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The Rise of HgTe Colloidal Quantum Dots for Infrared

Optoelectronics

Kseniia A. Sergeeva, Huichen Zhang, Arsenii S. Portniagin, Erwan Bossavit, Ge Mu,
Stephen V. Kershaw, Sandrine Ithurria, Philippe Guyot-Sionnest, Sean Keuleyan,
Christophe Delerue, Xin Tang, Andrey L. Rogach,* and Emmanuel Lhuillier*

Among materials produced as colloidal quantum dots (CQDs), HgTe has a
special status being the only material covering the whole infrared range from
the visible to the THz (0.7-100 pm). This unique property resulting from its
electronic structure, combined with an air stability and a capacity for charge
conduction has generated consistent and massive efforts to produce and
improve HgTe CQDs over the past two decades. Meanwhile, HgTe CQDs offer
an infrared platform more advanced than any other colloidal alternatives in
the mid-wave infrared regarding their integration into advanced photonic and
optoelectronic applications. Here, the latest developments of HgTe CQDs

1. Introduction

Visible light emitting colloidal quantum
dots (CQDs) have made substantial strides
over the last three decades, earning great
recognition such as the award of the 2023
Chemistry Nobel Prize. However, their wide
band gaps challenge their utilization in in-
frared (IR) photonic and optoelectronic ap-
plications. To cater for longer wavelengths,
one crucial demand is the presence of nar-

relative to the material’s growth, electron structure modelling, its integration
into photonic structures and its transfer as the active material from single
element devices toward complex sensors and infrared imagers are reviewed.
Finally, a discussion about the potential of this material for industry, rising
new challenges beyond economical and production considerations at low
technological readiness level, relative to the material and device design, is

also included.

row energy transitions (whether interband
or intraband) that can be readily tuned
across a wide range, covering the energy
spectrum associated with IR wavelengths.

Mercury telluride (HgTe) CQDs have
emerged!!3] as a special candidate among
the potential materials, showcasing their
unique advantages and positioning them as
a standout IR platform. The characteristics
of HgTe make this material a compelling
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choice for IR applications due to its narrow energy transition
capabilities and versatile tunability across the whole IR energy
spectrum. In particular, several distinctive properties of HgTe
make it an excellent ma for fulfilling the requirements neces-
sary for effective utilization in IR photonic and optoelectronic
applications:

1) Bulk electronic structure: Bulk crystalline HgTe boasts a well-
investigated electronic nature. Its utilization in applied sci-
ences, especially within HgCdTe alloys for IR sensing,* has
made it one of the most studied materials. Moreover, its
semimetal nature, limited to only a handful of other materi-
als, is characterized by an inverted band ordering at the critical
point in the Brillouin zone, which also contributed to its initial
investigation as a topological insulator.>] Additionally, being
a II-VI semiconductor, it has benefited from advancements
in synthetic methodologies achieved with cadmium chalco-
genide CQDs.

2) Spectral tunability: HgTe is unparalleled among any other
semiconductor CQDs in terms of spectral tunability. Its first
(band edge) optical feature can span an incredibly wide range,
all the way from the visiblel®! to the THz range.*-'! This re-
markable property stems directly from its semimetallic bulk
nature, allowing for vanishingly small band gaps and much
reduced electron and hole effective masses.

3) Air stability: HgTe CQDs offer a reasonable air stability, en-
abling processing of this material in open air while retaining
its photoconductive properties. Although limited by ligand ox-
idation and their subsequent degradation,!?! this advantage is
particularly significant compared to lead chalcogenides and
narrow band gap III-V materials that require meticulous air-
free handling throughout synthesis, purification and device
fabrication steps.

4) Mature surface chemistry: Surface chemistry modification
for HgTe CQDs has been well-developed, allowing solutions
of HgTe nanocrystals to be processed akin to infrared pho-
toconductive resists.[314] This control facilitates interparti-
cle coupling,! doping,*! and the production of mirror-like
quality films with adjustable thicknesses.!"¥ This maturity in
surface chemistry enables precise control and manipulation
of the material’s properties, opening avenues for tailored ap-
plications.

The comprehensive advantages offered by HgTe CQDs have
propelled current developments beyond material-centric topics.
They now encompass advanced device developments for light
emission and absorption, which we will consider in this review.

There has been a substantial number of publications on mer-
cury chalcogenide (HgX, where X is S, Se, Te) nanocrystals to
date (Figure 1). The journey began in 1993 with the work of
M. Miillenborn et al.l'! which successfully obtained colloidal
HgTe CQDs, albeit not stable in the long-term and without re-
porting their IR emission properties. It wasn’t until 1999 when
A. Rogach et al.l'7l demonstrated the first IR-emitting stable
material produced by aqueous synthesis that researchers be-
gan to take interest in HgTe CQDs. This breakthrough sparked
investigations into the electrical transport properties!’®! and
electroluminescencel®?%! of HgTe CQDs in 2003 and 2005, re-
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spectively. Later on, H. Kim et al.2!] reported the first IR photode-
tector with a response up to 1.6 um, and for a considerable period,
this group continued to contribute significantly to device-related
fields.[22-24] Another advancement occurred in 2006 when M. Ko-
valenko et al.[?’] extended the synthesis of HgTe CQDs from aque-
ous media to organic solvents, along with a narrow size distri-
bution and, therefore, a narrow band gap energy distribution.
The IR photoluminescence (PL) spectral range was expanded to
4 um, optical spectroscopy being the prevalent characterization
technique for assessing the quality of the HgTe CQDs.

The field experienced a notable expansion in 2011 with the ex-
tension of the spectral range to the mid-infrared region.!?! This
breakthrough led to a rapid surge in publications focused on pho-
todetectors tailored for the short-wavelength IR (SWIR) and mid-
wavelength IR (MWIR) spectral ranges.***] During that time,
the photocurrent response up to 12 um was reported,!?’] as well
as the integration of plasmonic structures into photodiode de-
signs to enhance their figures-of-merit.[?!! However, the field en-
countered a temporary regress around 2015, witnessing a 50%
decrease in publications, likely due to the diverted attention to-
ward perovskite nanocrystals following the seminal paper of L.
Protesescu et al.*¥l In 2016, interest in the field revived with
the successful derivation of HgTe nanoplatelets (NPLs) using the
cation exchange method by the group of S. Ithurria.l® This break-
through opened up new avenues for obtaining bright IR emitters
within the mercury chalcogenide family. Since then, there has
been an exponential rise in publications related to HgTe CQD-
based devices. In 2016, thermal imaging applications*?! were re-
ported for the first time, and since then the focus has gradually
shifted to light-emitting devices (LEDs; expanding the emission
range to 2 um)[*!l and imaging setups!**-*¢l based on HgTe CQDs,
which take up to 20% of all published reports. Simultaneously,
researchers explored strategies to enhance the IR PL of HgTe
CQDs through their coupling to bound-states-in-continuum sup-
porting plasmonic structures!**®! or through the formation of
2D/3D heterostructures.[*]

Overall, the field of HgTe CQDs has experienced significant
growth. In 2023 alone, over 30 papers were published, cover-
ing various aspects such as material synthesis (e.g., the first
wurtzite structured HgTe nanorods: NRs),*!l advanced engineer-
ing of photodetector structures (e.g., use of multi-resonant grat-
ings as both an electrode and plasmonic structure),l>® improve-
ment of focal plane array-based imaging systems,[**! deeper the-
oretical investigations predicting the optical properties in thick
nanoplatelets,’] quantum cascade LEDs based on HgSe/CdSe
core-shell CQDs,P!) and more. Although several reviews!? on
mercury chalcogenide CQDs have been published, most of them
tend to focus on specific aspects, such as synthesis,[*?] PL, and
mostly photodetector performances.[>33-%] In this review, our ob-
jective is to consolidate the latest achievements in HgTe CQD-
based devices, provide a comprehensive theoretical perspective,
and address material- and structure-related challenges. The de-
tection part is chosen to be complementary to previous reviews
showing the latest development related to the coupling of the ma-
terial to photonic structures and the transition from single pixel
devices to imagers. In addition, an emphasis is placed on the ex-
ploration and integration of HgTe CQDs into the optoelectronics
industry.

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 1. Number of publications on HgTe CQDs through the years according to the Web of Science database. The results were filtered using the following

»ou

keywords: “HgTe”, “mercury chalcogenide”, “colloidal quantum dots (nanoplatelets/ nanorods/ nanowires)”; although we appreciate the science made
on “quantum wells” or “epitaxial grown HgTe”, these keywords were not included. The relevant publications were sorted to the following categories: i)
optical properties and charge carrier dynamics (shown with dark pink symbols and a dashed line to guide the eye); ii) devices (shown with dark blue
symbols and fitted with a single exponential function); and iii) total number of papers per year across categories i) and ii) (shown with grey bars).
Significant milestones in the development of HgTe CQD synthetic procedures, achievements in enhancing of optical properties, and characterization of
respective devices, are represented according to references.[8217:1820.25-28,31,32:41]

2. Material Past and Perspective cury precursors, organometallic ones!® have been banned by all

groups due to extreme lethality and liquid mercury!®! tends to be
The interest in HgTe is certainly driven by the ability of this ma-  ayoided to prevent vapor exposure, thus most efforts are focused
terial to achieve narrow energy transitions suitable for IR wave- o mercury salts.
lengths. The field strongly benefited from a long history of de- As the research community has expanded over the recent
Velopm.ents relative to the HgCdTe allo;{,[“] Wher.e the Cd con- years, new synthetic procedures!®6162 have been proposed en-
tent drives the band gap energy. As this alloy is replaced by  apling concomitant device development. Before going into
quantum-confined forms of HgTe, a similar spectral tunability  progress relative to material growth, the obvious toxicity and
can be obtained.>®! Though concepts relative to the electronic scarcity of the HgTe compound must be addressed. Mercury is
structure are well established, the transition toward colloidal ma-  {oxic whereas tellurium suffers from limited availability. HgTe for
terials brings new challenges since material parameters are less  photodetection has currently no alternative among colloidal ma-
documented than for their thin film form counterparts. Further-  tarials for the MWIR, while it competes with lead-based and I11-V
more, mercury (because of toxicity) and tellurium (because of  gemiconductors (InAs and InSb) in the SWIR. The presence of
limited library of precursors) contents have slowed down the ex-  heavy metal is justified in the absence of a safer alternative, and
ploration for various growth conditions and as a result, the HgTe  ¢olloidal HgTe comes as replacement of existing toxic bulk semi-
CQD synthesis remains driven by only a few chemical paths. The  conductor materials (based on Hg, Cd, As, or Sb). However, the
growth of Te based nanocrystals is dominated by Te complexed  ¢olloidal approach drastically reduces the energy cost related to
with phosphine (trioctylphosphine telluride being the most used e growth (no high vacuum, no high temperature) and removes
one), a situation that contrasts with S/ and Sel**) based CQDs  the epitaxial constraint. Regarding the latter point, the use of a
growth where a broadening of the precursor library enables a fine  oxic lattice matched substrate such as CdZnTe for HgCdTe was
tuning of their reactivity. In the case of HgTe, beyond TOPTe, the  the main source of harmful compounds, and this can now be
historical precursor has been H, Te, whose gaseous character re- replaced by a silicon CMOS substrate. Certainly, the situation re-
quired additional care. This explains why recently the trend has  mains non-perfect, but the HgTe CQDs are now mature enough
been toward in situ generation of the Te?~ ions using precursors {5 be applied as spin-coatable inks readily available for advanced
such as TMS, Te (bis(trismethylsilyl)telluride).””) Regarding mer-  devices, so that the focus can be shifted on the optics and device
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Figure 2. Fabrication of HgTe WZ NRs. a) Two-step cation exchange scheme employed. TOP stands for trioctylphosphine, and Olam for oleylamine; b)

High-resolution TEM image of starting CdTe NRs; c¢) XRD patterns of starting CdTe NRs, intermediate Cu,Te NRs, and resulting HgTe NRs showing that
the initial hexagonal structure was preserved in the latter; d) High-resolution TEM of the obtained WZ HgTe NRs. Adapted with permission from,[3]

copyright 2023.

aspects rather than the material issue as it is still the case for IT1I-V
alternatives, for example.

