
Nanoscale

PAPER

Cite this: Nanoscale, 2022, 14, 4123

Received 22nd October 2021,
Accepted 26th November 2021

DOI: 10.1039/d1nr07007j

rsc.li/nanoscale

Intraband dynamics of mid-infrared HgTe
quantum dots†
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Zeger Hens, d,e Gabriel Besterb,c and Nils Huse *a,c

Femtosecond pump–probe spectroscopy reveals ultrafast carrier dynamics in mid-infrared (MIR) colloidal

HgTe nanoparticles with a bandgap of 2.5 µm. We observe intraband relaxation processes after photo-

excitation ranging from resonant excitation up to the multi-exciton generation (MEG) regime by identify-

ing initially excited states from atomic effective pseudopotential calculations. Our study elucidates the

earliest dynamics below 10 ps in this technologically relevant material. With increasing photon energy, we

find carrier relaxation times as long as 2.1 ps in the MEG regime close to the ionization threshold of

the particles. For all photon energies, we extract a constant mean carrier energy dissipation rate of

0.36 eV ps−1 from which we infer negligible impact of the density of states on carrier cooling.

Introduction

Intraband cooling is of fundamental interest for technological
applications of semiconductors, a process that is most impor-
tant for light harvesting as well as light-amplification and
sensing applications. For instance, slow intraband relaxation
may allow the realization of highly efficient solar cells through
harnessing of hot carriers1,2 or the utilization of carrier
multiplication.3–5 The opposite limit is desirable for lasing
applications, i.e. for optimal pumping efficiencies. Compared
to bulk materials, the dominant carrier relaxation channels
and relaxation rates are heavily altered in colloidal quantum
dots for several reasons. First, a discrete level structure with
spacings of several LO phonon energies makes phonon-
mediated relaxation processes significantly less efficient.6 At
the same time, the wave packet nature and close vicinity of car-

riers enhance Auger scattering, a good overview of which can
be found in a recent review.7 A larger surface to volume ratio
also enhances surface effects and the influence of ligands.8–11

Yet, the resulting relaxation pathways are by no means univer-
sal for all quantum dot systems. This observation becomes
very clear when comparing the well described quantum dot
systems CdSe and PbSe. In CdSe quantum dots, electrons in
the conduction band transfer their energy almost instan-
taneously (sub 100 fs) to hole states in the valence band. This
is known as Auger cooling (of the electron) or Auger heating
(of the hole).12,13 Hole states then relax through phonon and/
or ligand mediated processes. In PbSe quantum dots on the
other hand, both, electrons and holes, seem to independently
relax in a ladder hopping manner through ligand or phonon
assisted processes.14–16

In contrast to these well described quantum dot systems,
the dynamics during the first 10 picoseconds after photo-exci-
tation are largely unknown in MIR HgTe quantum dots, while
the slower band edge dynamics are well understood.17,18 The
possibility of tuning their band-gap through the entire infrared
down to the Terahertz spectral range by varying the size of the
crystallites19–21 makes these particles very promising for tech-
nological applications such as infrared sensing22–27 and
emission.27–29 MEG has been demonstrated in these
particles as well,18 meaning that a photon of sufficient energy
may efficiently excite several electron hole pairs upon
being absorbed, as also observed in other quantum dot
systems.3,5,30

Here, we report the early dynamics in MIR HgTe quantum
dots with a band-gap of 2.5 µm using ultrafast visible/infrared
pump–probe spectroscopy. We observe the early state filling
dynamics of the energetically lowest exciton state upon non-
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resonant excitation, which allow assigning timescales for intra-
band carrier relaxation mechanisms in different excitation
regimes. By varying pump wavelengths from 2.4 µm up to
400 nm, we gain insight into the exciton cooling process from
the lowest optical excitation up to the highly non-resonant
MEG regime, where a single photon may excite up to four elec-
tron hole pairs in HgTe quantum dots.18

