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1. Introduction

George Gabriel Stokes, while studying the process of light emission from solid
materials, discovered that the wavelength of the emitted light is generally longer than
that of the light which is exciting the emission process. This excitation—emission
shift bears his name, as an observed “Stokes-shift” between the excited and emitted
light [1]. In our modern quantum mechanical description of the process, the emitted
photons have a lower energy than those exciting the photoluminescence, the excess
energy being delivered into the material, usually by phonon excitation. Within this
review, we call the process the Stokes-shifted photoluminescence (SSPL).

It has been shown that some materials emit light at shorter wavelengths than that
with which the material was illuminated because of thermal (phonon) interactions
with the excited atoms [2]. This up-conversion process is termed anti-Stokes
photoluminescence (ASPL), as opposed to the more common Stokes emission pro-
cess. ASPL has been observed in a variety of systems such as atoms and molecules
[3, 4], polymers [5, 6], fullerenes [7, 8], semiconductor macrocrystals [9—14] and
structures [15-23].

Recent research interest in the field of up-conversion processes has been sparked
by the development of multi-colour displays [24], dynamical imaging microscopy
[25], bio-imaging systems [26, 27], unconventional lasers [28] and solid-state optical
refrigeration devices [29, 30]. Here, we will concentrate on one particular up-
conversion process, phonon-assisted anti-Stokes emission, in one particular type of
semiconductor nanostructures, namely in nanocrystal quantum dots (QDs) fabricated
via colloidal chemistry. These QDs represent the ultimate in semiconductor-based
quantum-confined systems with atom-like energy levels, large optical transition
dipole moment and high photoluminescence (PL) quantum efficiency. The interest
developed in nanocrystal QDs has been fueled by the high degree of reproducibility
and control that is currently available in the fabrication and manipulation of these
quantum-confined structures [31]. It is worth mentioning the utilization of QDs in
LEDs [32, 33], photonic [34, 35] and core-shell structures [36, 37], and as biological
labels [38, 39].
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Apart from phonon-assisted up-conversion [40] a number of different mechanisms
have been suggested to explain the anti-Stokes emission process. The suggested mi-
croscopic mechanisms are Auger recombination [15, 41], direct two-photon absorp-
tion [42, 43], and two-step/two-photon absorption [44]. Below, we will discuss the
plausibility of these mechanisms in the ASPL of semiconductor nanocrystals.

2. Phonon-assisted ASPL in nanocrystal QDs

The ASPL occurs when the emission spectrum with intensity /., is obtained at
higher energy than the excitation (P) (Fig. 1) while the energy gap AE between the
excitation energy and the excited electronic level is comparable or even large than the
maximum phonon energy in the material. It is instructive to start the consideration of
the problem with a simple three-level model where two upper energy levels are
separated by an energy gap of value AE (Fig. 1a).

To set up rate equations, we first consider the excitation transition from the ground
state (“0”) to the state “1”, from where two pathways are possible. First, the resonant
radiative transition from state “1” may return the system to its ground state with rate
7. Alternatively, a thermally induced population of level “2” may occur with a
radiative transition, which is the ASPL process, from state “2” with rate y,. At
elevated temperatures this process may prevail over the resonant recombination. The
excited carriers may relax nonradiatively from level “2” to level “1” with rate vy,
followed by the resonant radiative recombination.

The dynamic equations, which describe this model for population densities 7,
and n, are

di’ll
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where 7; is the recombination rate; AE is the activation energy; k is Boltzmann’s
constant; 7T is the temperature.
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Fig. 1. Energy scheme for phonon-assisted up-converted emission (a) and temperature dependence of
ASPL intensity calculated using Eq. (2) for three values of AE supposing that y, = y; ="y, (b)
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Solving system (1) for continuous-wave excitation one obtains equations for
both the resonant emission (/; =+y;n;) and up-converted emission intensity

(I = y2n2):
C1
c1 +Aexp(—AE/kT)
Aexp(—AE/kT) (2)
¢ +Aexp(—AE/KT)

L =P
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where coefficients ¢; = y1/vr; ¢2="Y2/ve; A=y2/(y2+ ) describe the ratios of
recombination rates. It is noteworthy that experimentally these parameters can be
estimated from analysis of the PL decay curve [31, 45].

