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ABSTRACT: A thorough understanding of the photocarrier
relaxation dynamics in semiconductor quantum dots (QDs) is
essential to optimize their device performance. However, resolving
hot carrier kinetics under high excitation conditions with multiple
excitons per dot is challenging because it convolutes several
ultrafast processes, including Auger recombination, carrier−
phonon scattering, and phonon thermalization. Here, we report a
systematic study of the lattice dynamics induced by intense
photoexcitation in PbSe QDs. By probing the dynamics from the
lattice perspective using ultrafast electron diffraction together with
modeling the correlated processes collectively, we can differentiate
their roles in photocarrier relaxation. The results reveal that the
observed lattice heating time scale is longer than that of carrier
intraband relaxation obtained previously using transient optical spectroscopy. Moreover, we find that Auger recombination efficiently
annihilates excitons and speeds up lattice heating. This work can be readily extended to other semiconductor QDs systems with
varying dot sizes.
KEYWORDS: lead selenide quantum dot, multiexciton excitation, electron−phonon coupling, Auger recombination, carrier dynamics,
ultrafast electron diffraction

Due to the unique and size tunable photophysical
properties, semiconductor quantum dots are widely

used in spectroscopy, solar cells, catalysis, and many other
applications.1−9 The relaxation dynamics of excited carriers
affects their device performance, including the switching speed
and the luminescence efficiency. A better understanding of
carrier cooling, therefore, has significant technological
implications. In QDs, space confinement of carriers to several
nanometers, comparable to or less than the corresponding
exciton Bohr radius, leads to forced overlap of the wave
function of carriers, enhances the carrier−carrier interactions,
and turns the quasi-continuous energy bands in bulk into
discrete levels. As a result, the carrier cooling in QDs differs
significantly from that of the corresponding bulk, showing
much stronger Auger recombination10,11 and multiexciton
generation effects.12,13

Auger recombination is a three-particle process whose rate
in QDs is usually characterized by TN, the lifetime of N exciton
state. TN is proportional to N−3; thus, it can be very short when
N is large. Taking a 6 nm PbSe QD as an example, TN is less
than 3 ps when N exceeds 7,10,14 on a time scale comparable to
that of the hot carriers excited by 1.55 eV photons relaxing to
the band edge via electron−phonon (E−P) coupling.15 Thus,
it can profoundly interfere with the carrier relaxation, and its
effect has been investigated extensively.16−18 Previously,
subpicosecond hot-carrier relaxation in CdSe QDs was

observed and attributed to electron−hole Auger-like energy
transfer which was thought to be responsible for defeating the
effect of a phonon bottleneck.19,20 Later on, it was reported
that Auger recombination reduces the QD LED efficiency
significantly and that its effect can be modulated by an
intermediate alloyed layer or an additional shell.21,22 Lately, it
was also confirmed that Auger heating dominates the transient
lattice heating of semiconductor QDs under a near-bandgap
excitation in the absence of localized surface trapping.23

However, under high excitation conditions, the combined
effect as well as the independent contribution from Auger
relaxation and E−P coupling to the lattice heating remains
unclear. This can largely be attributed to the complexity
associated with the convolution of several effects together on
an ultrafast time scale, which is manifested as Auger relaxation
and E−P coupling occur concurrently and cycle through the
entire carrier relaxation process, as shown in Figure 1.
Nonetheless, such a multiple-exciton relaxation induced by
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an intense excitation is essential and directly relevant to many
QD applications, including QD lasers,24,25 high-brightness
LEDs,26,27 and optical amplifiers.28

Compared with CdSe QDs, PbSe QDs provide a more
desirable system to study hot carrier relaxation under the
multiple-exciton condition. The large exciton Bohr radius of 46
nm and large exciton binding energy of tens of millielectron-
volts make the quantum confinement effect more significant.29

