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s ABSTRACT: Nanocrystals (NCs) are one of the few nanotechnologies to have attained
6 mass market applications with their use as light sources for displays. This success relies on
7 Cd- and In-based wide bandgap materials. NCs are likely to be employed in more
8 applications as they provide a versatile platform for optoelectronics, specifically, infrared
9 optoelectronics. The existing material technologies in this range of wavelengths are generally
10 not cost-eftective, which limits the spread of technologies beyond a few niche domains, such
11 as defense and astronomy. Among the potential candidates to address the infrared window,
12 mercury chalcogenide (HgX) NCs exhibit the highest potential in terms of performance. In
13 this review, we discuss how material developments have facilitated device enhancements.
14 Because such NCs are primarily used because of their infrared optical features, we first
15 review the strategies for the associated colloidal growth and electronic structure. The review
16 is organized considering three main device-related applications: light emission, electronic
17 transport, and infrared photodetection.
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1. INTRODUCTION

This review is related to the merging of two fields, specifically,
infrared (IR) sensing, in which mercury chalcogenides have
been widely applied (see Figure 1), and colloidal semiconductor
nanocrystals (NCs), which are nanometer sized crystals of
semiconductors. For a long period of time, these two fields
evolved independently, and they started to merge only 10 years
ago' ™’ owing to the increase in the cost constraints of IR
detection and the maturity of the growth and material
processing techniques of NCs (toward conductive films).*
The infrared range can enable individuals to see in the dark in
a fully passive manner (seeing without being seen) through
thermal imaging. For wavelengths above 3 ym, the blackbody
emission signal starts to prevail over reflection from external
sources, owing to which the objects and bodies become primary
light sources, and the emitted radiation from these objects can
be observed with a suitable (i.e., wavelength matched) detector.
The first IR sensors that emerged in the 1950s were mostly
based on lead chalcogenide materials, whose bulk bandgap was
excessively large to realize thermal detection, as shown in Figure
1. Many candidate materials were investigated, and InSb, among
the emerging III-V semiconductors, appeared to be one of the
most promising material for detection in the 3—5 pm range
(midwave infrared: MWIR). Nevertheless, the actual targeted

spectral range was 8—12 pm, which matched the maximum
emission for a blackbody at room temperature as well as the
atmospheric transparency window. This spectral range corre-
sponds to an energy transition of 120 meV, requiring very
narrow bandgap semiconductors. Moreover, a series of
materials, including gray tin, HgTe, and HgSe, were
investigated; however, these materials appeared to be semi-
metallic in their bulk form, resulting in inferior or nonexistent
photoconductive properties. In 1959, HgCdTe alloys® emerged
as photoconductive materials with a performance comparable to
that of InSb in the MWIR. In such alloys, bandgap tuning could
be realized by adjusting the Cd to Hg ratio. With a 20% content
of Cd, the cutoff wavelength of HgCdTe was approximately 12
um, and the material exhibited a reasonable performance for low
temperature operation. Thus, the development of HgCdTe was
driven by its application (i.c., passive imaging for military). At
present, the motivation for this early application may appear
paradoxical because HgTe/CdTe quantum well structures
regained interest in academic laboratories owing to their specific
electronic structure that makes such materials topological
insulators. Nevertheless, this military driven application has
rendered HgCdTe as one of the most investigated semi-
conductors, even if it notably lags Si and GaAs. To date, in the
family of infrared semiconductors (InGaAs, InSb, HgCdTe) and
heterostructures (QWIP and type II superlattices), HgCdTe
remains the leading material for IR (3—12 pm) detection,
offering a wide spectral range tunability from visible to longwave
infrared, while always matching the highest performance for
each spectral range.

Since 1993, monodisperse syntheses of colloidal NCs are
introduced through the hot precursor injection method.® This
process allows the solution growth of semiconductor particles to
generate quantum confined materials with an atom like
spectrum. For a long time, colloidal syntheses have experienced
a lack of conviction from the semiconductor community, owing
to the lower control and carrier mobilities associated with these
approaches than those attained using conventional methods.
Nevertheless, considerable progress has been made over the last
30 years in terms of the size, shape,”® and composition control.
At present, half of the periodic table can be obtained under the
NC form. The key achievements include the introduction of
core—shell colloidal heterostructures,” as this approach can not
only achieve nanoparticles with a photoluminescence (PL) yield
of nearly 100% but can also facilitate the maturity of the whole
field. Owing to such developments, NCs have become one of the
few representative nanotechnologies that have attained mass
market status. In the last five years, NCs have been used as green
and red downconverters for LCD displays,'”'' thereby
increasing the gamut (ie, range of color) compared to that
achieved using previous technologies based on lanthanide
emitters. In addition to the commercial value of this market (1
billion $ per year'>"?), this display application has demonstrated
the viability of NCs to be included in industrial processes while
enabling the realization of devices with a long lifetime (>10 y of
operation). The switch from optically excited NCs to electrically
pumped devices to reduce electrical consumption and enhance
image contrast is expected to be the next challenge in this
direction.

The introduction of mercury chalcogenide (HgX) NCs was
motivated by the concept of extendin§ the optical feature of NCs
into the red and near-infrared ranges, *as shown in Figure 1 The
first report of HgX-based NCs corresponded to a CdS/HgS
heterostructure.'” At this stage, type I core—shell”'® colloidal
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heterostructures used to enhance the PL efficiency had not yet
been reported, and the method used to grow the hetero-
structures (ie, the cation exchange method) was not an
established synthetic method'’~'" to control the NC
composition. The first targeted application of HgX NCs was
their use as broadband optical amplifiers in the telecommuni-
cation range at wavelengths between 1.3 and 1.5 um.
Specifically, HgTe NCs” were first used in the telecom domain
in the early 2000s. Because NCs are continuously spectrally
tunable, they offer higher flexibility for the design of IR emitting
devices than their III-V counterparts obtained using epitaxy,
the substrate—lattice matching for which reduces the bandgap
tunability. Despite the development of HgX NCs, as reviewed in
the following sections, this first targeted application remains
undemonstrated, although certain recent reports™ ~** indicate
that HgX NCs are promising materials to obtain infrared light
sources.

Moreover, considerable progress has been made in the control
of the surface chemistry of NCs"**7® to obtain large carrier
mobility films (4 ~ 1 cm*V~"s7"), and the growth of HgX NCs
with larger absorption wavelengths””’ ™ has led to the
emergence of HgX NCs as a viable building block for low cost
IR sensing. The basic concept of using HgTe NCs instead of
HgCdTe alloy is to replace the bandgap tunability from the
mixed composition to quantum confinement. For HgTe, which
is a semimetal, the absorption can be tuned from 1.5 €V for the
most confined form of HgTe*"*” to virtually zero. In practice, an
absorption feature of as low as 20 meV has been reported.’® In a
ten-year time scale, the material has switched from seminal
development with absorption and photoconduction in the short
wave IR (SWIR) and MWIR"’ to a versatile platform for
optoelectronics. A nonexhaustive list of key developments
include

e Evidence of an intraband in the steady state due to self-
doping?3¥*

e Large mobility films®® with g>1 cm>V~! 713

e Large absorption®” "’ and emission”' from NC films due
to coupling with structures to induce a light resonance

e Multicolor detectors*' ™’

e High detectivity devices that, for single pixels, are
comparable with commercial setups*®

e Focal plane arrays in the short wave
infrared®"**

This field has likely reached a transition point from being a
niche topic studied by a few groups, mostly with an NC
background, to becoming a field of interest for other researchers
in the photonics, p-fabrication, and optoelectronics fields,>
enabling the development of increasingly complex devices. The
expansion of this field also extends to industry (SWIR Vision,
IMEC, Qurv, and Emberion are working on PbS NC-based
imaging setups and QDIR, New Imaging Technologies are
focusing on HgTe to expand the spectral range), leading to the
emergence of a viable low cost technology for IR sensing. Such
an extension of this material toward a broader community
compels a review aggregating the material insights and
technological developments. The scope of this review is on
mercury chalcogenide (HgX: HgS, HgSe, and HgTe) NCs, not
on infrared NCs. In particular, the concept and performances of
HgX NCs are compared with those of PbS-based NCs.
However, PbS(e) is not the focus of this review. Several reviews
dedicated to HgX NCs have been reported. For example, Green
et al. focused on the synthetic aspect of NCs,”* while Rogach et

49,50 .
Y and midwave

al>® considered a historical perspective in their review. The
detection application is not described extensively in these
documents. Several short reviews have been dedicated to HgX
NCs, with a strong focus on the aspects of devices™™” or the

fundamental limits that can be achieved;*® however, none of 2s6

these reviews covers all the aspects from the material growth to
application while discussing the electronic structure and
transport properties. It is a choice of the authors not to include
biological applications of the HgX NCs. Even though certain
researchers have reported on the use of HgX NCs for biolabeling
in the near IR,” the presence of Hg has been considered
detrimental for biological applications, and thus, this direction
has not been extensively considered.

The present review is organized into six main sections. The
first section is dedicated to NC synthesis. A section is dedicated
to each of the chalcogenides (S, Se, and Te). As shape and
dimensionality control is an emerging direction for HgX NCs, a
section is dedicated to 2D nanoplatelets composed of HgX. The
subsequent section discusses the challenging growth of core—
shell objects based on HgX NCs. The final part of this chapter
deals with the doping® and tunability of the carrier density. This
section is of utmost importance for the discussion of optical
properties (for example, the intraband absorption), transport
properties (occurring at a considerably higher carrier density
compared to that for other II-VI materials, to the point at which
semiconductor to metal transition can occur), and device design
(i.e., p—n junction formation).

The second section deals with optical properties, starting with
the bulk dispersion and modifications introduced by quantum
confinement. Certain results of the modeling of the electronic
structure are presented: in addition to the sizing curve (i.e.,
energy vs size), the multiband k-p model, tight binding, and DFT
have facilitated the understanding of properties such as the fine
structure of the conduction band," origin of the stimulated
emission,”” and inverted temperature dependence of the HgTe
absorption spectrum.’” A subsection is focused on the optical
properties of the NCs, before we discuss the absolute band
alignment (vs vacuum) of the HgX NCs. This section is critical
in terms of two key aspects, specifically, the design of the
colloidal heterostructures and NC-based device integration. A
rational design of devices requires a deep and reliable
understanding of the band alignment to move beyond empirical
rules. Nevertheless, this aspect is challenging because HgX NCs
combine the inverted band ordering, quantum confinement, and
surface chemistry dependence of their spectra, which prevents
the textbook design of heterojunctions. Lastly, we dedicate a
section to the carrier dynamics, wherein we discuss the specific
experimental setup used to examine the relaxation of narrow
bandgap semiconductors with optical features in the IR.

After defining the materials and their fundamental properties,
we focus on material applications for light emission and
detection. In the subsequent section, we review the light
emission properties of the HgX NCs. We first discuss the
interband and intraband photoluminescence and later describe
recent progresses related to stimulated emission and electro-
luminescence.

Section S focuses on the transport properties of HgX NC
arrays, providing a basis for the subsequent section that reports
on the photoconductive properties of these materials. As high

291

310

carrier densities and degenerate doping are key properties of 311

HgX compounds, we first discuss the influence of the carrier
density on transport. Moreover, a section is dedicated to the
specific surface chemistries developed for HgX NCs to realize
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Figure 1. Electromagnetic spectrum highlighting the different parts of the infrared range. The main applications, sensor and source technologies, and

tunability range for the nanocrystal optical features are also illustrated.

315 simultaneous increases in the carrier mobility and stability. The
316 latter aspect is examined in depth. Finally, a section is dedicated
317 to field effect transistors based on HgX NCs.

318 In the final section, we discuss the IR photoconduction and
319 photodetection properties of HgX NC arrays. A section is
320 dedicated to the specific figures of merit of IR detection, such as
321 the spectral range, response time, responsivity, noise, signal-to-
322 noise, and operating temperature. We discuss the experimental
323 determination of these figures of merit and discuss the
324 specificities of IR NCs. The following section is dedicated to
325 devices for IR detection based on HgX NCs as the active
326 material. To avoid presenting an exhaustive list of devices, the
327 devices are categorized based on their specific geometry. We
328 start with photoconductive devices and later include certain
329 refinements of this basic geometry, including the addition of
330 gates for the design of phototransistors, use of flexible substrates,
331 intraband detection, and coupling with 2D materials. Sub-
332 sequently, we review photovoltaic devices, which exhibit the
333 highest performance at present. A subsection is dedicated to the

key upgrades of multicolor sensing, devices with enhanced
light—matter coupling, and devices to realize imaging (i.e., focal
plane arrays).

The conclusion summarizes the main developments achieved
over the past 10 years, and we highlight the main directions that
remain to be addressed: material optimization, enhanced
understanding of the material characteristics, and upgraded
devices to facilitate the propagation of the technology in the
market.

2. MATERIAL SYNTHESIS

This review first discusses the growth of NCs to be used as
building block for devices. Mercury chalcogenides are II-VI
semiconductors and are thus natural candidates to extend the
optical features of cadmium chalcogenide nanocrystals, which
are the most investigated material in the colloidal nanocrystal
form. Because mercury is located below cadmium in the periodic
table, the switch from Cd to Hg is associated with an increased
number of electrons and a reduced bandgap. Consequently,
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Figure 2. (a) Absorption spectra for various sizes of HgTe and CdSe and various doping values of ITO NCs. (b) Wavelength of the lowest energy
absorption feature as a function of the particle size for HgTe NCs, obtained from various references.