2.1. Tuning Electronic Structure Through Shape, Dimensionality
and Doping Control

The thermodynamically stable phase of HgTe at low zero pres-
sure is the zinc blende (ZB) phase, and plenty of syntheses of
HgTe nanoparticles led to branched morphology,®¢*! raising
questions relative to film packing density and its associated im-
pact on carrier mobility. Over the past few years, significant ef-
forts were focused on HgTe particle shape control to obtain spher-
ical one, and to study how the shape impacts their optical and
electronic properties, as well as to control dimensionality such as
making 2D nanoplatelets!®! and 1D nanorods(*!! using a cation
exchange procedure.%]

It appears from transmission electron microscopy that the syn-
thetic method of HgTe CQDs conducted in organic solvents lead
to non-spherical particle shapes,>*¢’] with the smallest being
branched,[®] and the largest appearing clearly faceted.?%] Since
the shape was not preventing the emergence of photolumines-
cence and photoconductive properties, the ma has been left on
the side for a while, leaving unaddressed some central ques-
tions such as the actual involved facets. This probably has pre-
vented advanced modelling of the electronic structure through
density functional theory and the development of more strategies
for ligand exchange by design. On a macroscopic level, the non-
spherical shape appears unfavorable to achieve films with high
volume fractions. S.S. Chee et al. discussed how shape impacts
the photoconductive properties of the films.[®3] It appears that the

Adv. Funct. Mater. 2024, 34, 2405307 2405307 (4 of 32)

CQD shape has a limiting impact on the electron-hole wavefunc-
tion overlap and thus on the exciton binding energy, due to the
large effective mass of the hole that barely probes the CQD sur-
face. However, it has been pointed out that the low volume frac-
tion is associated with a reduced mobility,”®) as a macroscopic
signature of the longer interparticle distance and that the refrac-
tive index!®! is reduced due to the presence of voids. To address
this problem, new synthetic paths have been proposed. An initial
idea has been based on the replacement of TOPTe as the Te pre-
cursor for TMS, Te (bis(trismethylsilyl)telluride), later completed
by strategies still based on TOPTe while involving a seed forma-
tion step.[6267.71]

Apart from shape tuning, investigating nanocrystal dimen-
sionality is another leverage for band-structure engineering.[>7>]
To overcome the issue with ZB-WZ lattice accommodation raised
at the early direct Cd-to-Hg exchange approaches, 37578 an
intermediate Cd-to-Cu step was introduced, which allows for
the crystal structure, shape and dimensions being preserved
(Figure 2).31 This led to the first report of WZ HgTe NRs, of-
fering a new degree of freedom for the design of IR optical fea-
tures, but also raising a need for theoretical modelling. The final
HgTe NRs with aspect ratio (length to diameter) of 10 showed
absorption and emission in extended SWIR range, the optical
properties being dependent on the residual copper content. Still,
two-step cation exchange results in high defect concentration, re-
quiring further synthetic optimization to improve the quality of
anisotropic HgTe and devices based on them.

2D-shaped HgTe CQDs, also called NPLs have also been
explored.l#477791 Similar to the NRs, there is still no direct syn-
thesis for their growth and the method also relies on cation
exchange, starting this time from CdTe NPLs. The procedure

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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implies the exposure of the latter to a mercury salt dissolved
in oleylamine. It benefits from being conducted slowly (i.e., at
low temperature with an excess of ligands) to avoid shape recon-
struction as the Cd cations are removed.””! To date, integration
of HgTe NPLs into devices (phototransistors® or LEDs)8!l cer-
tainly lags behind the 0D counterpart due to the difficultly to
obtain high quality films resulting from the reduced colloidal
stability of the material. Another limitation is that the two-step
growth tends to reduce the amount of materials produced per
batch, making the device integration more complicated.

Beyond the shape and dimensionality, doping also dramat-
ically impacts the basic material properties such as carrier
dynamics®®! or the spectrum through the emergence of intra-
band transitions.*! Various strategies have been explored. A pos-
sible active method relies on the use of gates, which can be
obtained from dielectric,!133%6382] electrolytel*¢3%] or other high
capacitance solids.®#># A possible derivative of this method
is remotely induced doping where the substrate is impacting
the actual nature of the majority carrier. In the case of HgTe
CQDs, this has been achieved by coupling them to ferroelec-
tric materials,[®#¢] or through functionalization of wafers by
charge selective transport layers®’! (SnO, and Ag,Te). Compared
to gates, the passive method has the advantage of not introducing
any additional electrodes, which may behave as a possible non-
intrinsic noise source. Complementarily, the doping can also be
achieved directly at the nanocrystal level. CQD size drives the na-
ture of the majority carrier with a transition from p-to-n as the ra-
dius is increased.l’! For a given size, the capping ligands, through
their dipoles can also be used to control the majority carrier na-
ture, as pointed out by Chu et al.!® It has also been evidenced
that p- and n- character can be controlled by making the CQD
surface respectively anion or cation rich.'>#]

2.2. Infrared Emission and Carrier Dynamics

The achievements in PL intensity enhancement and wavelength
range expansion further into the IR have been closely tied to
the development of the synthetic protocols, post-treatment tech-
niques or the emergence of novel nanostructures, such as NPLs
or NRs. These synthetic improvements have enabled an excel-
lent control over the size, shape, and spectral tunability of the
HgTe CQDs. Early works in the field of HgTe CQDs were fo-
cused on the development of the PL properties arising from the
1S,, to 1S, interband transition. A. Rogach et al.®! synthesized
water soluble 3 nm diameter HgTe CQDs with a PL band in the
SWIR region. Improvements of that synthetic technique allowed
the growth of particles up to 6 nm and expanded the emission
range up to 2 um, with the CQDs being transferred to D,O to re-
duce OH-absorption (Figure 3a).[*! To further expand the range
of applications and mitigate the OH-group’s parasitic absorption,
the water-based synthesis was later transferred to organic sol-
vents, while retaining the PL properties of the material.l®!] M.
Kovalenko and co-authors!?! significantly improved an aqueous
synthesis procedure to obtain narrow size distribution, and the
emission band maximum was shifted up to 4 um. In the same
work, a phenomenological equation connecting the CQD size
with the PL band maximum position was introduced for this
size range. Later on, this synthetic protocol was implemented
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for the synthesis of HgTe CQDs in aprotic solvents, dimethyl
formamide (DMF), which allowed to shift the PL band to 3 um
(Figure 3Db).°293] Although control of the reaction kinetics, and
therefore the size distribution remained challenging when grow-
ing large CQDs, this method allows the routine production of
sufficient material volume for device applications.

Organic non-polar synthetic approaches were also explored.
Following prior work on the synthesis of PbSe CQDs, start-
ing from metal halides and using alkylamines as a solvent, a
robust HgTe CQDs synthesis route was developed by control-
ling the HgCl, concentration and using TOPTe as the anion
source. The absorption and PL ranges were extended up to 5 pm,
which was achieved by tuning the temperature and growth time
(Figure 1¢).1%®) In addition, the absorption spectra showed better-
defined excitonic features and higher order transitions than pre-
viously demonstrated. The products were typically moderately
“aggregated” showing a branched structure when imaged under
the TEM. Later work explored more reactive telluride sources and
found that the commercial bis-trismethylsilyl telluride led to non-
aggregated quasi-spherical dots, and this was explained by a sur-
face enriched in mercury. This reaction protocol also led to partial
n-doping of the dots, leading to the observation of intraband tran-
sitions from the 1S, and 1P, states.>?] The use of highly reactive
bis(trismethylsilyl)telluride provided an advantage over other tel-
lurium sources, enabling the production of well-dispersed spher-
ical shapes HgTe CQDs without the need for thiol ligand capping.
Their thiol-free surface allowed for successful subsequent modi-
fications and a doping of one or more electrons per dot.

Intraband luminescence in the MWIR is expected in steady
state with n-doped CQDs since the 1S, level is partially filled,
contrary to undoped CQDs which would need strong excitation
to initially populate it. The n-doping of HgTe CQDs and the ob-
servation of intraband PL followed earlier reports of intraband PL
with HgS[#%4 and HgSe.[]

To date, the highest MWIR PL quantum yield (PLQY) of mer-
cury chalcogenide cores using interband transitions is ~1072—
1071% which is very low. The present record MWIR PLQY of
CQDs in solution is obtained with the 5 pm intraband transi-
tion of HgSe cores surrounded by thick CdS shells®®! and it is
still only ~2% (Figure 3d).°®] PLQY has been highlighted as the
single property fundamentally limiting the ratio of signal to ther-
mal noise for detectors, the specific detectivity scaling with the
square root of the PLQY.[”] As a result, improving the PLQY will
also have vast benefits for both light emitting devices and pho-
todetectors.

Another direction emerged following the work by the group
of S. Ithurria,!®) which reported HgTe NPLs derived from CdTe
NPLs through cation exchange. The strong quantum confine-
ment in the HgTe NPLs led to a significant reduction in the
full width at half maximum (FWHM) of the band-edge PL
(Figure 3e). Subsequent efforts have been made to enhance spec-
tral properties of those materials.*#1] Notably, the formation
of heterostructures comprising dots-on-NPLs (based on HgX,
where X is Se or Te) has enabled the achievement of bright
and tunable emission through both interband and intraband
relaxation.[*”! The PLQY has been boosted from 10% to 30% and
remained stable even after several months of storage.

As mentioned above, HgTe NRs were synthesized via a two-
step cation exchange process.®!l It was demonstrated that by
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Figure 3. Evolution of the IR emission of mercury chalcogenide CQDs: a) PL of HgTe CQDs grown in H,O and transferred to D,O to reduce the OH-
group's impact on the emission efficiency. Adapted with permission from,[°? copyright 2001; b) The shift of the PL band of HgTe CQDs synthesized in
DMF. Adapted with permission from,[%3] copyright 2020; c) PL of HgTe CQDs obtained by hot-injection in non-polar media. Adapted with permission
from,126] copyright 2017; d) Intraband absorption and PL of HgSe CQDs and HgSe/CdS core-shell CQDs. Adapted with permission from,[°®! copyright

2027; e) Interband and intraband PL spectra of HgTe heterostructures (dots-on-NPL) with time (up to 75 days aging). Adapted with permission from,

[49]

copyright 2020; f) Shift of the PL band maximum depending on surfactant amount and Cu content in HgTe NRs obtained by sequential ion exchange

steps. Adapted with permission from,[3'l copyright 2023.

maintaining a core diameter of 3 nm while extending the length
of the NRs to 40 nm, their PL maximum could be shifted to
2.5 ym (Figure 3f). The energy and FWHM of the PL band de-
pended on various factors, including the quantity of surface pas-
sivation agents (TOP or oleylamine) and the resulting Hg-to-Cu
content. Moreover, due to the strong preference for NR growth
along the (002) crystal axis, this material has garnered interest as
a potential polarization selective emitter/ polarization sensitive
detector.