Furthermore, the conduction and valence bands of PbSe QDs
are nearly identical,30 effectively minimizing the dominant
impact of Auger-like energy transfer via holes on hot carrier
relaxation. Previous ultrafast spectroscopy studies on the hot
carrier relaxation process of PbSe QDs showed that at the
higher quasi-continuous levels the hot carriers are typically
coupled with LO phonons with a time constant of less than
500 fs. For carriers at 1S and 1P levels, surface ligands and
phonons jointly affect their cooling with a time constant of 1

ps.31 However, most time-resolved spectral experiments are
performed at a lower pumping energy density, with an average
number of excitons per dot less than one and nearly no
multiexciton interaction.32 Besides, monitoring carriers usually
can only detect their energy depletion but cannot directly
determine the amount of the depleted energy and where the
energy flows. On the contrary, ultrafast electron diffraction
(UED) technique deduces the hot carrier E−P thermalization
process from the lattice perspective by directly tracing the
magnitude of its transient temperature change. Here we report
a systematic study of Auger recombination of multiple excitons
in PbSe QDs. The results show that the lattice dynamics of
QDs are jointly affected by Auger recombination and E−P
coupling. Auger recombination modifies the amount of energy
transferred to the lattice and speeds up the lattice heating rates
within the first few picoseconds.

Figure 1. Diagram of hot carriers cooling in 6 nm PbSe QDs under high pump fluence. The left panel shows an initial distribution of electrons and
holes at t = 0 ps with ⟨N⟩0 excitons per dot after excitation (⟨N⟩0 ≫ 1). For simplicity, all excitons are assumed to be at the same level. The right
panel shows Auger recombination and E−P coupling co-occur within a few picoseconds after the pump. Auger recombination reduces the number
of excitons by exciting electrons (holes) to quasi-continuum levels; E−P coupling causes these carriers to relax back to the band edge and release
energy to the lattice through emitting phonons.

Figure 2. PbSe QDs sample characterization and UED experiment. (a) Diagram of the UED experiment. (b) A TEM image of PbSe QDs. The
inset is the dot size distribution. (c) Ultrafast kinetics of Bragg peaks. Inset shows the (220) peak changes at the selected time delays. (d)
Logarithm of the quasi-steady intensity ln(I/I0) vs the scattering vector squared s2, where I is the diffraction peak intensity at 100 ps after the time
zero and I0 is the diffraction peak intensity before the time zero. The red dashed line is for guidance.
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Figure 2a depicts our pump and probe UED setup. The laser
output, which has a pulse energy of 1.0 mJ, a duration of 50 fs,
and a wavelength of 800 nm, was divided into two parts. 90%
of the output served as the pump beam, while the remaining
10% was frequency-tripled and focused onto a 30 nm thick
silver photocathode to generate an ultrashort electron pulse via
the photoelectric effect. The pump laser pulse is back-focused
on the sample to excite an ultrafast dynamic process, and the
probe electron pulse, forming a 170° angle with the pump
beam, transmits through the sample to form diffraction
patterns for different time delays between the pump and
probe. The FWHM of the electron beam at the sample was
about 300 μm, 3 times less than that of the pump laser beam of
around 0.9 mm, ensuring a uniform sample excitation. The
average number of electrons per pulse was set lower than 2000
to maintain an overall time resolution better than 700 fs. More
details of our UED system can be found in the Supporting
Information and ref 33.
The sample is a layer of high-quality PbSe QDs that were

drop-casted uniformly on a TEM grid, as shown in Figures 2b
and S2. The average dot size is 5.6 ± 0.4 nm, and the size
distribution is shown in the inset. The dot surfaces have been
passivated by atomically thin PbCl2 adlayers, improving their
stability in air and removing most surface trap states.34,35

Unless otherwise stated, the sample base temperature is set to
90 K in the UED experiments.
Figure 2c shows the radial profiles of the QD diffraction

patterns at several different time delays. The laser-induced
changes in both peak position and intensity are clearly seen

(see the figure inset). Importantly, ( )ln I
I0

vs the square of

scattering vector s2 displays a linear dependency (Figure 2d),
which indicates that these changes in diffraction patterns arise
mainly from the thermal effect of ultrafast lattice heating (see
also Figure S5), namely the Debye−Waller (D−W) effect,
apart from other possible photoinduced nonthermal ef-
fects.36,37 This observation is consistent with that the lattice
temperature deduced from the peak intensity change agrees
very well with the value extracted from the peak position shift
(Figures S6 and S7). In previous studies, an anomalous feature
of the (400) Bragg peak in core/shell23 and PbS38 QDs within
tens of picoseconds was observed and attributed to the hot
carriers captured by the surface trap states. But no such feature
was detected in our study because our pump photon energy is
lower than the energy threshold (800 nm vs 400 nm) for such

dynamical trapping.23 Also, surface passivation by chlorine
quenches the dynamic surface trapping.38