351 mercury chalcogenides are a natural candidate to address the
352 infrared range, as discussed later. Surprisingly, the field of HgX
353 NCs did not begin with the growth of core only nanoparticles
3s4 with a spherical shape but instead through the growth of
3ss heterostructures by using a cation exchange procedure at a stage
356 in which this procedure was not a conventionally accepted
357 synthetic tool to grow NCs."* This aspect led to the formation of
358 HgS/CdS core—shell particles with absorption in the red
359 domain. Nevertheless, it was promptly observed that core only
360 structures offered an easier strategy to achieve such NCs.*

361 Even though the above-mentioned materials are II-VI
362 semiconductors, their growth differs significantly from that of
363 Cd-based materials. In particular, colloidal synthesis of these
364 materials is generally realized at a considerably lower temper-
365 ature (typically, 100 °C), indicating a highly different reactivity
366 of HgX-based compounds compared to that of their Cd-based
367 counterparts. Among mercury chalcogenides,54 HgTe has
368 attracted a large amount of interest, in contrast to cadmium
369 chalcogenides, as the ease of oxidizing CdTe renders this
370 compound more difficult to grow and study than CdSe or CdS.
371 The vicinity of HgTe to the HgCdTe alloy, which is already used
372 for IR detection, has facilitated the development and under-
373 standing of this compound. Colloidal growth of HgTe has
374 attained a high level of maturity with unique size tunability
375 (from few nanometers to micrometers),”’ high monodispersity,
376 and shape control.”**** The two other chalcogenides, HgS and
377 HgSe, have been less investigated; however, the recent
378 emergence of intraband transition in this material may change
379 this trend.®>%° Among the HgX compounds, HgS exhibits two
380 specificities. First, the bulk material presents a gap, while HgSe
381 and HgTe are semimetals in the bulk form. In addition, HgS
382 exists in two crystalline forms: zinc blende and cinnabar. The
383 latter form is promising to obtain chiral optical features.

3s4  This section is organized as follows: we first review the growth
38s of core-only objects for the three chalcogenides. Then, we
386 discuss shape control relative to the growth of HgX NCs with a
387 focus on the growth of 2D nanoparticles (nanoplatelets®”). A
388 section is dedicated to HgX-based heterostructures. In addition
389 to the traditional enhancement of the photoluminescence
390 efficiency, the growth of the heterostructure is a key step to
391 obtain air stable and temperature resistant NCs. Finally, we
392 discuss the doping of HgX NCs, which is a central aspect for
393 device integration. In this section, we review not only the

—

inherent doping after synthesis but also the strategies use to tune 394
the doping magnitude through physicochemical methods. 395

2.1. HgTe Nanocrystal Synthesis

Among the three chalcogenides (HgS, HgSe, and HgTe), HgTe 396
is the most studied from the synthesis and application 397
viewpoints, which may seem paradoxical from the material 398
growth perspective because Te-based chalcogenides are less 399
available than their S and Se counterparts. In addition, Te-based 400
semiconductors usually present a lower work function,®® making 401
them more prone to oxidation. HgTe in its bulk form has been 402
well developed for infrared detection for over 50 years.”” This 403
application has encouraged the development of growth methods 404
and has facilitated the understanding of the HgTe electronic 4os
structure.”’”"* In particular, HgCdTe alloys exhibit broad 406
tunability of the absorption spectrum from the near IR to 407
longwave IR. Photocarriers exhibit a large lifetime of up to 1 ys, 408
which is favorable for the charge collection in IR sensors, and the 409
dark current in this material is among the lowest for IR 410
detectors,”>"* enabling higher operating temperatures. 411
Although this material is toxic, until now, the performances 412
recorded with HgTe-based materials are higher than those of 413
any other material. This aspect is more notable for NCs 414
dedicated to IR. HgTe exhibits the highest spectral tunability 415
(from below 1 to above 100 ym), as shown in Figure 2a. In 41622
comparison, quantum confinement allows the tuning of the 417
CdSe band edge from only 400 to 700 nm, while doping NCs in 418
ITO (tin doped indium oxide) only shifts the absorption from 2 419
to 9 um.”>’® The tunability in both cases is considerably small 420
(less than the 2 orders of magnitude) compared to that achieved 421
by HgTe. 422

Until now, the use of less toxic compounds in IR applications 423
has led to a dramatically reduced performance.”*™"” As a bulk 424
material, InSb exhibits a similar performance as that of HgCdTe 425
in the 3—5 pm range; however, the NC counterpart is not as 426
widely investigated as HgTe. InSb NCs are promising 427
materials;**"** however, their corresponding integration in 428
devices remains unexplored. Lead chalcogenides are the most 429
notable competitors to HgTe.49 Among these materials, PbS is 430
the most developed, exhibiting a high synthesis maturity,””** 431
tunable absorption in the near IR, mature transport,85 and 432
device integration.g(’_88 However, the material becomes 433
challenging to manage above 2 ym® and is limited by its bulk 434
bandgap (=4 pm).”® Owing to these considerations, HgTe NCs 435
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Table 1. Conditions for the Selection of Relevant Syntheses for HgTe NCs

EVE

Te
Hg precursor  precursor ligand solvent/temperature method size (nm)  optical prop  year/ref
Hg(ClO,), H,Te thioglycerol water/RT 3—6 uptoldpum 1999°°
Hg(ClO,), H,Te thioglycerol, thioglycolic acid, water/RT and then 3—12  upto 3.7 um 2006”7
L-cysteine, mercaptoethanol, and heating at 80 °C
mercaptoethylamine
HgCl, H,Te triethylamine, tripropylamine DMSO or DMF and 4-10 upto45um 20207
-furanmethanethiol diphenylether/
40—80 °C
HgBr, TOP:Te TOPO TOPO/70—100 °C  hot injection 3—17 above L.7um  2013%
Hg(OAc), TOP:Te  ethanol ethanol/ —78 °C low T injection 3—4 uptol.6 yum 2006™
Hg(OAc), Te pyridine butanol/0—90 °C injection of cation on S—12  uptoSum 2011°
anion
HgCl, TOP:Te DDT OLA/60—120 °C 5-12 uptoSum 20117
HgCl, TMS,Te DDT OLA 5—12 uptoSpum 2017%
HgX, TOP:Te DDT OLA/60—300 °C injection of both cations ~ §—1000  2—60 um 2018%°
X = Cl, Br, 1) and anions in a hot
solvent
liquid Hg TOPTe DDT OLA/60—150 °C in situ formation of Hg 3-20 13-15um 2020
thiolate
C-H str. band |
from DT

1.1

Energy. (eV)

0.7 0.5 0.3

Figure 3. (a) High resolution TEM image of HgTe NCs obtained through the synthesis described in ref 20. (a) Adapted from ref 103. Copyright 2005
Japan Society of Applied Physics. (b) Representative room temperature absorption spectra of DDT-capped HgTe NCs in CCl,. (c) TEM image of 9
nm DDT-capped HgTe NCs emitting at 3 ym. (b,c) Adapted with permission from ref 27. Copyright 2006 American Chemical Society.

436 represent a highly versatile platform for IR photonics and
437 optoelectronics. Initially (2000—2010), the interest in HgTe
438 NCs was not driven by IR detection as for the bulk case but
439 rather by light amplification.”® Only later (post 2006) did HgTe
440 NCs emerge as a promising low cost alternative™’ to bulk
441 HgCdTe alloys.

442 Although HgX NCs are II-VI semiconductors, as is CdSe,
443 their synthesis involves certain specificities. For example, the
444 synthesis temperature is significantly reduced compared to that
445 of CdSe NCs, as indicated in Table 1. The synthesis strategies
446 used to obtain HgTe NCs can be categorized as the aqueous
447 method, which has been extended to polar solvents, and the
448 organic medium method.

49  2.1.1. Synthesis in a Polar Solvent. Incredibly, early
450 reports on HgTe NCs and their alloying with HgCdTe can be
451 found. The early concepts were likely motivated by the

O

sy

452 realization of polycrystalline films by using chemical bath
453 deposition. By mixing mercury halides with sodium telluride in
454 methanol, large (1—100 nm) nanoparticles of HgTe and
455 HgCdTe were obtained by Miillenborn et al.”” This research
456 was followed by a period of low interest in HgX NCs, likely
457 corresponding to the period in which CdSe NCs became
458 popular. Rogach et al,, inspired by their earlier work on CdTe
459 NCs, %% developed a water-based synthesis approach for HgTe
460 NCs.””'% Mercury perchlorate was dissolved in water in the
461 presence of thioglycerol as a ligand, and H,Te was bubbled in
462 this solution, acting as a Te?” source. The reaction could be

more effectively performed under alkaline conditions (pH = 9— 463
12, typically). The obtained HgTe NCs exhibited a tunable size 464
from 3 to 6 nm, as shown in Figures 3a and 26a in terms of 465 f3
transmission electron microscopy (TEM) images and optical 466
spectra, respectively. Synthesis was conducted at room temper- 467
ature, and the NC emission reached the telecom range. Later, 468
Kovalenko et al. introduced an additional Ostwald ripening step 469
by heating the solution after growth at 80 °C.”” Larger particles, 470
10—12 nm (Figure 3b,c), were obtained, and the PL signal 471
reached 3.7 pm, as shown in Figure 26b. More recently, Rogach 472
and co-workers expanded the concept of this synthesis to 473
nonwater-based polar solvents by performing syntheses in 474
DMSO'’" and DMF.”* Using this approach, the PL spectra were 475
pushed to 4.5 ym. This approach is also relevant for IR detection 476
because NCs are readily available in polar solvents in which the 477
particles are capped by short ligands compatible with transport. 478
This approach has already been utilized for PbS nanocrystals by 479
realizing NC formation without long insulating ligands to obtain 4s0
an ink that can be spin-coated to form a conductive film of NC 481
with a low density of the surface traps.'** 482

2.1.2. Synthesis in an Organic Medium. A key limitation 4s3
of aqueous syntheses is the use of H,Te, which makes the 4s4
synthetic setup considerably more complex than that for solid/ 4ss
liquid based syntheses. Alternative growth methods, typically 486
conducted in organic media, have been developed. As for water- 487
based syntheses, early evidence for mercury chalcogenides NC 438
organic syntheses can be found. In the pioneering work by 489
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Figure 4. (a,b) TEM images of HgTe capped with octadecylamine and TOPO prepared at 70 °C. (a,b) Reproduced with permission from ref 93.
Copyright 2003 Royal Society of Chemistry, permission conveyed through Copyright Clearance Center, Inc. (c) Absorption spectra of HgTe
nanoparticles. (d) TEM image of HgTe QDs redissolved in toluene. (c,d) Adapted with permission from ref 94. Copyright 2006 American Chemical
Society. (¢) TEM image of HgTe CQDs with an absorption onset at S ym. (f) Fourier transforms of the interferograms measured from films of HgTe
NCs with cutoff wavelengths at 3 and S ym. (e,f) Adapted from ref 3. Copyright 2011 Nature.