The first implication of this analysis is that the intensity of up-converted emission
is a linear function of excitation power. However, the most striking feature of this
model is that the intensity of the up-converted emission increases with tempera-
ture (Fig. 1b) gaining energy from the thermal bath in contrast to the conventional
quenching of resonant or Stokes-shifted luminescence with increasing tempera-
ture. This anomalous temperature behaviour of ASPL may therefore be used as an
indicator of phonon-assisted processes while analysing mechanisms of up-converted
luminescence in materials.

To date ASPL caused by one-photon phonon-assisted carrier excitation has been
reported for InP [46], CdSe [46—48], CdTe [47, 49, 50], PbS [51] and PbSe [52]
nanocrystals.

3. Dependence on excitation wavelength and the efficiency of ASPL

A general feature of this kind of up-conversion process is that the ASPL sig-
nal can be detected only for excitation energies that are well below the maximum
energy position of the normal Stokes emitted PL signal.

Figure 2a shows PL spectra of 4-nm size CdSe/ZnS QDs measured at room
temperature varying the excitation energy (E.x.) (2.0-3.10eV) in the spectral region
from the high energy region of the absorption spectra to the tail far below the first
absorption peak (Fig. 2b). When E,.. =2.43 eV (Fig. 2a, Region I) the position of the
Stokes-shifted emission peak is almost independent of the excitation wavelength. For
this sample, the value of the “nonresonant Stokes shift” (the difference between the
lowest-energy peak in the absorption spectra and the emission peak) is about 67 me'V.
The PL linewidth shows only a very small additional broadening with increasing
excitation energy in this region. This weak dependence of the linewidth and the
nonresonant Stokes shift is due to the fact that the higher the excitation energy — the
better the PL spectrum reflects the entire size distribution of nanocrystals in
the sample. While the data presented in Fig. 2a are normalized for comparison,
on an absolute scale, a 57% reduction in the integrated PL intensity has been ob-
served as the excitation energy decreases from 3.10eV to 2.43eV.

Providing excitation between 2.30 and 2.43 (Fig. 2a, Region II), the emission
profile becomes more complex. Aweak shoulder appears on the blue edge of PL. band
as the photon energy decreases down to 2.38 eV, whereas the main PL peak shifts to
the low-energy side. For lower energy excitation (2.34 eV), the PL spectrum has one
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Fig. 2. a PL spectra of CdSe/ZnS nanocrystals in toluene for various excitation wavelengths at room
temperature. For each spectrum the excitation energy is marked by a vertical line. All PL spectra are
normalized for comparison. b The absorption spectrum of the sample

very broad band, which can be well de-convoluted into two peaks. This double peak
structure can be explained as a result of size-selective excitation within the popula-
tion of QDs and is expected for an inhomogeneously broadened system. Since there
are multiple states present, there is a photon energy (2.38-2.34 eV) where the largest
QDs can be excited into their second excited state, while a smaller size is excited into
their first excited state. Since each nanocrystal emits at one photon energy, regardless
of excitation energy, at this point the emission spectrum shows two peaks, one from
the smaller set of particles absorbing into their first state and the second from the
larger QDs excited into their second state [53].

As the excitation photon energy is tuned further below the first absorption
maximum of 2.25 eV down to 2.18 eV (Fig. 2a, Region III), one PL peak is observed
again, whose emission energy shifts to the red with decreasing excitation energy. The
width of the PL peak decreases considerably in this spectral region (from ~137 meV
at Ee,. =2.30eV to ~96 meV at E,,. =2.18 eV) demonstrating PL line narrowing,
because only larger nanocrystals within the finite size distribution are excited on
the low-energy side of the absorption profile. On the other hand, a 52% reduction in
the integrated PL intensity has been observed as the excitation energy decreases in
Region II because only a very small fraction of the size distribution is selected to
be excited.

