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hanisms of the phonon bottleneck
effect in CdSe/CdS core/shell quantum dots and
nanoplatelets and their application in hot carrier
multi-junction solar cells†

Yi Zhang, *ab Wenbin Xiang,c Rui Wang,a Jiayu Zhang *c and Gavin Conibeer*d

The hot carrier multi-junction solar cell (HCMJSC) is one of the promising advanced conceptual solar cells

with theoretical efficiency greater than 65%, consisting of a thin top junction with a wide bandgap and

a thicker junction at the bottom with a medium bandgap for absorption of high and low energy photons.

The wide bandgap CdSe/CdS low-dimensional systems (e.g. quantum dots, QDs and nanoplatelets,

NPLs) widely used in optoelectrical devices are expected to be an appropriate candidate for the top

junction. However, the mechanisms underlying the carrier relaxation rate reduction (or phonon

bottleneck effect, PBE) for HCMJSC in these material systems are not well understood so far. In this

work, the carrier relaxation mechanisms in CdSe/CdS core/shell QDs and NPLs are quantitatively

analyzed by calculating the thermalization coefficient (Qth) through steady state photoluminescence

(SSPL) and picosecond-time resolved photoluminescence (ps-TRPL). A significantly extended carrier

relaxation time of more than 20 ns was observed in the TRPL of QDs. This could be attributed to both

the Auger reheating (AR) at the initial fast decay stage and acoustic phonon folding at the slow decay

stage. For SSPL, the Qth value of QDs is much lower due to a 1 order of magnitude higher AR rate. A

strong coupling may exist between AR and Qth with a high probability of PBE, where a lower Qth gives

a higher AR rate. The AR may dominate carrier thermalization if the PBE level is high. Meanwhile, other

mechanisms like acoustic phonon folding will also affect the carrier relaxation if the PBE is at a much

lower level.
Introduction

The hot carrier solar cell (HCSC) is an advanced concept solar
cell that aims to utilize the energy lost in carrier thermalization
for power generation with potential power conversion efficiency
(PCE) greater than 65% under sunlight conditions,1–8 which is
much greater than the Shockley–Queisser efficiency limit of
31% for a single junction solar cell.9 The HCSC absorber aims to
greatly extend the carrier thermalization process in the time
scale from several picoseconds (10−12 s) to several nanoseconds
(10−9 s) that can be observed in low-dimensional quantum
conned thin lms.10–13 A hot carrier population with total
energy well above the band edge could therefore be established
ing, Hohai University, Nanjing 210098,

structures, Nanjing University, Nanjing
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for carrier extraction through energy selective contacts (ESCs)
that are another important component of the HCSC.14–18 In
recent years, HCSC devices have been demonstrated but with
limited PCE of 11.6 ± 0.5% at 55 600 suns (i.e. focused laser
illumination of 1650 W cm−2),19 which is substantially lower
than the theoretical efficiency. This can partially be explained by
the fact that an ultrathin quantum conned HCSC absorber
cannot absorb sufficient photons close to the bandgap, result-
ing in a low current limiting the PCE.

In order to improve the photon absorption whilst at the same
time reducing the carrier thermalization rate for the HCSC, the
idea of a hot carrier multi-junction solar cell (HCMJSC) is
proposed,20 where a thin hot-carrier top junction (i.e. wide
bandgap ultrathin lm, HCTJ) absorbs high-energy photons
while low-energy photons are absorbed in a second, thicker
junction. In a quasi-0-dimensional system such as quantum
dots (QDs), the quantum connement (QC) can be further
enhanced through connement by the interfacial boundary
between the core and shell of QDs, contributing further to
a slower carrier thermalization process. Wurtzite (WZ) CdSe/
CdS core/shell QDs with wide bandgaps at 300 K of 1.72 eV
for CdSe and 2.42 eV for CdS might be an appropriate candidate
© 2023 The Author(s). Published by the Royal Society of Chemistry
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for an HCTJ due to their potentially very strong QC, their ease of
preparation and their low fabrication cost. CdSe/CdS core/shell
nanoplatelets (NPLs) are also believed to be an ideal candidate
for HCTJ for their greater QC. In addition, the phonon bottle-
neck effect (PBE, or hot phonon effect) is believed to be the most
important mechanism to signicantly reduce the carrier ther-
malization rate in a series of low-dimensional
semiconductors.21–25 However, the mechanisms underlying
PBE in wide bandgap semiconductors (e.g. CdSe/CdS QDs and
NPLs) have not been thoroughly studied to date. Therefore, it is
essential to systematically investigate the PBE mechanisms in
CdSe/CdS QDs and NPLs for HCTJ.