490 Murray, mostly dedicated to CdSe, mercury chalcogenides are
491 also mentioned.’ In the earliest stage of the hot injection
492 method, highly reactive precursors are used, such as metal alkyl.
493 Diethyl cadmium is highly reactive and easily forms pyrophoric
494 compounds; however, the toxicity of its mercury counterparts is
495 even higher.'”* Consequently, additional approaches for
496 synthesizing HgTe NCs based on alkyl mercury have not been
497 proposed. Nevertheless, the use of phosphine as a capping ligand
498 has been retained. Green et al. proposed a mild temperature (70
499 °C) synthesis in which a mercury halide reacts with the Te
s00 complex and trioctylphosphine (TOP:Te) in a mixture of a
so1 coordinating solvent (TOPO and long chain amines).””'* This
502 combination of the Hg** salt and TOP:Te in the presence of an
s03 amine has been the backbone of most syntheses approaches
so4 developed subsequently. The authors reported fairly large NCs
505 (up to 17 nm), as shown in Figure 4a,b, with a featureless optical
s06 spectrum. Although the lack of excitonic features might
507 correspond to polydispersity, such features likely appear at
sos wavelengths larger than the reported data. Piepenbrock et al.
509 enhanced this method to realize a lower polydisperse synthesis
s10 of small NCs (3—4 nm), as shown in Figure 4d. This synthesis
s11 was based on the use of mercury acetate as the Hg precursor in
s12 the presence of long chain amines and ethanol as the solvent.
513 The TOP:Te was slowly added while cooling the reaction to
s14 —78 °C (dry ice). The NCs exhibited an absorption shoulder at
515 1200—1600 nm, as shown in Figure 4c.

si6  In 2011, Keuleyan et al. introduced the first synthesis
517 technique to realize absorption and photoconduction up to S
sig um, as shown inFigure 4f° This approach represented a
s19 breakthrough from an application point of view because the
520 material was sufficiently red to enable thermal imaging with
521 NCs. However, the associated quality was low, with highly

—

severe aggregation, as indicated in the TEM image shown in 522
Figure 4e. In addition, this synthesis was relatively different from 523
the existing approaches. First, this approach was the only one s24
based on elemental Te. While most syntheses rely on hot s23
injection of the Te’™ anion, this procedure relies on the 526
introduction of Te powder, pyridine, and butanol to the flask 527
and injection of the cation salt (mercury acetate). Although the s2s
inherent aggregation of this synthesis technique was appealing 529
for transport to achieve a high carrier mobility, the wide size s30
dispersion of the NCs led to extremely broad optical features 331
with only the tail of absorption actually reaching the 3—5 ym s3
range. The alternative synthesis led to larger particles (up to 12 s33
nm); however, the monodispersity was required to be enhanced. s34

Around 2010, a series of conceptually similar procedures were s3s
demonstrated for the growth of HgTe NCs.”>*>'%*'%” Most of s36
the concepts were based on the use of the conventional hot 537
injection method (injection of an anion in a cation solution at a s3s
“high” temperature). A Hg*" salt from HgCl, or mercury acetate s39
was dissolved in the presence of an amine, a thiol, and possibly s40
oleic acid.'”” A noncoordinating solvent could also be added.'* s41
The Te precursor was obtained from Te complexed with s4
phosphine, as initially proposed by Green et al.” This approach s43
is widely used for photoconduction devices.**®'% Thus, it is s44
worth describing the role of each component. The reaction is s4s
conducted under mild temperatures (60—120 °C): a higher s4s
temperature corresponds to larger particles. Similarly, the s47
reaction duration can be considered as a size control parameter. s48
At a temperature of 60 °C and duration of 3 min, particles with a s49
band edge at 6000 cm™' (x720 meV or 1.8 um) can be sso
obtained, corresponding to a particle size of approximately 6 ss1
nm; the conditions of 120 °C and 15 min yield a band edge at ss2
2000 cm™' (%250 meV or S um), leading to a particle size of ss3 fs
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Figure 5. (a) TEM image of 9.1 nm HgTe NCs. (b) Absorption spectra of differently sized HgTe NCs showing multiple features. (a,b) Adapted with
permission from ref 28. Copyright 2014 American Chemical Society. (c) Absorption spectra of the HgTe CQD solution showing intraband absorption
for the largest particles. (c) Adapted with permission from ref 63. Copyright 2018 American Chemical Society. (d) Small-angle X-ray scattering signal
and the corresponding fits for colloidal solutions of HgTe NCs exhibiting a reasonable size control (10% distribution) across a range of samples. (e)
TEM image of a HgTe NC-based superlattice upon slow evaporation of the solvent. The inset image shows a monolayer of the same particles dropcast
from a dilute solution (scale bar, 10 nm). (d,e) Adapted with permission from ref 61. Copyright 2019 American Chemical Society. (f,g) TEM images of
large HgTe NCs with absorption above 10 ym. (h) Series of infrared spectra for extremely large HgTe NCs. (f—h) Adapted with permission from

ref30. Copyright 2018 American Chemical Society.

ss4 approximately 12 nm, as shown in Figure 5a. To obtain even
sss larger particles, a regrowth step in which the Te precursor is
ss6 injected dropwise must be performed.”® The Hg to Te ratio is
ss7 generally set as approximately 1. An amine must be used to
sss realize monodisperse syntheses,'*”''" with a more dilute
ss9 synthesis corresponding to a lower polydispersity.”® Under the
s60 dilute condition, an NC with an absorption spectra involving up
s61 to six clearly defined optical transitions can be obtained,”*”” as
s62 shown in Figure Sb. In this case, the HgTe NCs in the IR range
s63 are as desirable as the Cd-based NCs in the visible range. The
s64 introduction of carboxylic acid (even using mercury oleate as the
ses precursor' ) and thiol during the synthesis accelerates growth.
se6 Because the synthesis is conducted at mild temperatures,
s67 lowering the temperature to RT is not sufficient to stop growth.
s6s Thus, a long chain thiol (dodecanethiol) is generally introduced
s69 to render the NC surface inaccessible to the remaining

precursors. Goubet et al. used the same approach; however,
both the Hg and Te precursors were injected into the hot
solvent.,”” as earlier proposed to obtain highly monodisperse
PbSe NCs.''' In this case, the motivation was to avoid
degradation of the Hg precursor. Using this strategy, the authors
succeeded in realizing the growth of HgTe NCs from 60—300
°C and obtained an extremely broad size tunability from S to
1000 nm, as shown in Figures 5f—g.*° Using such large particles,
the authors reported absorption up to the 60 ym peak and up to
200 pm for the cutoff,*® as shown in Figure Sh. These NCs were
the first reported structures larger than the HgTe Bohr radius' ">
(40 nm) to present absorption in the THz range.

An interesting evolution of this method was the replacement
of the phosphine-based Te precursor with bis(trimethylsilyl)-
telluride (TMS,Te).” Bis(trimethylsilyl)sulfide has been widely
used to realize the growth of CdS shells and synthesize PbS

H https://dx.doi.org/10.1021/acs.chemrev.0c01120
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Figure 6. (a) Image of a liquid Hg drop. (b) Optical and SEM images of a solution of mercury dodecylthiolate prepared from liquid Hg. (c) TEM
picture of HgTe QDs synthesized using liquid Hg as a precursor. (d) Absorbance spectra of HgTe QDs synthesized from S0 to 200 °C by using liquid
Hg as the precursor. (e). Comparison of the mass yield obtained in this work to those reported previously, assuming the total conversion of the limiting
reagent into a HgTe material. Adapted with permission from ref 96. Copyright 2018 American Chemical Society.

ss6 cores.” Bis(trimethylsilyl)chalcogenides are highly reactive
s87 forms of chalcogenides that rapidly decompose and behave as
sss reduced forms of anions (S*7, Se*”, and Te*~). When TMS, Te is
589 used to grow HgTe, more spherical shapes can be achieved; in
590 contrast, the reaction based on TOP:Te leads to branched or
s91 faceted shapes. These spherical particles enable the formation of
s92 HgTe NC-based superlattices61 (see Figure Sd,e) and can be
593 used to enhance the carrier mobility by allowing a higher packing
so4 density in the film.>° However, this strategy is difficult to
s9s generalize owing to the high cost and small lifetime of TMS, Te.
596 Nevertheless, this synthesis is essential because it is the first
s97 reported intraband absorption for HgTe NCs, as described in
598 the section dedicated to doping and Figure Sc.

599 Recently, Goubet et al.”® addressed the scale-up of the
600 synthesis. Current syntheses are significantly diluted (<10 g-L ™"
601 of NCs per volume of solution, as shown in Figure 6e). This
602 issue is critical to scalability, as high dilution conditions require
603 greater effort to obtain the same amount of NCs. Specifically, the
604 setup and precursors are relatively inexpensive, and human effort
605 is the main cost related to NC grow‘ch.113 In addition, a more
606 concentrated solution generally reduces the amount of solvent
607 (and associated cost) required in the NC cleaning steps.
608 Therefore, it is necessary to develop more concentrated
609 syntheses. As mentioned previously, most strategies to grow
610 HgTe NCs rely on the use of Hg*" salt. A key issue with the
611 existing syntheses is the low solubility of Hg halide in organic
612 solvents, especially at the temperatures used for HgTe NC
613 growth (i.e, below 100 °C). This aspect dramatically reduces the
614 synthesis concentration. The use of an aprotic polar solvent
615 (DMF, DMSO) can help increase the salt solubility and achieve
616 a nanocrystal concentration of up to 60 g-L ™. Alternatively,
617 Goubet et al. proposed the use of Hg thiolate as a strong soluble
618 form of Hg in oleylamine (OLA) and demonstrated that Hg

thiolate can be formed from liquid Hg sonicated with DDT,” as 619
shown in Figure 6a,b. This mixture reacts with TOP:Te, as 620
shown in Figure 6c. Using this approach, the authors 621
demonstrated the synthesis of HgTe NCs from NIR to longwave 622
IR, as shown in Figure 6d. Up to 7 g of 2 um cutoff HgTe NCs 623
could be achieved from 150 mL of liquid (including the reaction 624
and cleaning solvents) ¢ as shown in Figure Ge. 625

Before completing this discussion related to material growth, 626
the sizing curve must be mentioned as a valuable tool to 627
empirically correlate the particle size to the absorption feature. 628
For HgTe, two models have been proposed. The first model was 629
reported by Kovalenko et al,,”” which provided the energy of the 630
interband transition (in eV) as a function of the particle (d in 631
nm) size: E = 0.3 + 0.2 d"'m+ 5.7 d™2 The other model was 632
proposed by Lhuillier et al., which was obtained by mixing a two- 633
band k-p model through empirical fitting.""* In this case, the 634

band edge wavelength (in y#m) was related to the particle radius 635
30.5

() -1 s
Nevertheless, these two expressions are old, and the size range 637
that can be obtained has been considerably extended, as shown 638
in Figure 2b. When considering only the interband transition 639
(i, excluding the feature resulting from the intraband and 640
plasmonic absorption observed in the largest NCs), an empirical 641
expression to fit the wavelength vs size (i.e., effective diameter in 642
nm) is 4 = 0.17d"*, as shown in Figure 2b. 643

(R) according to the following expression: 4 =

2.2. HgSe Nanocrystal Synthesis

In addition to telecom motivations,""” similar to those reported 644
for HgTe, the initial motivation for HgSe NCs was to push the 643
optical feature of CdSe toward larger wavelengths to attain an 646
infrared transparency window in which bioimaging could be 647
realized."'® Most of the initial papers on HgS(e) reported on its 648
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Figure 7. (a,b) TEM images of HgSe nanocrystals made with mercury acetate and TOP:Se in TOPO. (c) Corresponding visible to near IR absorption
spectrum. (a—c) Reproduced with permission from ref 117. Copyright 2008 Royal Society of Chemistry, permission was conveyed through the
Copyright Clearance Center, Inc. (d) Absorption (full line) and photoluminescence (dashed line) spectra of HgSe clusters prepared in the
microemulsion. (d) Adapted with permission from ref 116. Copyright 2003 American Chemical Society. (¢) TEM image of typical HgSe nanocrystals
synthesized in oleic acid and oleylamine. (f) FTIR spectra of small and large HgSe nanocrystals. (g) Intraband absorption range of HgSe nanocrystal
obtained from this synthesis. (e—g) Adapted with permission from ref 29. Copyright 2016 American Chemical Society.

649 optical features in the red''® and near-infrared ranges' " as well
650 as the UV range.""” The latter observation may appear surprising
651 because the bulk bandgap of HgSe is smaller than that of CdSe
652 and the optical band edge is expected to be found at a larger
653 wavelength for HgSe NCs than for CdSe NCs at the same
6s4 particle size. In 2014,”* this puzzling observation was clarified by
6ss observing the intraband absorption in HgSe NCs. Similar to
6s6 HgS,* HgSe NCs appear to be self-doped® (as described in the
657 section dedicated to doping later in this chapter), indicating that
658 doping is realized without the introduction of any impurities
659 while conducting synthesis under the stoichiometric condition
660 (the same molar amounts of Hg and Se). The main evidence for
661 this doping is the presence of a narrow peak in the mid-infrared
662 range, as shown in Figure 7f,g. This peak is the signature of a
663 Fermi level located within the conduction band above the 1Se
664 state, as shown in Figure 12f. Because of this degenerate doping,
665 the interband transition is partly bleached, which considerably
666 smooths the visible and even near-infrared absorption. This lack
667 of clear features in the visible domain and the shifting of the
663 absorption toward the mid-infrared range is likely why the
669 intraband absorption was missed in early works on HgSe. Since
670 this observation was made, we observe a complete shift of the
671 motivation for HgSe NC development. The interest in
672 bioapplications appears limited likely due to the presence of
673 Hg, with the use of HgSe particles limited to in vitro applications.
674 Nevertheless, many researchers have attempted to integrate

HgSe NCs into devices by exploiting their infrared intraband 675
absorption, 22343947,118-120

Table 2 summarizes the main synthetic processes used to 677 2
grow HgSe NCs. The first synthesis of nanosized HgSe involved 678
nearly cluster-sized materials. Similar to the first HgTe synthesis, 679
these syntheses were performed in a polar solvent. Considering 680
the case of HgTe nanocrystals,”” Harrison et al.'"> developed a 681
synthesis technique for HgSe nanocrystals capped with 6s2
thioglycerol in water. The chalcogenide precursor was obtained 683
from H,Se gas, generated ex situ in an adjacent inline flask. 684
Eventually, small HgSe NCs with a PL of approximately 1 ym 6ss
were obtained. 686

Certain early synthesis approaches for HgSe were partly 687
inspired by bioreactions: HgSe is a common byproduct of the sss
Hg exposure of biological entities through the reaction of Se 689
containing protein with Hg.>* Thus, Kuno et al."'° realized the 6%
synthesis of a molecular cluster of binary and ternary mercury 691
chalcogenides, including pure HgSe. Clusters were generated 692
using a microemulsion with polyoxyethylene 4-lauryl ether 693
(Brij30) and bis(2-ethylhexyl) sulfosuccinate (AOT) as a 694
surfactant. The clusters were stabilized with a “magic” size and 695
demonstrated optical absorption and photoluminescence at 595 696
and 628 nm, respectively, as shown in Figure 7d. 697