A distinctly different behaviour is observed in the spectral region far below the
absorption peak (Fig. 2a, Region IV). A tail of ASPL can be seen with 2.10eV
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excitation, ranging up to ~200 meV above the excitation energy. A similar decaying
anti-Stokes tail in PL has been also observed in InP [46] and CdTe nanocrystals [54].
At still lower excitation energies, a pronounced ASPL peak appears in the high-
energy region, which shifts to lower energy following the excitation wavelength.
This behaviour is very similar to that of the SSPL in region IIl. Actually, the
progressive transition from SSPL into ASPL is evident in Fig. 2a, Regions III-IV. A
similar observation was reported recently for PbS QDs [51]. The gradual change in
the band shape suggests that the physical process involved in QD emission is the
same throughout the whole range of excitation energies. However, in contrast to
SSPL, the ASPL does not reflect the size distribution of the QDs. As mentioned
above, the effect of inhomogeneous broadening caused by the distribution of QDs
sizes can be clearly seen in the excitation wavelength dependence of the SSPL
spectra (Fig. 2a, Regions II and III). When the excitation is restricted to the onset
region of the absorption spectra, then QDs of a much narrower size range are excited;
these QDs are the largest size in the ensemble. In this spectral region the SSPL spectra
of QDs show a decrease of the width of the PL band demonstrating pronounced line
narrowing [53, 55, 56]. In the spectra presented in Fig. 2a, the full width at half
maximum (FWHM) of the SSPL band decreased from 95 meV at E., =2.32¢V to
76 meV at E., =2.16eV. In contrast, the ASPL linewidth shows extra broadening
with decreasing excitation energy: from 83 meV at E., =2.12eV to 150 meV at
E.x=195¢eV.

It is noteworthy that all spectra presented in Fig. 2a were obtained by exciting the
samples with a Xenon lamp (output power of 40 uW to 0. mW, depending on the
spectral region). This demonstrates that phonon-assisted excitation of the ASPL
process in QDs is a highly efficient process since even for samples with moderate
quantum yield (~20%) there is no need for laser excitation [57]. Also it can be seen
that the efficiency of ASPL is comparable with that of SSPL at least for small
magnitudes of the up-converted blue shift AE (at excitation energy E., =2.10eV). At
lower excitation energies (i.e. bigger magnitudes of AE) the efficiency of ASPL
rapidly declines in accordance with Vavilov’s law [50, 58].

4. Dependence on excitation power

In light of the above model for population densities, photon energy up-conversion
is alinear process of the excitation intensity in nanocrystal QDs. The linear behaviour
of the ASPL intensity (/aspr) has been experimentally verified for various QD
materials [46, 47, 49, 50, 59] with a slope depending on the quantum yield of the
sample (Fig. 3).

Itis known [46, 60] that in some cases, the analysis of the dependence of the ASPL.
intensity on the excitation intensity (/.4.) can give information on the mechanism of
excitation energy transfer in the high-energy spectral region. Thus, with two-photon
excitation or two-stage excitation of electrons from the valence to the conduction
band through deep impurity levels, a quadratic dependence Isp. ~ Iexc> should be
observed [60]. For an ASPL process induced by Auger recombination, the depen-
dence Iogpp, ~ I,sxc3 is characteristic [22], whereas in the case of mixed mechanisms,
the power-law dependence of Isgpp on I, becomes more complicated [13].
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Fig. 3. a The PL quantum yield of CdSe QDs as a function of the ZnS shell thickness (in monolayers

(ML)). The dashed line is a guide to the eye. b The dependence of the ASPL intensity in CdSe QDs on the

excitation power density at room temperature. The lines show a linear fit to the data. The enhancement

of up-conversion efficiency is observed with increasing of thickness of the ZnS shell, i.e. with im-

proving passivation of surface dangling bonds. Reproduced with permission from MAIK Nauka/
Interperiodica [48]

Therefore, when analyzing an up-converted PL signal, an observed linear depen-
dence of ASPL on excitation intensity alone cannot be taken as an indication of
the participation of phonons in the excitation process. As will be discussed in the
following section, the same dependence can be observed, for example, for two-
photon or two-step excitation under conditions of saturation [61]. A definitive con-
clusion for the mechanisms of ASPL must be supported by a series of independent
measurements. In this respect the temperature dependence investigations of up-
converted PL are the most conclusive [46, 47, 49, 61, 62].

