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Abstract: Optoelectronic devices based on intraband or
intersublevel transitions in semiconductors are important
building blocks of the current THz technology. Large nano-
crystals (NCs) of Mercury telluride (HgTe) are promising
semiconductor candidates owing to their intraband absorp-
tion peak tunable from 60 THz to 4 THz. However, the
physical nature of this THz absorption remains elusive as, in
this spectral range, quantum confinement and Coulomb
repulsion effects can coexist. Further, the carrier dynamics at
low energy in HgTe NCs, which strongly impact the perfor-
mances of THz optoelectronic devices, is still unexplored.
Here, we demonstrate a broad THz absorption resonance
centeredat≈4.5THzand fully interpret its characteristicswith
a quantum model describing multiple intraband transitions
of single carriers between quantized states. Our analysis re-
veals the absence of collective excitations in the THz optical
response of these self-doped large NCs. Furthermore, using

optical pump-THz probe experiments, we report on carrier
dynamics at low energy as long as 6 ps in these self-doped
THz HgTe NCs. We highlight evidence that Auger recombi-
nation is irrelevant in this system and attribute the main
carrier recombination process to direct energy transfer from
the electronic transition to the ligand vibrational modes and
to nonradiative recombination assisted by surface traps. Our
study opens interesting perspectives for the use of largeHgTe
NCs for the development of advanced THz optoelectronic
devices such as emitters and detectors and for quantum en-
gineering at THz frequencies.

Keywords: carrier dynamics; semiconductor nanocrystals;
terahertz frequencies.

1 Introduction

Mercury telluride (HgTe) nanocrystals [1] (NCs) appear as a
promising active material for low-cost infrared sensors [2].
In its bulk form, HgTe is a zero-band gap semiconductor,
whichmeans that the bandgap of HgTe NCs can potentially
be reduced to zero eV [3], unlike infrared NCs such as lead
chalcogenides that have their tunability limited by the bulk
bandgap (≈0.4 eV for PbS) [4]. Over the past decade, rapid
progress has been realized on the colloidal growth of HgTe
NCs. Rogach et al. were the first to report the growth of such
narrow bandgap II–VI NCs and obtained very small parti-
cles with a bandgap corresponding to 1300 nm [5]. The
addition of a ripening step allowedKovalenko et al. to push
the absorption beyond the telecom range and reach 3 μm
[6]. Later Keuleyan et al. reported absorption edges up to
5 μm [7], which can be extended up to 12 μmby the addition
of a regrowth step [8]. Recently, Goubet et al. developed a
high-temperature procedure for HgTe NCs in order to push
the absorption of NCs to 200 μm (i.e. 1.5 THz) [9]. Such long-
wavelength absorption is enabled by the growth of large
NCs (up to 1 μm) with sizes above the HgTe Bohr radius
(40 nm) [10].While intensive efforts have been dedicated to
the synthesis and device integration of short-wave [11, 12]
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andmid-wave [7, 13, 14] infraredNCs, very little work has to
date been focused on the investigation of the electronic
structure, charge transport, and optical properties of mer-
cury chalcogenide THz NCs [10, 15].

In such large nanoparticles, the absorption spectrum
presents interband absorption at high energy and a peak at
low energy that is the signature of self-doping [16–19]. This
doping mechanism is specific to narrow bandgap NCs and
corresponds to a reduction of theNCs by the environment as
the low confinement brings the Fermi level above the
ground state of the conductionband (1 Se state). In this case,
the carrier density is not driven by the introduction of
extrinsic impurities but rather by the confinement, which
tunes the relative position of the conduction band and the
Fermi level [20]. As the cut-off is pushed toward higher
wavelengths, the material becomes less confined, making
the density of state denser and high carrier densities, up to
several carriers per nanoparticle, can be observed [20, 21]. It
thus raises a question about the physical origin of the low
energy absorption resonance: is it the result of intraband
absorption described by a 1 electron Hamiltonian or do
collective plasmonic effects already occur? [22]. This ques-
tion is of utmost importance for the realization of opto-
electronic devices based on THz NCs. As the number of
involved electrons rises, a stronger absorption can be ach-
ieved but the carrier lifetime is expected to drop quickly. In
strongly doped NCs of tin-doped indium oxide, the decay of
the photocarriers associated with the plasmonic absorption
is as fast as 50 fs, which makes the material incompatible
with the emission scheme and photodetection [23]. Here, we
combine THz time-domain spectroscopy (THz-TDS) with
Fourier transform infrared spectroscopy (FTIR) measure-
ments to fully probe the absorption of self-doped largeHgTe

NCs in the THz spectral range. We develop a microscopic
model including both quantum confinement and thermal
carrier distribution effects to interpret this broad THz
absorbance and unveil the dominant contribution of intra-
band excitations of individual carriers over collective exci-
tations. Furthermore, using optical pump-THz probe
measurements, we probe the dynamics of nonequilibrium
carriers at low energies in these large HgTe NCs and report
on carrier dynamics as long as fewpicoseconds attributed to
resonant and nonresonant nonradiative carrier recombina-
tion processes.