Experimental

Our infrared pump–probe setup consists of two indepen-
dently tunable optical parametric amplifiers31 (OPAs) for
pump and probe pulses. Additionally, the 800 nm radiation
of the Ti : Sa regenerative amplifier (Spitfire Ace, Spectra
Physics, 800 nm, 90 fs, 1.7 mJ, 3 kHz) and its second harmo-
nic (400 nm) were used to excite the sample at these wave-
lengths. For all measurements, the probe at 2.5 µm was gen-
erated using the idler of one OPA, which is in resonance with
the optical bandgap of the nanoparticles. Depending on the
excitation wavelength the idler (2 µm, 2.4 µm) or signal
(1.2 µm) of the second OPA were used to excite the sample at
infrared wavelengths. The power of all beams was controlled
by a combination of polarizers and waveplates. To keep the
fluence low, while still achieving reasonable photon counts
on the detector, the sample was mounted outside the focal
plane, where the spot size is approximately 1 mm in dia-
meter (FWHM). A peristaltic pump (Cole Parmer Masterflex)
and a flow-cell (Harrick Scientific, 1 mm thick CaF2
windows, 2 mm sample thickness) was used to provide fresh
sample for each consecutive shot. Spectra were resolved
using an imaging monochromator (Triax 180, Horiba) in
combination with a nitrogen cooled 2× 32 MCT pixel array
(Infrared Associates).

Synthesis

The dodecanethiol-capped particles were synthesized following
Keuleyan et al.20 and dispersed in toluene. Additional details
can be found in a more recent publication29 with a deviating
temperature of 90° instead of 60° and a growth time of
3 minutes.

Theoretical description

The single-particle Schrödinger equation is solved using the
atomistic effective pseudopotential approach32–34 which allows
us to study structures with several thousand atoms, so that we
can model experimentally relevant system sizes. The approach
is based on density functional theory in the local density
approximation (LDA) but includes an empirical correction
applied to the non-local part of the pseudopotential,35 and
which corrects the failure of the LDA to obtain accurate quasi-
particle bandgap states including the effective masses. In the
next step, the excitonic states are obtained using the screened
configuration interaction (CI) approach35,36 where a micro-
scopic screening model has been used in the calculation of the
Coulomb and exchange matrix elements. The structure used in

our calculation is spherical with a diameter of 5.25 nm. It
includes 1253 Hg atoms and 1328 Te atoms using a so-called
aspherical pseudo-hydrogen passivation33 which accurately
represent the case of a fully passivated and defect free surface.

Results and discussion

Fig. 1 (panel A) shows an exemplary time trace of the band
edge bleach signal for excitation at 800 nm. The band-edge
dynamics show an initial build-up during the first few pico-
seconds, followed by a fast decay component on the order of
several tens of picoseconds and a slower component decaying
on the order of 100 s of picoseconds. The long-lived com-
ponents of HgTe quantum dots are well known and can be
attributed to exciton recombination in the 100 s of pico-
seconds to nanoseconds and Auger decay auf bi-excitons on
the order of tens of picoseconds.17 The signal grows in much
more slowly than our temporal resolution of ≲150 fs and can
therefore attributed to a delayed arrival of carriers at the
bandgap as a consequence of the non-resonant excitation. To
obtain a quantitative description of this data, we employ a
rate-equation model as depicted in Fig. 1 (panel B, see ESI†
for details). Only a single cooling time for the carrier relaxation
to the bandgap is considered here, as the bandgap dynamics
do not allow for distinction between electron and hole intra-
band cooling. The bandgap relaxation is modelled using the
commonly employed bi-exponential approach37,38 to account
for the above mentioned Auger decay of multi-excitons. The
number of electron hole-pairs at the band-gap, N0(t ), can then
be described by:

N0ðtÞ ¼ 1
2

1þ erf
2
ffiffiffiffiffiffiffiffiffiffiffi
lnð2Þp � t
IRF

 ! !
Ni;eð0Þτe
τc � τe

e�
t
τc � e�

t
τe

� ��

þ Ni;b 0ð Þτb
τc � τb

e�
t
τc � e�

t
τb

� ��
:

ð1Þ

Here, Ni,e(0) and Ni,b(0) denote the number of initially
excited electron hole pairs in particles with a single exciton
only and particles with two excitons, respectively. τe, τb and τc,
denote the exciton recombination time, the bi-exciton recom-
bination time and the intraband cooling time. The first term
in Eqn (1) accounts for the finite width of the instrument
response where erf denotes the Gaussian error function and
IRF denotes the full width at half maximum (FWHM) of the
instrument response function. All pump and probe pulses are
close to transform limited with a pulse duration of 100 fs
(FWHM), which results in a signal rise time (10%-to-90%) of
≤150 fs. IRF was therefore fixed to 150 fs so as not to overpara-
meterize the fit.

Eqn (1) was used to simultaneously fit data for different
excitation densities and wavelengths. For this global fit, the
exciton and bi-exciton lifetime parameters, τe and τb, were
shared across this large data set and only the amplitudes,
Ni,e(0) and Ni,b(0), and the intraband cooling time, τc, vary
between different time traces. An exemplary fitted time trace is
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also shown in Fig. 1 (panel A, red curve), demonstrating that
the data can be adequately modelled using only 3 time-con-
stants covering both, the initial rise and the long-lived inter-
band recombination. We obtain τE = 623 ± 150 ps and τB = 31 ±
10 ps for the exciton recombination and biexciton Auger relax-
ation times. These lifetimes have already been reported for
HgTe NCs with a similar bandgap.17 Our findings for the bi-
exciton lifetime are identical within the margins of error.
However, we find 5 times shorter exciton lifetimes, which may
be caused by differences in synthesis and ligands used.

We now discuss the influence of the excitation wavelength
on the band edge dynamics. Fig. 2 shows time traces for exci-
tations at 2.4 µm, 2.0 µm, 1.2 µm, 800 nm and 400 nm. The
excitation densities for the data shown correspond to less than
0.2 photons absorbed per quantum dot on average, meaning
these measurements are not distorted by multi-photon pro-
cesses (details of the excitation density analysis can be found
in the ESI†). All time traces have been normalized to their
peak signal for easier comparability.

Fig. 1 (A) Exemplary band-gap bleach signal at a probe wavelength of 2.5 µm for excitation at 800 nm with 50 nJ pulse energy (black) along with a
fit of the two-step model (red) as depicted in (B). Early, sub-10 picosecond dynamics can be mainly attributed to filling of the lowest excitonic state.
(B) Illustration of the two-step decay model used for data analysis. At t = 0 an electron–hole-pair, |ei,hi> is created by laser excitation. This state then
relaxes to the optical bandgap |e0,h0> with the exciton cooling time, τc. The exciton recombination time is denoted by τe. This model does not treat
electron and hole cooling times individually, as only the population of |e0,h0> is accessible using our experimental method. (C) Calculated exciton
(X) and bi-exciton (XX) spectra and schematic carrier dynamics in the MEG regime and associated experimentally obtained time-scales. Energy is dis-
played in units of the band-gap, Eg. After photo-excitation a bi-exciton is created through MEG. This hot bi-exciton then relaxes to the energetically
lowest bi-exciton state through intraband cooling, which can be observed as the rising edge in (A). This bi-excitonic state then undergoes inverse
Auger-recombination on a 30 picosecond time-scale. The lifetime of the remaining exciton is roughly 600 ps.

Fig. 2 Exemplary bleach signal at the band-gap of 0.5 eV (2.5 µm) for
low excitation density (solid lines) and fits according to eqn (1) (dotted
lines) for different pump wavelengths: 2.4 µm (red), 2.0 µm (orange),
1.2 µm (yellow), 800 nm (green) and 400 nm (blue). For 400 nm and
800 nm excitation, the long-lived dynamics are governed by multi-exci-
tons generated through MEG.
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For 2.4 µm, 2.0 µm and 1.2 µm the long-lived dynamics are
well described by a single exponential decay with a lifetime of
623 ± 150 ps, shown as dotted lines. For 800 nm and 400 nm
excitation, the photon energy exceeds the MEG threshold.18