5. Temperature dependence of ASPL

As mentioned above, the ASPL process with a linear dependence on excitation
intensity can be observed as a result of energy transfer to the excited electron—hole
pair from the phonon bath. In this case, the ASPL intensity should grow with in-
creasing temperature because of the increase of the population of phonons. Indeed,
this behavior was reported for CdSe [46, 47] and CdTe [47, 49, 50] QDs. As can be
seen from Fig. 4 an increase of up to 12 times in the ASPL intensity of CdSe QDs was
achieved, when the sample was heated in the temperature range 283—-353 K, while the
width of ASPL band is gradually reduced [63]. At the same time the SSPL shows
thermal induced quenching and broadening. It turns out that the thermally stimulated
increase in the ASPL is almost independent of the size of the QDs (Fig. 5, inset),
although it is more efficient when the QD surface is better passivated (Fig. 4, inset)
[48, 49, 57].

The spectral position of the ASPL peak shows little dependence on tempera-
ture (Figs. 4 and 5) whereas the temperature variation of the peak energy of the
SSPL was found to be practically coincident with that of the (1S, — 1S3/,) absorption
peak energy. These experimental findings demonstrate an important role of the
electron—phonon interaction in ASPL processes in QDs and this will be considered
later.
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Fig. 4. Temperature dependence of the ASPL in 4-nm CdSe QDs with 1.1-nm ZnSe shell. Inset:
Temperature stimulated enhancement of ASPL intensity for increasing shell thickness (i.e. increasing
quantum yield of the sample). Reproduced with permission from MAIK Nauka/Interperiodica [48]

o

353K 220
,/-g 200+ CdTe NCs size:
=
s 180 = 18nm 74
& 160 —06—30nm //
3+ 2 —A—35nm o Jd
£ 140 | —g—44nm /v//
Z ,V/o g
d 120 7/0 4,;
Z 100 80 4
B ,/AA
2 %0
- e
2+ E Or,. év.
w0 8

280 290 300 310 320 330 340 350
Temperature (K)

ASPL intensity (x 10°) (arb. units)

2.0 2.1 22 2.3 2.4
Photon energy (eV)

Fig.5. Temperature behaviour of the ASPL band in 3.5-nm CdTe NCs. Inset: Variation of the integrated
intensity of the ASPL with temperature for all samples studied. Reproduced with permission from
Materials Research Society [57]



264 Y. P. Rakovich, J. F. Donegan

Table 1. The maximum magnitude of the anti-Stokes shift for different QD materials

Material AE™™ (meV) References
CdSe 335 [47]
413 [59]
CdTe 285 [47]
350 [57]
360 [49]
PbS 330 [51]

As can be seen from Fig. 1b, an increase in ASPL intensity with temperature
strongly depends on the magnitude of the up-converted blue shift demonstrating
a sub-linear growth at small (20 meV) values of AE; almost linear dependence is
obtained for AE=50meV and a super-linear exponential-like dependence for
AE =100meV.

For a phonon-assisted mechanism, the minimum magnitude of the up-converted
blue shift is expected to be about the typical energy of optical phonons (24.8 meV for
the bulk CdSe) [64] which is comparable to the thermal energy (~kg7) at room
temperature. In data presented in Fig. 4, AE is about 97 meV giving rise to a well-
resolved ASPL band.

As can be seen from Fig. 2, the value of the anti-Stokes blue shift increases with
decreasing excitation energy. The maximum magnitude of the up-converted shift
(AE™™) can be defined as the difference between the excitation energy and the
energy value at which an exponential fit of the ASPL high-energy wing crosses the
average background noise level [46]. The reported values of AE™ estimated in this
way are summarized in Table 1.

