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Multiple exciton generation (MEG) is a promising process to improve the power conversion efficiency of
solar cells. PbSe quantum dots (QDs) have shown reasonably high MEG quantum yield (QY), although the
photon energy threshold for this process is still under debate. One of the reasons for this inconsistency is
the complicated competition of MEG and hot exciton cooling, especially at higher excited states. Here, we
investigate MEG QY and the origin of the photon energy threshold for MEG in PbSe QDs of three different
sizes by studying the transient absorption (TA) spectra, both at the band gap (near infrared, NIR) and far from

Received 1st June 2016, the band gap energy (visible range). The comparison of visible TA spectra and dynamics for different pump

Accepted 19th October 2016 wavelengths, below, around and above the MEG threshold, provides evidence of the role of the X transition
in slowing down the exciton cooling process that can help MEG to take over the phonon relaxation process.

The universality of this behavior is confirmed by studying QDs of three different sizes. Moreover, our results
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1. Introduction

The power conversion efficiency of a single semiconductor
junction solar cell (SC) can be, theoretically, as high as 33%."
At the moment in a conventional SC, most of the absorbed
energy is dissipated as heat. Indeed, in a semiconductor, when
the energy (hv) of an absorbed photon is higher than the energy
band gap (E,), hot carriers are generated. Hot carriers quickly
cool down to the band edge and release their excess energy
to phonons (thermal dissipation). In bulk semiconductors the
distribution of energy levels is continuous, so the coupling with
phonons is very efficient and consequently the excess energy
of hot carriers is quickly dissipated.> The process of cooling
down of hot carriers is then a major energy loss channel in
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suggest that MEG QY can be determined by pump—probe experiments probed above the band gap.

photovoltaic devices.>” In contrast, in quantum confined nanos-
tructures, the energy levels are discrete, and the energy difference
between two consequent energy levels can be much higher than
the phonon energy. Therefore, when the energy of the absorbed
photon is at least twice the energy band gap, a significant portion
of the excess energy of hot excitons can be transferred to
electrons/holes in the valence band, the hot exciton cooling
process through phonons is reduced,™ and one or more new
excitons can be created. This process is known as multiple exciton
generation (MEG)® ™ and, in principle, it allows a great improve-
ment of the SC power conversion efficiency.>'*™*®

Typical MEG quantum yield (QY) values in quantum dots
(QDs) are between 1 and 3 with photon energy excitation 2 to
5 times the band gap of the QDs.>"°">*> However, there is still an
on-going debate about the parameters influencing the MEG
QY,”* since other works have shown very low MEG QY even
at much higher photon energy.”*>’ One of the reasons for this
inconsistency may be the complicated competition of MEG and
the hot exciton de-excitation process, especially at higher
excited states. In particular, one of the open questions is how
the threshold energy for MEG is influenced by other physical
phenomena. In principle, the threshold should be two times
E,, but it turns out to be higher since phonon relaxation rates
are normally larger than the MEG rate. Recently, it has been
pointed out that the electronic transition, corresponding to the
X point in the Brillouin zonet?® called the X transition, could

+ X point is defined as the second extremum (maxima of the valence band and
minima of the conduction band) in the Brillouin zone.
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play an important role in determining the threshold for MEG.* It
has been suggested that the hot exciton cooling process could slow
down around this level, allowing the MEG process to overcome the
cooling rate of phonons.* This would imply that MEG has an
energy threshold strictly higher than the X transition.*®'%* The ¥
transition is observed in both bulk and QDs and its position shifts
towards higher energy with the decreasing size of QDs.*®

PbSe QDs are widely explored as materials for SC, infrared
(IR) lasers, diodes, and IR-detector applications. PbSe QDs, due
to their large Bohr radius (46 nm), show large quantum con-
finement effects®® exhibiting narrow emission ranging from
near infrared (NIR) to mid-infrared (IR).>* Most of the previous
spectroscopic studies on PbSe QDs have been performed near
the band edge,>®**>7*® which is at the bottom of the cooling
cascade process through the higher energy states, where 1P-1S
transition is the last step of the cooling cascade, and thus clear
information of the higher energy levels cannot be extracted
from the rise time of the photobleaching signal. Therefore, in
these studies only the cooling process from 1P to 1S, is assessed
by probing states in the NIR region, close to the QD band gap.
The competition between hot exciton cooling and MEG cannot
be observed and quantified in the band edge measurements.