2 Results and discussion

We start by growing HgTe NCs using the procedure devel-
oped by Goubet et al. [9]. Briefly, mercury chloride and tri-
octylphosphine telluride are simultaneously injected in hot
(300 °C) oleylamine, used as coordinating solvent. After
reaction quenching, the particles are cleaned and capped
with 1-dodecanethiol ligands. The obtained NCs have large
sizes according to electronic microscopy (see Figure 1A and
S1 in Supplementary material) and X-ray diffraction (XRD)
(see Figure S2 in Supplementarymaterial). The Scherrer size
extracted from the XRD pattern is L ≈ 90 nm, which is
consistent with the small particles observed by electronic
microscopy and suggests that the largest NCs are
polycrystalline.

We initially investigate the charge transport in the
THz NCs. To make the material conductive we prepare a
conductive ink [11, 24] in which the NCs end being capped
with sulfide ions. Using this procedure, the obtained
films are conductive and present an ohmic I–V curve, (see
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Figure 1: (A) Scanning electronmicroscopy image of largeHgTeNCs. (B) Transfer curve (drain and gate current as a function of the applied gate
bias) for a thin filmmade of large HgTe NCs used as the channel of an electrolytic transistor. Inset is a scheme of the field-effect transistor. (C)
Current in logarithmic scale as a function of the temperature for a thin filmmade of large HgTe NCs. Arrhenius’ fit of the curve in the vicinity of
room temperature leads to an activation energy of 2 meV. The inset is a plot of the log of the current as a function of T−1/2 and T−1/4.
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Figure S4 in Supplementary material). Upon cooling the
conductance of the film slowly drops, see Figure 1C. The
activation energy of the current, obtained by fitting the I–T
curve close to room temperature is estimated to be 2 meV.
For such quasi-metallic nanoparticles, the activation en-
ergy is mostly determined by the nanoparticle charging
energy. Such low value (<kbT) for the charging energy in-
dicates that charges in an array of large HgTe NCs behave
almost as free charges. In this disordered array of NCs, the
low-temperature transport is driven by variable range
hopping [25, 26], whose temperature dependence gives
insight into the charge delocalization [27] and bottleneck of
transport. In particular, a Mott scaling (log(G) ∝ T −1/4,
where G is the conductance) is expected when the density
of state (availability of arrival state) is the transport
bottleneck. On the other hand, when the carrier density is
higher, only the Coulomb gap [26] drives the dot-to-dot
transport and an Efros–Shklovskii scaling (log(G) ∝ T−1/2)
is expected. Such behavior is typically the one observed in
arrays of metallic nanoparticles [28]. From the inset of
Figure 1C, we clearly see that the latter scaling fits better
than the Mott case, confirming this quasi-metallic nature.
Thus, these self-doped THz NCs contain high carrier den-
sities up to several carriers per nanoparticle. To determine
the nature of the carriers, we use a field-effect transistor
configuration. As we anticipate a large carrier density in
this very narrow bandgap semiconductor, we design an
electrolytic transistor whose gate capacitance (≈1 μF cm−2)
allows both a large tunability of the carrier density of the
NCs and air operation [29]. A scheme of the device is shown
in the inset of Figure 1B. We obtain an ambipolar
conductance with both hole and electron conduction. The

on/off ratio is low (<4) which is consistent with the ex-
pected large thermally activated carrier density, but similar
to what can be obtained in graphene using electrolyte
gating [30, 31].

To study the optical properties of largeHgTeNCs at low
frequencies, we probe the transmittance of composite
films, composed by the NCs, and their surrounding envi-
ronment made of dodecanethiol ligands and air, using THz
TDS. We probe HgTe composite films deposited on a high-
resistivity silicon substrate and use a bare high-resistivity
silicon substrate as a reference sample. The THz pulse
transmitted through a HgTe sample (red line) shows a
temporal shift and a decrease of the electric field relative to
the pulse transmitted through a reference sample (black
line), as reported in Figure 2A. Applying a Fourier trans-
form on the two recorded time-resolved electric fields, we
obtain the amplitude spectra (see insert Figure 2A) and the
transmittance of the composite film in the frequency

domain, t̃0(ω) = Ẽsample(ω)/Ẽref(ω). The calculation of the
THz electric field propagation across the two samples links

the amplitude transmittance t̃0(ω) to the complex refrac-
tive index ñeff(ω) of the composite film (see details in
Supplementary material). Figure 2B reports the real and
imaginary parts of ñeff(ω) extracted from our analysis. We
observe that Re[ñeff(ω)] slowly decreases with increasing
frequency. It remains close to the HgTe bulk value
(nHgTe ≈ 3–4) [32] but higher than the values of films
composed of 10 nm-size HgTe NCs (n ≈ 2.3) [33]. A clear rise
of Im[ñeff(ω)] is observed as the frequency increases,
reaching a plateau above 3.5 THz. To extend the investi-
gated spectral range up to 40 THz (i.e. 1335 cm−1), we use
an FTIR spectrometer in an attenuated total reflection