6. Mechanism of ASPL: thermally populated defect states
versus electron-phonon interaction

Let us summarize the reported experimental results on the ASPL in colloidal QDs:

(i) The ASPL intensity increases linearly with excitation power.

(ii)) The ASPL intensity grows strongly with increasing temperature. The ef-
ficiency of the thermally stimulated ASPL growth is independent of the size of the
QDs. The up-conversion process is more efficient in samples with higher quantum
yield.

(iii) If E., increases (approaching the absorption peak) the ASPL peak moves
continuously towards higher energy accompanied by a narrowing of the ASPL band.
Its efficiency increases approaching the efficiency of SSPL and finally the spectrum
switches to the Stokes-shifted regime.

(iv) The blue (anti-Stokes) shift between the ASPL peak and E.,, does not depend
significantly upon QDs size. The shift can range approximately from 20 meV to
400 meV.

Possible ASPL mechanisms were discussed in [46-50, 57], but no definite con-
clusions were made. According to point (i) above, nonlinear optical processes such
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Fig. 6. Schematic of phonon-assisted up-conversion mechanism proposed in [47]

as two-photon absorption and (since the possibility of emergence of more than one-
exciton per QD is negligible) the Auger excitation can be excluded in this case.
Experimental findings (ii) and (iii) strongly suggest the involvement of phonons in
the re-excitation process. Finally, in order to explain (iv), it was suggested that up-
conversion occurs via thermally populated states. This mechanism requires that the
defect states are populated via phonons and then absorption of the incident photon
leads to the excitation into the conduction band states followed by the higher energy
photon emission. Depending on the electronic structure of the conduction and
valence energy levels in particular QDs, electron [47, 49] or hole [46] up-conversion
is believed to be driven by phonon absorption.

Although theoretical data reported in support of this mechanism are consistent
with the surface energy levels for dangling bonds or other sub-bandgap defect states,
there is no direct experimental evidence that these states are responsible for the ASPL
process [46, 49, 59]. Also the fact that the ASPL efficiency increases with quantum
yield of the QDs provides strong proof that the ASPL emission cannot originate from
sub-band gap states.

In order to account for all the experimental features of ASPL, an alternative model
has been recently suggested based on direct re-excitation of QDs by longitudinal
optical (LO) phonons without resorting to the surface (defect) states [65]. Taking
advantage of a nonperturbative approach for the calculation of the polaronic effects
in QDs, it was shown that red-shifted optical phonon replicas can be involved in up-
conversion and that the polaronic effects are significant, even when the interlevel
spacing in the QDs is quite far away from resonance with the optical phonon energies.

Figure 7a presents the lower-energy side of absorption spectrum of CdSe QDs
calculated using this approach and showing two sub-bandgap bands (indicated as
“—1L0O” and “—2L.0O”) through which the QDs can be excited. The QDs will then
emit a photon most likely having the energy of the zero phonon line. In a sense 1LO
and 2LO optical phonon replicas represent virtual sub-gap states, which are
separated from the fundamental absorption line (i.e. zero phonon line) by energies
that are only weakly dependent on the QD size. The probability of such an up-
conversion process increases with temperature because so does the integrated in-
tensity of the “—1L0O” and “—2L.O” absorption bands due to increased population of
LO phonons (Fig. 7b). The experimental temperature dependence of the ASPL
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intensity described above can be understood by taking into account that, at a certain
temperature, further (higher order) red-shifted satellites (whose intensity depends
more strongly on temperature) become more efficient.

In reality the situation is complicated by the distribution of the QD size, so that E,
can match different “—nLO” bands of QDs of several different size subsets within the
ensemble. It is also necessary to bear in mind that inter-level interaction, multiple
confined optical phonon modes, and interaction with acoustic phonons will broaden
the satellite band for each QDs in the ensemble. Consequently, the resulting ASPL
band will not appear as a sum of narrow features as it appears from the above figure.
Another complication arises from the fact that the calculated emission spectrum
(Fig. 7a) assumes thermal equilibrium. This will be the case only if carrier ther-
malization processes are fast. Recent studies of carriers dynamics in QDs [55, 66, 67]
at above bandgap excitation show that immediately after photoexcitation, the ini-
tially formed hot carriers thermalize quickly to the bottom of the conduction and
valence bands and subsequently decay either into shallow trap states [55, 66] or an
intrinsic “dark” exciton state [68]. This thermalization is an extremely fast process
occurring in the 300-500 fs range [67, 69] providing fast establishment of thermal
equilibrium. It is noteworthy that the reported time-resolved studies of ASPL
demonstrate a much longer, ns-scale decay [49]. However, there is no reason why
such relaxation should be slower at room temperature and/or if the carrier is “cool”.