In this paper, we determine MEG threshold energy and MEG QY
for PbSe QDs of three different sizes through NIR transient absorp-
tion (TA) spectroscopy. We also investigated the origin of the
threshold energy for MEG in PbSe QDs through the analysis of TA
spectra, in the visible region close to the X transition, at different
pumping energies. We show evidence of a reduction of the hot
exciton cooling down via phonon relaxation around the X point,
where the MEG starts taking over the phonon relaxation process.
Moreover, by comparing the TA dynamics at and above the PbSe QD
band gap, we also infer that the MEG QY could be measured directly
from the visible TA spectra (above the band gap), which are generally
easier to measure compared to the NIR TA spectra.

2. Methodology
2.1 Materials, sample preparation and characterization

Three different types of PbSe QDs having absorption peaks at
1100 nm (QD;), 1200 nm (QD,) and 1300 nm (QD3), respectively,
have been bought from NN Crystal US Corporation suspended in
hexane with an initial concentration of 10 mg ml~*. They were
diluted around 10 times to avoid the absorption of most of the
pumping photons by the front surface of the sample and then
filled in quartz cuvettes of 1 mm optical path length for all the
optical measurements.

The absorption spectra of PbSe QDs were measured on a
Perkin Elmer Lambda 750 UV/Vis/NIR spectrophotometer with
1 nm wavelength resolution. Photoluminescence (PL) spectra
were measured using a FluoroLog-3 spectrophotometer with a
wavelength resolution of 0.5 nm using a nitrogen cooled InGaAs
detector (Electro-Optical Systems). All measurements were per-
formed at room temperature.

The particle size and morphology of PbSe QDs were determined
by using a JEOL JEM-2010/UHR transmission electron microscope
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(TEM) at an operating voltage of 200 kV. The hexane suspended PbSe
QDs were dropped on a holey carbon-coated copper grid and allowed
to dry in a vacuum for one night before being measured. Averaged
QD sizes were determined from TEM images using the Image ]
software. From the images individual particles sizes were extrapo-
lated and a histogram distribution was generated. The average QD
size was then calculated by Gaussian fitting of the histograms.

2.2 Transient absorption (TA) measurements

TA setup schemes for visible and NIR measurements are shown
in Fig. S1(a) and (b) in the ESL} In both configurations, the
fundamental (800 nm) light beam of a Ti:sapphire femtosecond
laser (repetition rate 1 KHz, pulse length around 100 fs and
2 W power), the second (SH, 400 nm) and the third (TH, 267 nm)
harmonics were used as pump beams. The SH was generated
using a type-1 BBO crystal (phase matching angle 29.2°), while
the TH was formed by the sum frequency generation of 400 nm
and 800 nm in a type-2 BBO crystal (phase matching angle 55.5°).
The pump laser power was tuned by a neutral density (ND) filter
and kept low throughout the measurements to minimize the
nonlinear multiple-photon absorption by QDs.

The white light continuum (WLCy;s) used as probe light for
visible TA experiments shown in Fig. S1(a) (ESIT) was generated by
focusing the 800 nm beam onto a 2 mm thick sapphire plate.
WLCy;s was focused on the sample and the spectra were measured
using a CCD camera (Entwicklungsburo Stresing) with the detec-
tion range from 200 nm to 950 nm. The white light continuum
(WLCnir) probe light for NIR TA measurements was generated by
focusing 1620 nm laser light from an optical parametric amplifier
(OPA, Palitra-FS Quantronix) onto a 4 mm thick yttrium aluminium
garnet (YAG) crystal.®” The residue of 1620 nm from the WLCyr
was filtered by a short-pass mirror (Thorlabs DMSP1500). WLCnir
was focused on the sample and the signal was detected by using
a NIR photodiode array (PDA) (Entwicklungsburo Stresing) in the
range from 950 nm to 1450 nm. The samples were always shaken
by a motorized stage during measurements to minimize the
photochemical decomposition.