In the near-infrared region, the PLQY of band-to-band recom-
bination in HgTe CQDs dissolved in aqueous media reached 40%
(Figure 4). However, the emission efficiency was reduced by res-
onant energy transfers to solvent and ligand molecules, as illus-
trated in Figure 4, and to a greater extent, by non-resonant carrier
recombinations in HgTe CQDs.[*®] The latter refers to the relax-
ation of an excited charge carrier through polaron energy levels
formed by the strong interaction between QD surface trap states
and vibrational modes of the surrounding media. By removing
these IR overtone and water vibrational modes from the relevant

Adv. Funct. Mater. 2024, 34, 2405307 2405307 (6 of 32)

spectral range through solvent replacement of water by organic
solvents, the nonradiative lifetime was extended, resulting in a
PLQY increase of up to 75% at 1.4 um for the HgTe CQDs in
non-polar media (Figure 4).7"] However, upon moving further
into SWIR, the PLQY still gradually decreased to 20% at 2 pm.[?]
In the wavelength range between 2 and 5 um, the resonant en-
ergy transfer between HgTe QDs and ligand vibrational bands
is a dominant energy dissipation process (Figure 4).°*) To main-
tain colloidal stability and ensure sufficient interparticle distance,
CQDs need to be capped with long-chain ligands, usually con-
sisting of an alkyl tail and a thiol group to bond with mercury ion
sites. However, these long alkyl chain ligands exhibit strong IR
absorption at #3000 cm™~1,[1%] attributed to the resonance modes
of C-H bonds. Consequently, the PL efficiency dramatically drops
by orders of magnitude.

Auger recombination also affects PL efficiency across the en-
tire IR spectral range except at low fluences where only single
exciton occupancy prevails. In this process, excitons recombine
non-radiatively by transferring the excitation energy to a third
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Figure 4. PLQY of HgTe CQDs and NPLs reported in literature (middle graph), and the main channels of the photogenerated charge carriers’ energy
dissipation, such as resonant and non-resonant transfer, trapping on surface defects, and different kinds of Auger recombination. Red and blue stripes
represent the locations of the strongest resonant bands of C-H and O-H groups, respectively, that commonly occur in ligands, solvents and other

matrices for CQDs.

body, which dissipates the energy to the CQD lattice through ther-
malization or phonon recombination.['!] Moreover, reducing the
interparticle distance for narrow gap CQD leads to the decreased
energy barrier for Auger process, makes it a dominant nonradia-
tive relaxation path. Biexciton and trion Auger recombinations
are the most common processes described for SWIR and MWIR
emitting HgTe CQDs and their visible range counterparts.[102-104]
Stronger quantum confinement can lead to slower Auger pro-
cess than in the bulk material, and even its suppression in HgS
CQDs,!®1 and HgSe/CdSel'®] core-shell structures. With thick
shells, intraband and interband PLQY can be boosted, in solu-
tion, up to 2% at 5 um and above 50% at 1.7 um.[%:106]

In isolated CQDs, the low MWIR PLQY is primarily assigned
to electronic to vibration energy transfer. The near field coupling
is particularly efficient when the band-edge is matched with the
energy of the C—H bond resonance at ~2900 cm™~!. This process
is nevertheless not limited to the C-H resonance, and similar en-
ergy transfers are involved for all resonances relative to the ligand
molecules. In this sense, surface passivation is particularly chal-
lenging in the mid infrared range. This motivates the attempt
to replace conventional organic ligands by inorganic matrices, in
addition to seeking a possible increase of carrier mobility. This
needs to be conducted in a careful way since incomplete passiva-
tion may also result in trap state formation. Time-resolved pho-
tocurrent measurement allows to probe both the initial carrier
density relaxation and trapping and de-trapping processes.!*?’]
In particular, the estimation of the trap density for different lig-
ands attached to the HgTe CQD surface showed that the shortest
ionic ligand (such as $?7) although promising from a charge car-
rier transport standpoint, tends to introduce a large number of
traps. On the other hand, short thiols (such as ethanedithiol!'?’]
or 2-furanmethanthiol)(!%®! bring the best surface trap passiva-
tion, and these conclusions are matched by steady state photocur-
rent measurements.

In addition to non-radiative recombination processes becom-
ing faster at longer wavelengths, the radiative rate slows down.
This means that relaxation by all of the faster non-radiative pro-
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cesses progressively squeezes out the radiative recombination.
Thus, it becomes highly desirable to redress or at least partially
mitigate the imbalance of radiative and non-radiative rates back
in favor of the former.

Different approaches were used in order to accelerate the
radiative recombination rate and enhance the PL efficiency of
HgTe CQDs. While particle shape altering, ligand-assisted sur-
face chemistry engineering, and the use of core-shell mor-
phologies showed promising results in the MWIR range, %10
there is still plenty of room for improvement. In this regard,
inspiration might come from a different avenue, i.e., a cou-
pling of narrow band gap CQDs with plasmonic structures.
In this case, the Purcell effect would ensure faster radiative
rates of the emitters and therefore the emission efficiency roll-
off in the IR arising from Fermi’s Golden Rule can be partly
counteracted.

A. Sergeev et al. demonstrated the possibility to shape and en-
hance the PL of HgTe CQDs via coupling with a laser printed 3D
array of plasmonic nanoantennas in a wide spectral range from
1 to 2.5 um (Figure 5a).1’] Along with up to 5-fold enhancement
of the PL intensity, matching the lattice resonance of the plas-
monic array with a vibration band of the stabilizing ligand re-
duced the influence of the QD-to-ligand resonant transfer. This
study was further expanded by confirming that this plasmonic
metasurface supports bound states in the continuum.[*®! Cou-
pling of the HgTe CQD PL band to high quality factor modes
of the metasurface improved emission directivity and facilitated
a 12-fold enhancement of the PL intensity in the 0.9-1.7 um
range (Figure 5b,c). Despite this high enhancement factor, the
implementing of this plasmonic array into LED structures ap-
pears challenging. In this case, a simple plasmonic grating may
become a more manufacturable alternative. With a right choice
of plasmonic grating period the PL intensity of the HgTe CQDs
at 1.3 um can be enhanced up to 2-fold and directed perpendic-
ular to the substrate.'®”] Slightly less enhancement coefficient
of 1.5-fold was found when the plasmonic grating was covered
with HgTe NPLs (Figure 5d,e).[®" Taking into account emission
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Figure 5. Enhancement of PL of HgTe CQDs via coupling with plasmonic structures: a) A sketch of the Au nanobump array covered with an Al, O3 spacer
layer of thickness, d (green), and HgTe CQDs (in red); b) Directivity of the PL from the HgTe CQD film; c) Shaping and enhancement of the HgTe CQD
PL profile depending on the position of the plasmon resonance (the insert shows the PL enhancement versus the offset); a—c) Adapted with permission
from,[48] copyright 2023 d) A sketch of an Au grating combined with a layer of HgTe NPLs to effect emission enhancement; e) Relative PL intensity of
HgTe NPLs outside and within the footprint of the grating; f) Directivity of the PL of the HgTe NPLs while collecting the light though a 10X microscope

objective. d—f) Adapted with permission from,[1] copyright 2023.

directivity control (Figure 5f), this approach appears promising
for real device design. However, several questions are still to be
solved here, such as modeling of the complex index of all the lay-
ers in the stack, and tailoring the device structure architecture
with proper (optimal) consideration of the grating parameters.
Nevertheless, significant advancements in emission efficiency
enhancement and understanding of the charge carrier dynam-

ics have facilitated the development of LEDs based on mercury
chalcogenide CQDs. In the earlier study, D. Koktysh et al.l2’]
demonstrated NIR electroluminescence (EL) from HgTe CQDs
embedded in a conducting polymer matrix (Figure 6a,b). The EL
exhibited a maximum at 1.3 pm, closely matching the PL spec-
trum. Although the turn-on voltage for detectable NIR light emis-
sion was relatively high (=10 V), a strong brightening of the EL
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Figure 6. Electroluminescence of HgTe CQDs. a) A sketch of the first reported LED based on HgTe CQDs embedded in a conducting polymer matrix; b)
Dependence of the current and EL intensity under applied bias. The inset shows EL spectra of HgTe CQDs-polymer LED under different bias levels; a,b)
adapted with permission from,[29] copyright 2004. c) Design of the HgTe NPL based LED emitting at 1.3 um; d) EL intensity and I-V characteristics of
the HgTe NPL LED; e) PL and EL spectra of the HgTe NPL LED. f-h) Adapted with permission from,[81] copyright 2023. f) Design of a HgTe CQDs-based
LED emitting at 2 um; g) PL, EL and 33 °C black body spectra of the HgTe CQDs-based LED; h) Dependence of the EQE on current density. c—e) Adapted

with permission from,[*1] copyright 2022.
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band was observed with increasing applied voltages. It was found
that charge carrier transport in the polymer-HgTe film was lim-
ited by trap states. Additionally, the energy level offset between
the CQDs and the polymer matrix hindered charge carrier injec-
tion under forward and reverse bias. Due to these limitations,
along with morphological changes in the film during operation,
the external quantum efficiency (EQE) of the NIR emission was
estimated to be only 0.001%. Soon after, a second example based
on PEDOT:HgTe CQDs junction!'! showed similar modest effi-
ciency, but it is worth noting that despite being low, those values
were comparable to the reported EQE of PbS CQD-based LEDs
at that time.

It took more than a decade (from 2004 to 2020) and significant
improvements in CQD synthetic techniques and device engineer-
ing before the next reports on HgTe CQD EL emerged.[**’!] Re-
cent reports showed that HgTe NPLs can be bright emitters.[8!]
The diode structures based on these NPLs presented a narrow
EL band overlapping with the PL band at 1.3 pm and a bias
threshold at 0.9 V (Figure 6c—e). Taking inspiration from PbS-
based LED,''% design of LEDI*!] with emission above 2 um
has been proposed. The active material made of HgTe CQDs
was placed between ZnO and PbS as electron and hole injec-
tors, respectively (Figure 6¢). Furthermore, HgTe CQDs were
mixed with ZnO to achieve better charge balance through HgTe
doping. The device exhibited a low turn-on voltage of 0.6 V,
matching the HgTe CQDs bandgap, and an operational life-
time of up to 10 h. It was observed that the EQE is strongly
depended on the ZnO content in the HgTe mixture, ranging
from 0.1% to 0.3% (Figure 6d,e). These values correlated well
with the PLQY of the mercury chalcogenide in the SWIR range
(2-2.3 um).

The EL of the reported HgTe CQD-based LEDs arises from
the interband transition, and therefore its internal efficiency can-
not exceed that of the PL. However, emission through intraband
transitions offers advantages such as a small mid-gap energy,
the potential for a reduced laser threshold, and slowed Auger
recombination rate. In this context, EL at 5 pm was demon-
strated from core-shell HgSe-CdSe CQDs sandwiched between
ZnO and polyvinylcarbazole electron and hole transport layers,
respectively.>!] It was observed that the EL occurred via cascade
tunneling of injected carriers from the 1S, state of one quantum
dot to the 1P, state of another one, with some radiative relaxation
occurring at each step. The highest EQE and power conversion
efficiency (PCE) of the device reached 4.5% and 0.07%, respec-
tively, under a current density of 2 A cm™2. Remarkably, the intra-
band EL efficiency was 60 times higher than the estimated PLQY
(0.075%) of the same intraband transition, due to the cascade ef-
fect.