Figure 2: (A) The electric fields of the THz pulses transmitted through the HgTe composite film sample (red line) and through the Si substrate
reference sample (black). Inset: corresponding amplitude spectra obtained by fast Fourier transform of the temporal traces. (B) The real and
imaginary part of the effective index ñeff(ω) of the composite film composed by the NCs and their surrounding environment is made of
dodecanethiol ligands and air. (C) Absorbance spectra from 1330 cm−1 to 10 cm−1 of the HgTe sample obtained by THz TDS (blue line) and FTIR
(black line) measurements. The FTIR data are arbitrarily matched to the TDS one in their overlapping spectral region, as measurements were
performed independently.
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configuration. The association of TDS and FTIR measure-
ments provides the absorbance spectrum over a very broad
frequency band ranging from 1330 cm−1 to 10 cm−1 (i.e.
40 THz to 0.35 THz), see Figure 2C. The low-frequency
absorbance A is calculated from THz TDS experiments
using A ≈ 4πIm[neff]d/λ, where d = 13.2 μm is the thickness
of the composite film. Note that as measurements were
performed independently, the absorbance spectra are re-
ported in relative values: the FTIR data are arbitrarily
matched to the TDS one in their overlapping spectral re-
gion. From the full (enlarge) absorbance spectrum of the
composite film, two distinct regimes clearly emerge. At
high energy (>1000 cm−1), a broad absorption is observed
from interband transitions in the HgTe NCs. Below
400 cm−1 (50 meV or 12 THz or 25 μm), there is a large
absorption resonance centered at ≈4.5 THz, unveiling the
doped nature of the NCs [4, 5]. We attribute the absorption
feature observed at 120 cm−1 to the additional transverse
optical (TO) phonon absorption according to the Raman
spectrum (see Figure S3 in Supplementary material). From
the characterization of several composite films of various
thicknesses, we find that the thicker the composite film, the
more intense the THz absorption resonance.

To gain insight into the physical origin of the THz ab-
sorption resonance, we model a HgTe NC as a cubic (size L)
hard-box and assume a parabolic effective mass description
(me* = 0.03m0). The one-electron wave functions of
this model, labeled by the positive integers (n, k, l), are

ψk, l, n(x, y, z) = ϕk(x)ϕl(y)ϕn(z) =
̅̅̅̅
8/L3

√
 sin(kπx/L)sin

(lπy/L) sin(nπz/L). The electronic state energies are:

Ek, l, n = Ek + El + En = ℏ2π2(k2 + l2 + n2)/(2m∗
e L

2). At room
temperature, the conduction band is populated with elec-
trons both thermally excited from the near heavy valence
states and potentially transferred from the nearby environ-
ment. These electrons are assumed to be at thermal equi-
librium with a Fermi–Dirac distribution given by
Fn, k, l = 1/{exp[(En, k, l − μ)/kBT] + 1} with µ the chemical
potential. The number of electrons in the conduction band
of the NC is Ne = 2 ∑

n,k,l
Fn, k, l. In previous works, the effect of

thermal carrier distribution among the NC states was dis-
regarded, as small NCs of typically <10 nm sizes were
investigated with characteristic level spacings largely sur-
passing kBT [34]. Here, on the contrary, population effects
are of paramount importance, as the largest NCs have a
denser energy spectrum and host a smaller density of con-
duction band electrons (in the order of 1017 cm−3, as dis-
cussed below). Our quantum model distinctively accounts
for this thermal carrier distribution effect. We evaluate the
induced intraband polarization Pintra for an exciting light

with the electric field Ez = Ezωe−iωt polarized along the

z-axis: Pintra = −e〈z〉/L3, where −e〈z〉 represents the thermal
average of the electron dipole along the field direction. In
the linear responsemodel, considering the dipolar coupling
Vdip = eEzz as the perturbation, one obtains:

〈z〉 = 2eEz∑
n
∑
m≠n

∑
k,l

Fn, k, l − Fm, k, l

En − Em − ℏω − iγ
⃒⃒⃒⃒
zn,m

⃒⃒⃒⃒2
(1)

where factor 2 accounts for the spin degeneracy, and we
have used the fact that the electric field in the Oz direction
only couple states with the same (k, l) quantum numbers.
The intraband linear susceptibility of an NC, χintra, is then
evaluated after its definition: Pintra ≡ ϵ0χintra(ω)Ez. One
obtains