3. Results and discussion
3.1 PbSe QDs

The TEM images of PbSe QD;, QD, and QD; are shown in
Fig. 1(a)-(c), respectively. All QDs have a spherical shape and
their average diameters, estimated from the TEM images are
3.6 + 0.3 nm, 3.8 £ 0.5 nm and 4.3 + 0.5 nm for QD;, QD, and
QD;, respectively. QD size distributions are shown in Fig. S2 in
the ESL 7 In Fig. 1(d)-(f) absorption (left axis) and PL (right axis)
spectra of QD,, QD, and QD; are shown, with first excitonic
absorption peaks at ~1100 nm, ~1200 nm and ~ 1300 nm and
PL peaks at ~1170 nm, ~ 1260 nm and ~ 1350 nm, respectively.
The well-defined first excitonic peaks in the absorption spectra
of all QD samples correspond to the band gap energy (E,) value.
As expected, we consistently observe a red shift in the measured
first excitonic absorption as well as PL peaks coinciding well
with the increasing size of QDs obtained from TEM images.
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Fig. 2 QD; absorption spectra (black line) and their second derivative
(blue line).

To identify the optical transitions of the three QDs, the
second derivatives of their absorption spectra were calculated
and are reported in Fig. 2 for QD and in Fig. S3 in the ESI} for
QD, and QD;.>*?%3° The first minima of the second derivative
curve in Fig. 2 around 600 nm has been unambiguously assigned
to the X transition,”®** which can be detected by the visible
TA measurements as shown and discussed in Section 3.3. The
assignment of the second dip (~ 870 nm) is still under debate.
Hui et al. assigned it, on the basis of theoretical calculations
using a k-p model,**™** to the 1Sy 1Py, transition, that is not
optically allowed.§ Liljeorth et al. and several others defined
this second transition as 1Pp.1P., based on pump-probe
measurements and density of states measured by scanning

§ The k-p model is usually used to calculate the band structure and optical
properties of crystalline materials. In the k-p model, the analysis of the perturbed
term k-p (where £ is the wave vector and p is the momentum operator vector) of
the Hamiltonian provide information of the energy levels and the wave function
of the energy levels.
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Steady state absorption (left axis) and photoluminescence spectra (right axis), at 800 nm excitation

tunnelling spectroscopy.**™*® The last minima of the second

derivative curve at ~1100 nm which corresponds to the first
excitonic absorption peak is assigned to the 1S-1S transition.?®

3.2 Near infrared transient absorption (NIR TA) spectra and
MEG QY

Fig. 3(a)-(c) show the NIR TA spectra of QD, at pump wave-
lengths of 800 nm (corresponding to 1.38E,), 400 nm (2.75E,)
and 267 nm (4.14E;). The results for QD, and QD; can be
found in Fig. S4 and S5 in the ESIL,f respectively. For all the
pump wavelengths the laser fluence was kept low enough to
reduce the multiphoton absorption by QDs. Pump fluences of
10 pJ em ™2 (4.03 x 10" photons per pulse per cm?) for 800 nm
and 5 pJ em? (1.01 x 10" photons per pulse per cm” for
400 nm and 0.67 x 10" photons per pulse per cm” for 267 nm)
for 400 nm and 267 nm pump wavelengths were used in TA
measurements. The average number of photons absorbed per
pulse by a QD, N,ps, was calculated using the product of the
fluence (f) and the absorption cross-section (¢) at the pump
wavelength (N,us = f:6).*” The absorption cross-sections were
calculated following the method proposed by Giblin et al.*® All
the details of the method are reported in the ESI.{ N, values at
pump wavelengths of 800 nm, 400 nm and 267 nm are 0.031,
0.042 and 0.172 for QDy, 0.037, 0.050 and 0.203 for QD, and
0.054, 0.072 and 0.294 for QDj, respectively. The fluence
dependent kinetics of QD; at 800 nm pump and 1100 nm probe
wavelengths is reported in Fig. S6, in the ESI{ showing that all
the measurements were performed in a low fluency regime.
The spectra in Fig. 3(a)-(c) display similar features; however
the time evolution for three pump wavelengths is different.
The positive band around 1000 nm is due to the excited state
absorption (ESA).">*! The main negative signal dominating the
spectra at around 1100 nm corresponds to the ground state
photobleaching (GSB). The GSB is due to depletion of the ground
state carriers to excited states and it represents the 1S-1S

