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ABSTRACT

HgTe nanocrystals are extremely interesting materials to obtain a highly tunable absorption

spectrum in the infrared range. Here, we discuss the two extreme cases of strongly confined
and barely confined HgTe nanocrystals. We discuss the synthesis and optoelectronic properties
of HgTe 2D nanoplatelets where the confinement energy can be as large as 1.5 eV. This material
presents enhanced (mostly narrower) light emitting properties compared to spherical
nanocrystals emitting at the same wavelength. Moreover, absorption spectra, majority carriers
and time response can be tuned by carefully choosing the surface chemistry and applying a
well-chosen gate bias. HgTe can also be used to explore the effect of vanishing confinement
and to obtain quasi bulk properties with tunable absorption in the THz, up to 150 pm.

INTRODUCTION

Since the introduction of the hot injection method [1] in the early 90°s, the
colloidal synthesis of nanocrystals has reached a high level of maturity. The synthesis of
11-V1, 1-V and IV-VI semiconductors can be achieved with a high level of monodispersity
leading to discrete atom-like spectra even for ensemble solution measurements. Synthesis
is no longer limited to core-only objects: complex heterostructures with various
dimensionalities (0D spheres, 1D rods [2] and 2D platelets [3,4]) can be obtained in
solution. Nanocrystals have reached a first mass market application with their introduction
as the next generation of LCD display phosphors to build gamut-enhanced displays. More
applications might come from optoelectronics, including solar cells, infrared sensitization
of CMOS technology [5] and infrared sensors [6,7].

The infrared range of wavelengths is also of utmost interest for colloidal quantum
dots (CQDs). Indeed, current technologies based on epitaxially-grown semiconductors
remain often pricy and low-cost alternatives such as organic electronics are ineffective in
the infrared range. Thus, CQDs appear as a new candidate in the field by combining (i)
tunable optical absorption up to the THz range [8] (ii) stability of inorganic materials and
(iii) ease of processing of colloidal based materials.



In the near infrared, lead chalcogenides (PbX) are by far the most investigated
materials and they have reached a high success for solar cell design [9]. When longer
wavelengths are necessary (from 5 um and beyond), PbX materials are limited by their
bulk band gap, that is why narrower band gap materials have to be synthetized. Two
strategies can be investigated: (i) the use of very narrow band gap semiconductors or
semimetals where confinement is mildly introduced to obtain infrared interband
transitions; or (ii) alternatively, wide band gap doped semiconductors [10,11] can present
intraband or plasmonic features in the mid and far infrared. This is typically the case for
self-doped chalcogenides materials (HgS, [12-14] HgSe, [15,16] Ag.Se [17,18]), doped
silicon [19-21] and doped oxides [22—25].

However, when it comes to optoelectronics, the control of transport properties is
as critical as the tunability of the absorption spectrum. In this sense, HgTe is certainly the
most mature material [26] under colloidal form. Over the past decades, many groups have
reported about near [27-30], mid [31,32] and far [33,34] infrared photoconductive
properties [35,36] of HgTe nanocrystal films [37]. In spite of this result, the material still
suffers from limitations such as sensitivity to air, [38] tendency to sinter even under mild
temperature annealing and presence of heavy metal. In this proceeding, we discuss two
key material improvements relative to HgTe nanocrystals that have been obtained over the
recent years by our group: the synthesis of 2D HgTe nanoplatelets [39,40] and the
extension of the optical properties up to the THz range [41].

Optical properties of HgTe nanocrystals

Under bulk form, HgTe is a semimetal, see Figure 1, with an inverted band
ordering [42,43]. It is generally reported in the literature that HgTe presents a negative
band gap [44]. This negative band gap actually means that the band with a I's sSymmetry,
which in many conventional semiconductors is the conduction band is actually located
below the Fermi level. The bands which are the closest to the Fermi level and will actually
drive the optical and transport properties of HgTe have a I's symmetry. The valence band
is actually poorly dispersive, while the conduction band presents a relatively low effective
mass which is responsible for the high mobility observed in bulk and epitaxially-grown
HgTe films. For intrinsic HgTe, the Fermi level lies in the middle of these two bands (at
zero energy on Figure 1). Once confinement is introduced (for sizes below 40 nm in the
case of HgTe [45]), a (positive) energy transition appears between these two bands and its
energy is potentially tunable down to 0 [46]. However, the large Bohr radius of HgTe
makes that most materials reported so far remain in the strong confinement regime.
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Figure 1 Simplified band structure of HgTe.
In the following of this paper, we would like to discuss two extreme cases: the
extremely confined regime where transition occurs in the near infrared and where

confinement energy can be as high as 1.5 eV, and the other side where we obtain CQDs
larger than 40 nm for which THz transitions are observed.