χintra(ω) =
−2e2
ϵ0L3 ∑

n
∑
m≠n

∑
k,l

Fn, k, l − Fm, k, l

En − Em − ℏω − iγ
⃒⃒⃒⃒
zn,m

⃒⃒⃒⃒2
(2)

which is the standard form of the linear susceptibility, as
composed of an ensemble of Lorentzian terms weighted by
the population factors Fn, k, l − Fm, k, l andby the dipolematrix
elements

⃒⃒⃒⃒ − e(zn,m)
⃒⃒⃒⃒2

(see Supplementary material). The
matrix elements

⃒⃒⃒⃒ − e(zn,m)
⃒⃒⃒⃒2
introduce selection rules that

allow only transitions between electronic states of different
parities. The permittivity writes ϵ(ω) = 1 + χinter(ω)+
χintra(ω). As the interband resonance (>30 THz) is far away
from the low-energy spectral range (0.35 to 10 THz), the
interband contribution to the susceptibility is described as a
constant offset ϵ∞ − 1. We thus have ϵ(ω) = ϵ∞ + χintra(ω).
To link the calculated permittivity of the NCs to the experi-
mental absorption of the HgTe composite film, we calculate
the absorption cross-section Cabs(ω). Indeed, for a HgTe NC
of size much smaller than the wavelength in the medium,
the optical extinction is dominated by absorption of light. In
the quasi-static approximation, one has (see e.g. [35]):

Cabs(ω) = VNC  kM  Im[ ϵ(ω) − ϵM
ϵM + b(ϵ(ω) − ϵM)] (3)

where εM is the relative dielectric constant of the environ-
ment of the particles and kM = ω

̅̅̅
ϵM

√
/c is the light wave-

vector in the host medium and b a shape-dependent
parameter accounting for the local-field effect. We neglect
interference effects from different NCs in the composite
sample. In the calculation, we take ϵ∞ = 16, εM = 2
(dodecanethiol ligands and air) and assume energy-
independent damping constant γ. For a cubic NC, the
value of b is not analytical; we use b = 1/3 (value for a
spherical particle) in the calculations, which is not ex-
pected to change the physical meaning of the results [34].

To include in the calculation the inhomogeneous
distribution of sizes of the ensemble of NCs forming the
composite film, we introduce the average absorption
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cross-section: Cabs(ω) = ∑nPn  Cabs(ω ; Ln)where Pn =
Nn/NNC is the normalized inhomogeneous distribution of
sizeswithNn the number of NCs of size Ln andNNC the total
number of NCs in the composite film. It is important to
stress that all the NCs share the same chemical potential µ
regardless of their size since they are embedded in the
same environment. Thus, it is the number of electrons in
the NCs that evolves with the NC size, such that larger NCs
host a larger number of electrons. For independent NCs
and neglecting scattering effects [35], the absorbance
A(ω) of the composite medium is expressed as
A(ω) ≈ ∑

n
NnCabs(ω ; Ln)/S, where S is the surface of the

THz beam.
Figure 3A shows the result of calculations based on the

full quantum-mechanical model of the normalized absor-
bance of the composite film,A(ω) (red line), for a chemical
potential μ = 8 meV, a broadening of γ = 10 meV and

inhomogeneous size distribution of the NCs (see Supple-
mentary material), with an average size of 90 nm. The
values of μ and γ were adjusted to allow the best fit of the
overall spectral shape of the experimental data (blue line).
The calculations capture all the key experimental features,
including thepeak frequencyand theasymmetricbroadening
of the absorbance resonance. From the extracted parameters

μ, we obtain an electron density Ne/VNC ≈ 1017   cm−3 for
the largest NCs, which slightly decreases with L. From this
analysis,we canobtain theabsorption cross-sectionper unit
volume of individual NCs, Cabs(ω ; L)/VNC, for different
NC sizes, assuming μ = 8 meV and γ = 10 meV, as show-
n in Figure 3B. As the size of the NC is decreased
from 1000 to 50 nm, the resonant-like profile of the ab-
sorption cross-section shows a blue shift as expected for
a quantum-confinement effect. More quantitatively, the
peak frequency of Cabs(ω ; L) increases linearly as 1/L2

Figure 3: (A) Calculations based on the full quantum-mechanicalmodel of the normalized absorbance of the composite film,A(ω) (red line), for
a chemical potential μ=8meV, a broadening of γ= 10meV, a size distribution reported in Figure S4 and experimental data obtained from THz-
TDS and FTIR measurements (blue dots). (B) The absorption cross-section per unit volume of individual NCs, Cabs(ω ; L)/VNC, for NC sizes
ranging from L= 1000nm to L=50nm, assumingμ=8meVand γ= 10meV. Inset: Peak frequency ofCabs(ω ; L) as a function of 1/L2 in semi-log
scale reflecting more quantum confinement of carriers as NCs become smaller. (C) Real, Re[ϵ(ω)], and imaginary parts, Im[ϵ(ω)], of the
intrabandpermittivity as a functionof thephoton frequency, for a HgTeNCof size L=92nm,µ=8meVand γ =10meV. For comparison, dashed
curves are the real and imaginary parts of the permittivity based on classical Drude model.