3. Theory and Electronic Structure Modelling

HgTe is a material, particularly known for its peculiar band struc-
ture at the origin of its interesting properties and applications. In
its low-pressure phase, it crystallizes in the ZB structurel!'-113]
typical of III-V and II-VI semiconductors. In this form, it is char-
acterized by the absence of an energy gap between conduction
and valence bands, see Figure 7a. The semi-metallic character
of HgTe is well accepted,''*1"] whereas it was more debated
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in the case of HgSel!"®121] and especially HgS because of ex-

cess doping and the unstability of bulk HgS in the small gap ZB
structure.[117.122,123]

The key aspect of bulk HgTe is its inverted band structure
at the I" point (the center of the Brillouin zone, k = 0). In a
typical semiconductor like CdTe (Figure 7b), the s-like I'; band
forms the conduction band, and the p-like I'y and I'"; bands form
the valence band. I'y (p;, bands) and I'; (p;, bands) are split
by spin-orbit interaction, the top of the valence band is I'y. The
energy gap [, taken as the energy difference between I'y and
I'y, is therefore positive. On the contrary, in HgTe, I'; and I'y
bands are inverted (Figure 7a), as a result of the high atomic
number of Hg that leads in particular to large splitting of 5d
states by spin-orbit coupling and to 6s states particularly low
in energy.'26127] For this reason, HgTe is often considered as a
negative-gap material, which is not just a figure of speech, as we
will see below. Commonly accepted values of E, for HgTe are of
the order of —0.30 eV at 0 K,["'*11%] with an important depen-
dence on temperature!'®'?*! (E (T) ~ E,(0) + 6.3 x 10*T%/(11 +
T)) leading to E, =~ —0.12 eV at 300 K. However, it is important to
realize that, as long as I, is negative, the highest occupied states
and the lowest unoccupied states are all of I'y character and
touch at k = 0, i.e., the energy gap between them is vanishing
(Figure 7a).

A transition to the normal band order (i.e. E, > 0) can be
approached by applying hydrostatic pressure following the re-
lation d E; = 3a da/a where a is the lattice parameter, the
deformation potential @ and the compressive strain da/a be-
ing both negative. Measurements on HgTe/HgCdTe super-
lattices yielded @ = — 3.69 eV,!?] while a smaller value
of —2.4 eV was obtained in HgTe nanocrystals.'"l How-
ever, HgTe transforms into other crystalline phases at high
pressure.[111-113.130)

The I'y conduction and I'y valence bands of HgTe are charac-
terized by very low effective masses (= 0.01m, where m, is the
free electron mass), but their energy dispersion rapidly becomes
almost linear as k moves away from zerol'2*131] ag they are mutu-
ally coupled by the k.p interaction.['’®] For the same reason, even
though the I, valence band has a pure s character at I, its weight
on s orbitals strongly and quickly decreases with increasing ||
(Figure 7a). The opposite behavior is found for the I'y conduction
band.

Modelling the properties of HgTe therefore requires an ex-
cellent description of its band structure. This proves difficult,
even with the most elaborate ab initio calculations. Indeed, it
is necessary to simultaneously consider spin-orbit coupling and
many-body effects beyond the (semi-)local approximations of
density functional theory.[126127.132] The k.p theory is therefore
still widely used to describe HgTe and its nanostructures, as
it is specifically parameterized to accurately describe bands in
the vicinity of the I' point. Numerous parameter sets are avail-
able in the literature.[113131.133-135] More elaborate semi-empirical
methods describing the band structure across the entire Bril-
louin zone, such as empirical pseudopotentials!!11:136-139] and
tight-binding,?#1] have been developed for HgTe. The most
recent models offer a description of the electronic structure of
bulk HgTe in close agreement with ab initio calculations and ex-
perimental data, ensuring good transferability to nanostructure
Studies.[124'138’]41]
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Figure 7. Electronic band structures of HgTe (a) and CdTe (b) calculated with tight-binding modelling using the parameters oft 124 and,['?%] respectively
(zero of energy = top of the valence band). The color of the lines indicates the weight of the ['¢ states on s atomic orbitals normalized to unity.

3.1. Bandgap Engineering

The inversion of I'y and I'y bands is responsible not only for
the semi-metallic character of bulk HgTe, but also for its excep-
tional opto-electronic and topological properties which, however,
require opening an energy gap in the band structure. To achieve
this, a well-known approach for many years has been to consider
the mixed compounds CdTe-HgTe.['*?] Remarkably, the energy
gap of the Hg,  Cd, Te alloy varies as a function of Cd composition
x over almost 2 eV, from 1.6 eV for CdTe down to —0.3 eV for HgTe
and therefore spans the entire infrared spectrum.[13*13] This ex-
plains why Hg, . Cd, Te is a material of choice for detection in the
various IR ranges.[*! In this approach, gap opening only occurs
when normal band order is restored, i.e., when E, > 0.

The other approach of interest here is quantum confinement,
which, unlike the previous case, can open a gap in the band
structure even when the ;- order remains reversed. The
material formed is then a topological insulator which, at the
boundaries with a normal insulator, is characterized by con-
ducting edge or surface electronic states that are topologically
protected.'**) Thus, it has been shown that HgTe quantum wells
with thickness d, greater than ~ 6.3 nm are 2D topological
insulators exhibiting a quantum spin Hall state.>'*] For d, <
6.3 nm, quantum confinement is such that the normal I'j-T'y
order is restored, returning to the situation of a normal insulator
as in usual III-V or II-VI semiconductor quantum wells. A
3D topological phase can be also obtained in thick HgTe films
under strain induced by the lattice mismatch when deposited
on CdTe.l'*61#7] Devices exploiting the quantum spin Hall effect
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or the unique transport properties due to the inverted band
could lead to new kinds of transistors, sensors, and quantum
information devices. But the main application of quantum
confinement in HgTe/HgCdTe quantum wells remains infrared
photodetectors. These devices are designed to have discrete
energy levels (mini-bands) that correspond to specific IR wave-
lengths, making them highly effective for wavelength-specific
detection.[*148]

In HgTe CQDs, the effect of quantum confinement is
much stronger than in quantum wells, since it applies in
all spatial directions. Several k.p calculations of their elec-
tronic structure have been published, with various levels of
approximation.[73656149-152] Investigations of the few-electron
ground state in topological HgTe CQDs can be found in ref. [152].
The k.p calculations of ref. [56] predict optical gaps and cross sec-
tions in good agreement with experiments. This work was sub-
sequently supplemented by atomistic tight-binding calculations,
which are summarized below.

Figure 8 shows that the energy gap between occupied and
empty states of HgTe CQDs can vary over a wide energy range,
from zero in the bulk limit to over 0.8 eV for diameters d below
4 nm. The QD gap varies as 1/d and not as 1/d? as predicted by
the well-known particle-in-a-box model."*!! This is due to the lin-
ear dispersion of the bands as a function of k when moving away
from the T point as previously discussed.[®] Remarkably, the lin-
ear variation of the energy of the gap edge states (Figure 8a) ex-
trapolated to 1/d — 0 gives a negative gap of —0.15 eV, close to
the I'y-I'y gap of —0.14 eV predicted by the tight-binding model at
300 K.Y This confirms that describing HgTe as a negative-gap
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Figure 8. Band gap simulation and sizing curve for HgTe CQDs. a) Energy of the highest-occupied (blue) and lowest-unoccupied (orange) states
calculated in tight-bindingl124] as function of inverse diameter of spherical HgTe QDs. b) Evolution of the bandgap compared to experimental data
(Hudson et al.['3] and Zhang et al.).[®”] Lines are linear interpolations and extrapolations; the calculated gap varies like Eg= —0.15+3.83/dwith E,
in eV and d in nm. Adapted with permission from ref. [6].

material has some physical reality. This finding is supported by  occupied state (1S,), doubly degenerate due to spin (Figure 9b),
plotting experimental data from refs. [6,153] (Figure 8b). The is characterized by a wave function whose envelope is close to a
topological transition (between normal and inverted ['(-I'y order) 1S orbital obtained in a spherically symmetric potential well.[}*!]
is estimated for a diameter of the order of 26 nm, although this =~ The next unoccupied level (1P, ), made of a manifold of six states,
value deserves further calculations specifically dedicated to this  can be associated with a 1P state. The density of occupied states is
size range. This same transition has been studied theoreticallyin =~ much higher than that of unoccupied states. The highest-energy
the case of HgS CQDs in ref. [154]. states are denoted 1S, and 1P, rather by convention, as their

As already shown for other semiconductor compounds,™!!  wave functions turn out to be rather complex, even their respec-
the band gap of CQDs with cubic, tetrahedral, truncated tetra-  tive order depends on the size (Supporting Information of ref.
hedral, or octahedral shape is very close to the band gap of  [27]). This complexity arises from the very particular band struc-
spherical CQDs with the same volume.[®62631241 Ag expected,  ture of HgTe, the nature of its electronic states and couplings,
there are more discrepancies for shapes that differ most from  which are highly k-dependent. It should be noted that this CQD,
spheres, such as tripods, or rods with large length-to-width ra-  like most HgTe CQDs obtained by colloidal synthesis, has di-
tio. However, atomistic methods enable the electronic struc- mension below 26 nm, and is therefore in the normal insulator
ture to be calculated directly from knowledge of the complex  state. This is reflected in the fact that the lowest-energy unoccu-
shape of a CQD, for example deduced from electron tomography  pied state (1S,) is characterized by a strong component on the
measurements.[%] s atomic orbitals (of the order of 70%), whereas this component

Figure 9a shows a typical example of an electronic state spec-  is virtually zero for the highest-energy occupied state.l®! This is
trum calculated in tight-binding for a truncated tetrahedral HgTe  the usual situation for CQDs in conventional III-V or II-VI semi-
CQD with an average diameter of 6.3 nm. The lowest-energy un-  conductors. However, as CQDs increase in size and approach the

— 3
> Py — 22
L ° @
= e o
5 81
[ —
Ll o
8
0 1S, 1Pp ———— < 0
a 1 2 3 4 5 b 4 6 8 10 12 14

Wavenumber (x103 cm™?)

Figure 9. Modelling optical spectra of HgTe CQDs: a) Energy levels calculated for a 6.3-nm diameter HgTe CQD of truncated tetrahedral shape. Zero
energy corresponds to the Fermi level in bulk. Arrows: assignment of the main absorption peaks. b) Comparison between calculated (purple/blue
lines) and measured (blue line) absorption spectra. Each transition line of the calculated spectrum is broadened by a Lorentzian function purple curve:
broadening of 4 meV; blue curve: broadening increasing linearly with energy from 15 meV at 4000 cm™' to 65 meV at 12 000 cm™'). The size of the CQD
is chosen so that the position of the lowest-energy absorption peak agrees with experiments. Adapted with permission from ref. [27].
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Figure 10. Electronic structure of single-particle states of HgTe NPLs as a function of their thickness. a) Energy levels around the band gap. Dots are
calculated points, solid (dashed) lines are guides to the eye for the conduction (valence) band. The dot color indicates the weight of the I'¢ band in the
state. The origin of energies is set to the top of the I'y band in bulk HgTe. The inset shows the geometry of the nanoplatelet under study. b—d) Evolution
of the charge density of the three lowest conduction (two highest valence) states, as a function of the nanoplatelet thickness. The iso-surfaces contain

90% of the density. Surface planes are plotted on the x-y plane, at half height. In all cases, the nanoplatelet has lateral dimensions (L, L,) = (20, 10) nm.
Conduction states evolve gradually toward edge states. Reproduced from ref. [7].

topological transition, the 1S, state gradually localizes on the sur-
face (see Supporting Information of ref. [27] for HgTe CQDs, ref.
[154] for HgS CQDs). Such a transition from a bulk state to a sur-
face (edge) state has also been predicted in the case of HgTe NPLs
(Figure 10).”] Finally, as HgTe CQDs can be seen as artificial
atoms with very strong spin-orbit coupling, their self-assembly
to form a 2D honeycomb lattice could result in a material with
quite remarkable topological properties, if disorder effects can be
minimized.!*]

Strong quantum confinement moves the conduction states
further away in energy from the valence states. This tends to
freeze the effects of spin-orbit coupling in the 1S, conduction
state, resulting in a gyromagnetic factor g approaching the value
of the free electron (g, = 2) for the smallest sizes.'**) Thus, g
is predicted to vary from —19.34 to +1.37 for sizes ranging from
20 to 4 nm."*% Such huge variations are also found in CQDs of
small-gap semiconductors such as InAs or InSb.!%¢)

3.2. Optical Properties

Due to the low effective electron mass in HgTe,[''317] and con-
sequently the large Bohr radius of the exciton, excitonic effects
on optical properties are small for CQD sizes of the order of
ten nanometers and less.['?*1%7] Consequently, calculations con-
sidering single-particle transitions are justified in this regime of
strong quantum confinement.'"!] For example, k.p calculations
estimate oscillator forces at the optical gap in good agreement
with measured integrated optical cross sections.>®]
Tight-binding calculations allow to interpret optical absorption
spectra considering the many different electronic states. An ex-
ample is shown in Figure 9b. A significant broadening of the
peaks is necessary for good theory-experiment agreement. This
shows that each experimental peak is in fact made up of several
transitions involving, in particular, several occupied states with
a high density of states. The calculations (not shown) qualita-
tively explain the evolution of absorption spectra as a function
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X -y

of CQD size, despite unavoidable uncertainties about their size
and shape.[?’]