Another and more serious problem with the proposed polaronic mechanism of up-
conversion is that using this approach it is difficult to explain the observed values of
the up-converted shift (Table 1) which are much larger than the LO phonon energy.
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Of course in spectra of individual QDs there are further “—nL.O” satellites (with
larger n), but their intensities are very low for realistic values of the electron—phonon
coupling constants. In order to explain the experimentally observed large anti-Stokes
shifts, one has to consider a cascaded mechanism of the ASPL. More detailed
discussion of this particular mechanism is given in the chapter of M. Vasilevskiy of
this book.

7. Availability of phonon modes

Whichever model is used to describe the phonon-assisted ASPL excitation in the
QDs, the availability of vibrational modes is crucial to provide efficient up-con-
version. To this end, recent experimental studies of Raman spectra in semiconductor
QDs [70-75] may provide fresh insight into understanding the mechanism of
phonon-assisted up-conversion.

The evolution of the optical phonon spectra of colloidal core/shell CdSe/ZnS
QDs which demonstrate efficient ASPL (Figs. 2 and 4) has been recently reported
[70]. These QDs were studied by resonant Raman spectroscopy with an increase of
the shell thickness from 0.5 to 3.4 monolayers. A significant improvement of the PL
efficiency has been observed with increase of the ZnS shell thickness.

As an example of the Raman spectra of the CdSe/ZnS nanocrystals, the spectrum
of CdSe QDs with the thickest (3.4 ML) ZnS shell is presented in Fig. 8a. Raman lines
of the LO and 2LO phonons of the CdSe core are clearly seen in the region of

3.5 ML ZnS

1]

LO CdSe

LO ZnS 2LO CdSe

Raman intensity (arb.units)
Raman intensity (arb.units)
[\S)

100 200 300 400 500
Stokes shift (cm™)

300 350 400 450
Stokes shift (cnm!)

Fig. 8. a Raman spectrum of CdSe/ZnS QDs with a shell thickness 3.4 ML. b—d The parts of the Raman

spectra of CdSe/ZnS QDs in the region of the ZnS LO phonon for different shell thicknesses. The regions

of the ZnS LO phonons and 2SO and 2LO phonons of CdSe are denoted by the numbers 1, 2, and 3,
respectively. Reproduced with permission from American Physical Society [70]
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200cm™~! and 400 cm™!, respectively. Apart from these modes a pronounced peak
associated with the LO phonons of the ZnS shell can be seen in Fig. 8a at about
350 cm™!. The intensity and line shape of the ZnS LO line are determined by the shell
crystallographic structure [70].

It has turned out that the ZnS LO phonon line at 350 cm ™', which partly overlaps
the second order Raman lines of the CdSe core, can be distinguished, even at a shell
thickness of 0.5 ML. The increase in shell thickness results in the increase in the line
intensity, which is roughly proportional to the ZnS volume. A remarkable decrease in
linewidth from 30cm~! for the 0.5 ML shell down to 12.5cm™! for the 3.4 ML
manifests to the substantial improvement in the shell crystallographic structure. It is
particularly remarkable that the increase in the shell thickness results in an enhanced
efficiency of the ASPL process (Figs. 3 and 4). The observed peak between the ZnS
LO and CdSe 2L.O phonon lines (Fig. 8) was the subject of extensive discussion in the
last several years [72, 76-79]. In most of the studies it was suggested that the
asymmetry in the low-frequency part of the LO phonon Raman peak of the CdSe QDs
is caused mainly by surface optical (SO) phonon modes. In spite of the fact that
the Raman scattering by the SO modes is forbidden for an ideal spherical shape of the
QDs, the appearance of the SO peak in Raman spectra can be explained by the
relaxation of the angular momentum phonon selection rule because of the lack of
wave-vector conservation in QDs [78]. It has been also predicted that the SO mode
can be observed in the Raman spectra in the case of a nonspherical shape of the QDs,
as well as due to the effect of impurities or interface imperfections [72, 78].