T. Apretna et al.: Few picosecond dynamics of intraband transitions 5



for decreasing L, reflecting more quantum confinement of
carriers as NCs become smaller (see insert Figure 3B
in semi-log scale). For large NCs of L = 1000 nm, the
frequency of the absorption peak is slightly higher
than the screened plasma frequency (νP = νP/

̅̅̅
ϵ∞

√ =̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ne  e2/(4π2m∗

eϵ0ϵ∞VNC)
√

= 4.5 THz).

To evaluate the interplay between the quantum me-
chanical transitions and collective excitations, we calcu-
late the real part, Re[ϵ(ω)] and the imaginary parts,
Im[ϵ(ω)], of the permittivity of aHgTeNCof size L= 90nm,
for μ = 8 meV and γ = 10 meV (see Figure 3C). We observe
that Im[ϵ(ω)] displays a resonant profile and vanishes at
ω = 0, while Re[ϵ(ω)] has a positive value at ω = 0 and
displays a damped dispersive profile up to a frequency close
to themaximumone for Im[ϵ(ω)]. Importantly, the real part
of the permittivity remains positive for all frequencies. This
feature indicates that the plasma contribution is not enough
at these low doping values to modify the permittivity such
that its real part decreases down to −2ϵM. Consequently, the
absorption does not have a pole preventing the existence of
localized plasmon resonance. The broad resonant profile for
Im[ϵ(ω)] and the dispersive profile for Re[ϵ(ω)] predicted
by ourmodel for a relativelyweakdamping rate is peculiar to
large NCs. Indeed, for a HgTe NC of size L = 90 nm,
E1,1,1 ≈ 4.4 meV < μ≪ kBT, which leads to a large number of
states partially populated and thus available for the dipolar
transitions. In striking contrast with nanometer-scale NCs for
which broad resonance at low frequency is a signature of a
largedamping rate [36], thebroadeningof theabsorbance for
large NCs hosting a small number of conduction electrons
(around 1017cm−3 in Figure 3A) investigated in this work is
governed by thermal carrier redistribution effect. Our model
includes both quantum confinement [37] and thermal effects

[38] that are essential to interpret the experimental THz ab-
sorption features of large and weakly (self) doped NCs. We
conclude from this analysis that the broad THz absorption
resonance is fully described by multiple intraband transi-
tions of single carriers between quantized states and that the
contribution of collective effects is unimportant at such low
doping values. Also, we compare the calculated permittivity
based on our quantum model with a classical Drude profile
[37] (dashed curves) with ϵDrude(ω) = ϵ∞ + χDrude(ω), where
χDrude(ω) = −ω2

P/[ω(ω + i/τ)].ωP = 2πνP is the unscreened
plasma pulsation and 1/τ = 2γ/ℏ. We observe that at fre-
quencies of interest in this work, the permittivity signifi-
cantly differs from the Drude model, showing the
contribution of quantum confinement even for such large
NCswith γ = 10meV. Indeed, as discussed in previous works
[39], such marked deviations of ϵ(ω) − ϵ∞ from the Drude
model predictions can be traced back to the intraband
transitions among the confined NC energy levels.

The photoresponse of NCs at THz frequencies under
optical excitation at 800 nm wavelength is now pre-
sented. For this purpose, the HgTe NC film is deposited in
a z-cut quartz substrate. The silicon substrate is replaced
by a quartz substrate to avoid any absorption of the op-
tical pump light by the substrate. The incident pump
fluence is 6 μJ cm−2 corresponding to a photoexcited car-
rier density in the range of 1016 cm−3. This difference of
the THz electric field transmitted through the NCs with
and without optical pumping, expressed as |ΔE(t)| =
|EON(t) − EOFF(t)|, is reported in Figure 4A, for a delay after
the optical pump excitation of 2 ps.We observe that |ΔE(t)|
shows a faster transient than the THz electric field
pulse transmitted without illumination with a derivative-
like temporal shape. The photoexcitation changes the