In 2008, the synthesis approach for HgTe proposed by Green 698
et al.”® was adapted for HgSe NCs."'” TOP:Se was used as a 699
selenium precursor that reacted with mercury acetate in a 700
mixture of TOPO and ethanol. Surprisingly, the 4.9 nm 701
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Table 2. Conditions Related to the Selection of the Relevant Synthesis Techniques for HgSe NCs

Hg precursors  Se precursors ligands solvents/temperature
Hg(ClO,), H,Se thioglycerol ~ H,O, thioglycerol T,y
Hg(acetate), (TMS),Se thioglycerol ~ H,O, thioglycerol, hexane,
TOP, C1,E4, AOT/Toeom
Hg(acetate), TOP:Se TOPO, ethanol/T,oo
HgCl, Se=C(NH,), DDT OLA/110 °C
Hg(acetate), Se-ODE OA, ODE/100 °C, T, and
—78 °C
Hg(acetate), cation OA, OLA, hexane, octylamine,
exchange on DDT trioctylamine, OLA/Tom
CdSe
Hg(acetate), TOP:Se DDT OA, OLA/60—120 °C
SeS,
HgCl, cation TOPO ODE, OLA/150 °C
exchange on
CdSe
HgCl,, Hgl, Se DDT OLA/250 °C

method size (nm) optical properties  year/ref

1 um 2000'"*

1 ym (PL)
microemulsion 2-3 595 nm 20031
620 nm (PL)

3.9-6 350 nm 2008'"”

hot injection 5.5-6.2 4 ym 20147
15-100 800-1000 nm  2014'*

1-1.3 ym (PL)
cation exchange 2—3 atomic ML 700—800 nm 2016
100 X 200

hot injection 6-23 4-20 pum 2016%
cation exchange 11.3 S ym 2017"%*
injection of both cation and 20-100 9—18 ym 2018

anion in hot solvent

702 nanocrystals exhibited a band edge at 2.5 eV without any clear
703 exitonic peaks, as shown in Figure 7a—c, indicating that the IR
704 absorption of this material was likely missed in the early work

705 The use of a long chain and coordinating amine, such as
706 oleylamine, is critical to synthesize well-defined HgSe nano-
707 crystals. Deng et al.’* described the synthesis of HgSe
708 nanocrystals with a low size dispersion through the reaction of
709 mercury chloride with seleneourea in oleylamine. The typical
710 reaction temperature was approximately 100 °C (between 60
711 and 150 °C). Temperature was the main parameter driving the
712 final particle size. At this stage, the surface chemistry of the
713 particle consisted of oleylammonium chloride,'” which could
714 be replaced by thiol either through quenching of the reaction or
715 by a postsynthesis treatment. Moreover, the reaction was
716 generally conducted under stoichiometric conditions or with a
717 slight Hg excess to favor the doping level and carrier mobility."*'
718 The size of the nanocrystals (5.5—6.2 nm) was similar to that of
719 the nanocrystals obtained through TOPO with TOP:Se.""”
720 However, Deng et al. demonstrated that an intraband transition
721 occurred in the mid-IR range (4 ym). It is likely that the particles
722 obtained using Howes’ method (mercury acetate/TOPO/
723 ethanol reacting with TOP:Se) presented intraband absorption
724 and that this aspect was missed by the authors. The process used
725 by Deng et al.”* was clearly derived from Keuleyan’s procedure
726 for HgTe.”” In the latter procedure, the HgCl, in oleylamine was
727 used as the reacting medium. Because TOP:Se is less reactive
728 than TOP:Te, the authors replaced the Se precursor with a more
729 reactive species, such as seleneourea. Lhuillier et al.>’ used the
730 opposite approach; instead of increasing the reactivity of the Se
731 precursor, TOP:Se was used as the precursor, and a more
732 reactive form of mercury, such as mercury oleate, was employed.
733 The latter can be easily prepared by mixing mercury acetate in
734 the presence of oleate. This compound however degrades at
735 high temperatures (more than or equal to 150 °C). Under such
736 conditions, in the presence of an amine, Hg’rII is easily reduced to

— = =

metal Hg. The temperature and duration of the reaction were
the two main parameters to tune the particle size. However,
degradation of the Hg precursor likely hindered the generation
of large NCs. To overcome this difficulty, the authors
recommended the use of a phosphine free synthesis, in which
the Se precursor was derived from SeS, diluted in oleylamine.
Owing to the lack of phosphine, a larger amount of the
nanoparticle surface was available, which facilitated growth,
leading to particle sizes of up to 40 nm. This large size tunability
allowed the tuning of the energy of the intraband feature from 3
to 25 um, as shown in Figure 7g.””'**

The shape of the HgSe NCs is spherical (Figure 7e), in
contrast to that of HgTe, for which most of the synthesis
approaches lead to faceted objects. The resulting NCs appear to
be relatively monodispersed and easily self-organize on TEM
grids to form a close packed lattice. Nevertheless, recent
transport measurements have indicated that the remaining size
distribution limits mobility in HgSe NC arrays,121 requiring the
development of more effective synthesis techniques.

2.3. HgS Nanocrystal Synthesis

HgS exhibits two key differences against HgTe and HgSe: (i) the
metacinnabar (f-HgS) zinc blende structure of mercury sulfide
is a narrow bandgap™ (0.65 eV) semiconductor, while HgTe
and HgSe are semimetals. Despite this bandgap, the optical
properties of this phase are highly similar to those of HgSe,
exhibiting intraband absorption (Figure 8c) due to self-doping.
In addition, (i) in the bulk and nanoscale, mercury sulfide is
stable in two crystal structures. In the second structure, the
cinnabar phase (@-HgS) exhibits a bulk bandgap of 2.1 eV and is
known as vermilion due to its red color.

2.3.1. f-HgS Nanocrystal Synthesis. Table 3 summarizes
the main synthetic processes used to grow #-HgS NCs. As in the
case of HgSe, HgS nanocrystals were first synthesized for the
visible—near-infrared range. The first synthesis'*>~"*” of HgS
nanosized materials was in the form of CdSe/HgS/CdS

https://dx.doi.org/10.1021/acs.chemrev.0c01120
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Figure 8. (a) Photoluminescence and absorption spectra of /-HgS nanocrystals during their formation. (b) f-HgS nanocrystals under UV illumination
and normal illumination (inset). (a,b) Adapted with permission from ref 129. Copyright 2002 American Chemical Society. (c) Intraband absorption
and photoluminescence of f-HgS nanocrystals with different sizes. (d) Interband absorption of f-HgS nanocrystals with various sizes. (¢) TEM images
of f-HgS nanocrystals with various sizes. (c—e) Adapted with permission from ref 136. Copyright 2016 American Chemical Society.

heterostructured quantum dots. The core of CdSe was coated
with a few layers of HgS and capped with CdS, thereby achieving
a kind of spherical quantum well heterostructure. The CdS
quantum dots were formed in the presence of sodium
polyphosphate by reacting H,S gas with Cd(ClO,), in water.
The HgS quantum well was grown with Hg(ClO,), with the
same sulfur precursor. Next, the reaction with Cd(ClO,), was
repeated for the last layer. The number of Hg$ layers (from 1 to
4) sandwiched between CdS could be increased by increasing
the deposition cycles. The particle band edge was red-shifted
from 470 to 800 nm for larger heterogeneous materials. Later,
Dorfs et al.'*® enhanced the complexity of this heterogeneous
structure by proposing the synthesis of multilayered spherical
CdS/HgS nanocrystals. The key concept was to increase the
thickness of CdS materials before growing the HgS shell to reach
partial substitution of the CdS layer by HgS. In 2002, Higginson
et al.'”’ developed a synthesis technique for small HgS
nanocrystals. The use of a strongly binding ligand, such as
thioglycerol for Hg**, and compartmentalization of the Hg and S
precursors were crucial to realize controlled growth of HgS
nanocrystals. HgS growth was stopped by adding a cadmium or
zinc precursor, which increased the photoluminescence of the

materials (QY of 5—6%) compared to that of the materials
passivated using aqueous precursors (QY < 1%). The size range
of the resulting materials was from 1 to 5 nm. As shown in Figure
8a, the corresponding absorption spectra exhibited resolved
excitonic features, and band edge absorption appeared between
500 and 800 nm. Owing to the Cd and Zn passivation, the HgS
nanocrystals exhibited clear photoluminescence in the visible
range, as shown in Figure 8b. An alternative approach to
synthesize aggregated HgS nanocrystals was proposed by Yang
et al,"** who exploited the fact that ordered two-dimensional
arrays of aggregates could be obtained at the interface between
water and chloroform. HgS nanocrystals were formed through
the interfacial reaction between Hg(acetate), and H,S gas from
the upper aqueous phase. The Langmuir monolayer of arachidic
acid was used to create aggregates between this surfactant and
the HgS nanocrystals. The aggregate size was approximately 260
nm, with the HgS nanocrystals having a size of 8 nm.

The first synthesis using TOP:S as a chalcogenide precursor
was proposed by Wichiansee et al."*' in 2011. To overcome the
low reactivity of TOP:S compared to TOP:Te and TOP:Se for
TOPO-capped HgTe and HgSe synthesis, HgS nanocrystals
were synthesized at 120 °C instead of near room temperature.

https://dx.doi.org/10.1021/acs.chemrev.0c01120
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Table 3. Conditions Related to the Selection of the Relevant Synthesis Technique for f-HgS NCs

EVE

optical
Hg precursor S precursors ligands solvents/ temperature method size (nm) properties year/ ref
Hg(ClO,), H,S CdS water/ Tyoom cation exchange 1-3 500—800 nm 1994"%7
monolayers
713—961 nm
(PL)
Hg(acetate),  (TMS),S thioglycerol, thiophenol, cyclohexane, hexane, 1-5 500—800 nm 2002'%
dodecylamine, H,0,
hexadecanethiol thioglycerol/ T, oo
600—700 nm
(PL)
Hg(acetate), TOP:S TOP/TOPO TOPO/150 °C hot injection 4 broad 900 nm 2011"!
broad 1127 nm
(PL)
Hg(ClO,), Na,S glutathione H,0, glutathione/ T, oo, 2.87 700—800 nm 2012132
775—1041 nm
(PL)
HgCl, thioacetamide lysozyme H,0, lysozyme/37 °C lypozyme template 14-27 400 nm 2012'%*
470 nm (PL)
Hg(NO;), Na,$ BSA H,0, NaOH, BSA/ T,oom biomineralization 3.8 480—600 nm 20121
680—800 nm
(PL)
HgCl, thioacetamide, DDT OLA/30 °C injection 3.5-14 S pm 2014>
(TMS),S,
(NH,),$
S ym
Hg(NO;), S DDA, OLA, or OA toluene, OLA, OA, phase transfer 12—100 2014'%
DDA/ T,gom or 80 °C
HgCl, (NH,),S OLA, TOP, or DDT OLA, TCE, TOP/ T,y 3-15 4-10 pum 2016"%¢
3.6—6.7 um (PL)
HgCl, Hgl, S DDT OLA/250 °C injection of both cation 50—150 9 and 18 ym 2018

and anion in hot solvent

815 The resulting nanocrystal solution was polydisperse, with a
816 mean value of 3.9 nm. This polydispersity led to a broad band
817 edge at 910 nm with a weak and broad photoluminescence from
818 900 to 1600 nm. Other near-infrared photoluminescence
819 materials were obtained with glutathione-coated HgS nano-
820 crystals.”*” In this synthesis, the mercury precursor (Hg-
(ClO,),) was dissolved with glutathione in water. HgS was
822 obtained via the slow injection of Na,S, and the obtained
823 material exhibited an excitonic shoulder at 781 nm with
824 photoluminescence at 915 nm. The photoluminescence was
825 maximum at pH 9.5, which corresponds to the deprotonated
826 form of glutathione; in this state, most of the thiol groups
827 efficiently bind the Hg on the nanocrystal surface, reducing the
impact of the surface traps.

82

—_

82,

>3

135

excitation peak from 480 to 600 nm, with photoluminescence
from 680 to 780 nm. The nanocrystal size was controlled
through the Hg/S ratio. Later, Han et al.
transfer synthesis from gold to HgS nanocrystals. Mercury was
transferred from the aqueous phase to the organic phase by 843
dissolving mercury nitrate and dodecylamine in water/ethanol.
The ions were transferred by mixing the aqueous phase with
toluene, oleylamine or oleic acid. Sulfidation was achieved by s46
adding elemental sulfur to the organic phase for 3—4 h. The size
of the HgS nanocrystals ranged from 12.5 to 56 nm depending of s4s
the sulfidation temperature and organic phase.

