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We report on the temperature and size dependence of the photoluminescence of core CdTe colloidal quantum
dots (QDs). We show that at temperatures lower thabh K& thermally activated transition between two
different states separated by about-2® meV takes place. At temperatures higher than 170 K, the main
nonradiative process is thermal escape assisted by multiple longitudinal optical (LO) phonons absorption.
Moreover, we show that quantum confinement affects both the exc@tooustic phonons and the exciton

LO phonons coupling. The coupling constant with acoustic phonons is strongly enhanced in QDs (up to
31ueV/K) with respect bulk CdTe (0u&V/K). On the contrary, the exciton-LO phonons coupling constant
decreases as the dot size decreases (down to 14 meV with respect 24.5 meV in the bulk).

I. Introduction tals1! On the contrary, it has been recently shown that above-
) ) . gap trap statéd affect the ultrafast relaxation dynamiésnd
Semiconductor nanocrystals have attracted considerable interyne single nanoparticle PL spectra of CdSe quantuni-fatis
est in the last years, because of their potential applications 05 charge trapping and local electric field fluctuations. These
light emitting diodes (LEDs);? photovoltaic cell$,and optically effects are expected to be dependent on the chemical composi-

pumped laser$ Colloidal semiconductor quantum dots (QDS)  {jon of the QDs on the density of surface defects and on the
have been also coupled to biological molecules such as proteins,gnocrystals size.

and DNA>® These QDs bioconjugates can be used as biomedi-
cal fluorescence labels for investigating biomolecular interac-
tions and developing high-sensivity detection and imaging
systems:® Nowadays, advanced colloidal synthesis techniques
allow the growth of highly monodispersetl —VI QDs with
high-photoluminescence (PL) quantum yiéRiA detailed study

of the QDs photophysics with a particular attention to nonradi-
ative processes is not only interesting for fundamental physics,

but it is also relevant to the exploitation of nanocrystals in :
: o ' up to 31ueV/K with respect to the bulk CdTe (Ou£V/K). On
practical applications. To date, several relaxation processes havn%hpe othel: hand. the L(;) phonons coupling ccgn!sﬂtaant i)s reduced

e o oo s e oW 014 M o the Sallet cots wih respct o e bul
(24.5 meV). We show that the main nonradiative process

stated® and carriers surface localization in trap stafelslore- affecting the PL quantum yield at high temperature is thermal

over, it has been shown that at room temperature the mainesca e assisted by multiple LO phonons absorption. The average
nonradiative process in CdSe/ZnS core/shell QDs is thermal P y IPe P ption. 9
number of phonons assisting the thermal escape increases from

escape, assisted by multiple longitudinal optical (LO) phonons 4 for the 5.9 nm diameter dots up to 6 for the 4.2 nm ones,

absorptiort? while at low temperature evidence for carrier which is in quantitative agreement with the increased ener
trapping at surface defects was found. Despite these results, the N 9 oy

role and the chemical origifiof the surface defect states in the Splitting occurring in the smaller dots.
radiative and nonradiative relaxation in nanocrystals has not been
clarified completely. The existence of surface states due to
unpassivated dangling bo.nd.s has been invoked to explain e prepared CdTe QDs of different sizes, following the
anomalous red-shifted emission bands in colloidal nanocrys- method described in ref 16. The average diameter of the dots
was estimated by TEM measurements to be 4.2, 4.9, and 5.9
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In this work, we performed a detailed analysis of the PL
temperature dependence of colloidal CdTe core QDs with
diameters varying between 4.2 and 5.9 nm. We found that the
QDs PL is due to a thermally activated transition between two
different states at low temperatures.

Moreover, we investigated the size dependence of the
coupling with both acoustical and optical phonons. We show
that the acoustic phonons coupling constant is strongly increased,

II. Experiment
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with o and consistent with the bulk values. In eqHg is the
energy gap at 0 Keu is the temperature coefficient, and the
value off is close to the Debye temperatuig of the material.
On the other hand, the experimental PL peak energy temperature
dependence cannot be reproduced by the Varshni relation with
“bulk-like” oo and when transitions between different states
, ; , take place in the investigated temperature rafigéln our case
1.6 18 20 22 24 the experimental data can be fitted to eq 1 witandj values
Energy (eV) consistent with bulk CdTe only fof > 150-170 K, while a
Figure 1. Room-temperature absorption and PL spectra of the Weaker temperature dependence is present at low temperature.
investigated samples in chloroform solutions (black lines) and best fit Values ofa andf not consistent with CdTe are instead obtained
Gaussians (gray lines). by all the data or only th& < 150 K ones. Keeping fixed?*
at the bulk valu# of 158 K we find a best fit value foo. =
----30K 3.2 x 107*eV/K very close to the bulk value (8 10 %eV/K)

o reported in literaturé® For temperatures below 170 K, the
90K experimental emission energy is lower than the extrapolated
- 130 K value of theT > 170 K best fit curve with a maximum difference