Phys. Chem. Chem. Phys., 2016, 18, 31107-31114 | 31109


http://dx.doi.org/10.1039/c6cp03790a

Paper

Id

(a

—

Absorbance change (mOD)

. - | : . .
1000 1400 1200 1300 1400
| Wavelength (nm)
- T

(b)_
= :
R e N JP— —
@ M\ AN
=
2 |
=
3 2% \ |
8 |
)
£
Z |
L
< 4 A | L L "

1000 1 1200 1300 1400
Wavelength (nm)
5

(¢)

Absorbance change (mOD)

4

| " " "
1100 1200 1300 1400

Wavelength (nm)

Fig. 3 TA spectra of PbSe QD; at pump wavelengths of (a) 800 nm,
(b) 400 nm and (c) 267 nm.

1000

transition as discussed before.>""***®*° In addition to the GSB
valley, a broad positive band at longer wavelengths due to the
Coulomb interaction between the excitons is observed.”*

In Fig. 4, the GSB dynamics of QD; at different pump
wavelengths are shown after normalization with their long time
tail. After excitation at 800 nm (1.38E,, black circle), the kinetics
shows a fast increase (<0.5 ps), a small and fast decaying
differential signal in the first few ps due to a small amount of
multi-photon absorption followed by a very long decay, much
longer than our time scale of 1 ns. The long decay has been
attributed to single exciton radiative recombination, which is of
the order of microseconds in PbSe QDs.>®*> The kinetics at
400 nm pump wavelength (2.75E,, blue squares) shows a fast
increase and then a fast decay in first tens of ps and followed by a
long decay. The fast decay could be due to the Auger recombination
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Fig. 4 QD; tail normalized TA kinetics at pump wavelengths of 800 (black
circle), 400 (blue square) and 267 nm (red triangle) and a probe wavelength
of 1100 nm. Symbols are data points and solid lines are bi-exponential fits.

of multiple hot excitons in QDs before relaxing into the long
lived single exciton state.”® For 267 nm excitation (4.14E,, red
triangles), we observe a slow increase around 1 ps and a fast
decay in the first 50 ps followed by a long decay. The slow rise
time can be explained as the cooling down process of hot
excitons towards the band edge and the fast decay is due to a
more efficient Auger recombination of multiple excitons with
higher energy excitation. It is also reflected as a blue shift of the
GSB signal (~10 nm at 1 ps delay) in Fig. 3(c).>" The observa-
tion of Auger recombination of hot excitons and their lifetimes
in PbSe QDs coincide well with previous literature results.*®>

From these decays it is possible to evaluate the MEG process
and its quantum yield. MEG QY is defined as the number of
excitons generated per photon absorbed. Experimentally, MEG
QY can be calculated as A/B from the dynamics of the exciton
GSB signal at the bandgap.>”’ Indeed, assuming A4 is the
maximum amplitude value of the dynamics, which is around
1 ps in our cases, and B is the amplitude of dynamics at long
delay time, as shown in Fig. 4, MEG QY can be calculated as A/B

for all the dynamics:>>'

MEG QY = A/B 1)

Direct generation of multiple excitons via absorption of multiple
photons can be misleading to measure MEG QY.”>"* For deter-
mining the accuracy of MEG estimation, we have taken into
account the influence of direct generation of multiple excitons
via absorption of multiple photons introducing a correction
factor in eqn (1) based on a Poisson distribution of photon
absorption [p = (1 — exp(—Nabs))/Naps)->* Accurate MEG QY can

be calculated using the following equation:
MEG QY = p(4/B) (2)