Figure 4: (A) The pulse transmitted through the composite HgTe film E(t) (left) and the difference of the THz electric field transmitted through
the NCs with and without optical pumping, expressed as |ΔE(t)| = |EON(t) − EOFF(t)| (right). (B) Amplitude spectrum of the pump-induced change
in transmission, Δt(ω)/t0(ω) for a delay after the optical pump excitation of 2 ps and an incident pump fluence of 6 μJ cm−2. Δt(ω) is the
difference of the transmission with and without photoexcitation, Δt(ω) = tON(ω) − tOFF(ω). (C) The peak amplitude of Δt/t0 as a function of the
incident optical pump fluence from 0.4 μJ cm−2 to 6 μJ cm−2. The red line is a fit by a square root law.
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electron density of the NCs and leads to a heating of the
carrier distribution. Indeed, after photoexcitation at high
energy (1.55 eV), the electron/hole populations are both
redistributed by ultrafast intraband scattering to low en-
ergy states that are not Pauli blocked as μ≪ kBT. This hot
photoexcited carrier distribution directly affects the
transmission of the THz pulse by modifying occupied and
unoccupied states around the chemical potential. Thus,
|ΔE(t)| results from a modification of the involved intra-
band transitions of single carriers between quantized
states. As ΔE(ω)/EOFF(ω) = Δt(ω)/t0(ω), the amplitude
spectrum of the pump-induced change in transmission
Δt(ω)/t0(ω), reported in Figure 4B, is determined from the
entire THz waveforms ΔE(t) and EOFF(t). Δt(ω)/t0(ω) is
negative, meaning that the absorption is increased as a
result of photoexcitation. It shows a monotonic decrease
indicating a photoinduced increase of the absorptionwith
the frequency from0.4 to 3 THz and a plateau above 3 THz,
which is fully consistent with the derivative-like shape
observed in the temporal domain. Also, we observe in
Figure 4C that Δt/t0 at the peak of the THz pulse follows a
square root law with the incident fluence (red line), indi-
cating that the intensity transmittance ΔT/T0 scales line-
arly with the pump excitation fluence and consequently
with the photoexcited carrier density.

Finally, we investigate the dynamics of the observed
photoinduced change in THz transmission in theHgTeNCs.
Figure 5A reports −Δt/t0 at the peak of the THz pulse as a
function of the pump–probe delay time τ for a pump flu-
ence of 6 μJ cm−2. The temporal evolution of−Δt/t0first rises
with a characteristic time of ≈2 ps, reaches a maximum,
and then decays over the next few tens of picoseconds.
These observations can be explained as follows. The pho-
tocarriers are generated by the optical pump at high en-
ergies (within 100 fs). At first, the THz absorption does not

change. The THz absorption only increases after the
photoexcited carrier distribution cooled down to low en-
ergy states, within 1–2 ps. The photoexcited carriers are
then trapped and recombine within 6 ps, where the THz
absorption decreases back to its original value. The initial
rise time of 2 ps is consistent with the intraband carrier–
carrier and electron–optical phonon scattering in large
NCs. Indeed, the weak confinement energies and high
density of states in large NCs (≈100 nm diameters) lead to
the efficient carrier–carrier scattering between the photo-
excited carriers and the carriers in the Fermi sea, and to
efficient electron–phonon coupling as even the lowest
electronic states are separated by only one or two optical-
phonon energies. Note that other intraband relaxation
mechanisms relying on near-field energy transfer to elec-
tronic states mediated by the surface states or to molecular
vibrations of the surface ligands, previously reported in
strongly confinedNCs of smaller sizes, are less dominant in
these large NCs [40]. The decay time of −Δt/t0 is well
described by a mono-exponential decay function (red line)
with a value as long as τ= 6 ps. By varying the optical pump
pulse fluences from 0.08 to 0.57 μJ cm−2, the dynamics
of −Δt/t0 are still well-described by an approximatively
constant relaxation time of ≈2 ps followed by a mono-
exponential recombination time. Figure 5B shows that the
recombination times extracted from the dynamics of −Δt/t0
rise linearlywith increasing pump fluence.We observe that
the frequency dependence of Δt/t0 is constant for all-
optical pump fluences. As shown in Figure 5C, the
frequency-resolved photoinduced change in transmission
at different times after excitation with the pump pulse re-
veals that the photoinduced transmission change is pro-
gressively suppressed over the entire bandwidth of the THz
probe. Importantly, the carrier recombination time of few
picoseconds supports our conclusion that collective

Figure 5: (A) The dynamics of the change of the transmission −Δt/t0 as a function of the pump–probe delay time. (B) Decay time of −Δt/t0 as a
function of the incident optical pumpfluence, showing a slow-downof the decay as the incidentfluence is increased. (C) Frequency-dependent
differential transmittance spectra Δt(ω)/t0(ω) measured at different pump–probe delay times from 2 ps to 9 ps.
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excitations are negligible since sub-picosecond decays are
expected for photocarriers associated with the plasmonic
absorption [23].

This raises the question of the physical mechanism
responsible for these few picoseconds recombination
times. Recombination pathways for hot carriers can
involve Auger recombination, scattering with the optical
phonon of HgTe NCs, radiative recombination, the emis-
sion of vibration modes in ligands, and trap-assisted
recombination. Auger recombination processes lead to
faster decay at larger incident fluence [41], which is
inconsistent with our experimental observations. More-
over, interband Auger relaxation time τAuger in HgTe NCs is
expected on a notably longer timescale as the Auger co-