In this work, the PBEs observed in two different CdSe/CdS
low dimensional systems (i.e. QDs and NPLs) with similar
shell thickness (i.e. 4–5 monolayers, ML) are systematically
compared and analyzed via steady state photoluminescence
(SSPL) and picosecond time-resolved photoluminescence (ps-
TRPL). The PBE mechanism is quantitatively studied by calcu-
lating the thermalization coefficient (Qth) in units of W K−1

cm−2 derived from thermalized (absorbed) power density (Pth).26

It was found that the values of Qth for QDs and NPLs are 6.13 ±

0.41 and 47.47 ± 4.35 mW K−1 cm−2, respectively. The signi-
cantly smaller Qth for QDs implies that the carrier relaxation
rate for QDs is expected to be much lower than that of NPLs.
These results are supported by a much longer carrier cooling
time observed in the QDs (i.e. 40 ns) than that for NPLs (i.e. 5 ns)
according to the TRPL results. This could be explained by the
stronger carrier–carrier interactions in QDs due to (1) enhanced
QC and (2) the absence of dielectric screening,27 giving a higher
Auger recombination rate for carrier reheating. Other work has
demonstrated that the Auger recombination rate in NPLs is
more than 1 order of magnitude smaller than that in QDs of
equal volume,28–30 which is highly consistent with our observed
results. The above implies the carrier relaxation rate is limited
by reheating due to Auger recombination (AR), signicantly
extending the carrier relaxation time (sre) to the nanosecond
time scale. As is described below, we demonstrate that this AR is
mediated by spatial connement of phonons in both QDs and
NPLs, to different extents. Hence, AR can be described as the
dominant PBE for CdSe/CdS QDs and NPLs, where a lower Qth

means slower energy dissipation due to the higher AR rate.
Besides the Auger reheating, the acoustic phonon folding could
also reduce the carrier thermalization rate but dominate in the
later slow decay process. It can provide additional barriers to
the optical phonon decay through suppression of 2nd or 3rd
order Klemens decay. A higher population of hot acoustic and
optical phonons is therefore maintained, slowing the carrier
cooling rate.31

Methodology
Sample fabrication

The CdSe/CdS core/shell QDs were synthesized in two steps:
rst, WZ CdSe cores were synthesized at 380 °C, following the
procedure in the literature.32 Then, the successive ionic layer
adsorption and reaction (SILAR) method was used to control the
epitaxial growth of the CdS shell on the surface of CdSe cores at
© 2023 The Author(s). Published by the Royal Society of Chemistry
a temperature of 310 °C.33 The QD shell thickness wasmeasured
to be around 5 ML.

The CdSe/CdS core–shell NPLs were synthesized using
colloidal atomic layer deposition (c-ALD).33,34 The CdSe NPLs
were rst synthesized by using the following procedure. The
organic precursor cadmium myristate (C28H54CdO4), selenium
powder (Se) and octadecene (ODE) were degassed in a three-
necked ask for 30 min at room temperature (300 K). They
were then reacted with Cd(Ac)2, oleic acid and hexane sequen-
tially to obtain a precipitate containing NPLs, which were then
washed with ethanol. The inorganic ligand S2− was then
attached onto this preprepared zinc blende CdSe NPL surface to
obtain the CdS shell with a thickness of about 4 ML. The
epitaxial growth process was completed in 40 minutes.30,34
Characterization

