminescent materials cannot

explain the reversible quenching of luminescence in

QDs. An alternative explanation is thermally activated

creation of surface states or defects which trap the

charge carriers (Figure 5d), similar to the process

explaining the irreversible quenching. However, upon

cooling, the thermally created traps relax back and the

original configuration with high quantum yields is

restored. The creation of trap states is induced by ion

mobility at elevated temperatures. Ion exchange ex-

periments on CdSe and PbSe QDs at temperatures

between RT and 100 �C show that the ions in these

semiconductor QDs are mobile at relatively low

temperatures,36,37 and thus the creation of surface

(interface) states and defects by local changes in the

QD structure at temperatures between 100 and 200 �C

can be due to displacement of (surface) atoms. The

temperature range in which reversible quenching

takes place is similar, between 100 and 180 �C, for

the different types of 3�3.5 nm CdSe core�shell

structures, which is consistent with the formation of

defects due to increased ionicmobility in the CdSeQDs

at similar elevated temperatures. For the CdTe/CdSe

QDs, anion disordering at the core/shell interface
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facilitates relaxation upon cooling. An Arrhenius fit

describes the observed temperature dependence of

the luminescence intensity well and yields a thermal

activation energy of∼0.3�0.4 eV (Supporting Informa-

tion, Figure S6 and Table S2). This activation energy is

about 10 times larger than activation energies between

10 and 70 meV reported for luminescence temperature

quenching in CdSe in the low-temperature regime.38�40

A similar activation energy (0.24 eV) was recently re-

ported as activation energy for enhanced blinking in

excitation wavelength-dependent blinking studies.41

For the CdSe/CdS/ZnS core�shell�shell QDs and CdSe

cores embedded in CdS nanorods, the thermally in-

duced mobility gives rise to the formation of trap states

whichdonot relaxbackuponcooling. Finally, part of the

reversible quenching may also be related to thermally

activated carrier escape to pre-existing trap states. This

mechanism is usually invoked to explain low-tempera-

ture quenching processes (below 200 K) where the

creation of trap states is unlikely. Thermally activated

escape of charge carriers can explain the observed

decrease in emission intensity. Naturally, this process

is fully reversible, and thehigh quantumyield is restored

uponcooling. For thepresently observedhigh-tempera-

ture quenching, thermally activated carrier escape with

high activation energy may also contribute to the

observed reversible quenching.

The present observations have revealed a universal

quenching behavior for 3�3.5 nm CdSe QDs above

100 �C with contributions from reversible and irrever-

sible processes. Further research is required to obtain

deeper insight into the exact mechanism for quench-

ing. Different types (e.g., InP and PbSe) and different

sizes of core�shell structures need to be investigated to

relate the observed trends in the quenching behavior to

material properties and particle size. Electron paramag-

netic resonance (with and without illumination) may be

used to monitor the thermally induced creation of

paramagnetic defects. On the basis of insights obtained

from these studies, QDs with higher quenching tem-

peraturesmay be realized, which is especially important

in optical applications where the temperature is in-

creased above 100 �C.

CONCLUSIONS

In conclusion, we have investigated the temperature-

dependent photoluminescence intensity and emission

lifetime of three representative core�shell CdSe QD

systems at high temperatures (RT�200 �C). Different

types of highly efficient (60�70% QY) CdSe QD sys-

tems emitting in the red spectral region and incorpo-

rated in a cross-linked polymer matrix were studied.

Thermal cycling (yoyo) experimentsmake it possible to

differentiate between reversible and irreversible lumi-

nescence quenching processes. Irreversible quenching

originates from thermally induced permanent structur-

al changes, giving rise to trap states, and was found in

CdSe/CdS/ZnS core�shell�shell QDs and CdSe/CdSe

dot core/rod shell nanorods but not in CdTe/CdSe

core/shell QDs. Reversible quenching was observed

to contribute to luminescence quenching for QDs in all

three core�shell systems in a similar temperature range

(quenchingbetween100and180 �C). Reversiblequench-

ing is explained by either thermally activated escape of

carriers to existing (surface) trap states and/or the ther-

mally activated creation of trap states which relax upon

cooling. The quenching temperature for QD emission

estimated based on classical models for luminescence

quenching (thermally activated crossover or multipho-

non relaxation) is much higher than 200 �C and cannot

explain the observed quenching behavior. The results

have important implications for application of QDs in

optical devices (e.g., warm white LEDs, electrolumines-

cent devices, and QD lasers) with operating tempera-

tures above 100 �C. Further studies on different QD

systems are required to gain further insight in the

quenching mechanism and to find efficient QDs with

higher luminescence quenching temperatures.