The first study that reported the synthesis of HgS nanocrystals
with intraband transition was that of Jeong et al.”” This synthesis

adapted the phase

was adapted from that of HgTe in oleylamine. However, because

842

844
845

847

849

829  Two synthesis approaches using proteins were proposed for
830 HgS. First, Zhang et al.'* used lysozyme as ligands for HgS
831 nanocrystals: HgCl, dissolved with lysozyme in water reacted
832 with the S~ provided by thioacetamide at 37 °C. The second
833 approach was proposed by Goswami et al.">* In this synthesis,
834 HgS nanocrystals were obtained using the biomineralization
835 process. In the first step, HgO nanocrystals were obtained using
836 mercury nitrate and bovine serum albumin (BSA) in water.
837 Next, Na,S was used for the sulfidation of HgO to HgS
838 nanocrystals. The resulting HgS nanocrystals exhibited a clear

—

TOP:S exhibited an extremely low reactivity with HgCl,, more ss3
reactive thioacetamide ((TMS),S, or (NH,),S) chalcogenide sss
precursors were used. The reaction was quenched using 8ss
dodecanethiol (DDT). The obtained HgS nanocrystals had a ss6
size of 5 nm, and a clear intraband absorption peak was observed ss7
in the mid-infrared range (S ym). Later, the size ranges of HgS sss
nanocrystals with intraband transition were expanded in the 859
study of Shen et al."*® The HgCl, precursor was reacted with s6o
(NH,),S, and the Hg/S ratio allowed size control from 2.9 to ss1
14.5 nm, as shown in Figure 8e. As shown in Figure 8d, the 862

https://dx.doi.org/10.1021/acs.chemrev.0c01120
Chem. Rev. XXXX, XXX, XXX—XXX


pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c01120?ref=pdf

o

Chemical Reviews pubs.acs.org/CR
100 T r -
89| =pured ]
= d/l ratio 4/1
60— i ratiol 312 1

pure |

Figure 9. (a) High resolution TEM image of a-HgS nanocrystals. (b) Atomic model of the cinnabar Hg$ lattice. (c) Circular dichroism (CD) spectra
of a-HgS$ nanocrystals with different /L ratios of penicillamine. (a—c) Adapted with permission from ref 138. Copyright 2013 Wiley VCH. (d) TEM
image of a-HgS nanocrystals synthesized with successful growth. (e,f) TEM image of two hellicoidal enantiomorphs of a-HgS. (d—f) Adapted with
permission from ref 139. Copyright 2017 Nature. (gh) TEM images of left- and right-handed oriented attachment of a-HgS nanocrystals. (gh)
Adapted with permission from ref 142. Copyright 2017 American Chemical Society.

863 interband transition was slightly modulated by the nanocrystal
864 size compared to the intraband absorption that covered the mid-
86s infrared range from 4 to 10 ym with corresponding photo-
866 luminescence from 3.6 to 6.7 um. Later, Goubet et al*’
867 expanded the size control of several tens of nanometer
868 nanocrystals from 50 to 150 nm by injecting a mixture of
869 mercury halogenide and elementary sulfur in hot oleylamine.
870 This last synthesis expanded the intraband absorption up to 18
871 pim.

872 2.3.2.a-HgS Nanocrystal Synthesis. Cinnabar crystallizes
873 in the trigonal system with a noncentrosymmetric structure.
874 Specifically, there are two enantiomorphic space groups (P3,21
g7s and P3,21) in this material (see Figure 9b). Ben-Moshe et al."*®
876 were pioneers of the use of this structure and proposed the
877 synthesis of intrinsically chiral HgS nanocrystals. In the first step,
878 f-HgS nanocrystals were obtained by reacting mercury nitrate
879 with thioacetamide in the presence of penicillamine in water. By
880 using enantiomeric penicillamine, HgS growth could be directed
881 to one space group of a-HgS after a few hours of reaction. The
gs2 structural transition from f to @ could be observed as the color
883 changed from black to red, the color of the vermilion. As shown
gs4 in Figure 9a, the long and short axes of the elongated
8ss nanocrystals were sized 15 and 10 nm, respectively. The optical
886 activity of a-HgS was characterized by circular dichroism (see
887 Figure 9¢). At 550 nm, the band edge exhibited clear optical
gsg activity depending on the enantiomeric mixture of the capping
889 penicillamine. The resulting dissymmetry factor (1072) was 1
890 order of magnitude larger than that of the achiral nanocrystals
891 coated with chiral ligands. Later, Wang et al.'¥ proposed a
892 synthesis of pure HgS enantiomorphs. A pronounced helicoidal

0

oo

®©

® ©

chiral shape was obtained after successive growth of a-HgS (see 893
Figure 9d—f). Seeds are grown by reacting mercury nitrate and so4
thioacetamide in the presence of penicillamine (either D or L sos
enantiomers). A second epitaxial growth was realized with the s9s
injection of the same precursors through a syringe pump. 897

Parts g and h of Figure 9 show the oriented attachment of the s9s
left- and right-handed helicoidal @-HgS nanocrystals, respec- so9
tively. Wang et al.'*’ demonstrated that the alignment of the 900
chiral nanocrystals enhanced the optical activity of the material 901
compared to that of the individual nanocrystals. Several 902
studies'*”'*" demonstrated that a slight modification of the 903
chemical structure but not the stereochemistry induced reversed 904
optical activity of the a-HgS nanocrystals. 905

2.4. Shape Control and 2D Materials

. 143,1 a1 .
For cadmium”'**'** and lead chalcogenides,'** a broad variety 906

of NC shapes can be synthesized; for mercury chalcogenides, 907
more effort has been focused on size control to extend the 908
absorption toward larger wavelengths”>’~*° than on realizing 909
shape control. The shape of the particles is thus dictated by the 910
targeted bandgap. For example, by using the process o1
recommended by Keuleyan et al,” the shape can be changed 912
from small aspect ratio rods to branched particles to 913
tetrahedrons, with bandgaps of 6000, 4000, and 2000 cm™Y, 914
respectively. Among various efforts, Shen et al. attempted to 915
control the particle shape of the HgX core nanocrystals.”* The 916
authors used TMS,Te as a telluride precursor and obtained 917
more spherical particles. Although the initial objective was to 918
reduce material aggregation,” the shape of the NCs likely o190
considerably enhanced the effective carrier mobility, especially 920

https://dx.doi.org/10.1021/acs.chemrev.0c01120
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Figure 10. (a) Scheme of the growth mechanism used to achieve HgTe/CdS core—shell NPLs. (b) TEM image of CdTe NPLs. (c) TEM image of
HgTe NPLs. (d) TEM image of HgTe/3CdS NPLs. (e) Absorption spectra of CdTe, HgTe, and HgTe/CdS (1 layer of CdS) NPLs. (a—e)
Reproduced with permission from ref 165. Copyright 2019 Royal Society of Chemistry. (f) Scheme of a 10 ML HgSe/CdSe/HgSe heterostructure. (g)
High resolution TEM in the dark field mode of a 10 ML HgSe/CdSe/HgSe heterostructure. (f,g) Adapted with permission from ref 166. Copyright

2018 American Chemical Society.

for films of spherical NCs compared to branched nanoparticles
with similar surface chemistries.*®"*®

The most notable efforts to control the shape of HgX NCs
were driven by Ithurria and co-workers. This team pioneered the
field of 2D cadmium chalcogenide nanoplatelets (NPLs).>"**
Compared to spherical nanocrystals, the specific growth
mechanism of NPLs'*”'** prevented roughness from occurring
along the only confined direction. Consequently, no inhomoge-
neous shape occurred, leading to spectral broadening, and the
single particle spectrum overlapped with the ensemble
spectrum.'*” This phenomenon led to a narrower PL signal
than that for spherical quantum dots, for which the line width
was limited by the particle size distribution. The 2D shape also
led to a higher exciton binding energy, which increased the
radiative rate. The NPLs were thus successfully integrated as
active materials to realize stimulated emission,' %™ "%?
LEDs,"**~" and other optoelectronic devices'*” such as field
effect transistors and phototransistors.*"'**'> The 2D-shaped
particles based on lead chalcogenides were reported with optical
absorption in the NIR and SWIR."'®” However, the correspond-
ing growth mechanism was different (by clustering of the
preformed nanocrystals) from that of the CdX NPLs, and
narrow optical features were not observed in these PbX NPLs.
Consequently, researchers attempted to develop HgX materials
with a clearly defined structure (clearly defined facet) and
optimized optical properties (narrower optical feature, faster
PL).

The growth method of CdX NPLs relies on the formation of
NC seeds from cadmium oleate and selenium in a non-
coordinating solvent (octadecene). When the seeds reach a
critical size, a short ligand is introduced to break the symmetry of
the seeds and induce 2D growth.'*” Applying this method while
replacing Cd with Hg has been unsuccessful to date, and no
direct synthesis of HgX NPLs has been reported. Izquierdo et
al.'®" proposed an indirect method to obtain HgX NPLs through
cation exchange, as shown in Figure 10a. The authors first
synthesized CdSe and CdTe NPLs'®" and later exposed these
NPLs to a Hg precursor. The critical condition to preserve the
2D shape of the NPLs without introducing surface roughness is
to ensure slow growth to avoid destabilizing the chalcogenide
lattice."®"'** If the cation exchange is incomplete, then puddles
of Hg form and dual color emission may occur: the first PL signal
comes from CdSe, while the other signal involves Hg trap
states.'®> In contrast, when sufficient Hg is introduced in the Hg
oleate form, complete (confirmed through EDX analysis) cation
exchange can be realized while preserving the 2D shape of the
particles (see Figures 10b,c). During the process, absorption
occurs owing to the CdX NPLs first disappearing and later
reappearing in a strongly red-shifted manner (see Figure 10e).
Because bulk HgTe is a gapless semiconductor, all the band edge
energy of the NPL (~1.5 eV) can be attributed to the quantum
confinement. Consequently, HgTe NPLs are one of the most
confined semiconductor NCs. This aspect is of particular
interest to explore the dispersion relation far from the Brillouin
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Figure 11. (a) Comparison of the absorption spectra of CdS/HgS/CdS heterostructures with various compositions with the theoretical results. (b)
Potential diagram of the CdS/HgS/CdS heterostructure in water. (a,b) Reproduced with permission from ref 125. Copyright 1994 by the American
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the QD distribution. Bright field TEM image of 6.0 nm HgSe QDs (d) and HgSe/CdSe QDs (e) obtained after three c-ALD cycles. (c—e) Adapted
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with different treatments measured in air. (f—h) Adapted with permission from ref 187. Copyright 2019 American Chemical Society. High resolution
TEM images of (i) the HgSe core and (j) HgSe/HgTe heterostructure nanocrystals. (k) HAADF STEM image of a HgSe/HgTe heterostructure and
(1) localization of the Se and Te, as obtained through EDX mapping. (i—1) Adapted with permission from ref 120. Copyright 2018 American Chemical

Society.

zone center. The specific signature of this strong confinement in
the temperature dependence of the NPL bandgap is discussed
later in the section dedicated to the electronic structure. Because
of this strong confinement, the exact band edge energy is
strongly dependent on the surface chemistry, which reflects the
leakage of the wave function outside of the HgX core. A clear
signature of the well-preserved roughness-free NPL shape is
observed from the PL line width. The PL line width (full width at
half-maximum) is below 60 meV for an emission at 880 nm,
narrower than that of a single PbS NC (typically 100 meV).'** In
addition, the emission is considerably faster than that reported
for other NCs emitting in the near IR, with PL decay times of
approximately 50 ns, in contrast to the corresponding value of
several microseconds for PbS NCs.

While complete cation exchange occurs for thin NPLs (three
monolayers), the exchange is not complete for thicker NPLs as
only the two surface planes of Cd are exchanged (see Figure
10f,g). This observation fully agrees with previous attempts to
conduct cation exchange with mercury on nanocrystals, which
exhibited a clear self-limiting process."'**'®” This aspect
prevents NPL absorption in the mid-infrared region. Never-
theless, an alternative strategy to push the absorption of the
NPLs above the telecom range (>1.55 um) is to realize
additional postsynthesis growth of CdS with c-ALD, as reported
by Gréboval et al'® This procedure strongly red-shifts the
1000 absorption feature of the HgTe NPLs, as shown in Figures
1001 10a,d,e. The method is described in more detail in the next
1002 section dedicated to heterostructures. Note that because of the
1003 lattice mismatch between the two materials (>10%), the NPLs

O
~
O

—_

999

twist (see Figure 10d). Regrettably, the introduction of a shell
with a type I band alignment does not improve the PL, but the
presence of the shell can extend the wave function delocalization
and lead to photoconduction in the shortwave infrared (SWIR)
region.