Consequently, the long-lived dynamics are governed by multi-
excitons. These are no longer well described by a single expo-
nential decay due to Auger recombination of multi-excitons as
can be clearly seen in the inset. Apart from carrier multipli-
cation, the excitation wavelength does not affect carrier
dynamics past 5 ps after excitation in our data. This means
that all intraband relaxation occurs within this time window.
By comparing the early dynamics, a trend of longer rise times
with higher photon energy can be observed. This trend can be
expected because the carriers need to bridge increasingly
larger energy differences between photon energy and particle
band-gap. We also note that the nearly instantaneous rise of
the bleach signal for resonant excitation at 2.4 µm within 111
± 43 fs is faster than the instrument response function and
therefore confirms a temporal resolution of ≲150 fs.

Fig. 3 shows the cooling time as a function of excitation
density for all excitation wavelengths. For better comparison
we normalize the fluence with respect to signal saturation (see
ESI† for details). Below the MEG onset (for 2.4 µm, 2.0 µm
and 1.2 µm excitation wavelength), Poissionian statistics can
be employed to calculate the mean exciton number per
quantum dot, ⟨N〉, for which a direct correspondence to the
normalized fluence, F/F0, is found in the linear regime as
detailed in the ESI.† We do not observe a dependence of intra-
band cooling time on excitation density. I.e. a ratio of F/F0 =
0.5 corresponds to 25% of excited particles being doubly
excited. Yet, no significant change in the cooling time is appar-
ent within our experimental precision. Consequently, multi-
particle scattering appears to play only a minor role in intra-
band relaxation in these quantum dots as also reported for
much larger THz-gap HgTe crystallites.39

In the following discussion, the mean value of the cooling
times for each excitation wavelength in Fig. 3 is used as a more

precise value. Here, the inverse uncertainty of the fit results
(error bars in Fig. 3) has been used to calculate the weighted
average. The uncertainties correspond to the standard devi-
ation of the fit results for the cooling time. These values are
summarized in Table 1. The top left panel of Fig. 4 shows the
relation between photon energy and cooling time. This repre-
sentation also reflects the increase of cooling time with higher
photon energy as already apparent in the time traces in Fig. 2.
Moreover, the increment of cooling time compared to photon
energy appears to stagnate past 1200 nm excitation wavelength,
suggesting much higher energy dissipation rates for 800 nm
and 400 nm excitation. However, these wavelengths lie in the
MEG regime, resulting in the generation of more than a single
exciton from a single photon. The initial intraband cooling
process is complete within less than 5 ps regardless of exci-
tation wavelength (cf. Fig. 2) while Auger recombination of
multi-excitons requires several tens of picoseconds. This
means that the electronic configuration after intraband
cooling consists of several excitons in the MEG regime.

Given these different band-gap states for the different exci-
tation regimes, we subtract the energy of the corresponding
lowest (multi-) exciton energy from the photon energy in order
to obtain a meaningful comparison for the energy dissipation
during intraband cooling. Following results from photocon-
ductivity measurements of HgTe quantum dots,18 we subtract
the lowest bi-exciton energy, EXX, for 800 nm excitation and the
energy of the lowest quadruple exciton, EXXXX, for 400 nm exci-
tation. Our approach is illustrated in the top left panel of
Fig. 4 by arrows that correspond to the energy of the respective
(multi-)excitons. The grey data points then correspond to the
excess of absorbed photon energy that is dissipated
during intraband cooling. This representation of our data
reveals an essentially linear relationship between dissipated
energy and cooling time with a mean energy dissipation rate
0.36 eV ps−1. Individual cooling times and energy
dissipation rates for all excitation wavelengths are summarized
in Table 1.