Figure 11 describes more precisely the size-dependent evolu-
tion of the two lowest-energy absorption peaks for spherical HgTe
CQDs. These peaks are in fact the result of several transitions as
discussed above. The oscillator strength of the second peak in-
creases strongly with size, which is not the case for the first peak,
so that both peaks can become indistinguishable at large diame-
ter if the inhomogeneous broadening is large.l®!?* The evolution
of the energy position of the two peaks as a function of diameter
is in reasonable agreement with the experimental data of refs.
[67,153] Quite similar curves of optical gap versus size were de-
duced from measurements on HgTe CQDs with more tetrahedral
shape in ref. [27].

These electronic structure calculations were combined with
the use of an effective medium model to calculate the complex
optical index of CQD films.l%! They reveal that the complex di-
electric constant of isolated CQDs differs considerably from that
of bulk HgTe and depends strongly on their size, especially for
the real part.

Numerical studies were also used to interpret infrared spec-
troscopy experiments carried out on n- or p-type CQDs.I*] They
confirm that doping induces a bleach of interband transitions and
the appearance of new intraband optical transitions.!'?*] Electron-
doped HgTe CQDs show an intra-band peak corresponding to
the transition of electrons from the 1S, level to the 1P, level.
This peak presents several structures that theory interprets as
the lifting of 1P, state degeneracy under the combined effect of
spin-orbit coupling and CQD shape anisotropy.'>3! This unusu-
ally strong spin-orbit coupling results from the high atomic num-
ber of Hg and Te.

Recent experiments have demonstrated that HgTe CQDs can
exhibit stimulated emission in the telecom IR window character-
ized by a very low threshold.!"*®] This behavior is attributed to the
presence of surface defects, the system being described by a 4-
level model. Ab initio calculations show that a gap state localized
on the 5p orbital of a doubly coordinated tellurium atom at the
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Figure 11. Size-dependent evolution of the two lowest-energy absorption peaks for spherical HgTe CQDs. a) Oscillator strengthsf',- (solid line), imaginary
part of the CQD dielectric constant Im[eyc (®;)] (dashed line), and b) transition energy he; for the optical absorption peaks (i = 1, 2) versus diameter
of spherical HgTe CQDs. Experimental data of H. Zhang et al.l®’] and M. Hudson et al.[’>3] Reproduced from ref. [6].

surface may result from incomplete passivation and explain the
stimulated emission. Other interesting properties can be studied
from electronic structure calculations of HgTe CQDs, such as the
quantum efficiency of multiple exciton generation.!>]

4. Coupling of HgTe CQDs to Light Resonators

Optoelectronic device performance hinges significantly on the in-
teraction between light and matter. In the absence of a photonic
cavity, this interaction is dictated by the material itself. Nanoscale
dimensions influence the band edge energy through quantum
confinement and also impact absorption magnitude via particle
packing density. For SWIR and MWIR HgTe CQDs, the absorp-
tion coefficient has been found to be a few 10° cm™,1° implying
the need for several um of CQDs film to fully absorb incident
light.

Practically, this results in a trade-off in film thickness: while
thick absorbing films are desirable to maximize absorption, in-
efficient charge collection on such films due to limited diffusion
length, along with challenges in forming high-quality films above
500-1000 nm, pose constraints. This likely explains why verti-
cal geometry devicesl>10-162] and short-channel planar ones!!%3!
have demonstrated the highest performance. Efforts(!®*] over re-
cent years have thus been dedicated to coupling infrared-active
films with photonic cavities!'®>1] to overcome these limitations.

For light detection, the concept aims to trap light within the
device to enable multiple passes of the film through the active
area, effectively maximizing absorption and reducing the electri-
cally active volume and thus minimizing the noise. Conversely,
this concept holds significance for light emission. The index mis-
match in a diode (n = 2-3 for emitting material, and n = 1 for air)
makes it challenging to couple emitted photons inside an LED
to the far field. As a result, #80% of emitted photons are lost,
limiting quantum efficiency to 20% and generating heat in the
device due to reabsorption, further reducing luminescence effi-
ciency. Hence, efforts to couple HgTe CQDs to photonic cavities
have been developed, aiming to boost their PL.[+7:48.81.109.167.168]

Adv. Funct. Mater. 2024, 34, 2405307 2405307 (13 of 32)

A diverse range of photonics structures has been coupled to
HgTe CQD IR films, which can be broadly categorized into three
main types:

1) Resonators based on single antennas: These involve sub-
wavelength resonators, such as metallic NRs or bowties, cou-
pled to the HgTe CQDs film (as depicted in Figure 12a).
This concept is versatile, compatible with both bottom-up
approaches (like colloidally grown NRs)28] and top-down
fabrication!'7*17!l where rods are defined using techniques
like e-beam lithography. In the latter case, organizing anten-
nas into a lattice can generate a collective mode similar to a
grating.

2) Fabry-Perot-like cavities: These cavities involve enclosing the
active medium between two reflective interfaces (as shown
in Figure 12D).1"%! Traditional approaches use metallic mir-
rors, but the same concept extends to any interface with an
index mismatch.!"”?] Textured substrates (e.g., metal on a di-
electric substrate) coupled to CQDs offer interesting advan-
tages, such as the use of flexible substrates to minimize aber-
rations for wide-angle incident beams compared to normal
incidence.'® It is also a straightforward strategy for trans-
fer to the focal plane array (FPA).*%] An extension of this
concept is the Bragg mirror,['73] based on dielectric materials,
thereby reducing losses in metallic parts.

3) Grating-based structures: These structures (illustrated in
Figure 12c¢) use periodic arrangements to diffract non-
propagating modes (such as plasmons)!?*7#] or propagat-
ing modes (like Guided Mode Resonators).817>-177] Patterns
within a period can incorporate substructures to generate
multiple resonances.'7®]

Additionally, concepts based on lenses, 7! fiber couplers,!'®!

or resonators inspired by acoustics!’®!] have also been explored
for specific purposes. Each of these structures offer unique ad-
vantages and can be tailored for particular applications and per-
formance enhancements in HgTe CQD films.
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Figure 12. Concepts for light resonators. Schematics of some common methods to generate a light resonance in a nanocrystal film either using reso-
nance from single antenna (a), Fabry-Perot-like cavity (b) or grating based cavity (c). Part b is adapted with permission from ref. [169]. Part c is adapted

with permission from ref. [164].

The task of modelling optoelectronic devices based on colloidal
CQDs can indeed be quite challenging due to the limited in-
put parameters available. However, when it comes to their op-
tical properties, the key parameter mostly revolves around the
complex optical index. Studies by P. Rastogi et al.,'”’] later ex-
panded into the mid-infrared range by B. Chehaibou et al.,[®] sys-
tematically measured the complex optical index of HgTe CQD
thin films as a function of band gap and surface chemistry. Inter-
estingly, they found that using long capping ligands!'%! resulted
in a low refractive index value ~2. Shorter ligands, particularly
those used for transport purposes (like short thiols!*’”! or hybrid
passivation),!'>#7% led to higher optical indices in the range of
2.2-2.3. Moreover, it has been noted that the frequency depen-
dence of the refractive index is relatively weak in these materials
and can be reasonably neglected in subsequent designs of pho-
tonic structures. B. Chehaibou et al.’s workl®! particularly empha-
sized that the filling factor is likely the primary driving parameter
influencing the value of the refractive index in these CQDs.[¢]

When designing photonic structures, electromagnetic simula-
tions play a crucial role. However, the initial structure is often
conceptualized using basic analytical scaling rules. The primary
step is usually to align the cavity’s resonant wavelength (4,) with
the absorption band edge, setting the geometrical factor of the
cavity. Early-stage design frequently relies on these analytical scal-
ing rules. For instance, in a Fabry-Perot structure, the thickness
of the absorbing layer can be scaled to match 4,/2n, while for a
plasmonic grating, the period becomes 4,/n, where n is the re-
fractive index. Aligning the resonance wavelength with the mate-
rial's band gap leaves several free parameters (e.g., filling factor
of the grating, height of the grating, etc.). Determining these pa-
rameters is guided by the maximization of effective absorption.
It’s crucial to note that for generating photocurrent, absorption
must occur within the semiconducting nanocrystal layer itself
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and not within the electrodes or substrate. Therefore, optimiza-
tion of these structures revolves around maximizing the absorp-
tion of incident photons within the active semiconductor layer to
enhance device performance.

4.1. Spectral Shaping

The initial drive behind introducing light resonators coupled to
HgTe CQD films was to amplify absorption, aiming to focus light
on a thin slab with a thickness compatible with efficient charge
collection. Reported enhancements in absorption typically range
from 3-164170] to 10-fold.[*8"182] Considering a 200 nm thick film
(relatively easy to fabricate and only a few times the diffusion
length)[1%.183] absorbs roughly 10% of incident light, a ten-fold
increase in absorption implies near-complete absorption. How-
ever, the increase in photocurrent can often surpass the rise in
absorption, especially if the structure supports photoconductive
gain. A. Chu et al. showcased a remarkable 1000-fold increase
in photocurrent.['** This achievement stemmed from shrinking
the interdigitated electrode spacing to match the criteria of pe-
riod size to A,/n, as defined earlier. Additionally, reducing the
period size is advantageous for gain generation because gain is
inversely proportional to transit time, meaning that the time for
charge to move from one electrode to the other scales with the
inter-electrode distance. This reduction in period size not only
matches the resonator criteria but also facilitates greater photo-
conductive gain due to decreased transit time.