2.5. Heterostructures

Even though the efforts to grow mercury chalcogenide NCs are
not as notable as those dedicated to Cd-based materials,
significant progress has been made. For CdSe, access to the
display mass market has been enabled through the growth of
heterostructures with enhanced photoluminescence. Similarly,
HgX-based heterostructures appear to be promising candidates
to realize high IR luminescence and more stable IR absorbers.
The investigation of colloidal mercury chalcogenides started
from heterostructures when Eychmiiller et al.'® proposed
growing a HgS quantum well on top of CdS NCs, as discussed
later in this section. There are multiple motivations for HgX-
based heterostructures. First, owing to the low interband”>'®*
and intraband®*'® PL efficiency of IR NCs,'”" it is desirable to
grow type I heterostructures to boost the luminescence yield.
The narrow bandgap of HgX leads to a type I band alignment
with most semiconductors. Moreover, the number of non-
radiative decay paths, which impede detection owing to the
introduction of additional noise,'** can be reduced by increasing
the quantum yield. In addition, the design of type II band
alignment heterostructures is desirable to enhance the exciton
dissociation at the nanoparticle level. Another key motivation
for HgX-based heterostructures arises from their tendency to
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sinter even under mild annealing conditions. HgX NCs are
mostly grown at low temperatures (60—120 °C); consequently,
when such structures are exposed to similar temperatures, HgX
nanocrystals aggregate. HgTe appear as strongly confined (i.c.,
exhibit a large Bohr radius of 40 nm compared to that of 7 nm for
CdSe) gapless material. In the case of a stronger confinement,
the electronic structure is more sensitive to size changes.
Moreover, in contrast to other semiconductors, the gapless
nature of this compound enables the reduction of the NC
bandgap to zero. In other words, annealing changes the optical
bandgap, which red-shifts the cutoff wavelength; moreover,
annealing increases the number of thermally activated carriers
and thereby the dark current of the device. Consequently, 60 °C
corresponds to the upper temperature limit for the operation of
HgX-based optoelectronic devices. Moreover, owing to the low
temperature sintering, the diverse fabrication steps typically
employed for the encapsulation and protection of nanomaterials
or the processing of the resist (i.e, baking step) during the
microfabrication procedure cannot be applied in this case. For
example, atomic layer deposition, a commonly used protection
technique, is generally conducted at 150 °C for several hours.
Overall, the growth of HgX heterostructures while ensuring both
tunable IR optical features and temperature stability appears to
be a bottleneck to integrate these IR materials for mass market
devices,'*” beyond the presence of heavy metals.

From a practical perspective, the growth of heterostructures
should have benefited from methods developed for other II-VI
compounds. However, the growth of HgX-based heterostruc-
tures appears to be highly challenging. This difficulty is related to
the low temperature growth of HgX compounds, owing to which
the core of the HgX NCs is incompatible with the high
temperature growth of the shells, which occurs at approximately
250 °C and above 300 °C for CdX materials and zinc-based
semiconductors, respectively. Several precursors used for HgX
growth, such as Hg oleate, also decompose at temperatures
above 150 °C. Nevertheless, only a few studies have examined
the growth of colloidal HgX heterostructures.

As mentioned previously, the development of HgX nano-
crystals was initiated by Weller and co-workers.">'>>"7" =173 The
authors performed cation exchange on CdS nanocrystals with
Hg?* ions,'’ ™" thereby effectively replacing some of the surface
Cd?* with Hg cations. In this manner, a HgS shell was generated,
which behaved as a HgS spherical quantum well due to the type I
band alignment with Cds,"*” as shown in Figure 11b. The
presence of this narrow bandgap material led to a red-shift of the
optical features, and the absorption reached the red and near
IR,"*”'7* considerably below the bulk bandgap of CdS (2.4 eV);
see Figure 1la. Later, this process was extended to other
chalco§enides to obtain CdTe/HgTe32’167’l75’l76 and CdSe/
HgSe' ® heterostructures. Despite this early success of cation
exchange to grow HgX heterostructures, the reverse strategy in
which the HgX core is exposed to Cd atoms has not been
extensively investigated. In contrast, in the case of lead
chalcogenides, the heating of PbS(e) in the presence of
cadmium oleate is the most common strategy to obtain core—
shell structures'””~"*" likely because of the relatively large size of
Hg atoms, owing to which the introduction or removal of Hg
atoms is more difficult than the removal of smaller atoms.

At present, colloidal atomic layer deposition (c-ALD),"®""'**
as a shell growth method, is the most effective approach to
realize CdX shell growth on HgX cores. The method was initially
developed by Talapin and co-workers to grow shells on 2D
nanoplatelets’”"*”"** (NPLs) of cadmium chalcogenides. At

that time, attempts to grow shells using the high temperature
method developed for spherical quantum dots on CdSe NPLs
were inconclusive. The NPL shape was considerably affected by
the process, owing to which the surface roughness increased and
the narrow optical features of the NPLs were lost. c-ALD is a
room temperature process and leads to gentler particle surface
reorganization. In the case of successive ion layer adsorption and
reaction (SILAR),184 precursors of cations and anions are
introduced successively; however, unlike SILAR, the process is
self-limited, similar to conventional ALD. Because the surface of
II-VI NCs is generally cation rich, the method starts with the
exposure of the nanoparticles to anions. This process is similar to
the phase transfer applied for ligand exchange to prepare
conductive inks”* and is generally conducted in polar solvents
even though shell growth can be realized in the nonpolar
phase.'®" Next, the cation precursor is introduced, generally
from cadmium halide, for the growth of the CdX shell. These
two steps are repeated as many times as necessary to obtain the
targeted shell thickness; see Figure 11c—e. In practice, saturation
of the shell growth occurs after 4/5 layers. To grow thicker
shells, additional washing steps to remove excess precursors are
required.

Because of the broader range of the available sulfide
precursors and the possibility of conducting the reaction in
air, the method was first applied to the growth of CdS shells on
HgTe,R’3 HgS,136 and HgSelsS’186 cores. In general, the sulfide
precursor was Na,S or (NH,),S. The approach was later
extended to chalcogenides, CdSe'® and CdTe shells."®” For Se
and especially for Te, air-free conditions are required. In the case
of selenide (or telluride), the precursor is generally obtained
from elemental Se (or Te) reduced by NaBH,,"**'* although
the use of Na,Se and Na,Te has also been reported."®’

Methods other than c-ALD have been developed to grow CdX
shells on HgX cores to overcome the limitations of c-ALD. In the
case of CdSe NPLs, it has been observed that materials with c-
ALD-grown shells present lower PL efficiencies than those
obtained from high temperature shell growth.'>*'3%5%' Thjs
loss of performance can be attributed to the presence of defects
in material grown by c-ALD."*¥'"' To date, alternative shell
growth has only been reported using HgSe cores.'*”'*”'*” To
avoid the exposure of HgX nanoparticles to high temperatures,
Deng et al. employed mild conditions to grow CdS.'® Shell
growth was conducted at 100 °C, and a reactive form of sulfide
(H,S) was used to balance the small growth kinetics induced by
the low temperature. Precursors of Cd (cadmium oleate) and
sulfide were introduced successively for SILAR growth. The
growth of a CdSe shell using a high temperature method was
reported by Shen et al.'®” Specifically, shell growth was
conducted at 200 °C, while a mixture of cadmium oleate and
TOP:Se was slowly injected (see Figure 11fg). The overall
introduction of CdX shells on HgX core NCs led to no or
marginal improvements in the PL signal,**"**'®” as shown in
Figure 11h. The reason for this lack of gain in PL efficiency
remains unclear.

To date, most efforts have been focused on the growth of a
CdX shell to reduce the number of nonradiative recombination
pathways. Goubet et al. explored the growth of a narrow bandgap
layer of HgTe on HgSe cores;*” see Figure 11i—1. In this case,
shell growth was achieved from the slow injection of mercury
iodide and TOP:Te into HgSe cores at low temperatures (60—
100 °C). The objective was to uncouple the optical absorption
and transport properties. The authors designed a hetero-
structure in which intraband absorption was enabled by the
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Chemical Society.

1157 HgSe cores and the HgTe shell facilitated transport. As
1158 discussed in the section dedicated to intraband detection, the
1159 obtained heterostructure spectrum combined intraband absorp-
1160 tion in the HgSe and a type II interband transition with the hole
1161 located in HgTe (see Figure 40b). This heterostructure led to an
1162 enhanced detection performance of MWIR devices (reduced
1163 dark current, increased thermal activation energy, and smaller
1164 response time) compared with that achieved using the HgSe
1165 core only material (see Figure 40c,d).

2.6. Doping

1166 The electronic structure of mercury chalcogenides is often
1167 defined in terms of the inverted band ordering and gapless
1168 nature of the bulk material. The influence of the narrow bandgap
1169 of mercury chalcogenides on the carrier density and,
1170 consequently, on the optical and transport properties of such
1171 materials has not been extensively discussed. The two latter
1172 aspects are discussed later in this review. However, it is critical to
1173 understand the origin of the large carrier density in HgX
1174 nanocrystals and the mechanism to realize tuning of the doping
1175 magnitude.

1176 Specifically, the high carrier density in HgX NCs cannot be
1177 attributed to the introduction of extrinsic impurities. The high
1178 carrier density results from two processes. The first process is
1179 self-doping (i.e., doping that occurs without the introduction of
1180 extrinsic impurities), which can lead to degenerate doping. The
1181 Fermi level lies in the conduction band, resulting in one or more
1182 free carriers per NC. This doping mechanism is specific for
1183 narrow bandgap materials, as discussed further in the next
1184 section. The second process is observed in small (diameter less
1185 than 12 nm) HgTe NCs and corresponds to thermal activation.
1186 For example, assuming a degeneracy of two for the conduction
1187 band 1S state and assuming a spherical particle with random
1188 close packing (film compactness of 0.64), the population of the
i;;f; xp(—zf—;), where kg T is the

- 1S state is given by n;g =

thermal energy (25 meV at room temperature). This expression
assumes no doping, with the Fermi level positioned in the
middle of the bandgap. At R = 6 nm, 10" carriers-cm™ (or 1
carrier per 100 NCs) are obtained for HgTe with a 250 meV (S
um or 2000 cm™') bandgap, while for CdSe, under the same
particle size and same degeneracy, 6 carriers:cm™> (or 9 X
107"®> per NC) are obtained. This aspect is a major difference in
the two materials: even if a perfectly intrinsic material is
assumed, the carrier density of HgTe is 10'® times higher than
that of a conventional wide bandgap material with optical
features in the visible region.

In addition, thermal activation originates from material
nonstoichiometry. When using various synthetic procedures
and precursors,g’o’%’192 small HgTe NCs present a p-type
characteristic; see the transistor measurement exhibiting only
hole conduction in Figure 12b. When the size is increased, a
switch toward ambipolar conduction occurs, and finally, n-type
characteristics occur for the largest particles (see Figure 12¢,d).
The threshold of this transition (see Figure 12a) depends on the
growth process.”® The exact mechanism of this transition
remains unclear; however, the mechanism can likely be
correlated with the change in shape observed for HgTe with
size. The difference in the exposed facets might induce a
difference in the change in the amount of excess Hg cation
surface with the particle size.

In HgX NCs, a second doping process occurs that leads to
degenerate doping. This process is defined as self-doping
because high carrier densities (>1 carrier per NC) can be
achieved without introducing external impurities. Self-doping is
a specific behavior limited to narrow bandgap materials. Self-
doping plays a key role because it leads to intraband absorption
(Figure 12e) in the steady state.”>® This phenomenon allows
the design of IR detectors for wavelengths larger than 3

m.>**""?° The intraband absorption signature is a relatively
narrow peak, typically in the mid-infrared region (see Figure
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Figure 13. (a) Absorption spectra of small (4.7 nm) HgSe nanocrystals capped with different ligands. (b) Plot of the ratio of the intraband signal
divided by the fitted magnitude of the interband signal for two sizes of HgSe nanocrystals. The related population of the CQDs is given on the right
scale for small CQDs (diameter of 4.7 nm). (a,b) Adapted with permission from ref 186. Copyright 2016 American Chemical Society. (c) Current in an
azobenzene-capped HgTe film as a function of time. UV (4 = 365 nm) or blue light (4 = 460 nm) is projected on the film during the intervals
highlighted with purple and blue rectangles, respectively. Al y is the change in the current as the azobenzene switches the configuration. (c) Adapted
with permission from ref 197. Copyright 2018 American Chemical Society. (d) Scheme of HgSe capped with POM-SH ligands. The arrows
correspond to the electron transfer from doped HgSe QDs to the electron attractor POM-SH ligand. (d) Adapted with permission from ref 204.

Copyright 2019 American Chemical Society.
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12e). This peak results from the optical transition within the
conduction band between the 1S, and 1P, states and was first
observed for HgS NCs.**'9%!9% This intraband absorption,
which is the signature of degenerate doping, was likely present in
even older syntheses of HgS and HgSe NCs but was missed by
researchers, who focused on visible and near IR absorption.
HgSe exhibits a similar intraband absorption.””**"'®'** Such
intraband absorption was also later reported for HgTe;**" %%
however, fairly large HgTe NCs are required to observe this
effect (>10 nm typically). The band alignment of the bulk HgX
material, observed through electrochemical approaches,” as
shown in Figure 12f, allows the rationalization of these
observations. HgX exhibits a fairly large work function (>$ eV
for the bulk material), with a value of 4.6 & 0.1 eV, as determined
1239 through electrochemistry- and photoemission-based methods
1240 for short thiol-capped HgX NCs.*”'*'”* Consequently, the
1241 bottom of the conduction band in this material is below the
1242 Fermi level. Thus, even in the presence of quantum confine-
1243 ment, the 1S, state can be found below the Fermi level, and it
1244 becomes populated. The stable form of the QDs is negatively
124s charged. In this sense, self-doping can be considered to be a
1246 reduction of the NCs by their environment.'® The large band
1247 offset between HgSe and HgTe can explain the difference in
1248 behavior between the two materials. The conduction band of
1249 HgSe lies comparatively lower than the Fermi level, and only
1250 strongly confined HgSe NCs (i.e., size less than 3 nm) exhibit the
1251 1S, state above the Fermi level (i.c., no intraband absorption
1252 feature exists). For HgTe, the conduction band is relatively close
1253 to the Fermi level, and thus, only the weakly confined particles
1254 can exhibit intraband absorption. HgS NCs exhibit an

1255
1256
1257
1258
1259
1260
1261
1262
1263

intermediate behavior because of the presence of a nonzero
bulk bandgap.