Also shown in Fig. 4 is the single particle energy spectrum
obtained from the pseudopotential calculations and the
corresponding absorption spectrum. These calculations allow
assigning the most probable electron and hole states after
photo-excitation with 2.4 µm, 2.0 µm and 1.2 µm, shown as
arrows in the level scheme. Most importantly, excitation at

Fig. 3 Exciton cooling time as a function of excitation fluence for
different wavelengths: 2.4 µm (red), 2.0 µm (orange), 1.2 µm (yellow),
800 nm (green) and 400 nm (blue). The dotted lines correspond to the
weighted average for each excitation wavelength (also see Table 1).

Table 1 Cooling times, tcool, and energy dissipation rates, kdiss

λexc (nm) tcool (fs) kdiss (eV ps−1)

2400 (111) (±43) —
2000 314 ± 136 0.39 ± 0.17
1200 1438 ± 141 0.37 ± 0.04
800 1552 ± 212 0.36 ± 0.05
400 2092 ± 152 0.34 ± 0.02

For 800 nm and 400 nm carrier multiplication was considered in the
calculation of the excess energy. The rates for the resonant excitation
at 2.4 µm are governed by the instrument response function.
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2.0 µm creates only hot holes, allowing quantification of the
2Sh-to-1Sh relaxation time of 314 ± 136 fs, which is comparable
to the rates found in CdSe NCs with similar 2sh–1sh energy
spacings40 and roughly one order of magnitude faster than in
PbSe quantum dots with comparable hole energy spacing.41

Excitation at 1.2 µm excites both, hot electrons and holes. Yet,
the energy dissipation rates are identical within the margin of
error for both excitations. We would like to note that our
measurements are blind to the cooling rate associated to any
states outside the band-gap, such as long-lived (surface)trap
states as we do not measure depopulation of the hot state but
population of the cold state. This means that these energy dis-
sipation rates represent lower limits.

Several conclusions can be drawn from these observations.
Most striking is the almost universal energy dissipation rate

independent of the initially excited state and hence, the
density of states. By comparing the theoretically assigned
initial states for excitation at 2.0 µm and 1.2 µm (as indicated
in the right-hand side of Fig. 4), the presence of an excitation
in the conduction band does not seem to influence the
cooling rate of the system. This suggests mainly two options
for intraband carrier relaxation. Firstly, the cooling rate in the
conduction band could be identical to the cooling rate in the
valence band. This seems unlikely given the large difference of
level spacings in the conduction and valence bands, and much
slower electron intraband relaxation times reported for doped
MIR HgSe quantum dots in the range of tens to hundreds of
picoseconds9 and intraband lifetimes of more than 4 pico-
seconds reported for self-doped Terahertz-gap HgTe nano-
particles with roughly ten-fold smaller intraband gaps.39

Fig. 4 Top left. Exciton cooling times as a function of photon energy. Colored data points represent mean values for the respective
excitation wavelength, error bars correspond to the standard deviation of all measured cooling times in the linear regime. Arrows indicate the
energy corresponding to the energetically lowest exciton (EX), bi-exciton (EXX) and quad-exciton (EXXXX). This assignment of exciton multiplicity to
photon energies is based recent results on MEG in HgTe NCs.18 Subtracting the (multi-) exciton energies from the photon energies accordingly (grey
symbols), reveals a linear relation between cooling time and energy to be dissipated from the electronic system at a rate of 0.36 eV ps−1, indepen-
dent of excitation wavelength or density of states. Bottom left. Calculated absorption spectrum and experimental spectra for pump and probe
pulses. The calculated spectrum has been shifted by +33 meV to match the experimental bandgap. Right. Calculated level scheme and optical
transitions.
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Instead, these findings strongly point to Auger cooling as the
dominant decay channel for conduction band relaxation in
HgTe quantum dots, similar to CdSe quantum dots12,13 where
the process is well understood: electrons rapidly transfer
energy to holes in the valence band through Auger coupling.
The hole subsequently relaxes back to the band-gap by dissi-
pating energy to phonons and/or ligands. Assuming Auger
cooling to be much quicker than the relaxation of the hole, the
overall energy dissipation rate would be equal to the dissipa-
tion rate of holes alone, which would explain the observation
of similar energy dissipation rates for 2.0 µm and 1.2 µm exci-
tation. In this scenario, electron intraband cooling via an
Auger mechanism in HgTe quantum dots might be substan-
tially slowed down by spatial separation of electrons and holes
in heterostructured core–shell quantum dots.8