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images were recorded on an FEI Tecnai G2
electron microscope with an acceleration voltage of 200 kV. The
optical image was examined using a metallographic microscope
(Olympus, BX51M). In order to explore the carrier relaxation
dynamics within solar cells under actual operation conditions,
the samples were probed using power dependent steady state
photoluminescence (SSPL). A continuous laser with an excita-
tion source of 532 nm was used to photoexcite excitons, which
emit a photoluminescence spectrum by radiative recombina-
tion. By increasing the excitation intensity, a hot carrier pop-
ulation (or out of equilibrium carrier population) is generated,
which could be detected by a change in the shape of the PL
spectrum (i.e. a more obvious asymmetry can be seen at high
energies). The power incident on the sample was 218 mW.
Neutral density lters were used to tune the incident power
from 100% of the nominal power to 0.1%. These lters were
combined with another lter with an adjustable attenuation by
rotation to further rene the nominal power to below 0.1%. The
laser spot size on the sample was then measured to be
1.245 mm in diameter using a micrometer calibration grating.
The PL signals were collected and measured using a Spectra
Pro-300i (Acton Research Company) optical multi-channel
analyzer. The TRPL measurements were performed using an
electrically triggered streak camera system (Hamamatsu C5680)
in the QD solution. The excitation light source is a 400 nm laser
pulse with a power meter measuring 12 mW, similar to the peak
power of SSPL, which is generated by doubling the frequency of
a Coherent Legend F-lk femtosecond laser (800 nm, 100 fs, 1
kHz) through BBO crystals.
Results and discussion

Fig. 1(a) and (b) are representative TEM images (scale bar = 50
nm) of CdSe/CdS QDs and NPLs with the HRTEM images (scale
bar = 5 nm) of a single quantum dot or nanoplatelet for more
detail. The shell thicknesses of QDs and NPLs are estimated to
be 5 ML and 4 ML (i.e. 1 ML z 0.35 nm), respectively. Clear
fringes are observed in the HRTEM image of QDs, indicating the
high quality of the samples. The shape characteristics of QDs
Nanoscale Adv., 2023, 5, 5594–5600 | 5595
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Fig. 1 (a) TEM image (50 nm) of CdSe cores and their corresponding
CdSe/CdS QDs with a 5 ML shell, where the HRTEM image (5 nm) of
a CdSe/CdS QDs and the corresponding fast Fourier transform pattern
is shown in the inset on the right-bottom corner. (b) TEM image (50
nm) of CdSe/CdS NPLs with a 4 ML shell.
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and NPLs are clearly observed in Fig. 1, where the QDs are
approximately spherical, while the NPLs are elliptical. The
strong three-dimensional QC of QDs divides their electronic
structure into discrete energy levels. But the carriers in NPLs are
only conned in one dimension, the electronic structure of
NPLs is closer to that of a quantum well, with lower conned
energy levels that are more like steps in energy than discrete
energy levels.35 Hence, the QC of QDs is much stronger than
that of NPLs, implying a more concentrated electron state
Fig. 2 Power dependent SSPL results in CdSe/CdS (a) QDs and (b) NPLs w
fitting region is indicated by the shaded area. Absorbed power dependen
by high energy tail fitting. There is a clear increase in carrier temperatur

5596 | Nanoscale Adv., 2023, 5, 5594–5600
density distribution, larger exciton binding energy, and
stronger exciton resonance.

Fig. 2(a) and (b) show the SSPL results of CdSe/CdS core–
shell QD and NPL samples, respectively, with 8 different
absorbed power densities. The primary PL emission peaks for
QDs and NPLs can be seen at around 1.94 eV and 2.02 eV,
respectively, both higher than that of bulk CdSe (i.e. 1.72 eV),
demonstrating a strong ideal QC that is consistent with other
research work.33 The asymmetric broadening of the peak is
attributed to the heating of the carriers within QDs along with
the increasing incident power density. The unchanged peak
position of QDs indicates that the temperature of the actual
CdSe QDs is relatively stable at room temperature of 300 K.
Assuming that a Maxwell–Boltzmann-like distribution of
carriers is established via SSPL, the high energy tail region (i.e.
1.99–2.05 eV) of the PL follows an exponential law with incident
photon energy,12,36