It was clarified that this inherent doping could be used to
control and tune the magnitude of the carrier density
postsynthesis. Similar to what has been observed for PbS
nanocrystals,'”*'?® the NC surface chemistry affects not only
the internanoparticle coupling but also the electronic spectrum
in terms of the dipole y associated with the surface ligands,
leading to a surface gating effect. The induced band bending is
defined as AE,. = —N M, where N is the surface density

€0€ligand 1264
of the dipoles and &jq,,4 is the dielectric constant of the ligands. 126
This induced shift is not related to the bandgap of the 1266
nanocrystal. Consequently, the induced relative ligand shift of 1267
the Fermi level with respect to the bands is considerably more 1268
dramatic for narrow bandgap materials. A series of ligands 1269
compatible with transport (ie., typically short thiol-based 1270
ligands that strongly bond to the surface Hg) were investigated 1271
for HgTe and HgSe (see Figures 23c and 13a—b, respectively).
For small HgTe NCs (which have a band edge energy of 1273
approximately 720 meV), as depicted in Figure 23c, ligand 1274
exchange allows the tuning of the Fermi level energy within the 1275
bandgap of the material. Furthermore, this shift is sufficiently 1276
strong to induce a change in the majority carriers. Amine and 1277
thiocyanate lead to n-type NCs, while ethanedithiol or chloride 1278
lead to p-type NCs. For HgSe, as shown in Figure 13a, the effect 1279
is even more dramatic. While the absorption spectrum of PbS'*® 1250
or HgTe" is not considerably influenced by the ligand exchange 1281
process (generally, only a small red-shift and band edge 1282
broadening are observed), the optical properties of HgSe are

1283
notably affected.'*® HgSe NC absorption is strongly modulated, 1284
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as the Fermi level is displaced from within the conduction band
to the bandgap. In this context, ligand exchange is a successful
strategy to tune the doping level, typically over 1 order of
magnitude, as shown in Figure 13b, by using only commercially
available ligands that are compatible with charge transport.

However, the dipole-induced tunability of the ligands is
inadequate. To overcome this issue, Martinez et al. proposed
using azobenzene (AZB) as a ligand.197 AZB is a small organic
molecule with two conformations (cis and trans) of the aromatic
group around the N=N bond."”*7**" Under UV and visible
light illumination, the molecule can switch its conformation
(from trans to cis, and vice versa, under UV light and visible light
or heating, respectively). This change in conformation is
commonly implemented to design molecular motors.”"***
Instead of the mechanical aspect, Martinez et al. exploited the
change in dipole resulting from the conformation shift.
Typically, the dipole of the cis configuration is larger than that
of the trans conformation.””> To graft AZBs onto HgX NCs, a
short thiol chain was added, whose role was to bond to the Hg
surface, as shown in the inset of Figure 13c. Using this approach,
the authors demonstrated that the dark conduction and
photoresponse magnitude in the IR range can be controlled
via UV and blue light stimulation (see Figure 13c)."”” Note that
despite the length of the thiol-functionalized AZBs, the HgX NC
film functionalized by AZB is still conductive.

To further change the carrier density of the HgX NCs,
Martinez et al.”®* proposed grafting redox groups onto the
surface. In practice, the authors used a highly oxidized form of
tungsten stabilized in a polyoxometalate (POM). POMs are
strong electron attractors, and by coupling these attractors to
electron-rich NCs, a redox reaction occurs between the two
groups. The authors used the same strategy as that for AZBs to
graft the POMs onto the NCs, 2% functionalizing the POM:s with
a short thiol chain used as a linker,”** as shown in Figure 13d.
Electron transfer from the HgX NCs to the POMs was
evidenced by the reduction of the intraband absorption of the
NCs, and the reduced form of W (i.e.,, with an oxidation state
lower than + VI) was detected through photoemission
measurements. POM:s are strong electron attractors, and up to
five electrons per particle can be transferred with POM
functionalization.

To ensure the completeness of the discussion on doping,
although very few researchers have focused on the introduction
of external impurities in the case of HgX NCs, it must be
mentioned that Liu et al. demonstrated Mn doping of HgS
nanoparticles.”’® The authors introduced Mn (up to 15%) into

the HgS matrix and observed an enhanced magnetoresistance
with a higher Mn content.

Despite the notable progress that has been made to enhance
the knowledge of doping and its tunability, the amount of work
dedicated to doping in HgX NCs remains inadequate. This lack
of information is detrimental for the design of devices with a
vertical geometry. Better control of the carrier density can
facilitate the design of p—n junctions with higher built-in electric
fields and enhanced charge extraction. Diverse routes can be
explored, including the introduction of impurities with +I or +III

1331
1332
1333
1334
133$
1336
1337
1338
1339
1340

redox states within the HgX atomic lattice. The introduction of 1341
such impurities might be eased by the recent development of 1342

liquid Hg-based synthesis’® from which many metals can easily
be solubilized. In addition, doping at the NC array level through
the introduction of donor and acceptor dopant nanoparticles is a
promising approach and has already led to several suc-
cesses”””"* in the case of lead chalcogenides. This pathway

might be worth investigating in the case of HgX NCs.

3. ELECTRONIC STRUCTURE AND OPTICAL
PROPERTIES

The electronic structure of HgX NCs is unique and responsible
for the many attractive properties of these materials. The
spectral tunability of HgTe (Figure 2a), without a competing
example, is directly connected to the semimetal nature of the
bulk material. While this unique electronic structure leads to
several opportunities, it is associated with several challenges. In
the case of IV and III-V semiconductor groups, considerable
research has been dedicated to the study of the electronic
structure of the materials, and the associated results are highly
accurate. This aspect is not true for II-VI semiconductors, for
which, beyond the bandgap value, large discrepancies in the
parameters describing the electronic structure can be observed
in different studies. The state of HgTe is not the most inferior
owing to the effort dedicated to its integration in IR sensors and
topological insulator designs. Nevertheless, current knowledge
on HgX materials is incomplete. This statement is more relevant
when the material is in the nanocrystal form. In addition to the
unique bulk properties, quantum confinement and surface
chemistry affect the electrical spectrum as well. This aspect
prevents the textbook design of colloidal heterostructures and
devices, including films of HgX NCs. Despite these difficulties,
substantial progress has been made over the past decades owing
to the combination of various theoretical (k-p, DFT, tight
binding) and experimental methods.

This section is organized as follows. We first discuss the
electronic spectrum of bulk HgX materials and their associated
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Society.

1376 characteristics. Next, we describe the confinement and system-
1377 atically discuss the efforts dedicated to model the electronic
1378 structure of HgX NCs. A brief section is focused on the optical
1379 properties of HgX NCs. Subsequently, we describe the effects of
1380 temperature and pressure on the spectroscopic properties of
1381 HgX NCs. A section is also dedicated to the experimental
1382 determination of the absolute band alignment of HgX NCs,
1383 considering the design of heterostructures and devices. Finally,
1384 the last section is dedicated to the dynamic aspects of the
1385 electronic structure, and we review the experimental methods
1386 used to examine carrier relaxation.

3.1. Bulk Material and Confinement

1387 3.1.1. From Bulk HgX to NCs. Conventional wide bandgap
1388 II—VI semiconductors, such as CdSe, exhibit a band gap in the
1389 visible region. The valence band states (I'y band) are mostly
1390 composed of the p orbitals from the chalcogen. This band is
1391 strongly degenerate (8-fold) and split into light and heavy hole
1392 bands far from the I'point. The valence band exhibits weak
1393 dispersion, corresponding to a large hole effective mass. The
1394 conduction band (I'4 band) is generally composed of the s
1395 orbital of the metal. This band is 2-fold degenerate and is more
1396 strongly dispersive than the valence band. Specifically, the
1397 associated effective mass is lower. The spin orbit band is located
1398 in the valence band and is responsible for increasing the splitting
1399 between the light and heavy hole bands. A general trend is an
1400 increase in the spin—orbit coupling as the mass of the
1401 chalcogenides increases.

1402 While switching from Cd-based to Hg-based II—VI materials,
1403 the band ordering is considerably affected (see Figure 14). HgTe
1404 is the most investigated material among the series of HgX
1405 compounds because of its use for IR sensing. This material
1406 exhibits an inverted band ordering, as observed for gray
1407 tin.”*”*"? The band with T’y symmetry appears below the T
1408 bands (see Figure 14c). This inversion is generally formulated
1409 considering a negative bandgap value that describes the relative

position of the I'y andI'g bands. This value corresponds to a I'g
value below the Fermi level. In HgTe, this negative bandgap is
typically approximately —0.3 eV at 0 K,**” and it is reduced by
approximately —0.15 eV at room temperature.”” Because of the
band ordering inversion, the conduction band in HgTe
corresponds to the band with light hole symmetry in cadmium
chalcogenides. This band is strongly dispersive and associated
with a weak electron effective mass (typically 0.01—0.03
my).5"* This low value of the effective mass leads to the large
carrier mobility (>1000 cm® V™' s7' and >10% cm® V™' 57" at
room temperature and low temperature,211 respectively)
observed in bulk HgTe. In contrast, the valence band is almost
flat, and the heavy hole mass is larger than 0.3 m,.”” The Fermi
level for the intrinsic HgTe lies between these two bands, which
share the same energy at the I" point. This aspect is the second
key characteristic of the bulk HgTe band structure: the
degeneracy of the valence and conduction bands at the I’
point causes HgTe to exhibit zero bandgap semiconductor
characteristics, corresponding to a semimetal. This lack of a bulk
bandgap is the reason for the ultrabroad tunability of the optical
spectrum of HgTe NCs (see Figure 2a) compared to that of the
other semiconductors, for which the spectral tunability is limited
by the material bulk bandgap. In HgTe, the band edge energies
can be designed to be arbitrarily narrow, thereby expanding the
absorption of this material toward extremely large wavelengths
in the infrared region. The optical absorption in HgTe occurs
between the less dispersive valence band and conduction band.
In this sense, the optical bandgap is always positive and should
not be erroneously considered as the negative value mentioned
previously, which only describes the band ordering. At the I
point, the two bands with I'y symmetry are mostly composed of
p Te orbitals. Nevertheless, the strong band mixing in HgTe
causes the wave functions to acquire the s nature from the Hg
atoms as soon as the wave vector is moved far (few% of n/R)
from the I' point.

V) https://dx.doi.org/10.1021/acs.chemrev.0c01120
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HgSe presents a band structure similar to that of HgTe,
although, quantitatively, the negative bandgap value is lower.
HgSe can also be described as a zero bandgap semiconductor
with an inverted band ordering. Nevertheless, the lower mass of
Se compared to Te reduces the spin—orbit coupling, and the I,
band lies above the I'q band (see Figure 14b). Among HgX
materials, HgS appears to be an exception as a narrow bandgap
semiconductor.”'” The exact value of the bandgap is typically a
few hundred meV:**’*" a value of approximately 0.65 eV
matches that reported in spectroscopy experiments with HgS
NCs.%®

Once HgX materials are grown in the NC form, quantum
confinement occurs, leading to the following two phenomena.
First, the NCs are 0D objects, and the density of the states
becomes discrete. Second, the finite size of the particles makes
the center part of the Brillouin zone (i.e., close to the I point) no
longer accessible, and the band edge energy increases (.., a
bandgap opens). In HgTe and HgSe, due to the lack of a bulk
bandgap, the NC band edge energy is purely due to
confinement, as shown in Figure 12f. Because of the strong
asymmetry of the hole and electron effective masses (m;,*/m.* >
10), confinement mostly occurs in the conduction band, owing
to which the density of the states in the conduction band is lower
than that of the states in the valence band.