Strongly confined HgTe nanoplatelets

Among colloidal nanocrystals, 11-VI nanoplatelets (NPLs) present very specific
optical properties with certainly the narrowest excitonic features [3,4]. This narrow
linewidth is the result of their very special growth mode which leads to roughness-free
surface along the only confined direction. Growth of 2D NPLs has been reported with
cadmium chalcogenides (CdS, CdSe and CdTe) and their heterostructures, but nevertheless
their spectral range is limited to visible wavelengths. Pushing their color tunability toward
infrared range is of utmost interest to obtain infrared active colloidal materials with better
defined excitonic features. Indeed, in the 800-1500 nm range, PbS nanocrystals are the
most investigated materials but still present broad optical features resulting from
homogeneous broadening and consequently leaving little room for synthesis
optimization [47].

We recently report the synthesis of HgTe NPLs [39]. For the moment, direct
synthesis to obtain such HgTe NPLs has been unsuccessful and our approach was rather
to start from CdTe NPLs [48] and then perform a cation exchange step [49,50]. While
introducing the Hg cations under complexed form with oleylamine, the cation exchange
procedure keeps the 2D NPL aspect unaffected, as shown by electron microscopy, see
Figure 2a. The final objects have a large lateral extension of several hundreds of
nanometers while their thickness is only 1-2 nm. During this procedure, the initial excitonic
feature of the CdTe NPLs (at 500 nm) first disapears and then re-appears but is strongly
redshifted, typically at 890 nm, see Figure 2b. This corresponds to a confinement energy
of 1.4 eV, which makes these HgTe NPLs among the most confined materials. As a result,
the wavefunction partly leaks up to the ligands. Thus, by simply changing the capping
ligands, it is possible to tune the exciton energy from 1.4 eV for oleylamine-capped NPLs
to 1.5 eV with oleic acid-capped NPLs.



HgTe nanocrystals are also interesting as near-IR light emitters [51-53]. In the
case of NPLs, they present a narrow photoluminescence (PL) peak which full width at half
maximum is 40 nm (60 meV). This is typically twice smaller than the value reported for
PbS CQDs emitting at the same wavelength. The PL efficiency is around 10 % while the
PL lifetime is around 50 ns, see Figure 2c.
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Figure 2a. Transmission Electron Microscopy (TEM) image of HgTe NPLs b. Absorption and photoluminescence spectrum
of HgTe NPLs. c. Time resolved photoluminescence of HgTe NPLs.

We also have investigated the transport properties of these NPLs [40] in an
electrolyte gating configuration [54] (see Figure 3a). It combines the advantages of air
operability and being able to gate thick films, which is of utmost interest for the design of
phototransistors [55]. We demonstrated that the nature of the majority carriers can be tuned
with surface chemistry. Ethanedithiol (EDT) capped NPLs present p-type behavior (see
Figure 3b), while S?> capped NPLs present a n-type behavior (see Figure 3c). Moreover,
we notice that only the EDT-capped NPLs present a significant photoresponse, see Figure
3d. To understand these two results, we reconstructed the electronic spectra of the NPLs
with these two surface chemistries by combining infrared spectroscopy and photoemission
measurements made on the Tempo beamline of Soleil synchrotron, see Figure 3e. We can
clearly see that EDT-capped HgTe NPLs almost behave as an intrinsic semiconductor,
with the Fermi level lying close to the middle of the gap. This leads to a limited number of
thermally activated carriers, and thus to a large photoresponse. On the other hand S%-
capped NPLs have their Fermi level almost resonant with the conduction band which
favours thermal activation and injection of majority (electrons) carriers, at the price of a
reduced photoresponse.