IPLðEÞf3ðEÞexp
�
� E

kBTC

�
(1)

where E is the photon energy, 3(E) is energy dependent emis-
sivity, and kB is the Boltzmann constant. As the high energy tail
of SSPL reects the occupancy of high energy carrier states of
the carriers, TC represents the distribution temperature of these
hot carriers. Moreover, in the energy regime above the QD
ith 8 different power densities in mW cm−2, where the high energy tail
t carrier temperature for the CdSe/CdS (c) QDs and (d) NPLs calculated
e with increasing power.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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emission peak, the spectra are well tted by an exponential
dependence, for which the slope on a logarithmic scale is
related to the carrier temperature from eqn (1). Fig. 2(c) illus-
trates the calculated carrier temperatures as a function of power
density, where the carrier temperature increases with
increasing power density as indicated by the dashed blue arrow.
This is as expected because of the increased occupancy of the
limited carrier density of states in QD systems as the power
density increases, which creates a bottleneck in the carrier
cooling mechanisms and hence slows carrier cooling. Since all
of the calculated carrier temperatures are above 300 K, room
temperature, a clear nonequilibrium hot-carrier population is
observed. These results are also highly consistent with other
research work.12,36,37

In polar semiconductors, the dominant method for carrier
thermalization is through the carrier-longitudinal optical (LO)
phonon scattering. The carrier energy is transferred to LO
phonons which then decay into acoustic phonons via Klemens
(dominate mechanism) or Ridley (secondary mechanism)
decay.38 The acoustic phonons will eventually dissipate their
energy in the form of lattice heat. The rate of carrier thermali-
zation (Pth) is related to the temperature difference between the
carriers and lattice (DT = TC − 300 K), the LO phonon energy
(ELO) and the thermalization coefficient (Q),37 and can be
described by eqn (2) below

Pth ¼ QDT exp

�
� ELO

kBTC

�
(2)

where ELO for CdSe is 24 meV at the Brillouin zone centre.39

Under relatively weak excitation power density, the rate at which
energy is radiated from the sample is small compared to the
power absorption rate, hence the absorption power (Pabs) is
approximately equal to Pth (i.e. Pabs = Pth).

Fig. 3(a) shows a clear linear relationship between Pabs/
exp(−ELO/kTC) and DT, with the slope indicating an extremely
small Q value of 6.13 ± 0.41 mW K−1 cm−2 for QDs and in
Fig. 3(b) a Q value an order of magnitude larger for NPLs, at
47.47 ± 4.35 mW K−1 cm−2. This implies that the carrier ther-
malization rate in such QDs is substantially slower than in other
quantum conned systems such as multiple quantum wells
(MQWs), which typically have values of Q in the hundreds of W
Fig. 3 Pabs/exp(−ELO/kBTC) (W cm−2) as a function of DT (K), the gradient
with values of 6.13 ± 0.41 mW K−1 cm−2 and 47.47 ± 4.35 mW K−1 cm−

© 2023 The Author(s). Published by the Royal Society of Chemistry
K−1 cm−2.12,36,37 The large difference in Q values can be attrib-
uted to a few effects. The rst is that QDs, and to a lesser extent
NPLs, have a much greater QC than MQWs. Since the carriers
are conned by the interfacial boundary between the core and
shell of QDs in three dimensions, there are more limited
options for the carrier to undergo signicant relaxation. The
second reason could be that the excitation power density in this
experiment is signicantly smaller than that in other work for
MQW systems. This also implies that the Q value for these QDs
might be signicantly different, if the applied excitation power
density were orders of magnitude higher. According to the
simulation work done by Le Bris et al.,37 a smaller Q value is
necessary to observe an efficiency enhancement for HCSC at low
solar concentration values (e.g. the Q value is less than 10W K−1

cm−2 for 10 000 suns and less than 1WK−1 cm−2 for 1000 suns).
In this work, a Q value of ∼6 mW K−1 cm−2 indicates that
a concentration of around 9 suns is required to achieve an
efficiency improvement for an HCSC, which is much more
achievable in practice. This also indicates that the application
of CdSe/CdS QDs as the top layer of an HCMJSC is a feasible
scheme.