The theory of Raman scattering by spherical particles predicts the participation of
phonons with angular momenta /=0, 1, 2 and 3 (0 and 2 through the Frohlich
mechanism while 1 and 3 through the optical deformation potential hole—phonon
interaction). Normally only LO-type phonons are observed in the spectra of II-VI

160 180 200 220 240 160 180 200 220 240

Raman intensity (arb.units)

180 200 220 240 160 180 200 220 240
Stokes shift (cm™!)

160

Fig. 9. The parts of the Raman spectra of CdSe/ZnS QDs in the region of the CdSe LO phonon for
different shell thickness: 0 ML (a); 0.5 ML (b) 2.2 ML (¢) and 3.4 ML (d), respectively. Reproduced with
permission from American Physical Society [70]
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QDs, and it was suggested that the polar Frohlich-type interaction dominates the
Raman scattering in CdSe/ZnS QDs. Therefore the peak labeled 2 in Fig. 8 can be
assigned to the scattering from the interface phonon modes with /=2 (although
“breathing” / =0 modes can also contribute to the polarised scattering).

A closer look at the evolution of the first order Raman spectra of the CdSe core
as the ZnS shell thickness is varied reveals an enhanced contribution of SO modes
(Fig. 9). The most striking result presented in Fig. 9 is the fact that with increasing
shell thickness (i.e. with increase in quantum yield) the SO phonon band continues to
shift to lower energy and grows in intensity. This was suggested to arise from an
incoherent epitaxial growth of the ZnS shell at high coverage [70]. However, in the
context of the present review, this fact clearly indicates the involvement of surface
states in the up-conversion process, which is mediated by the interaction with optical
surface phonons as well as with LO modes of the CdSe core and the ZnS shell. Due to
spectral tunability of the SO mode energy (depending on shell thickness) optical
phonon modes of various energies can contribute to the re-excitation of carriers
causing efficient ASPL.

8. Applications of ASPL and further research directions

In the previous sections of this chapter, recent advances in the understanding of the
fundamental properties of the phonon-assisted ASPL in semiconductor QDs are
reviewed. In view of the potential applications, ASPL has a lot to offer in the fields of
nanotechnology, lasing, optical cooling, bio-imaging and information technology.
One of the applications suggested recently is the development of an all-optical tem-
perature sensor based on nanoparticles [82]. Measurement of temperature changes in
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Fig. 10. Variation in the ASPL intensity E (b) of the PEG-tethered Au and CdTe QDs depending on the
temperature T (a); ¢ calculated photon-field enhancement factor P of the CdTe QDs as a function of time.
d Schematic representation of the dielectric model used for calculating the curve in (c) as well as the
plasmon excitation with associated field lines; the plasmon excitation inside an Au nanosphere interacts
with excitons in the CdTe QDs through electric fields. The distance Ryp(T) varies with the temperature.
The curve in ¢ also represents a theoretical dielectric model of the QDs assembly in which the CdTe QDs
form a continuous spherical shell around the Au nanoparticles. Reproduced with permission from
Wiley—VCH [82]
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supersmall (nanoliter) volumes is a difficult problem, especially if both high pre-
cision and nanosecond time resolution are required.

One of the proposed approaches is to use the plasmon—exciton interaction in
superstructures formed by metal nanoparticles and semiconductor QDs connected by
apolymer acting as a molecular spring. A higher temperature leads to a modification
in the luminescence due to the more extended conformation of the polymer chain
(Fig. 10). In the reported experiments [82] the superstructure was excited in the anti-
Stokes regime in order to eliminate scattered light from the excitation source.