AEgo at 15 K of the order of 1220 meV in the three samples.
We observe that for all the samples, the experimental data follow
a bulklike best fit curve forkeT = AEy (Where kg is the
Boltzmann constant) suggesting that a thermally activated

. transition between two different states energetically separated
1.6 17 1.8 1.9 2.0 by AEq, takes place. This transition could be due to different

Energy (eV) possible processes, like the dark-bright exciton transifiar,

Figure 2. PL spectra as a function of temperature for sample A2. the transitions between intrinsic and surface states, such as
Inset: experimental energy gap for the same sample (full squares), anddetrapping from surface trap states to intrinsic electronic states,
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best fit curve (continuous line). or transition from intrinsic states to higher energy-localized
_ _ surface states! The dark-bright exciton transition can be ruled
10 K. The samples were excited by ion Argon laser< 458 out as the typical activation energiésre much smaller than

nm). The sample emission was dispersed by a monochromatoipe AEy values (typically a few meV) and are strongly size
(0.32 m focal length) and detected by a-&ICD camera. The  dependent, whereas in our cas€,y does not show any regular
PL measurements were performed in vacuum in a closed-cycleyariation with the QDs size (see Table 1). This suggests that a
He cryostat. The absorption spectra were measured in solutionthermally activated transition involving surface and core states

with a spectrophotometer. is responsible for the PL peak temperature dependence. More-
over, the Stokes shift at room temperature shows an expected
. Results and Discussion increase by decreasing st¢ésee Figure 1): 24 meV, 42 meV,

and 52 meV for sample A3, A2, and Al, respectively. This
The absorption spectra of the QDs at room temperature (seetrend suggests that the nature of the emitting state at room
Figure 1) show several peaks, corresponding to different optical temperature is intrinsic.
transitions. The first three resonances can be reproduced by the Tg determine the different nonradiative processes affecting
superposition of three Gaussian bands (see Figure 1). The besgayriers relaxation, we studied the PL intensity variations with
fit peak energies clearly show the blue-shift of the first temperature. In Figure 3 we show the PL intensity dependence
absorption peak and the increase of the energy splitting amonggn, 1ksT. For all the samples, the photoluminescence intensity
the confined states, as the dots size decreases. The three first qimost constant up to about 40 K, while a first thermally
absorption peaks are due t0skS~ 1S, 2%, — 1, and 1R activated PL decrease is visible in the range 290 K, followed
— 1R, transitions.*8 by a stronger exponential decrease up to 300 K. In general, the
A typical temperature dependence of the PL spectra is relaxation processes in QDs include radiative relaxation, Auger
reported in Figure 2, for sample A2. The spectra exhibit a weak nonradiative scattering;28 Forster energy transfer between dots
low-energy tail (not visible in solution) that can be assigned to of different dimensions, thermal escape from the ¥dcind
emission from the larger dots in the size distribution, enhanced carriers localization at surface sta#83In our excitation regime
by Faster transfer (FRET from the smaller dots. As the  (few W cni?) the Auger interaction can be neglected, as the
temperature increases, the PL spectra show a red-shift of theaverage excitation per dot islf) < 1.3* Moreover, FRET can
peak energy, increasing broadening and decreasing intensitybe neglected because we do not observe significant differences

In semiconductor nanostructures, the temperature dependencBetween the PL spectra obtained from liquid and solid samples.
of the energy gap is usually similar to the bulk semiconductor ~ Assuming a temperature-independent radiative lifetime due
one20-22 except for a temperature-independent energy off-set to the strong confinement regim#the temperature dependence
due to the quantum confinement. The experimental PL tem- of the PL intensity, taking into account the radiative relaxation,
perature dependence is thus well reproduced by the Varshnia thermally activated nonradiative process (with activation
relation energyEy),3° and the thermal escape is giventby



5848 J. Phys. Chem. C, Vol. 111, No. 16, 2007 Morello et al.

T TABLE 1: Best Fit Values of the Activation Energy E, of
10%k . - 4 the Low-Temperature Quenching Process and of the
Number m of LO Phonons Absorbed in the Thermal Escapg
m 104 | | Ea AEg() ELo AE1.2 Eescape
'§ sample (meV) m (meV) (meV) (meV) (meV)
£ Al 23.5+20 56+1.7 21 20£5 1245 110+ 30
< 10°%} 1 A2 13.6+0.7 49+0.2 12 19.14+15 965 94-4
Z A3 156417 40+03 17 22+4 822 92+7
C
2 102k a 15xA1 | aAE;, is the energy difference between the two first absorption
3 = A2 peaks, whileEescape= M(ELo). The values ofE o and AEy are also
& o A3/10 reported for clarity.
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Figure 3. Integrated PL intensity dependence on the samples’ S 751 1
temperature (symbols) and best fit curves (continuous lines) to eq 3. 2 70l ]
The data are scaled for clarity. s 65 - 1
|0 % 60 R
lp (T) = 2 55} ]
1+ a(e F*eT) + p(efrotke™ — 7)™ ol 1
wherelp, (T) is the integrated PL intensity at temperatilird, 45