This still leaves the question of a universal hole cooling rate
unanswered, as the higher density of states for hole excitations
larger than 0.1 eV (see Fig. 4, right hand side) should lead to
more efficient energy dissipation through coupling to phonons
and, consequently, larger cooling rates for higher photon ener-
gies. This is clearly not what we observe, not even in the MEG
regime close to the ionization threshold of the particles. A
possible explanation could be nonadiabatic coupling of states
as already discussed in carrier relaxation for CdSe and PbSe
quantum dots11,41 where it was argued that the transition rate
for two states is scaling with the inverse of their energy
spacing.11,40 Such a scaling law would explain the observed
constant energy loss rate independent of excitation energy.

Confirmation of this proposed mechanism requires further
experiments. These could include similar experiments on MIR
HgTe quantum dots of various sizes which will give insight
into the influence of intraband energy level spacings and local-
ization effects on carrier cooling. The Auger cooling processes
could be addressed by using type II heterostructured quantum
dots. Here, spatial separation of electrons and holes should
slow down carrier cooling in the picture that we propose.8

Further information on the role of ligands in carrier cooling
can be accessed by ligand exchange studies or the use of type I
core shell particles.

The cooling time found for 800 nm excitation also imposes
an upper limit for the MEG process in MIR HgTe quantum
dots which is at most 1.5 ps. Taking intraband-cooling into
account as well, the process is likely much quicker than our
temporal resolution of ≲150 fs. By estimating a mean carrier
cooling time on the order of 1.4 ps after inverse Auger-recom-
bination at an excess energy of one band-gap (see Fig. 4, exci-
tation at 1.2 µm), a time-scale for electron–electron scattering
during inverse Auger-recombination of 30 ps is retrieved in
these particles. The time-scales obtained for the electron–elec-
tron interactions match theoretical calculations for inverse
Auger-recombination and MEG in PbSe quantum dots42 where
the mismatch between the ultrafast sub-100 fs Auger process
during MEG and inverse Auger recombination was attributed
to the differences in the density of final states. If this reason-
ing also holds for HgTe quantum dots will have to be
addressed in future theoretical studies.

Conclusion

We investigated the intraband relaxation in thiol-capped mid-
infrared HgTe QDs by ultrafast infrared spectroscopy. This
relaxation occurs with time constants of less than 2.1 ps inde-
pendent of excitation wavelength and excitation density
(within the linear regime) and without an apparent bottleneck
process for carrier cooling. We identify the decay constant for
the 2Sh-to-1Sh transition as 314 ± 136 fs. During intraband
relaxation, the energy dissipation from the electronic system in
MIR HgTe quantum dots is constant up to excitation energies
close to the work function of HgTe which includes the MEG
regime. A mean energy dissipation rate of 0.36 eV ps−1 indi-
cates only a minor influence of the density of states on intra-
band cooling. These observations imply either identical
cooling rates for electrons and holes or rapid energy transfer
from electrons to holes through Auger cooling/heating as
found in CdSe quantum dots. The latter cooling mechanism
seems more likely given the much slower intraband cooling
times reported for electrons in HgSe9 and THz HgTe39

quantum dots. While these findings can be brought to agree-
ment with already existing concepts reminiscent of the carrier
relaxation mechanisms found in CdSe quantum dots, further
experiments are required to identify the underlying processes.
Such mechanistic insight will ultimately allow for tailoring
intraband dynamics in MIR quantum dots by either enhancing
or suppressing relaxation pathways through e.g. heterostructur-
ing8 and/or choice of ligands and particle size. Furthermore,
negligible fluence dependence on the cooling rates suggests
that multiparticle scattering processes play only a minor role
in carrier cooling which is consistent with a very recent report
of intraband dynamics in THz HgTe quantum dots.39 This con-
clusion is further supported by the unaltered cooling rate
found for excitations in the MEG regime.
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