Auger recombination serves as a secondary pump, creating
carriers with higher excessive energies. Then these carriers can
relax to the band edge while transferring energy to the lattice
via E−P coupling. Therefore, the overall thermal energy of the
lattice should increase compared with the case when Auger
recombination is absent. To demonstrate this, we first calculate
the overall absorption of QD using the calculated absorption
cross section and the measured laser pump fluence.
Approximately ⟨N⟩0 = 16 electron−hole pairs are initially
excited in a 6 nm QD with a photon energy of 1.55 eV (800
nm). If these carriers are relaxed to the band edge by E−P
coupling in the absence of Auger relaxation, the lattice
temperature should increase by only about 24 K. However,
as shown in Figure 3a, the observed lattice temperature change
is about 55 K, corresponding to a condition with
approximately one or two averaged electron−hole pairs
remaining at the band edge per dot. Collectively, Auger
recombination and trapping suppression enhance the energy
flow from the carriers to the lattice, resulting in close to 100%
of the carrier energy being transferred as thermal energy to the
lattice.

To further confirm the effect of Auger recombination, we
conducted a UED experiment on a smaller QD of 3.5 ± 0.5 nm
whose T2 and the bandgap are about 40 ps and 1.2 eV,14

respectively. The measurement was conducted at a higher
pump fluence of 3.8 mJ/cm2 to boost the SNR of 3.5 nm QDs
sample data. Because the absorption cross section and
volumetric heat capacity are both inversely proportional to
the volume of dots,39 the excited carrier density of a 3.5 nm
QD should remain the same as that of 6 nm dots with the same
pump fluence (discussed in the Supporting Information
Section 2). If all the excited carriers are assumed to relax to
and remain at the band edge in the absence of Auger
recombination, the lattice temperature change of 3.5 nm QDs
should be only about 40% of that of 6 nm QDs because the
excessive energy of excited carriers in 3.5 nm QDs is smaller
(1.55 eV − 1.2 eV = 0.35 eV for 3.5 nm QDs vs 1.55 eV − 0.7
eV = 0.85 eV for 6 nm QDs). However, as shown in Figure 3b,
the lattice temperature changes for both QDs are about the
same, around 180 K, which is consistent with the Auger
recombination picture. Auger relaxation reduces the number of
remained hot carriers and affects their relaxation process. In
PbSe QDs, the 1S level, the lowest energy state in the
conduction band, is 8-fold degenerate.40 Therefore, if Auger

Figure 3. Auger recombination enhances energy flow from excitons to lattice. (a) Transient lattice temperature change at a pump fluence of 1.1
mJ/cm2 with ⟨N⟩0 = 16. The red-shaded section represents the estimated temperature rise when the Auger recombination exists (number of
remaining excitons ⟨N⟩end is no more than 2), and all released energy is transferred to the lattice. The dashed line corresponds to the situation of all
excitons accumulated at the band edge without any Auger recombination (⟨N⟩end = 16). (b) A comparison of ultrafast lattice heating between 3.5
and 6 nm PbSe QDs at a pump fluence of 3.8 mJ/cm2. The black dashed line represents the equivalent lattice temperature rise if all the absorbed
energy is transferred to the lattice.
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relaxation is not significant, whenever the number of hot
carriers exceeds eight, the relaxation of hot carriers to the band
edge will be delayed. Our observations, however, show no
evidence of such possible two-step lattice heating with a
corresponding significantly slower component, which is
undesirable for applications such as solar cell or QD laser.
Auger recombination not only increases the amount of

energy transferred from excitons to the lattice but also serves as
an accelerator for lattice heating. To demonstrate this, the
transient lattice temperature variations under different pump
fluences are fitted by single-exponential functions to extract the
phenomenological time constant of lattice heating (noted as
τ), as shown in Figure 4a. Here, the pump fluences are
presented as ⟨N⟩0, and the detailed fitting results of other
peaks are summarized in Figure S8 and Table S1. Figure 4b
depicts τ extracted from either peak position or intensity, both
of which decline as the pump fluence increases.
Here, τ is around 13 ps�greater than the value of 2−6 ps