efficient CA scales as CA = γr3, with γ = 1.2 × 10−9 cm3/s,

giving for an NC of 100 nm radius, τAuger = V2/8CA in the
microsecond range [42, 43]. Considering the relatively large
interband energy gap of the HgTe NCs (>1000 cm−1), direct
nonradiative recombination via emission of a large number
of phonons of only 120 cm−1 is improbable. Interband
radiative recombination time falls in the nanosecond range
[44, 45] and thus cannot be responsible for the few pico-
seconds decay dynamics measured here. As the electronic
states close to the bandgap (≈1000–1500 cm−1) overlap the
broad low-frequency ligand vibrational band (≈1350 cm−1)
of n-dodecanethiol [45], efficient hot carriers cooling
through the direct energy transfer from the electronic
transition to the ligand vibrational modes is expected [46,
47]. Also, previous works on smaller size NCs have
observed that this resonant recombination process based
on direct energy transfer occurs on typically few tens of
picosecond timescales [45, 48]. Alternatively, owing to the
existence of traps localized on the surface of the HgTe NCs,
nonresonant nonradiative carrier recombination assisted
by surface traps can play a significant role. This nonreso-
nant recombination process, detailed in Ref. [49], relies on
the coupling of a shallow surface trap state with low-
energy electron and hole states in the NCs. This ismediated
by optical phonons with nonzero angular momenta, and
the subsequent recombination of electron–hole pairs
assisted by other deeper states of the surface trap, coupled
by vibrational modes of the NC environment. Therefore, we
attribute these both resonant and nonresonant recombi-
nation channels as the main mechanisms involved in the
recombination process of hot carriers in THzHgTeNCs. The
nonresonant recombination process is consistent with the
relaxation slow down observed when increasing the pump
fluence as more phonons are needed for carriers of higher
energy to be trapped by shallow surface states.

3 Conclusion

In conclusion, the optical properties of large self-doped
HgTe NCs in the full THz spectral range were studied and
showed a broad THz resonant absorption centered at
≈4.5 THz. Combining experiments with microscopic cal-
culations, we showed that the THz absorption results from
multiple intraband transitions of single carriers between
quantized states and that collective excitations are negli-
gible in self-doped THz HgTe NCs. Also, we probe the dy-
namics of the photo-induced transmission changes at THz
frequencies and report on a relaxation time of a few pico-
seconds. We highlight that Auger recombination is not the
main relaxation mechanism at play in this system. We
attribute the main carrier recombination pathways to a
resonant energy transfer from the electronic transition to
the ligand vibrational modes and nonresonant non-
radiative recombination channels assisted by surface
traps. Our analysis of these NCs will permit to exploit large
HgTe NCs for quantum engineering at THz frequencies and
for the development of THz photodetectors and emitters.
Further investigation will be performed to enhance the
doping in large HgTe NCs to induce plasmonic effects.

4 Methods

4.1 Nanomaterials

Chemical compounds Te powder (Sigma-Aldrich, 99.99%), mercury
chloride (Sigma Adrich, 99%), trioctylphosphine (TOP, Alfa aesar,
90%), dodecanethiol (DDT, Sigma Aldrich), oleic acid (Sigma-Aldrich,
90%), oleylamine (Acros, 80–90%), sodium sulfide (Sigma-Aldrich,
99.5%), dimethylformamide (DMF, VWR, 98%), lithium perchlorate
(LiClO4) (Sigma-Aldrich, 98%), polyethylene glycol (PEG)
(MW = 6 kg mol−1), acetone (VWR), chloroform (VWR), toluene (VWR),
and ethanol absolute anhydrous (VWR). Mercury compounds are
highly toxic, handle them with special care. All chemicals are used as
received except oleylamine that is centrifuged before being used.

1 M TOP:Te precursor 5.08 g of Te powder are mixed in 40 mL
of TOP in a three-neck flask. The flask is brought under vacuum at
room temperature for 5 min and then the temperature is raised to
100 °C and degassing is further conducted over the next 20 min. The
atmosphere is then switched to N2 and the temperature is raised to
275 °C. The solution is stirred until a clear orange solution is obtained.
The flask is then cooled down and the color switches to yellow. At
room temperature, the flask is degassed again for 10 min. Finally, this
solution is transferred to an air-free glove box for storage.

NCs synthesis The following synthesis protocol is used: 18 mL of
oleylamine are placed under vacuumand heated to 120 °C for 1 h. Then
the solution is placed under N2 atmosphere and heated up at 300 °C. A
second solution is made by mixing 0.2 mmol of HgCl2 (54 mg) and
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0.2 mL of TOP:Te (1 M) in 1.8 mL of oleylamine. The solution, con-
taining mercury and tellurium is quickly injected (within 2 min after
mixing) in the hot oleylamine. The solution color quickly turns dark
brown and the reaction is carried out for 3 min. 1 mL of dodecanethiol
is injected at 300 °C to quench the reaction. The heating mantle is
removed, the flask cooled with a flow of air. Once the temperature is
around 150 °C, 9 mL of toluene are quickly added to further stop the
reaction. The content of the flask is split over two tubes and ethanol is
added to precipitate the NCs from the solution. The colorless super-
natant is discarded and the precipitate is redispersed in 3 mL of
chloroform and few drops of dodecanethiol. The NCs are washed
again with 20 mL of ethanol and redispersed in 3 mL of chloroform.
This process is repeated a third time.