The Q values of III–V SQWs and MQWs derived from the
SSPL are from 2.5 to 9.5 W K−1 cm−2 at solar concentrations of
2000–10 000 suns.40,41 Previous work has identied that a lower
Q value will be obtained at lower solar concentration.37 In this
work, the Q values of QDs and NPLs with stronger quantum
connement are calculated based on the SSPL at much lower
solar concentration of SSPL. The calculated Q values (i.e. 6.13 ±

0.41 mW K−1 cm−2 for QDs and 47.47 ± 4.35 mW K−1 cm−2 for
NPLs) are substantially lower than those of III–V MQWs or
SQWs (i.e. to give slower thermalization, as is expected from
theoretical calculations of the much greater QC in these
systems), hence demonstrating the applicability, reliability and
robustness of this method.

Fig. 4 demonstrates the 2D contour plots of TRPL for CdSe/
CdS NPL and QD samples with normalized TRPL signal inten-
sity indicated on the right hand side. The initial excitation time
(i.e. t= 0 ns) for each sample is indicated by the red dashed line.
The TRPL main emission peaks for NPLs and QDs are around
605 nm (or 2.05 eV) and 630 nm (or 1.97 eV), which are highly
consistent with those for the SSPL of Fig. 2.
indicated by the blue dashed line gives the thermalization coefficientQ
2 for (a) QDs and (b) NPLs.

Nanoscale Adv., 2023, 5, 5594–5600 | 5597
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Fig. 4 TRPL results for CdSe/CdS with nanostructures of QDs (left) and NPLs (right) are shown with initial excitation time indicated by the red
dashed lines for each spectrum.
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For TRPL data, the high-energy tail tting method similar to
SSPL data is used to calculate the time dependent hot carrier
temperatures in Fig. 4(a) and (b). Fig. 5 shows the TRPL diagram
of NPLs at 5 different decay times aer excitation, where the
tting region is indicated by tting the shaded part and the
linear trend lines are indicated by the blue dashed lines for
clarity. A similar method is also applied on the TRPL results of
QDs to calculate the time dependent hot carrier temperatures
which is not displayed here.

Fig. 6 presents the time dependent carrier dynamics of NPLs
and QDs tted with exponential functions to vertical slices
through the TRPL spectra of Fig. 4 at the wavelength of peak
emission intensity. The time range is from 0 to 45 ns (inset:
from 0 to 8 ns for more detail) and the carrier relaxation time,
decay trend and initial temperatures are all indicated. It is
observed that the QDs take about 41 ns to reach room
temperature, whereas the carrier temperature of NPLs reaches
room temperature aer about 7 ns. There are two main reasons
for their relaxation time difference. Compared with NPLs, AR
has a stronger effect in QDs, which slows down the relaxation
rate, and the acoustic phonon folding plays a key role in the
Fig. 5 Time dependent TRPL results in CdSe/CdS NPLs with 5
different relaxation times, where the high energy tail fitting region is
indicated by the shaded area.

5598 | Nanoscale Adv., 2023, 5, 5594–5600
relaxation process of QDs, which greatly prolongs the relaxation
time.

There are differences in the decay trends in these materials:
NPLs undergo a mono-exponential decay with a sre = 780 ± 50
ps due to AR which has good agreement with other research
work.29,42 On the other hand, an initial fast decay component
with sre_1 of 370± 110 ps followed by a slow decay aer 1 ns with
sre_2 of 23.63 ± 2.31 ns is observed in the QDs.