METHODS

Synthesis of Organically Capped Colloidal Quantum Dots (QDs) and

Nanorods. Colloidal CdSe QDs capped by trioctylphosphine-
oxide and hexadecylamine were synthesized following a pro-
cedure reported in the literature.30 The diameter of the CdSe
QDs was estimated from a sizing curve relating the first exciton
peak energy with the nanocrystal size.15 High-quality CdSe/
CdS/ZnS core�shell�shell QDs were prepared according to the
one-pot multistage method reported by Lim et al.26 The core
diameter was 3.4 nm, and after overcoating with about 3
monolayers of CdS and 2 monolayers of ZnS, the particle size
increased to 7 nm. CdSe/CdS dot core/rod shell nanorods were
synthesized following the procedure described by Manna
et al.,42 using CdSe QDs with 3.2 nm diameter seeds. For CdS
shell growth, octadecylphosphonic acid (ODPA) was used as the
only capping ligand, as it results in better reaction control and
favors the formation of nanorods. The nanorods obtained are
21 nm long and 5.5 nm in diameter (aspect ratio = 4), as
determined by TEM measurements. CdTe/CdSe core�shell

QDs were synthesized as described by Zhang et al.43 The CdTe

cores were 3.4 nm in diameter, and the final particle diameter

increased to 6.1 nm after overcoating with the CdSe shell.

Photoluminescence (PL) spectra and PL quantum yields were

determined on an Edinburgh Instruments FL920 spectrofluori-

meter equipped with an integrating sphere.

Incorporation of QDs or Nanorods into Polymer Matrices. In order to
immobilize and isolate the nanocrystal (NC) dispersion, CdSe
QDs, CdSe/CdS/ZnS core�shell�shell QDs, CdSe/CdS dot core/
rod shell nanorods, and CdTe/CdSe core/shell QDs were incor-

porated in a cross-linked poly(methyl methacrylate) (cPMMA) or

cross-linked poly(lauryl methacrylate) (cPLMA)matrix through a

bulk polymerization method.44 The procedure starts with wash-

ing the NCs twice by precipitation and centrifugation from a

chloroform/acetone solution, followed by redispersion in

chloroform. The clear NC solution was dried under vacuum to

remove the solvent, and the NCs were subsequently redis-

persed in a monomer mixture. The NC concentration in the

matrix was kept low to avoid self-absorption. The monomer
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used for the cPLMA (P(LMA-co-EGDMA)) matrix was 80 wt %
lauryl methacrylate (LMA) and 20wt% ethylene glycol dimetha-
crylate (EGDMA) as cross-linker; for cPMMA (P(MMA-co-EGDMA))
matrix, 97 wt %methyl methacrylate (MMA) and 3 wt % EGDMA
were used. For photoinitiated polymerization, 0.25 wt % photo-
initiator, 2-hydroxy-2-methylpropiophenone (97%, Aldrich), was
added to the solution, and 2 mL of the reaction mixture was
loaded into a glass tube and sealed under N2 atmosphere. The
glass tube was illuminated by two 360 nm UV lamps from both
sides for 1 h. The polymerization can also be thermally initialized.
In that case, 0.3 wt % thermal initiator, AIBN (Janssen Chimica,
recrystallized from ethanol before use), was added into the
monomer solution. The sealed tube was then embedded in
water bath at 70 �C for overnight curing.

Temperature-Dependent PL Spectra and Exciton Lifetime Measure-

ments. For temperature-dependent PLmeasurements, the sam-
ple sealed in a glass tubewas immersed in a transparent paraffin
oil bath in a Pyrex glass container. The bath was heated on a
heating plate, and the temperature was controlled by a thermo-
couple immersed in the paraffin bath at the same height as the
excitation laser beam. Photoluminescence spectra were mea-
sured under excitation at 406 nm by a PicoQuant PDL 800-B
pulsed diode laser. The emitted light was collected through an
optical fiber and dispersed in a 0.3 m monochromator (Acton
Pro SP-300i, 150 lines/mm, blazed at 500 nm) and detected by a
liquid nitrogen cooled Princeton Instruments CCD camera (1024
� 256 pixels). PL decay curves were recorded using a PicoQuant
time-correlated single-photon counting setup, with the same
excitation scheme as described above, operating at a 2.5 MHz
repetition rate. The emission was collected using another
optical fiber and dispersed by a 0.1 m monochromator (1350
lines/mm blazed at 500 nm). A fast Hamamatsu photomultiplier
tube (H5738P-01) and a Time Harp 200 time-correlated photon
counting card were used for detection and analysis. Care was
taken to prevent effects of interpulse pile-up by keeping the
photon count rate well below 5% of the laser repetition rate. At
each temperature, first PL spectra were recorded after which a
PL decay curve was obtained at the wavelength of emission
maximum. The average lifetime valueswere calculated from the
PL decay curve through a Gaussian distribution fitting in
PicoQuant FluoFit 3.3.
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