4.2 Transport

Ligand exchange procedure To prepare thin films of nanoparticles
with different capping ligands, we used a liquid phase transfer
approach where the NCs end up being S2− capped [50]. To do so, we
dissolved Na2S in DMF. Some NCs dissolved in hexane are mixed with
this solution until a phase transfer occurs. The nonpolar supernatant
is discardedbefore fresh hexanegets added. Thepolar phase is further
cleaned and after decantation, the hexane is removed again. This
procedure is repeated three times. Then, ethanol is added to precip-
itate the NCs. After centrifugation, the clear supernatant is trashed
and the formed pellet redispersed in fresh DMF.

Transistor fabrication Electrodes are fabricated using standard
optical lithography methods. Briefly, the surface of a Si/SiO2 (400 nm
thick) wafer is cleaned by sonication in acetone. The wafer is rinsed
with isopropanol and finally cleaned using O2 plasma. AZ5214 resist is
spin coated and baked at 110 °C for 90 s. The substrate is exposed
under UV through a pattern mask for 2 s. The film is further baked at
125 °C for 2 min to invert the resist. Then a 40 s flood exposure is
performed. The resist is developed using a bath of AZ726 for 32 s,
before being rinsed with pure water. We then deposit 5 nm of Cr and
80 nm of gold using a thermal evaporator. The lift-off is performed by
dipping the film for 1 h in acetone. The electrodes are finally rinsed
using isopropanol and dried by airflow. The electrodes are 2 mm long
and spaced by 10 μm. 500mg of LiClO4 are mixed with 2.3 g of PEG on
a hot plate in a nitrogen-filled glove box at 170 °C for 2 h. Once the PEG
is molten, the white Li salt can be clearly seen and slowly get dis-
solved. After 2 h the solution has cooled down to RT and kept in a
nitrogen-filled glovebox. The solution of HgTe NCs capped with S2−

and dispersed in DMF is dropcasted onto the electrodes on a hot plate
at 100 °C under an N2 environment. Meanwhile, the electrolyte is
softened at 100 °C. The melted electrolyte is now clear and is brushed
on the colloidal quantum dots (CQD) film. A copper grid is then
deposited on the top of the electrolyte and used as the top gate.

Transport measurements are conducted in air at room tem-
perature. The sample is connected to a dual-channel Keithley 2634B
which applies drain and gate voltages andmeasures currents. For low
temperature measurements, the sample is placed on the cold finger of
a close-cycle cryostat and connected to the same sourcemeter.

4.3 THz time-domain spectroscopy and Fourier
transform infrared spectroscopy

The THz-TDS experiment is based on 15 fs optical pulses at a central
wavelength of 800 nm delivered by a mode-locked Ti:Sa laser of
80 MHz repetition rate. A large-area interdigitated photoconductive

antenna is used for THz pulse emission and a 100 μm thick GaP crystal
for coherent electro-optic detection [51]. The single-cycle THz pulse
emitted by the photoconductive emitter is collimated and focused
on the HgTe composite film, with a spot size diameter limited by
diffraction [52]. All THz optics are surrounded by an enclosure purged
with dry air to minimize water vapor absorption. FTIR measurements
are performed using ATR configuration. All measurements are per-
formed at room temperature. To probe the dynamic of hot carriers at
low energies in the HgTe composite film, we carry out optical pump-
THz probemeasurements, inwhich theHgTe compositefilm is excited
by optical pump pulses at a central wavelength of 800 nm, incoming
at normal incidence. The near-infrared (NIR) pump is mechanically
chopped at 9 kHz and the THz probe signal is modulated via square
bias applied to the photoconductive antenna at 37 kHz. The pump-
induced change in the transmission of the HgTe composite film is
measured using a lock-in amplifier referenced to the sum of these
frequencies. The temporal resolution of the optical pump-THz probe is
limited by the duration of the THz probe pulse to ≈160 fs. The NIR
pump spot diameter on the HgTe composite film is ≈ 125 μm. The
thickness of the composite films investigated by the THz-TDS exper-
iment is estimated from optical microscopy to d = 13.2 μm.

For infrared spectroscopy, we use a Thermo Fischer IS 50 in
an ATR configuration. In this case, the NCs solution is simply dried
on the diamond cell. A Globar source equivalent to a 700 °C black-
body is used as a/the source, the beam splitter is made of an XT-KBr
beamsplitter for mid infrared (7500–400 cm−1 range) and using a Si
beam splitter for the far infrared (2000–150 cm−1 range). The detector
is a deuterated triglycine sulfate (DTGS) detector. Each spectrum is
acquired with a 4 cm−1 resolution and average of 32 times.
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