Comparing the results of SSPL and TRPL, the key points
behind the different observations appear to be whether or not
a signicant PBE is present. For SSPL there is continuous
excitation of excited states so that the hot carrier density and
consequently the LO phonon population will be much higher.
In contrast, for TRPL, the initially excited hot carriers are at
relatively low density and aer the initial pulse, there is also no
more excitation of hot carriers. So the densities of hot carrier
and LO phonons are lower. Hence phonon bottleneck condi-
tions will be achieved at a lower illumination intensity for SSPL
Fig. 6 Ultrafast carrier dynamics of CdSe/CdS NPLs (black squares)
and QDs (blue squares) with initial carrier temperatures and carrier
relaxation time presented. Two obviously different decay trends are
observed (see the red trend lines), implying more than one relaxation
mechanism occurs in NPLs for a longer carrier relaxation time of 23 ns.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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than for TRPL and a small Qth would be expected for SSPL.
Therefore, under the PBE conditions of SSPL the higher AR rates
of QDs lead to a higher rate of AR reheating of carriers, because
there is little opportunity for these carriers to lose their energy
by emission of LO phonons. Moreover, the AR is very likely
dominated by the indirect phonon-mediated process like those
in the wide bandgap III–V semiconductors.43–45 The AR rate will
rise with increasing Auger coefficient due to a stronger PBE,
reducing the carrier thermalization rate or lowering the value of
Qth.

But for TRPL, which is not under PBE conditions (or at least
it has a much lower level of PBE), the higher rate of AR in QDs
does not lead to AR reheating of carriers. Because there is plenty
of opportunity for these hot carriers to lose their energy to LO
phonons, in fact the enhanced AR in QDs leads to a faster
thermalization in QDs (sre_1 = 370 ps) rather than in NPLs (sre =
780 ps) because the AR gives greater opportunity for LO phonon
emission. This is similar to the situation oen observed in the
literature on Multiple Exciton Generation (MEG) in which AR is
oen quoted as being a mechanism for faster cooling.46–48

We observed the initial carrier temperature (Tinitial) of NPLs
is 525 ± 40 K which is around 140 K higher than that of QDs.
The higher Tinitial may imply the QDs have a larger degree of
acoustic phonon folding than NPLs due to the greater spatial
connement in QDs. This folding is particularly important for
acoustic modes as it brings these modes to the mini-Brillouin
zone centre at appreciable energy (normally acoustic modes
have close to zero energy at zone centre) and thus allows them to
be optically active (Raman active) such that these folded
acoustic modes can be directly emitted by hot carriers, thus
providing an additional (if rather slow) route for carrier cooling
to take place.49

For SSPL, phonon folding simply limits the maximum
temperature that carriers can reach in the steady state in NPLs,
since they are always losing energy to LO phonons and to
optical-like acoustic phonons in parallel, whereas QDs only
have one channel for LO phonons and so attain a higher carrier
temperature. However, for TRPL, the additional optical-like
acoustic phonon channel does not make much difference
until the temperature drops to a point at which very little energy
is lost to LO phonons and acoustic phonon loss takes over and
this is very slow, giving a long lifetime (i.e. 23.63 ns), which also
explains the second stage mechanism in the QD thermalization
process.

Conclusions and outlook

In this work, the mechanisms of slowed carrier cooling in the
low-dimensional structures of CdSe/CdS core/shell QDs and
NPLs are studied. The thermalization coefficient (Qth) is rstly
introduced in QD systems to investigate the carrier relaxation
rate and its validity is veried. It was found that the stronger AR
in QDs due to enhanced QC leads to a great reduction in the
relaxation rate, that is, a much lower energy loss rate. In fact,
both AR and acoustic phonon folding could prevent the energy
dissipation of excited carriers. Moreover, AR seems to play
a decisive role in the initial fast decay stage and the phonon
© 2023 The Author(s). Published by the Royal Society of Chemistry
folding plays a more important role in the later slow decay
stage. Under SSPL conditions with a high probability of PBE
occurrence, AR and Qth are strongly coupled, where a lower Qth

implies slower energy dissipation due to the higher AR rate of
QDs. According to our work, the CdSe/CdS QDs seem to be an
ideal top layer candidate for the HCMJSC. The calculation of the
carrier relaxation rate could be simplied by calculating their
Qth, improving the selection efficiency of the ideal top layer
candidate for the HCMJSC.
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