4.1.1. From Narrow to Broadband

The advantages of a light resonator extend beyond a simple
increase in absorption magnitude, as the bandwidth of this
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Figure 13. Spectral shaping using a light resonator. a) Absorption spectra of HgTe CQD film coupled to two Bragg mirrors deposited on each side of a
spacer the thickness of which is tuned. Part a) is adapted with permission from ref. [173]. b) Photocurrent spectra of a bare HgTe CQDs film and a film
with same thickness coupled to a grating that induced three resonances. Part b) is adapted with permission from ref. [172].

enhancement represents another significant degree of freedom.
This bandwidth is closely linked to the resonator’s technological
design and the intended applications. For the sake of illustration,
the PL linewidth of HgTe CQDs is typically a bit above 10%
of the peak energy and the same order of magnitude holds
for the first absorption feature. Through the introduction of
a photonic cavity, spectral shaping can be obtained leading to
a sharpening or a broadening of the feature. Spectroscopic
applications, like gas sensing, aim for narrow spectral lines
that align with molecular absorption, while imaging typically
targets broadband absorption. In the SWIR and MWIR, the
quality factor (A4/4) for PL emission usually falls within the
range of 5-10.124799101 X Tang et al. demonstrated the use of a
doublet of Bragg mirrors, showcasing narrow transmission lines
down to 30 cm™1.['73] This roughly corresponds to a 20-30-fold
narrowing of the exciton signal, as shown in Figure 13a. On
the contrary, reports have highlighted broadband enhancements
of absorption. In these scenarios, multiple resonators!2:172:184]
are coupled to the absorbing layer, some of which may not
resonate with the semiconductor band gap. The challenge
in combining multiple resonators!!®¥ lies in avoiding an ex-
ponential increase in fabrication complexity. T. Dang et al.
illustrated that combining a plasmonic grating with vertical
Fabry-Perot and a guided mode resonator could be achieved
from a single grating structure.'7?! This combination re-
sulted in the enhancement of absorption over more than
2000 cm™!, showcasing broad increase in absorption bandwidth,
see Figure 13b.

4.1.2. Benefits for Detection

The incorporation of light resonators can offer more advanced
benefits beyond immediate increase in absorption and spectral
shaping. One such benefit is the reduction of the effective elec-
trical volume. In IR sensors, the competition between photon
activation and phonon activation of carrier generation often di-
minishes the signal-to-noise ratio, resulting in detectivity orders
of magnitude lower compared to sensors operating in the visible
and ultra-violet ranges. This noise scales with the electrical vol-
ume of the device. Thus, employing light resonators can serve as
a strategy to decouple the optical area from the electrical volume.
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B. Zhu et al. proposed a strategy where fiber couplers act as pho-
ton funnels into a photoconductive device made of HgTe CQDs
(Figure 14a).18] An important aspect of this endeavor involving
resonators is their transfer to the FPA level. However, this transi-
tion brings new constraints, particularly related to the limited in-
plane space, restricting the use of quasi-infinite gratings. As a re-
sult, only vertical Fabry-Perot cavities have been implemented on
the FPA[*24] (as shown in Figure 14b,c). Future works in this area
would need to focus on designing specific resonators compatible
with limited pixel sizes (2-15 um for SWIR). Another challenge
faced by MWIR CQDs arises when used for wavelengths where
conventional transparent conductive oxide (TCO) starts to exhibit
limited transmission (typically above 2 pm). To address this, a
trade-off involves thinning the indium tin oxide (ITO) layer to re-
duce its absorption, but this leads to higher contact resistance.
An alternative approach proposed by T. Dang et al. replaced the
TCO layer with a resonant grating!>®! (illustrated in Figure 14d).
Leveraging resonance enables achieving transparency beyond the
filling factor of the layer, resulting in improved responsivity in the
MWIR, as seen in Figure 14e.

4.1.3. Emergence of Active Devices

The introduction of light resonators presents a new degree of
freedom in shaping the spectral response of CQDs, expand-
ing beyond the size tunability resulting from quantum confine-
ment. However, the capability to alter the spectral response post-
fabrication was a missing element until recently. The field of ac-
tive photonics had primarily been confined to systems likemi-
croelectromechanical systems MEMS, where geometrical factors
can be actively tuned, or involved phase-change materials. How-
ever, T. Dang et al.l'4176.186] noticed that CQD arrays coupled to
photonic cavities could offer a new platform for active tunable
photonics.

To achieve this, two key ingredients are required: a bias-
dependent diffusion length, a property inherently present in
CQD arrays;!'®] and an absorption map that exhibits spectral in-
homogeneity, a role fulfilled by the photonic cavity. By leveraging
this concept, researchers have achieved spectral shifts, changes
in magnitude,'® and complete extinction of specific spectral
ranges, as shown in Figure 14£.178]
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Figure 14. Light resonators in the context of advanced IR detection. a) Schematic of a HgTe CQD photodector coupled to a waveguide acting as a photon
funnel. Part a) is adapted with permission from ref. [180]. b) Schematic of a read-out circuit coupled to a HgTe CQD film through a dielectric spacer
used to generate a Fabry-Perot cavity. c) Absorption map for the device described in part (b). Parts b) and c) are adapted with permission from ref. [42].
d) Schematic of a diode which MWIR active layer is made of HgTe CGDs and the partly transparent electrodes are made of a resonant metallic grating.
e) Photocurrent spectra for the diode depicted in part d), where the bottom electrode is ITO, a 1D or a 2D resonant metallic grating. Parts d) and e) are
adapted with permission from ref. [50]. f) Photocurrent spectra under different biases from a HgTe CQD film coupled to a grating with two patterns per

grating. Part f) is adapted with permission from ref. [178].

5. From Single Detector to Focal Plane Array
Imagers

This chapter is dedicated to the most advanced integration of
HgTe CQDs, that is their use for IR imagers, 188189 starting with a
brief overview of progresses done at the single pixel. To date HgTe
and PbS CQDs remain the only two colloidal materials for which
integration has been pushed up to the imager level. In this re-
gard, PDS is certainly more advanced since it has benefited from
the massive effort made on this material to push solar cell per-
formances. This effort has in particular led to the development
of efficient diode stacks. Furthermore, PbS possesses dielectric
constant, which brings benefits of a weak exciton binding en-
ergy that makes electron-hole pairs behave as quasi free charges.
Drawbacks of PbS relate to its tendency for slow response times
and prompt oxidation. Nevertheless, in the near and short-wave
infrared, PDbS is certainly a key competitor to HgTe CQD-based
devices. This is however no longer the case in the MWIR since in
this range lead chalcogenides become limited by their bulk band
gap.

Various device structures have been investigated for HgTe
CQD photodetectors. In 2011, the spectral sensing range of HgTe
CQDs was, for the first time, extended to MWIR (3-5 pm).I*! By
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depositing HgTe CQDs onto a pair of interdigitated electrodes,
photoconductive MWIR HgTe CQD detectors were fabricated.
At 130 K, a specific detectivity of 2 X 10%ones was demonstrated
with a cut-off wavelength at 5 um.%3 In 2014, the spectral sens-
ing ranges of photoconductive HgTe CQD detectors were fur-
ther extended into the LWIR (8-12 um) with a specific detectiv-
ity of 1.3 x 10° Jones at 6.5 pm and 6.5 X 10° Jones at 12 um at
cryogenic temperature.l?’] To further improve the device perfor-
mance of photoconductors, optical resonant nanostructures and
carrier mobility improvements are both feasible strategies. By in-
tegrating HgTe CQDs with optical nano-antenna structures, the
specific detectivity of HgTe CQD photoconductors at 80 K was
successfully enhanced to 1.5 X 10'° Jones at 5 pm in 2017.117°]
With ligands engineering, the carrier mobility of HgTe CQDs
was significantly improved by 100-fold, and a specific detectiv-
ity of 5.4 x 10'° Jones at 4.8 um was reported in 2019.7° Be-
sides that, introducing internal gain mechanism into photocon-
ductors is also an efficient way to boost the photoresponse. HgTe
CQD phototransistors with 2D materials!’" and trapping-mode
photoconductors(*}! have all been proposed. Their working prin-
ciple is similar: the trapping of minority carrier leads to elongated
lifetime of majority carriers, which results in considerable pho-
toconductive gains. However, due to narrow energy band gaps
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of IR CQDs or highly conductive nature of 2D materials, the
suppression of dark currents in IR photoconductors and pho-
totransistors is challenging and the presence of dark currents
lead to substantial noise, which inevitably lower the signal-to-
noise ratio. Therefore, despite significant improvements having
been achieved, the typical specific detectivity of photoconductive
HgTe CQDs reaches the high 10'° Jones range at room temper-
ature in the SWIR,['®] which is still behind by one or two or-
der(s) of magnitude compared to the performance of state-of-
the-art bulk semiconductors like HgCdTe,[191192] InGaAs, 1931941
InSb,[191%] and alternatives such as quantum wells!**’1*] and
type-II superlattices.[200:201]

To further optimize the device performances, photodiodes
have been proposed by coupling HgTe CQDs with a silver layer
that likely transforms into Ag,Te as p-type layer in 2015.1202203]
This led to background-limited infrared photodetection (BLIP)
performance with a specific detectivity of 4.2 x 10'* Jones at
5.2 ym at an operating temperature of 90 K

The procedure was later optimized by directly coupling
Ag,Te nanocrystals to the HgTe CQD layer. With the successful
construction of a built-in electric field, the HgTe CQD photo-
diodes can operate under zero bias voltage, which eliminates
the dark currents. A HgCl, solution post-processing method
was introduced to react with the deposited Ag,Te nanocrystals,
which released Ag* ions and fixed them on the surface of the
HgTe CQDs as AgCLI22% After HgCl, solution treatment,
the peak responsivity of the MWIR HgTe CQD photodiode
reached 0.56 A W~! at 160 K. In 2023, by reducing the series
resistance of HgTe CQD photodiodes, the room-temperature
quantum efficiency of MWIR HgTe CQDs was improved to
10% and 15% for HgTe CQDs with cut-off wavelength at
42 and 3.7 pm, respectively.'¥¥] Background-limited pho-
todetection performance at 150 K and a detectivity above 10°
Jones at room temperature was achieved with a cut-off wave-
length at 3.7 pm. More importantly, the combination of Ag,Te
nanocrystals and HgCl, solution treatments not only worked
for MWIR HgTe CQDs, but also facilitated the development of
SWIR HgTe CQD photodiodes. High-performance photodiodes
with cut-off wavelength into the extended SWIR ranges were
demonstrated with specific detectivity up to 10! Jones at room
temperature.[161:205.206]

The rapid advance of HgTe CQD single-element photode-
tectors motivated the realization of HgTe CQD FPA imagers.
Besides high performance, the solution processability of HgTe
CQDs enables monolithic integration with silicon integrated
readout circuits (ROICs), resulting in simple and wafer-scale
CMOS-compatible fabrication to obtain large array format im-
agers with small pixel pitch.

Early studies on HgTe CQD FPAs started from photoconduc-
tive imagers. By sequential spin-coating of HgTe CQDs onto sil-
icon readout circuits with pre-defined electrodes, a 320 x 256
resolution imager with 30 um pixel pitch was fabricated?”’] and
demonstrated a specific detectivity of 1.4 x 10° Jones and noise
equivalent temperature difference (NETD) of 2.3 K at an op-
erating temperature of 95 K in 2016. By improving CQD film
preparation technique, the NETD of photoconductive HgTe CQD
FPAs was further improved to 102 mK at 100 K.321 95% of the
pixels exhibit a NETD below 280 mK, and the operable pixel
rate was ~99%. In 2023, the resolution of MWIR HgTe CQDs-

Adv. Funct. Mater. 2024, 34, 2405307 2405307 (17 of 32)

www.afm-journal.de

based FPA imagers was improved to 640 x 512 pixel arrays!2%!
with pitch of 15 pm, as shown in Figure 15a. The cut-off wave-
length of the MWIR HgTe CQD imager shifted from 3.8 and
4.6 pm from 300 to 80 K, covering the MWIR atmospheric win-
dow (Figure 15b). By employing trapping-mode photoconductive
configuration and reducing film thickness non-uniformity, the
640 x 512 MWIR FPA imagers exhibited impressively low pho-
toresponse non-uniformity (PRNU) down to 3.42%, high detec-
tivity of 1.5 X 10'° Jones, and high operable pixel rate of 99.99%
with only 22 non-effective pixels at 80 K (Figure 15c—e). Later,
based on the same device configuration, megapixel 1280 x 1024
array format MWIR HgTe CQD imager!?*”! was also developed
and high-resolution thermal images of humans were captured
with NETD down to 30 mK (Figure 15f).