measured by transient absorption experiments in the single-
exciton case.15,41,42 The slowdown might not be due to the
effect of phonon bottlenecking,43−45 as it contradicts to the
aforementioned reduction of τ at higher pump fluence. We
believe that this is largely due to the fact that from the
perspective of the lattice, the UED experiment can not only
visualize the E−P coupling process but also monitor the
intraphonon thermalization, specifically the optical-acoustic
phonon thermalization.46 The intraphonon thermalization is a
consequence of mode-dependent E−P interactions, which have
been extensively studied.47−51 Because the phonon thermal-
ization depends on the population of actively involved
phonons, the observed τ might be affected through the
variation of lattice temperature in our pump-fluence-dependent
experiment. To test this, we conducted the UED experiment to
extract τ with ⟨N⟩0 = 63 fixed but at a different sample base
temperature of 300 K and compared it with that at 90 K
(orange curve in Figure 4a). Because the Auger recombination
is independent of temperature in the range 90−300 K,52 only
the phonon thermalization might be altered in this case.53

However, the lattice heating curves under two different sample

base temperatures look nearly identical (Figure S9), showing
no apparent dependence on sample temperature variation.
This is consistent with the works in other semiconducting
systems, where the phonon thermalization was found nearly
independent of pump fluence.54,55

In addition, our results indicate that Auger recombination
might enhance the E−P coupling in the first few picoseconds
after excitation. Considering that TN is less than 2 ps when N
exceeds 8,10,14 the majority of excitons will recombine in the
first few picoseconds in our experiment. As a result, a large
portion of carriers will be excited into higher energy states
where quantum confinement is less significant, due to the
convergence of electronic structure to a quasi-continuum.
Previously, it is found that carriers at higher energy states cool
down faster by emitting a single LO phonon with a decay rate
of 5 eV/ps than those at lower energy states by emitting
multiphonons with a rate of 1 eV/ps.31 Also, more phonon
branches are involved, particularly those lower energy ones,
which can speed up lattice heating. On the other hand, the hot
phonon bottleneck may be loosened because E−P coupling is
no longer restricted to certain optical phonon modes that
cause bottleneck. Auger recombination is then expected to
cause a more rapid lattice heating only at first several
picoseconds, and it should be more pronounced under higher
pump fluence. To check this point, we extracted the measured
lattice temperature changes ΔT at 2 and 40 ps under different
⟨N⟩0, respectively, which are shown in Figure 4c,d. A nonlinear
relationship between the ΔT and pump fluence is clearly seen
for ΔT at 2 ps, whereas a linear relationship is established for
ΔT at 40 ps. It reflects the cubic relation between Auger
recombination rate and the photocarrier density, so that the
enhanced exciton annihilation rate is more pronounced at an
earlier time for a higher pump. In contrast, on a longer time
scale, like 40 ps, the effect of Auger recombination is minor
because only 1−2 excitons are remaining at this stage. Above
all, in contrast to the low-excitation situation (⟨N⟩0 ∼ 2−3)
where Auger recombination could slow down the hot carrier
cooling,56 Auger recombination under a high pump (⟨N⟩0 >

Figure 4. Power-dependent experiments on 6 nm PbSe QDs. (a) Time-dependent lattice temperature kinetics deduced from (220) Bragg peak
intensity under different pump fluences. The solid lines are the single exponential fittings. (b) The corresponding lattice heating time constants as a
function of ⟨N⟩0. The blue circles are deduced from the (220) peak positions, while the red squares are from the (220) peak intensity. (c) and (d)
are extracted lattice temperature variations at 2 and 40 ps after the time zero under different ⟨N⟩0, respectively.
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10) could accelerate the carrier energy relaxation and give rise
to a faster lattice heating.57

To obtain a quantitative analysis of Auger recombination in
the observed ultrafast heating of PbSe QDs, we include both
Auger recombination and the E−P coupling to model the
lattice heating. Figure 1 depicts the physical picture of this
coupled process: Auger recombination, which annihilates
excitons by creating higher energy carriers, and E−P coupling,
which causes excitons to relax back to the band edge by
transferring the energy to the lattice. These two processes
occur concurrently and cycle through the entire carrier
relaxation process under multiexciton excitation conditions,
as formulated by the modified two-temperature model below:

= × +E
t

N t
t

E
E

S t
d

d
d ( )

d
( )ex

g
ex

l (1)

=C
T
t

Ed
dp

l ex

l (2)