0 50 100 150 200 250 300

is the 0 K integrated PL intensity, amdis the number of LO Temperature (K)

honons involved in thermal escape of carriers Bnglis their
P b Figure 4. The fwhm of the PL spectra as a function of temperature

5 . .
en\(/evrgy?b The b?]St ﬁ; pzramfe tersl are Tepfo”eﬂ 'Q Table Il ' (symbols) for the three samples and respective best fit curves (continu-
e observe that the best fit valuel&fis, for all the samples, ous lines). The data of the sample A2 are vertically translated by 3

very similar to theAEqo values extracted from the PL peak mev for clarity.

energy analysis. This suggests that the low-temperature PL

quenching process is due to the same thermally activated TABLE 2: Best Fit Values of ¢, I'io, and E,o for the Three
transition between intrinsic and defect states that affect the PL S@mples

peak temperature dependence. In epitaxial QDs, simultaneous o To Eo
presence of an anomalous energy gap temperature dependence Sample (ueVIK) (meV) (meV)
and of a PL quenching process with an activation energy ofa A1 31+7 14+3 20+ 5
few tens of meV is typical of transitions between intrinsic and A2 33+6 18.3+0.9 20+15
defect state® In colloidal nanocrystals, some experiments on A3 14+5 21+4 22+4

CdTe and CdSe QDs showed the presence of emitting surfacelssl2 — 1S, and 25,—1S. transitionst”-18 This allows us to

states lying several tens of meV below the band edge emis-gstimate the energy difference between thg-k8d the 25,
sion3"-38while theoretical results on potentially emitting surface hgle states simply as the difference between the first two
defect states that resonant with or at higher energy than the bandabsorption peaks energied\E, in Table 1). From the
edge are also preseﬁtHowever, the exact chemical origin of comparison ofAE; » with Eescape= M(ELo) (see Table 1), we
these surface states is not yet knoW@ur results can be due  gpserve an overall very good agreement for all the samples,
to a thermally induced detrapping from a surface defect state g ggesting that the thermal escape involves hole states.

to a weakly radiatively coupled intrinsic state or to an unusual Finally, to study the size dependence of excitphonon
thermally activated trapping. Further experiments, like time- coupling, we analyzed the temperature dependence of the PL
resolved PL, have to be performed to attribute our results to proadening obtained from the Gaussian deconvolution. The
trapping or detrapping. Another possible process can be agyperimental values of the PL spectrum Full Width at Half-
thermally activated exciton migration from larger to smaller paximum (FWHM) (see Figure 4), obtained from a Gaussian
dots? However, this process is unlikely because the average pes fit of the spectra, clearly show that the FWHM increases
distance between different QDs in our samples is of the order yitn the temperature. As the PL broadening is partially
of microns, too large to permit efficient FRET from small 0 jnnomogeneous and partially homogeneous, because of exciton

large dots. Afl > 170 K, we observe a thermal escape process, phonons scattering, we fitted the experimental FWHM to the
where the average number of LO phonons absorbed in thefg|iowing equation?

process clearly increases as the dot diameter decreases from

about 4 to about 6. This is consistent with the increasing energy [(M=0,,+0oT+ rLO(eELO’kBT -1t ()
difference between adjacent states due to the stronger confine-

ment of smaller dots, which leads to an increase of the energy Here, I'inn is the inhomogeneous broadening, which is
that a carrier has to absorb to jump from one state to the temperature independent, and it is due to fluctuations in size,
following one. To confirm this conclusion, a quantitative shape, and composition of the nanocrystalss the exciton-
comparison between the total energy absorbed from the LO acoustic phonons coupling coefficienk, o represents the
phonons in the thermal escape givenBEycape= M(ELo) and exciton—LO phonons coupling coefficient, & is the LO

the energy difference between the excited states involved in phonon energy, anélg is the Boltzmann constant. In all the
the process is required. First of all, we remember that the thermalinvestigated samples, the best fit curve well reproduces the
escape mainly involves the carrier with the smallest energy experimental data for the best fit parameters reported in Table
difference between consecutive confined state, which in our case2.