Another promising direction is to use the unique properties of ASPL in hybrid
photonic structures. In this respect whispering gallery mode (WGM) microcavities
(e.g., microspheres, microcylinders, microrings and microtoroids) are ideally suited
for observation of enhanced optical effects with extremely low excitation intensities
[83]. High quality factors (Q) and large field densities associated with WGMs result
in resonant enhancement of linear and nonlinear interactions of various kinds [36,
71, 84, 85]. Up-conversion of semiconductor QDs combined with photon confine-
ment in three-dimensional microcavities has strong potential to be useful in micro-
laser technology, optical data storage, lighting and bio-imaging applications.

Figure 11b shows a room temperature spectrum of a single polystyrene micro-
sphere of 70 um size covered by a monolayer of CdTe QDs on a Si substrate using low
intensity nonresonance excitation by a He—Ne laser. The QD monolayer was formed
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Fig. 11. Room temperature absorption and PL spectra of CdTe QDs in water (a). Arrows indicate the

excitation wavelength used in micro-PL and Raman experiments. Raman spectrum of a single

polystyrene/CdTe microsphere on a Si substrate. Excitation by HeNe laser A =632.8 nm before (b)
and after (c) PL background subtraction. Reproduced with permission from Springer [86]
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using the layer-by-layer deposition technique [37]. In this case, strong coupling
between the WGM of the spherical microcavity and the electronic states of the CdTe
QDs results in an enhanced luminescence contribution to the Raman signal simul-
taneously in both the Stokes and anti-Stokes spectral regions. The ASPL process is
certainly highly efficient having an intensity comparable to the SSPL as seen from
Fig. 11b. A similar effect was recently reported in small (2 um) microspheres with a
thin shell of semiconductor QDs [71]. The observation of ASPL from the poly-
mer—CdTe microsphere can be attributed to the optical feedback via the microcavity
with a WGM structure which leads to an increased probability of energy transfer to
the emitting species.

A further major step in the application of ASPL using QDs is the development of
nanoscale optical refrigerators. The concept of laser cooling (optical refrigeration)
by luminescence up-conversion in solids dates back to 1929 [87], when it was
recognized that thermal vibrational energy can be removed by anti-Stokes fluores-
cence creating a local cooling if a material is excited with photons having energy
below the mean fluorescence energy. Material purity problems prevented observa-
tion of this type of laser cooling until 1995, when it was first demonstrated in
ytterbium-doped glass [88]. This was followed soon after by reports of cooling in dye
solutions [89] and thulium-doped glass [90]. A primary advantage of semiconductors
compared to rare-earth doped solids is their potential for achieving temperatures
down to ~10K and below [91]. This is due to the difference of the ground state
populations in the two systems. Also colloidal semiconductor QDs have a number of
advantages over dyes such as tunable absorption and emission wavelengths, better
photostability and longer excited state lifetimes [92].

Although the theory of semiconductor cooling has been tackled previously
[91, 93, 94], the critical issue hindering laser cooling applications is the limited
quantum yield of semiconductor materials due to nonradiative carrier recombina-
tion. It was recently demonstrated that in order to achieve efficient optical cooling,
the quantum yield must be higher than 90% [95] which is unachievable for bulk
semiconductor materials or epitaxial heterolayers. However, recent advances in
the synthesis of highly efficient colloidal QDs with suppressed nonradiative
transitions [31] may allow for the realization of semiconductor cooling even
below 10K [91].

9. Conclusions

The unique optical properties of semiconductor colloidal QDs have enabled a
comprehensive study of photon energy up-conversion mediated by the interaction
with optical phonons. This has allowed for an improved understanding of the anti-
Stokes luminescence in nanostructures. The study of phonon-assisted excitation of
ASPL, reviewed here, reveals many fascinating questions and fundamental pro-
blems that appear when merging the main concepts of the electron—phonon
interaction and electronic and photonic confinement, in one structure. The depen-
dence of the ASPL parameters on the excitation intensity and temperature suggests
amanifold of photonic applications, in particular in the fields of sensing and optical
cooling.
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