Here, we employ Eex as the excessive energy of the hot exciton
and assume that it controls the energy flow to the lattice via
carrier−phonon coupling. The first term on the right-hand side
of eq 1 depicts the contribution of Auger recombination to
lattice heating. The second term represents the exciton−
phonon coupling, and one effective time constant τl is utilized
to depict the lattice thermalization. Considering the pump laser
pulse is very short, the laser pumping (S(t)) can be
represented by a Dirac delta function: S(t) = ⟨N⟩0*(1.55 −
Eg)*δ(t).
Next, the time evolution of ⟨N⟩ is simulated using the

reported Auger lifetime. The temporal evolution of the
probability of i excitons in a QD at time t (noted as pi(t)) is
governed by the following rate equations for i ≥ 2

= +

+

p t

t

p t p td ( )

d

( ) ( )i i

i

i

i

1

1 (3)

together with the initial condition ⟨N⟩0 and the biexciton
lifetime T2 = 100 ps for 6 nm QDs. We assume pi(t = 0) obeys
the Poisson distribution, as depicted in Figure 5a. It should be
noted that for T2 and T3 the ΤN

−1 ∝ ⟨N⟩3 relation may not
hold.10 However, the violation of cubic relation approximation
on small ⟨N⟩ has a minor effect when ⟨N⟩0 is quite large (the
smallest ⟨N⟩0 is 15.7 in our experiment). The evolution of pi(t)
is shown in Figure 5a, and the time-dependent average exciton
number can be calculated by ⟨N(t)⟩ = ∑i=0

∞ ipi(t). In Figure 5b,
the evolution of ⟨N(t)⟩ for different ⟨N⟩0 is obtained by
solving the above partial differential equations with the
Runge−Kutta method.58

We modified the parameters to align the simulated Tl in eq 2
with the experimental data. ⟨N⟩0 was calculated according to
the measured temperature jump at 50 ps, and τl is the only
fitting parameter. As shown in Figure 5c, Tl agrees well with
the experimental data for ⟨N⟩0 = 66 ± 9, and τl is extracted to
be 12.1 ± 0.9 ps. In this figure, the excessive energy of excitons
due to Auger relaxation has been converted into an equivalent
lattice temperature change (blue dotted line), and the Auger
recombination time is substantially shorter than lattice heating,
being around 1 ps. From the perspective of the lattice, Auger
recombination acts as a secondary pumping source after the
excitation laser pulse. The experimental and simulated Tl
kinetics under lower ⟨N⟩0 = 18.1 is also plotted to demonstrate
how lattice heating accelerates with pump fluence.

We also apply the above lattice heating model to the 3.5 nm
QD case, and the results are summarized in Figure 5d.
Compared with the 6 nm case, Auger recombination
contributes more to the lattice temperature rise, about 80%.
The fitted ⟨N⟩ is 16 ± 4, and τl is 10 ± 2 ps, a bit smaller than
that of 6 nm QDs. It is consistent with the fact that smaller
QDs have a larger E−P coupling rate.59,60 Overall, our model

Figure 5. Auger recombination-related lattice heating model. (a) The snapshots of possibility distribution of exciton numbers pi(t) in a single 6 nm
PbSe QD with an initial ⟨N⟩0 = 60 and T2 = 100 ps. Different colors represent different times after the time zero. (b) The average number of
excitons in a single QD (⟨N⟩) as a function of delay time. Different colors represent various ⟨N⟩0 with a fixed biexciton lifetime T2 = 100 ps. (c)
and (d) compare the experimental results and the transient change of lattice temperature predicted by the lattice heating model. (c) is for 6 nm
QDs, and (d) is for 3.5 nm QDs. The dots are experimental data. The blue dotted lines represent the excessive energy of excitons due to Auger
recombination. The solid lines are the simulated lattice temperature kinetics with different ⟨N⟩0.
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produces good overall data fitting and provides a more realistic
picture of carrier relaxation dynamics in all-size PbSe QDs
under intense excitation.
In conclusion, we applied ultrafast electron diffraction to

semiconductor QDs and directly visualized the nonradiative
carrier−lattice relaxations in real time with an atomic-scale
resolution. By changing experiment conditions such as the dot
size and the pump fluence together with theoretical modeling,
we unveil the two main aspects of Auger recombination in the
lattice heating: it not only increases the amount of energy
transferred from the excitons to the lattice but also accelerates
lattice heating, especially within the first few picoseconds after
excitation. This study provides new insight into the photo-
carrier relaxation under the strong pump conditions and will
help enhance the device performance of relevant semi-
conductor QDs applications, such as in QDs lasers, high-
brightness LEDs, and high-gain optical amplifiers.
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