In our measurements we have evaluated MEG QY = 1.11 close to
the theoretical MEG QY = 1 value at 800 nm (1.38E,) excitation.
At 400 nm (2.75E,) excitation MEG QY was 1.25, which implies
that multiple excitons were likely generated by one photon
since the excitation photon energy is more than two times the
bandgap energy (2.75E,). On the other hand, MEG QY = 1.84,

This journal is © the Owner Societies 2016
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Tablel Pump wavelengths, corresponding hv/E4 values and MEG QYs for
QD;, QD; and QD3

D D D

Pump Q 1 Q 2 Q 3
wavelength (nm) hv/E, MEG QY hv/E, MEG QY hv/E, MEG QY
800 138 111 150 1.13 1.63 113
400 275 125 3.00 1.28 325 133
267 412 1.84 4.49 2.07 4.87 217

meaning that approximately two excitons were generated per
absorbed photon at 267 nm (4.14E,) excitation. The MEG QYs
of QD, and QD; were also determined at the same excitation
wavelength and the corresponding TA dynamics are shown in
Fig. S7(a) and (b) (ESIt), respectively.

Table 1 summarizes the calculated MEG QY for QD;, QD,
and QD;. MEG QY varies for different sizes of QDs as a function
of the excitation photon energy and bandgap energy ratio
(hv/Eg). the MEG QY versus hv/E, plot is shown in the ESL*
Fig. S8. From a linear fit, the extracted MEG QYs at 4E, for QDy,
QD, and QD; are 1.82, 1.77 and 1.70, respectively.> Here, we
conclude that the photon energy at 400 nm is close to the
threshold energy for the MEG process to overcome the phonon
relaxation. Our results are consistent with the threshold values
of 2.5E4-3.0E, reported for similar sizes of PbSe QDs.***

3.3 Visible transient absorption (TA) spectra

The visible TA spectra of PbSe QD;, QD, and QD; in the range
from 480 nm to 720 nm were measured for different pump
wavelengths, below (800 nm), above (267 nm) and close (400 nm)
to the MEG threshold, and are presented in the ESI,} Fig. S8-510
in the time interval from 0 to 1000 ps.

The TA spectra at 5 and 100 ps pump-probe delays at
800 nm excitation (where no MEG process occurs) are shown
in Fig. 5(a)-(c) for QD;, QD, and QDj3, respectively together with
their first derivative absorption spectra The TA spectra show a
photo-induced absorption signal (positive) over the entire
visible range. In a previous work, the photo-induced absorption
peak for PbSe QDs has been attributed to the Coulomb inter-
action between the excitons generated by the pump and the
excitons generated by the probe pulse.’® In the same paper,
it has been shown that the TA spectra divided by the first
derivative of the linear absorption spectrum are proportional to
the intensity of the Coulomb interaction energy, J. Moreover,
the authors found that the Coulomb interaction is nearly
wavelength independent above 550 nm and that the transient
signal close to the band edge photo-bleaching signal has a rise
time followed by a slow dynamics corresponding to the band-
edge exciton radiative lifetime. The first implies that Coulomb
interaction J is independent of the energy level of the probe
exciton. The second implies that the Coulomb interaction of
the newly created exciton hot pump exciton with the hot probe
exciton, Jyy, is much smaller than the interaction after the
thermal relaxation of the hot pump exciton to the band edge
(cold) Juc, Juu| < |Juc|- Our data above 550 nm well reproduce
the previous observations. In addition, we also present data in
the spectral range smaller than 550 nm showing that J decreases
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(c) QD3 using 800 nm pump wavelength.

rapidly below 530 nm and vanishes at 480 nm, implying that
Coulomb interaction is not effective at highly excited energy
levels. A fast dynamics for the peak centred ~525 nm is due
to a thermalization process within the fine energy levels far
from the band edge. The thermalization does not affect the
photo-bleaching of the 1100 nm probe (black circles in Fig. 4)
because the population of the band edge energy level does not
change, but it can affect the Coulomb interaction with higher
energy states.