The ligand effect might appear in contradiction with recent reports [12,56] on the
effect of ligand exchange onto the electronic spectrum of mercury chalcogenides
nanocrystals. Indeed it has been shown that for HgSe or HgTe quasi-spherical
nanocrystals, S? ligands favour p type doping or at least reduce the n type character of the
nanocrystals, while the opposite behaviour is observed for NPL. We attribute this
discrepancy to the difference of main exposed facets. For quasi spherical nanocrystals,
HRTEM reveals (111) facets as the most exhibited facets. On the other hand, in NPL the



(001) facets are the most exposed facets. In this direction (001) only the cations are
exposed, while for (111) plane the anion anions atoms are very close the surface. We thus
believe that the difference of exposed surface atoms is responsible for the observed
difference in the doping shift with surface chemistry.
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Figure 3a. Scheme of an electrolyte gated transistor. Transfer curve (drain and gate current as a function of the applied gate
bias) for an EDT-capped HgTe NPL film (partb.) and for S>-capped HgTe NPL film (partc.). d. I-V curve in dark condition
and under illumination for HgTe NPL films capped with EDT and S%. e. Reconstructed electronic spectrum for thin films
of HgTe NPLs capped with EDT and S%. CB: conduction band. VB: valence band. Es: Fermi level.

The time response of EDT-capped HgTe NPL films is typically between 100 ps
and 1 ms, see Figure 4a. The latter can actually be tuned with the applied gate bias. The
gate can be used to empty the material of its majority carriers (holes in this case) and thus
obtain a larger photocurrent modulation and a faster time response, see Figure 4b.



0.12 T
V.. = 1V - electron injection 5 ' ' o 2
‘:\. o
ot
0.10+ ’g 1.2 % } © Lightidark 0
=
go 08 6/ o
i 0.9 ] =
[v] & et
= . = 3z
@ Ve =-1V - hole injection [0) i o =
= 2 o8 k=
'(%) 12k 8 ’ (4 D
% _I
0 03] 0
11} i 1 [ « ¥
[ L}
a. b.
- 0.0 T -1
10 T o( ) 10 5 0 2
ime (ms
Vs (V)

Figure 4 a. Current as a function of time for an EDT-capped HgTe NPL film under hole injection (negative gate bias) and
under electron injection (positive gate bias) while the light is turned on and off. b. Time response and light to dark current
modulation as a function of the applied gate bias for an EDT-capped HgTe NPL film.

HgTe turning metallic: design strateqy for THz nanocrystals

Another synthetic challenge regarding HgTe relates to the synthesis of large
particles to be able to push the absorption features really deeply in the infrared range [56].
Because of the large Bohr radius of HgTe (40 nm), large nanoparticles have to be grown
to recover the semimetallic behavior of the bulk material or to observe topological effect.
We recently developed a new synthetic approach for the synthesis of HgTe CQDs [41].
Thanks to this procedure, the size of the HgTe CQDs can be tuned from 5 nm up to 1 um,
see Figure 5a and b. As a result, the optical absorption can be tuned from the near-infrared
up to the THz range. To grow such large HgTe nanoparticles it is critical to push the
reaction temperature toward high temperature. Typically Keuleyan et al [57] synthesis was
relying on growth temperature in the range from 60°C to 120°C, here temperature as high
as 300°C are used to obtain the largest size of nanoparticles.

As recently demonstrated by the Guyot-Sionnest group, n-type self-doping is
observed in sufficiently large HgTe CQDs [34]. By increasing the size of CQDs above 100
nm [41], we have been able to obtain an absorption peak up to 60 pum and up to 150 pm
for the cut-off wavelength. The THz feature actually overlaps with the absorption resulting
from LO phonon which in the case of HgTe occurs at 125 cm™, see Figure 5¢. This is, to
our knowledge, the reddest colloidal material reported so far.
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Figure 5 a. Energy of the reddest optical feature of HgTe nanocrystal as a function of the nanoparticle size. b. SEM image
of large HgTe nanocrystals. c. Infrared spectrum of large HgTe nanocrystals with absorption in the THz range.

CONCLUSIONS

HgTe nanocrystals are an interesting platform to explore the effect of
confinement from the strongly confined regime to the bulk material properties. 2D NPLs
of HgTe are among the most confined colloidal materials. They present enhanced emission
properties in the near-IR range resulting from their 2D growth mechanism. In addition,
they present fast photoconduction properties. Moreover, by carefully tuning the surface
chemistry and applying a gate voltage, majority carrier nature and dynamics can be finely
tuned. At the complete opposite range, we demonstrate the synthesis of HgTe nanocrystals
where the confinement is vanishing and with absorption in the THz range, which are the
reddest colloidal materials currently reported.
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