Besides MWIR imagers, SWIR FPAs have also been exten-
sively investigated for their great potential in wafer inspection,
composition identification, and autonomous driving. In 2019,
VGA-format SWIR HgTe CQD FPA imagers with cutoft wave-
length of 1.7 um were fabricated and demonstrated laser beam
profile imaging (Figure 16a).188) Later, in 2022, 640 X 512 pixel
format photoconductive imagers were reported (Figure 16b).The
spectral sensing range was further extended to 1.8 um with an
EQE of 4%—-5% (15% internal quantum efficiency) under Peltier
cooling (Figure 16¢).[**] The FPA is compatible with 200 fps imag-
ing in full frame, and imaging up to 340 fps was demonstrated
by driving a reduced area of the FPA. Various SWIR images were
captured by the HgTe CQD-based FPA imagers. The visible and
SWIR images of a Siwafer (i and ii), chemical solvents (i-ii, iv-vi),
and a soldering iron (iii) are as shown in Figure 16d.

In 2023, R. Alchaar et al. developed a photovoltaic SWIR HgTe
CQDs imager.**] The surface of silicon ROICs was planarized by
metal deposition and chemical mechanical polishing, enabling
the fabrication of a SWIR HgTe CQD photodiode.[**] This photo-
diode consisted of SnO, (electron transport layer)/HgTe/Ag, Te
(hole transport layer) structure and could be operated in either
an inverted (Figure 16e) or a non-inverted configuration. Besides,
the HgTe CQDs diode with optimized thickness sandwiched be-
tween the pixel electrode and the semitransparent top gold elec-
trode formed a Fabry-Perot cavity, enabling effective absorption
enhancement of up to 50% at the CQD band edge (Figure 16f).
Compared with the photoconductive HgTe CQDs, the photo-
voltaic HgTe CQDs imager presented lower dark currents. As
a result, the SWIR imaging quality was significantly improved
compared with photoconductive ones. Images of chemical sol-
vents, human face, and 1S012233:2000 chart were captured by
the photovoltaic HgTe CQDs-based FPA at —40 °C (Figure 16f).

SWIR HgTe CQDs with lateral p-n junctions were reported
in 2023.1%! Applying a bias across HgTe CQDs deposited onto
a pair of electrodes results in controllable lateral p-n junctions
(see method relative to ref. [46]) which could be induced to turn
a photoconductor to a lateral photovoltaic detector (Figure 17a)
through the formation of a planar p-n junction thanks to the
gates.[63210211] The doping level and nature can be adjusted by
changing the polarity and the activation time of the applied elec-
tric field. The SWIR HgTe CQD-based detectors with planar p-
n junctions were successfully monolithically integrated with a
CMOS ROIC with a 640 x 512 pixels array (15 um pixel pitch)
and exhibited a detectivity of 3 x 10'° Jones (Figure 17b). Bene-
fitting from the presence of built-in potential and depletion re-
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Figure 15. Trapping-mode photoconductive MWIR HgTe CQDs-based FPA imagers. a) Diagram of device signal extraction and Dewar test package of a
640 x 512 MWIR imager.[208] b) Response spectra of MWIR HgTe photodetectors at room temperature and 80 K.[2%%] ¢) Response distribution diagram
and response statistics histogram of the 640 x 512 format imagers.[2%8] d) Detectivity distribution diagram and detectivity statistics histogram the 640
x 512 format imagers.[208] ) Overheated pixels and dead pixels mapping of a FPA with the 640 x 512 format.[2%] f) Megapixel thermal images captured
by the 1280 x 1024 MWIR FPA imagers.[2%°] The f-number is 2, and NETD is 30 mK.

gion, the dead pixel rate and overheat pixel rate were both re-
duced (Figure 17b—d). High-resolution SWIR infrared imaging
was also demonstrated, showing great potential for various ap-
plications including semiconductor inspection, food safety, and
chemical analysis (Figure 17e).

SWIR HgTe CQD FPAs in trapping-mode photoconductor
configuration have also been investigated. The concept of a
trapping-mode photoconductor consisting of an intrinsic CQDs
layer as the main sensing channel and a doped layer on top
of the intrinsic one (Figure 18a) was applied.[*}] The minority
carriers were trapped by a vertical built-in potential leading to
both decreased dark current density and improved quantum efhi-
ciency. Without using the top metallic electrode, the optical loss
introduced by the reflection from the top contact is avoided. The
trapping-mode SWIR HgTe CQD CMOS imagers showed PRNU
down to 4%, dead pixel rate of 0%, EQE up to 175%, and detec-
tivity as high as 2 x 10! Jones for SWIR (cut-off wavelength =
2.5 um) at 300 K. High-quality SWIR images were also demon-
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strated at room temperature, as shown in Figure 18b. In order
to improve the spatial resolution of SWIR HgTe CQD-based FPA
imagers, a megapixel (1280 x1024 pixel) SWIR FPA imager was
fabricated with an in-pixel resonant cavity.?!?! Utilizing the pas-
sivation layer of the CMOS chip and the underlying metal con-
tacts on the ROICs, an in-pixel resonant cavity was constructed
to enhance the absorption and spectral selectivity of the HgTe
CQD film (Figure 18c). With the megapixel format imager, high-
resolution SWIR imaging was demonstrated, and the resolution
of the imager could be as good as 40-line pairs per millimeter
(Ip/mm) (Figure 18d). Through optimizing the homogeneity of
the CQD films, the operable pixel factor of the SWIR HgTe CQD-
based FPA imagers reached 99.99%.

Beside single-color detection, multi-band HgTe CQD detec-
tors have been investigated by combining materials with var-
ious energy gaps. SWIR/MWIR,[162214215] yigible/SWIR,[216-218]
and SWIR/SWIR/MWIR2? HgTe CQDs detectors have been re-
ported. In 2022, a CQD-based CMOS-compatible multispectral
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Figure 16. Photoconductive and photovoltaic SWIR HgTe CQD-based FPA imagers. a) Image of the laser beam taken with VGA read out circuit surface.
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b) Picture of the ROIC in the ceramic lead-less chip carrier after deposition of the CQD film.[*4l ¢) EQE of the HgTe CQD camera as a function of the
wavelength and the exposure time for two different devices.[*4] d) SWIR imaging using HgTe CQD-based FPA.[#4] e) Schematic of the diode stack used
for SWIR sensing. f) Simulated absorption spectra of SWIR HgTe CQDs for three thicknesses of the HgTe layers. g) i) Visible image of a scene containing
a Si substrate and an ITO substrate in front of two vials filled with transparent liquids in the visible; ii) SWIR image from the same scene as in i); iii)
image from a face and iv) from a 1SO-12233 test chart by a photovoltaic HgTe CQDs-based FPA imagers.[*’]

imager was reported with spectral response from the ultravi-
olet (UV) and visible to SWIR.[?!) The direct optical lithogra-
phy of down-conversion perovskite QDs and SWIR HgTe CQDs
onto a Si imager was conducted to construct two channels of
UV-enhanced visible pixels and SWIR pixels (Figure 18e). High-
resolution single-color images and merged multispectral im-
ages were obtained by using only one CQD-based FPA imager
(Figure 18f). The multispectral CQD-based FPA imager exhib-
ited excellent performance with PRNU of below 5%, dead pixel
rate of 0%, and room-temperature responsivities of 0.25 A W~!
at 300 nm, 0.4 A W~! at 750 nm, and 0.25 A W~ at 2.0 um.
Currently, array-format imaging is mainly achieved by inte-
grating CQDs with ROICs, and the recent progress of SWIR
and MWIR HgTe CQD-based FPA imagers is summarized in
Table 1. Despite the key role played by ROICs play in HgTe
CQD imagers, their use could limit the resolution, pixel pitch,
and mechanical flexibility of HgTe CQD imagers. To realize in-
frared imaging, infrared-to-visible upconverters provide a po-
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tential route toward large-format, high-resolution, pixel-less in-
frared images without bringing in readout integrated circuits,
thus arousing broad attention. By using SWIR HgTe CQDs as the
sensing layer and optimizing matching the photodetector units
and visible light-emitting units, the infrared-to-visible upconver-
sion devices demonstrated a SWIR detection of 2.5 pm cut-off
wavelength, a high upconversion efficiency of nearly 30% and
specific detectivity of nearly 5.6 X 10° Jones (with bandwidth of
125 Hz).1220]

6. Outline for the Transfer from the Lab to Industry

While the development of HgTe CQDs has seen a lot of progress
over the last decade, significant challenges remain to see them
transitioning into marketable products. Future efforts to advance
the maturity of HgTe CQDs-based sensors and arrays will bene-
fit from i) better clarity in the proposition for low-cost manufac-
turing and identification of customers and markets; ii) increased
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Figure 17. SWIR HgTe CQD FPA imagers with lateral p-n junctions. a) Schematic diagram of the detector operation from PC mode to PV mode with
planar p-n junctions after in situ electric field—activated doping.[“®! b) Histogram of detectivity of the planar p-n junction FPA imagers.[*6] Overheated
pixels and dead pixels of the FPA imagers c) before doping and d) after doping with planar p-n junctions.[4¢] e) SWIR and visible images of the apple
with the “BITQTL” words on the surface (I and I1) and the apple inside the nitrile glove (11l and 1V).[4¢]

modeling or empirical correlations between application and de-
tector level performance metrics; and iii) process development
for improved reproducibility and stability.

The common proposition made for CQD materials in IR de-
tection and imaging is lower manufacturing costs compared to
conventional materials such as InGaAs and HgCdTe. Solution
synthesis and processing can certainly be done at significantly
lower cost than vacuum methods of physical or chemical vapor
deposition. However, the impact of this will be better understood
in the context of the full system cost. As a sake of example, for
MWIR ROICs, cooling, and optics have a higher share of the to-
tal cost than in SWIR which lessens the impact of a lower cost
FPA.

Few examples of cost models were reported in the literature
for either HgTe CQDs or conventional IR technologies. C. Gre-
boval et al. recently estimated the cost of CQD FPA fabrication
at only 10-20 €, which was compared to InGaAs arrays at 600 €
with an additional 600 € for the camera lens.[*¥] Building costs for
HgCdTe cameras are not broadly available but a model reported
in 2003 gave ~#3 k USD for a 256 x 256 FPA with the detector array
and the hybridization contributing the majority of the cost.??1]

Furthermore, the upfront cost to set up a manufacturing en-
vironment and develop processes is on the order of at least sev-
eral million USD, and the return on investment (ROI) timeline is
uncertain without better projections. Any benefit of lower manu-
facturing costs is shared between the profit margin and the prod-

Adv. Funct. Mater. 2024, 34, 2405307 2405307 (20 of 32)

uct price. If performance can be improved to match conventional
technologies, target market shares or new market volumes can be
more readily estimated, lowering risks for financial investments
needed to advance to higher technology readiness level. More
likely in the short term, lower performance sensors at a lower
cost may take market shares or grow new markets where the best
available performance is not needed. To engage with those mar-
ket segments, however, models of system and application per-
formance based on manufacturable detector performances, or
better yet, minimum viable product (MVP) demonstrations are
needed. If bottomline performance cannot meet application re-
quirements, no manufacturing cost will be low enough.