In order to study the single exciton relaxation below, close to
and above the MEG threshold energy, we analyse the TA spectra
(Fig. 6) and dynamics (Fig. 7(a)-(c)) of QD;at pump energies of
800 nm, 400 nm and 267 nm. We focus our discussion here on
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QD; since we found similar trends for all QDs. Both the spectra
and TA dynamics of QD;, QD, and QDj; are provided in the
ESL T (Fig. S9 to S13). In Fig. 6, the TA spectra of QD, at 5 ps
delay at the three pump energies are reported, the spectra are
qualitatively similar at all delay times. The TA spectra at three
pump wavelengths show peaks at 525 nm, 625 nm and 700 nm.
The spectrum at a pump wavelength of 400 nm (close to the
MEG threshold) exhibits a strong and structured photo-induced
signal at 625 nm and 525 nm, while the spectra at 800 nm and
267 nm wavelengths are very similar showing a less structured
signal. Geiregat et al. studied the TA spectra of PbSe QDs in
the visible region.” When they used pump energy above the X
transition they observed a fast photo-bleaching (a fast negative
signal in the first 1-2 ps) for probe energy corresponding to the
2 point. Conversely, when using pump energy below the X
transition, they did not observe any bleaching. In our measured
visible TA spectra of PbSe QDs, we do not observe any bleaching
both at pumping energies above and below the X transition
(Fig. S9-S11, ESIt) maybe due to the weak bleaching signal, and
thus it could be hidden by the noise.

Fig. 7 shows the normalized dynamics of the hot excitons, TA
signal generated at 800 nm (a), 400 nm (b) and 267 nm (c) excitation
and probe wavelengths of 525 nm, 625 nm and 700 nm. The TA
dynamics were deconvoluted and fitted by a single exponential rise
and decay plus a constant for the long decays. In Fig. 7(a) where no
MEG process occurs, the fast rise/decay times are about 0.2 ps/2 ps
at 525 nm, 0.3 ps/3 ps at 625 nm and 0.5 ps/4 ps at 700 nm.
After very fast decay, the curves reach an almost asymptotic
value at all wavelengths, as illustrated in the inset of Fig. 7(a).
This very long decay time is associated with the radiative
recombination of the excitons at the band edge.”®

The TA dynamics of QD; excited at 400 nm are shown in
Fig. 7(b); a remarkable difference from the decay obtained at
800 nm excitation was observed. Indeed, the rise times at 525 nm
are similar at both pump excitation wavelengths (0.2 ps at 800 nm,
0.1 ps at 400 nm), while the rise times at 625 nm (1 ps) and
700 nm (2 ps) are longer at 400 nm pump wavelength. A similar
behaviour is observed for QD, and QD; (Fig. S12 and S13 in ESIt).
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Moreover, TA dynamics present rather long decay times (around
5 ps at 525 nm, 10 ps at 625 nm and 13 ps at 700 nm probe
wavelength) as compared to those observed in the 800 nm and
267 nm pump cases, as will be discussed later. We recall that the
2 transition lays around 600 nm, i.e. in between the 525 nm and
the 625 nm peaks, as illustrated in Fig. 2 and in Fig. S3 (ESIY).
Given that the X transition is around 600 nm for PbSe QDs, the
hot excitons generated by the 400 nm pump thermally relaxes
towards the 2 level, and thus, the fast rise of photo-induced
absorption signal probed at 525 nm can be related to the quick
thermal relaxation of hot excitons towards the X level. Around
the 2 transition, there is a bottleneck for the phonons, which
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slows down the thermal relaxation of hot excitons. Therefore,
the hot exciton dynamics probed above 600 nm (625 nm and
700 nm) present a much slower rise and a longer decay time.
The long decay after 30 ps reflects the exciton radiative lifetime.
There is still an on-going debate regarding the existence of the
phonon bottleneck.’”*® Some previous studies have attributed
the slowing down of charge carrier cooling to the a phonon
scattering bottleneck in a critical point of the Brillouin zone,**®
while others do not support this interpretation since the high
energy levels are continuous.”” Prezhdo et al. suggested the
presence of the electron-phonon bottleneck in the semi-
discrete energy levels just above the bandgap.’” Our results
seem to support the existence of the electron-phonon bottle-
neck around the X transition.