is the hole, due to its higher effective m&$Moreover, as We observe that the best fit values of the excitagoustic
shown in Figure 1, the two first absorption peaks are due to phonons coupling constantare about 3 orders of magnitude
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higher than the theoretical value estimated by Rudin ét al.
(about 0.72:eV/K) for bulk CdTe. This result is consistent with
the theoretical prediction of a strong increase of the coupling
with acoustic phonons in zero-dimensional systéfidoreover,

our results are also in qualitative agreement with the increase
of the acoustic phonons coupling with the increasing two-
dimensional confinement observed in CdTe quantum wells.
Despite this qualitative agreement, we observe thavthedue,
which determines the low-temperature broadening increase,
could be affected by the intrinsic-defects state transition that
takes place below 170 K. On the contary, the best fit values of
the carrier-LO phonons coupling coefficidnto, obtained in a
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(17) Richard, T.; Lefebvre, P.; Mathieu, H.; Allegre,Rhys. Re. B.
1996 53, 7287.

(18) Efros, Al. L.; Rosen, MPhys. Re. B 1998 58, 7120.

(19) Kagan, C. R.; Murray, C. B.; Bawendi, M. Bhys. Re. B 1996

54, 8633.

(20) Tary D.; De Giorgi, M.; Cingolani, R.; Foti, E.; Coriasso, G.
Appl. Phys.2005 97, 043705.

(21) Brusafoni, L.; Sanguinetti, S.; Grilli, E.; Guzzi, M.; Bighazzi, A.;
Bogani, F.; Carraresi, L.; Colocci, M.; Bosacchi, A.; Frigeri, P.; Franchi,
S. Appl. Phys. Lett1996 69, 3354.

(22) Pal, U.; Herrera Rez, J. L.; Piqueras, J.; DiegueE. Mater. Sci.

temperature range where the emission is intrinsic, is smaller Eng- B1996 42, 297.
than the theoretical bulk valéle (l'io = 24.5 meV) and (23) Landolt-Banstein Numerical Data and Functional Relationship in
decreases as the QDs size decreases. This result can also kgsience and Technolog@roup [I-VI; Hellwege, K. H.; ed.; Springer-
ascribed to quantum confinement, and it is consistent with Veriag: Berlin, Germany, 1982; Vol. 17a.
theoretical prediction and experimental observatfot?:**Fi- (24) The best fit is performed in a temperature range in W) is
nally, we did not find any dependence on the quantum weakly dependent ofi and it is mainly dependent an This prevents the
confinement for the LO phonon energy, as reported in litera- extraction of accurate best fit values @fby leaving it free in the fitting

. . L . ’ . . session.
ture but its value is within the fitting error consistent with

the bulk value (21.1 me&?)_ (25) Efros, Al L.; Rosen, M.; Kuno, M.; Nirmal, M.; Norris, D. J.;

Bawendi, M.Phys. Re. B 1996 54, 4843.

IV. Conclusions (26) Yu, Z.; Li, J.; O'Connor, D. B.; Wang, L. W.; Barbara, P. F.

) : ) Phys. Chem. R003 107, 5670.
In conclusion, we studied the temperature and size depen- y 3

dence of the PL spectra in colloidal CdTe core QDs. We dem-
onstrated that at temperatures lower than about-150 K a
thermally activated transition between two different states
separated by about ¥20 meV takes place.

We demonstrated that at higher temperature, the main
nonradiative process that limits the quantum efficiency is thermal
escape, |r_1duced b_y multiphonon absorptlon' The numbef ._in the range 46170 K. We observe that a similar PL temperature
phonons involved in the process is dependent on the dots SIZedependence could result also from more complicated processes, like the
and varies from 4, in smallest dots, to about 6 for the largest thermal activation of trapping in a distribution of defects at slightly different
ones. Finally, we have studied the size dependence of theenergies.

exciton—phonons coupling. We found that it is strongly de- (31) Yang, W.; Lowe-Webb, R. R.; Lee, H.; Sercel, PRbys. Re. B
pendent on the quantum confinement. In particular, the coupling 1997, 56, 13314.

(27) Ghanassi, M.; Schanne-Klein, M.; Hache, F.; Ekimov, A.; Ricard,
D. Appl. Phys. Lett1993 62, 78.

(28) Klimov, V. I.; McBranch, D. W.Phys. Re. B 1997 55, 13173.
(29) Gotoh, H.; Ando, H.; Takagahara, J.Appl. Phys1997 81, 1785.

(30) The assumption of a single thermally activated process is the
simplest to describe the observed exponential decrease of the PL intensity

with acoustic phonons increases with respect bulk material, and
the exciton-optical phonons coupling increases in larger dots.
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