To get to MVP, however, process development is needed to
improve reproducibility and stability. Often, extended effort is
needed to reproduce literature results in the industrial setting,
and this is especially true with scaling up in volume and to wafer
processing. It is often tempting to reproduce record reported per-
formance before completing engineering necessary to make the
process robust. A balance must be struck though to avoid a com-
mon pitfall of iterating on a poorly controlled process. One of
many challenges faced in making the transition to product devel-
opment is funding this process improvement which often falls in
a gap between basic research with frequent articulable progress
and tolerable ROI with sales in sight. For smaller businesses,
government contracts offer some support but require alignment
or effective lobbying with program managers. A clear picture of
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Figure 18. Trapping-mode photoconductive SWIR HgTe CQD-based FPA imagers. a) lllustration of the working process of trapping-mode
photodetectors.[*3] b) SWIR images captured with a HgTe CQD-based FPA imagers at room temperature.l*3] i) visible and SWIR images of three bottles
of water, tetrachloroethylene, and isopropanol behind a Si wafer. ii) Visible and SWIR images of sky and buildings. iii) SWIR image of a human face with
glasses. iv) SWIR image of an 1SO-12233 test chart. c) The cross-section showing the in-pixel resonant cavity.!?'?! d) Photograph of outdoor buildings i
and i) and 1SO-12233 test chart iii) captured by the imagers at room temperature.[212] e) Schematic illustration of the ligand cross-linking process and
the configuration of a UV-enhanced visible pixel and SWIR pixel.12'3] f) Multispectral CQD imagers.[213] i) Multispectral CQD imagers and peripheral
circuits. i) Imaging scene: a soldering iron, a Si wafer, and a UV lamp. iii) Captured UV-vis, and SWIR images. iv) Merged multispectral images with a

UV image as the blue channel, visible light as the grayscale channel, and a SWIR image as the red channel.

future customers and market knowledge is typically needed to
justify internal or external investment.

Several companies have made or have ongoing development
efforts in HgTe CQDs-based SWIR and MWIR sensors and ar-
rays. Some of these are listed in Figure 19 and in Table 2,
where two suppliers of SWIR CQDs and several companies work-
ing with PbS CQDs for SWIR applications are also included.
Currently available sensor products on the market include PbS
CQDs-based SWIR cameras from SWIR Vision Systems, ST Mi-
croelectronics, and Emberion, along with a SWIR FPA from
Quantum Solutions. For HgTe, the first MWIR video was re-
ported in 2016 from Sivananthan Laboratories; a significant mile-
stone, while still in early development.

The markets for CQDs-based infrared sensors are uncertain or
underdeveloped and both identifying customer needs and align-
ing the technological capabilities to these needs are required to
see the markets grow. CQDs for visible colors in displays, a much
more mainstream market, even if expanded color gamut was
not immediately recognized as necessary, were worked on for a
decade in industry before they saw large growth in 2015.

Adv. Funct. Mater. 2024, 34, 2405307 2405307 (21 of 32)

The development of PbS CQDs for SWIR has a longer history
and offers some guidance for those working with HgTe CQDs.
Wafer-scale fabrication with PbS CQDs was a significant mile-
stone that was reported only in the last 5 years by IMEC,[222]
ST Microelectronics,!?23] and others. Fabrication of HgTe CQDs-
based photodetector arrays with a lateral geometry that is more
robust to film defects and non-uniformity has been reported on
8 inch wafers.[***¢] The proper way to actually perform the cou-
pling between the ROIC and the CQD layer remains unclear
to date. Wafer level processing has the clear benefit of enabling
mass production, which is critical to address mass market devel-
opment, such as sensors for smartphones, a market where the
cost per device needs to be brought down to a few dollars per
chip. However, the current model actually chosen by many com-
panies producing CQDs-based infrared cameras is rather to go to-
ward high performing cameras and bring a complementary value
with respect to InGaAs, with none or very modest cost disrup-
tion compared to the historical technologies. Such a commercial
model matches the current ones from the SWIR field with only
a few thousand cameras sold per year. It then becomes actually
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Table 1. The performance comparison of SWIR and MWIR HgTe CQDs-based FPA imagers.

Spectral ranges ~ Year and  Operating mode Cut-off Resolution  Pixel pitch (um) ~ Operation Detectivity ~ EQE (%) PRNU (%) NETD (mK)
reference wavelength (um) temperature (Jones)
SWIR 20191881 - 1.7 549 x 254 - - - - - -
20221441 PC 18 640 x 512 15 -32°C - 4-5 - -
20221281 Trapping-mode 2.5 320 x 256 30 Room- - - 5 -
temperature
2023[41 PV 1.9 640 x 512 15 —40°C - 0.33 - -
2023141 Trapping-mode 2.5 320 x 256 30 Room- 2x 10" 175 4 -
temperature
2023(212] PC 2 1280 x 1024 15 Room- 2.8 1010 14 - -
temperature
2023(46] Lateral p-n 2.5 640 x 512 15 Room- 3% 10 2542 - -
junctions temperature
20162071 PC 5 320 X 256 30 95 K 1.46 x 10° 0.3 - 2319
MWIR 20161321 PC 5 320 x 256 30 100 K - 0.64 - 102
202341 Trapping-mode 5.5 320 x 256 30 80 K 8x 1010 - - -
2023[28]  Trapping-mode 4.6 640 x 512 15 80 K 2x 10 - 3.42 51.26
Year and  Operating mode Cut-off wavelength Resolution  Pixel pitch (um) ~ Operation Detectivity ~ EQE (%) PRNU (%) NETD (mK)
reference (um) temperature (Jones)
2000 2010 020 024

Displays

< : |
Vis sensors Invisage Apple I

P>
- —

SWIR FPA 2015 2020

. Quantum Solutions materials
Material eI
suppliers Nanoco HEATWAVE materials
SWIR Vision Systems
PbS
IMEC

Zhongxinrech
eng S&T

Figure 19. Timeline of the different companies involved in the development of CQD based products, including those based on HgTe CQDs.
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Table 2. Companies involved in the development and commercialization of CQDs-based infrared imagers.

Company Location Product Material Spectrum Status
Nanoco UK Material PbS, InAs SWIR Commercial
Quantum Solutions UK Material PbS, InAs, SWIR Commercial
QustomDot Belgium Material PbS, InAs, SWIR Commercial
Quantum science UK Material PbS, Ag,S, Ag,Se SWIR Commercial
Mesolight China Material PbS SWIR Commercial
Nanografi Turkey Material PbS SWIR Commercial
Quantum Solutions UK FPA PbS SWIR Commercial
SWIR Vision Systems us Camera PbS SWIR Commercial
Emberion Finland Camera PbS SWIR Commercial
STMicro Fr, IT, US Camera PbS SWIR Development
IMEC Belgium FPA PbS SWIR

Qurv Spain camera PbS-Ag,Te SWIR Development
QDI systems Netherlands FPA PbS SWIR Development
QDIR us FPA HgTe MWIR Development
Zhongxinrecheng China FPA and HgTe SWIR, MWIR Commercial

Science and Camera
Technology Co. Ltd.

Sivananthan Labs us Camera HgTe SWIR, MWIR Development
New Imaging France Camera HgTe SWIR Development

Technologies

very questionable if wafer level processing is actually the relevant
strategy, since die level manufacturing is still compatible with the
work of a single operator. Additionally, die level processing prob-
ably offers more tunability in term of processing. Nevertheless,
the high value strategy will be a losing strategy as soon as one of
the industrial companies chooses to drop the market price.

One would have noticed that both PbS and HgTe share the
similarity of containing heavy metal which has been seen as a
deal breaker in the visible when it comes to the transfer to indus-
try. Though being a non-desirable situation, it is worth pointing
out that infrared CQD-based cameras already bring a significant
reduction in the quantity of heavy metal/toxic atoms used com-
pared to their epitaxially grown counterpart. Indeed, by lifting the
constrain of epitaxy, deposition of CQD can be handled directly
on the CMOS circuit without the need of an intermediate sub-
strate made of CdZnTe or GaAs. Furthermore, the materials are

HgTe CQD-based sensors

Basic Pro{)f of Lab
principles concept testing

Basic R&D

VRL EDEDEDTD =D

Basic Process;,
\_principles develop[n'ent

Demo

processed at comparatively reduced temperatures (below 120 °C
for HgTe and below 150 °C for PbS) which also reduces the en-
ergy cost associated to the material growth. If ever a more dras-
tic reduction of toxic content was targeted, the solution should
certainly be inspired from the effort conducted for displays, for
which the efforts have been focused on a transition from II-VI
semiconductors to III-V materials (InP in the case of displays).
However, the equivalent effort based on InAs and InSb is still at
the early stage,!?2*2*1] meaning that the focus remains mostly on
growth methods, expanding the range of sizes to push toward
redder wavelengths and solving stability issues. This certainly
contrasts with the higher maturity of PbS and HgTe for which
more advanced achievements are now routinely reported. There
is certainly room for both at this stage, with PbS and HgTe act-
ing as a mature platform for prototyping while material develop-
ments target stable III-V (or other) infrared CQDs.

System Deployment

g neering Commercialization

=N
;f‘« /\
>
Prototype and Pilot Full 30
cost modeling  Production  Production process

Figure 20. Technology readiness level for HgTe CQD based focal plane arrays.
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Technology or manufacturing readiness level (TRL or MRL,
see Figure 20) is often used to describe status on the develop-
ment path. The exact definition of stages on these scales varies
but both start at a value of 1 with basic principles identified and
finish at 9 or 10 in production. Reported HgTe CQD based sen-
sors are currently somewhere in the range of TRL 3-5 and MRL
1-3 (lower for MWIR). Moving these values forward will require
a clearer target market, continued performance and stability im-
provements, and process development.

7. Conclusions

HgTe CQDs and their IR device applications are experiencing a
rapid growth. This is despite the known toxicity of Hg, and the
concerns this toxicity raises for eventual widespread commer-
cial applications. The present interest is motivated by the ease
of entry compared to traditional epitaxial technologies, the rapid
advances in detector performance and the stunning demonstra-
tions of IR imagers. HgTe CQDs allow for first explorations in
the field of solution-based IR nanomaterials, promising a trans-
formation of the IR technologies while also raising new questions
of basic academic interest. Furthermore, to date, it remains the
only platform able to cover the mid-infrared based on interband
transitions, as opposed to current alternatives (mostly HgSel2*]
and Ag,Se)!?332% that rely on intraband transitions and for
which the reported performances lag two orders of magnitude
behind.

As more groups study this versatile IR platform, new synthetic
paths for HgTe CQDs are developed enabling increased control
over their shape, phase and size. Core/shell and heterostructures
based on the HgTe platform can increase in complexity and qual-
ity to further optmize the IR response and reduce non-radiative
recombination. Much more effort can go into the CQD film fab-
rication. This includes wafer-scale coatings of films with high
optical quality, robust p-n junctions, and also much needed in-
novation in the chemical processing that addresses the atomic
details of the interfaces. This is very necessary since these inter-
faces have so much influence on the key properties of carrier mo-
bility and exciton relaxation. In parallel to chemical advances, in-
tegration in photonic or plasmonic structures will enhance light-
matter coupling, delivering increased absorption and emission
efficiency.

Started as a topic of academic research but motivated by clear
high-technology targets, HgTe CQDs reached an impressive level
of maturity that enables complex device integration. IR imaging
is acting as a flagship for this topic demonstrating the potential
of nanocrystal inks as an alternative to traditional epitaxial thin
films for IR sensing and emission. The potential of HgTe CQDs
is not limited to IR imaging, and other areas such as active pho-
tonics and IR light sources will benefit from all the development
made around the HgTe CQD platform.
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