The TA dynamics of QD, pumped by the 267 nm beam
shows a trend similar to that of the 800 nm pump (Fig. 7(c))
with a slightly longer rise time (about 1 ps) corresponding
to the MEG cooling.” The fast decay times are around 3.5 ps,
4 ps and 4.5 ps for 525 nm, 625 nm and 700 nm probe
wavelengths, respectively. The analogy of 800 nm and 267 nm
pump dynamics implies that the hot exciton relaxes following
the same process once generated regardless of whether the
MEG occurred in QD;. On the other hand, around the MEG
threshold energy (Fig. 7(b)), the phonon bottleneck due to the ~
transitions becomes significant so the hot exciton cooling
process has to overtake the phonon relaxation channel in order
to overcome the MEG threshold. It is clear that when pump
energy is well above the threshold, MEG dominates over
phonon relaxation: the highly energetic exciton generated by
the 267 nm pump photon quickly decays to the band edge, by
creating additional excitons; the additional excitons recombine
non-radiatively via Auger recombination by giving up their
energy to the third charge; finally, the last exciton decays
radiatively.

Geiregat et al. calculated the coulomb interaction energy of
excitons and found it to be proportional to the number of
excitons. So, the amplitude of the TA spectra should also be
proportional to the number of generated excitons. In a similar
way, we suggest that it is possible to estimate the MEG QY
by comparing the dynamics in the visible region following
the same definition of MEG QY at the bandgap instead of
calculating the Coulomb interaction energy of excitons. In
other words, the ratio between the values of A and B for the
kinetics in the visible region at different excitation wavelengths
can be an estimation of the MEG QY. Indeed, the A/B ratio has
been measured at 525 nm probe wavelength ((4/B)s,5) and at
excitation wavelengths of 800 nm, 400 nm and 267 nm for QD,,
QD,, and QD; as shown in Fig. S14 and Table S1 (ESIt). As
discussed before, just after the excitation, hot-hot, hot-cold
and cold—-cold exciton interactions, etc. take place. Due to these
effects, the (A4/B)s,5 values can be higher than the A/B values.
Since there is no MEG at 800 nm excitation, the (4/B)s,5 values
at all three excitation wavelengths are normalized with respect
to the (4/B)s,5 value obtained at 800 nm, the results are shown
in Table 2. MEG QYs,5 is comparable to the MEG QY for all
three measured QDs as shown in Table 1. Therefore, here we
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Table 2 MEG QYsp5 of PbSe QD;, QD, and QD3 at 525 nm probe
wavelength and 800 nm, 400 nm and 267 nm pump wavelengths

MEG QYs,5
Pump wavelength (nm) QD, QD, QD,
800 1 1 1
400 1.10 1.16 1.09
267 2.19 2.29 2.38

demonstrate that MEG QY can be measured in the visible
region above the band gap of QDs. This observation deserves
further investigation.

4. Conclusions

In this work, we study the TA spectra of PbSe QDs of three sizes
ranging from 3.6 nm to 4.3 nm and their dynamics in NIR and
visible regions. MEG QYs were measured at the band gap at
different excitation photon energies and the values extrapolated
at four times the QD band gap are 1.82, 1.77 and 1.70 for QDjy,
QD, and QDj;, respectively.

The visible TA spectra were studied around the X transition
at different pump energies: below, close to and above the MEG
threshold. Our analysis provides clear evidence of the role of
the X transition in slowing down the exciton cooling process.
The universality of this behaviour is confirmed by a similar
behaviour displayed by QDs of different sizes. In conclusion,
here we show that TA spectra dynamics in the visible range can
provide essential information to interpret the dynamics of MEG
and possibly use it to assess the MEG QY.
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