3.1.2. Effective Mass Approximation and Multiband
k.p Model. The effective mass approximation (or two band k.p
model) is the simplest strategy to model the electronic structure
of the NC and accounts for the confinement. As a primitive
approach, confinement is considered through the evaluation of
the wave vector k = /R, where R is the particle radius. Next, the
energy of this wave vector is evaluated. In this simple model, two
assumptions are considered. First, spherical particles are
considered, which is often not the case for HgTe; see part a or
c of Figure S. Particles with other shapes may present a different
relation between k and the particle size, which is likely not
analytic. Second, infinite confinement is considered, which, a

1481 posteriori, is a reasonable approximation. Such models, have
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been used to estimate the sizing curve (energy of the optical
s L) 93,114 o
transition vs size), as shown in Figure 15a.
Owing to the ease of parametrization, the effective mass
approximation can easily be applied to heterostructures. The
time independent Schrodinger equation in a spherical geometry

can be expressed as [— 2:: (%% + ;—;) + V(r)]l//(r) = El//(r)

, where 7 is the reduced Planck constant, m* (r) is the effective
mass profile, V(r) is the energy profile for the valence and
conduction bands, and y(r) is the wave function. The material
parameters are injected through the mass and energy profiles
(bandgap and band alignment) of the bulk. This method is
typically used to observe the wave function localization in
heterostructures. Moreover, this approach has been applied to
the spherical quantum well obtained from the CdS/HgS(/CdS)
heterostructure,'*® as shown in Figure 15¢,d, to observe the
electron and hole localizations within HgS resulting from a type I
band alignment between the two materials. A similar approach
has been applied to HgSe/HgTe heterostructures,'”” as shown
in Figure 15e,f. In this case, the two bulk materials exhibit a type
II band alignment according to Figure 12f. As a HgTe shell is
grown around a HgSe core, the electron wave function remains
localized in HgSe. Consequently, the intraband transition
resulting from the doping of HgSe is not considerably affected
by the presence of the HgTe shell, as shown in Figure 15e. In

contrast, the hole wave function is promptly localized in the
HgTe shell as it is grown, as shown in Figure 15f.

However, the validity of the effective mass approximation is
extremely limited. The 14-band k-p model indicates, as shown in
Figure 15b, that the bands in HgTe are only parabolic in a small
portion of the Brillouin zone, typically less than 19%.
Consequently, the sizing curves based on the effective mass
approximation are only valid for a small range of sizes; see Figure
15a.

When the description of the electronic structure requires the
consideration of a broader range of energy, more bands need to
be included. A recommendation is to use a 2 + 1-band
model,"'*'?* in which the light hole and conduction bands are
described by a two-band k-p model and coupled through a Kane
parameter, while the heavy hole band is treated as being
uncoupled due to its large effective mass. The spin—orbit band,
approximately 1 eV below the heavy hole band, is neglected.
When a detailed description of the valence band is required, an 8
band k-p model describing the I'y, I';, and I'y bands and their
degeneracies is used.””*'* It has been estimated that the 8-band
k-p model correctly describes the first 8% of the Brillouin zone.”*
Although the effective mass approximation only describes the
bottom parabolic part of the light hole (I'y) band, the inclusion
of an additional valence band is critical to capture the linear
dispersion occurring at higher wave vectors.

‘When highly confined forms of HgTe are considered, as in the
case for NPLs, it is necessary to account for higher conduction
bands (Figure 15b) because the conduction band is responsible
for most of the confinement due to the mass asymmetry. In this
case, an accurate description of the bands close to the Fermi level
but away from the I" point can be obtained using the 14 band k-p
approach.”” The inclusion of 14 bands correctly describes ~15%
of the Brillouin zone.®” The additional upper conduction bands
are responsible for the deviation from linearity of the light hole
band observed at large wave vectors (Figure 15b), which, as
described later in this chapter, is responsible for the inversion of
the temperature induced band edge shift with the particle size
(see Figure 18).

3.1.3. Tight Binding Method. Tight binding methods are
reasonably effective for describing HgTe NCs. The input
parameters are less straightforward to determine compared to k-
p modeling. However, the method is less demanding in terms of
calculation than DFT, and it can be applied to larger NCs and
even superlattices.”'* Allan and Delerue used an sp>d’s* basis to
reproduce the electronic spectrum of bulk HgTe and nano-
crystals (see Figure 16a,b).2"® The authors observed that a
deviation from the spherical form had a limited impact on the
spectrum. Moreover, the authors concluded that Coulombic
corrections exerted only marginal contributions to the optical
spectrum. Although the excitonic effects are weak at the band
edge, HgTe remains an interesting platform to observe excitonic
and multiexcitonic effects. The narrow bandgap nature of HgX
NCs enables the realization of multiexcitonic effects at relatively
low photon energies. Taking into account both energy and
momentum conservation, the threshold voltage for the Auger
multiplication effect”’” to occur is Ey, = (1 + %)EG,

m. [ my
where Eg is the bandgap and m_* and m,* are the electron and
hole effective masses, respectively. In HgTe, the strong effective
mass asymmetry almost suppresses the excess energy due to the
momentum conservation, leading to Ey, & 2E¢. Experimentally,
the threshold for multiexciton generation is slightly higher,

https://dx.doi.org/10.1021/acs.chemrev.0c01120
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Figure 16. (a) Band structure of HgTe at 0 K calculated in tight
binding. The red dots indicate the values obtained using a hybrid GW
approach. Zero energy corresponds to the top of the valence band. (b)
Calculated energy levels in HgTe QDs at 300 K [(a) sphere, d = 5.98
nm; (b) octahedron, d = 5.83 nm; (c) sphere, d = 8.99 nm]. Zero energy
corresponds to the top of the bulk valence band. (a,b) Reproduced with
permission from ref 216. Copyright 2012 American Physical Society.
(c) Absorption spectrum (black line = experiment) of large doped
HgTe NCs. The red line is a fit obtained from a sum of Gaussians and
indicates that doping suppresses the first two excitonic transitions and
induces intraband absorbance (i; — i;). (d) Schematic demonstrating
the splitting of the P, state by both spin—orbit coupling and structural
asymmetry. (e,f) Predicted intraband absorbance spectra (black lines)
for several shapes of HgTe QDs with a spherical volume with a radius of
4 nm, and comparison with experimental data for a solution of 7.6 nm
diameter QDs (blue points). (c—f) Adapted with permission from ref
61. Copyright 2018 American Chemical Society. (g) Top view of an
assembly of spheres connected by cylinders that form a honeycomb
lattice of HgTe. The Hg and Te atoms are presented in yellow and gray,
respectively. (h) Conduction band dispersions resulting from the
atomistic tight binding calculation. Nontrivial gaps are indicated by
pink shaded regions. (gh) Adapted with permission from ref 215.
Copyright 2015 Nature.

approximately three times the bandgap, as obtained using both
optical’'® and transport measurements.”"”

Tight binding was later used to explain the line width of the
intraband absorption of HgTe.’’ In HgSe and HgS, the
intraband transition appears as a single peak (Figure 12e); for
HgTe, the peak corresponds to more than one contributions
(see Figure 16c). A naive interpretation may have been to
attribute this second contribution to polydispersity. However,
this effect is only observed with an enhancement of the
monodispersity of HgTe NC synthesis based on the TMS,Te
precursor.””** Tight binding simulations clarify that the large
spin—orbit coupling in HgTe increases the degeneracy of the 1P,
state (see Figure 16d). Because HgSe is lighter, the spin—orbit
coupling is weaker, and thus, the 1P, state remains degenerate. A
second lifting of the degeneracy also results from crystal field
splitting (see Figure 16e,f). Contrary to the interband, which
appears to be weakly influenced by the shape, 1Pe splitting
depends on the exact nanoparticle shape. The power of tight
binding modeling is more notable when more complex
structures are considered. In 2013, Evers et al. reported
connected superlattices of PbSe NCs, in which the NCs were
necked and arranged into squares and honeycomb latti-
ces.””"7*?* Such self-assemblies provide an opportunity to
merge the field of nanocrystal superlattices with that of
superlattice transport. For the first time, it becomes possible
to combine a high degree of organization with strong coupling,
which may facilitate the design of high mobility films.”*>***
Through development of this material, the growth of materials
with a fractal dimensionality of 2 — x can be examined, for which
the electronic properties can be engineered by tuning both the
composition and coupling. Beugeling et al. examined the
electronic structure resulting from a similar ordered honeycomb
lattice made of necked HgTe NCs;?'° see Figure 16g. The direct
synthesis of the structure is likely not be attributed to the HgTe
NC solution because the necking process observed for PbSe
benefits from the truncated cube shape due to the rock salt
structure of PbSe. In addition, such a lattice may be obtained by
cation exchange from PbTe preformed superlattices. This
artificial graphene is especially promising because, contrary to
its carbon-based counterpart, it exhibits a large spin—orbit
coupling, which is of considerable interest for spintronic
applications. Beugeling et al.*'> observed the formation of a
Dirac cone and topological bandgaps as large as 30 meV in such
a superlattice (see Figure 16h). Although this work is theoretical,
it likely paves the way toward more complex optoelectronic
properties beyond the simple tunability of the bandgap with
confinement. This work suggests that ordering NCs at the
supracrystal level might be a promising strategy to achieve high
carrier mobility in NC arrays.

3.1.4. DFT Calculations. Density functional theory (DFT)
remains marginally used to describe the electronic structure of
HgX NCs. This lack of results mostly reflects the demanding
computing power required for this method to be applied to large
NCs. Geiregat et al.”* used DFT to clarify the origin of the low
stimulated emission observed in small HgTe NCs; see the
section dedicated to lasing and Figure 27a,b. The authors
observed, in particular, long-lived (several us) PL signals and
correlated this observation to the surface trap states (Figure
17b) that can occur in undercoordinated HgTe NCs. DFT
shows (Figure 17a) that the resulting gap states are close to the
maximum valence band state. The presence of these states eases
the population inversion in these NCs by forming a four level
system (see Figure 27b).*”
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Figure 17. (a) Energy level spectra of (left) a [HgTe];s(Hg(SCH;),),3 model nanocrystal, (center) the same nanocrystal after the removal of one
Hg(SCHj), complex, and (right) four Hg(SCHj;), complexes, calculated using density functional theory. The colors indicate the projection of each
state on (blue) Hg atoms, (green) Te atoms, (black) methanethiolate, and (red) dicoordinated Te on different atom/fragment types. The successive
removal of one Hg(SCHj,), complex results in a band of gap states separated by approximately 100 meV from the highest occupied molecular orbital
(HOMO). (b) Wave function of the gap state. This state largely corresponds to the Sp orbital of a two-coordinated tellurium surface atom that is
orthogonal to the neighboring Hg 6s orbitals. Reproduced with permission from ref 22. Copyright 2018 Nature.

3.2. Optical Properties

One of the most striking properties of HgX NCs is their widely
tunable absorption (see Figure 2a). The first optical feature of
HgTe NCs can be tuned from 11000 cm™" (880 nm or 1.4 eV)
to 150 cm™" (60 ym or 20 meV). The missing information is that
the nature of the transition changes as well. The observed optical
feature undergoes a chan§e of origin, from interband (smallest
NCs) to intraband®”*¥® and, finally, and possibly to
plasmonicl}'6 (for sizes larger than the Bohr radius) transitions.
Note that this process is no longer limited to mercury
chalcogenides and has been recently observed for PbS(e)
NCs.”*7>*” Because the confinement drives absorption
spectrum, the largest particles have the reddest absorption.
The doping magnitude is also controlled by the confinement
through the relative position of the conduction band with
respect to the Fermi level, the highest doping is thus achieved for
the largest particles. Following a Drude model, the free carrier
density n can be linked to the surface plasma frequency @y spr
through the simple expression @;gppat~/n. Thus, in conven-
tionally doped semiconductors, higher doping leads to a blue-
shift of the plasmonic absorption. This phenomenon is typically
observed for ITO nanocrystals (see bottom of Figure 2a) as the
tin content increases in the In,O; matrix. In self-doped NCs, the
opposite trend is observed and this stress the strong role of
confinement in HgX NCs.

A key emerging direction is the control of light matter
coupling within films of infrared NCs. As a film of NCs is
coupled to a photonic structure, enhanced PL*' and
absorption®”*® can be achieved. Using this approach, the
spectral response can be shaped. The absorption spectrum is no
longer driven by the material but can be strongly affected by its
coupling to light resonators. More details regarding such devices
with controlled light—matter coupling are presented in the
chapter dedicated to light emission and photodetection.
However, a common aspect in these approaches is the
requirement for a high level of electromagnetic design. The
inputs of these simulations are the geometrical parameters and
complex optical indexes. To date, determination of the optical
index in the infrared region has not been performed for HgX NC
films, which impedes the coupling of NC films to complex

photonic structures. This lack of data relates to the low
availability of infrared ellipsometers with operations above 1.7
pum. Bejaoui et al. performed one of the only investigations
related to the measurement of the complex optical index in
HgCdTe NC films.**® However, the NCs are small and include
Cd, and the band edge is not in the infrared region. Current
simulations*” typically assume a constant real part for the NC
optical index equal to 2. The real part of the dielectric constant of
bulk HgTe at room temperature is approximately &7, and this
value increases to above 10 as cryogenic temperatures are
reached.”””**° A value of 2 for the NC film is consequently lower
than /€, which accounts for the presence of remaining organics
within the film. This value seems convenient for preliminary
design; however, more accurate determination, including
spectral dependence, is necessary.

In terms of absorption, the cross-section far from the band
edge is a key tool to estimate the amount of crystalline material
independent of the size and shape of the particles. For HgTe, the
cross-section at 415 nm is 6,,5(Hg) = 2.6 + 0.4 X 10™"7 cm?/Hg
atom.""* The absorption coefficient at the band edge is 3 X 10°
cm™ at 2.6 um (3900 cm™") and decreases as larger particles are
grown. The value is estimated to be 1.5 X 10> cm™* at 3.5 ym.""*
This value is similar to the absorption observed for bulk HgTe.””
This aspect is a major difference from epitaxially grown quantum
dots. While epi-QD obtained considerable success in terms of
quantum engineering”’">** and as single photon emitters,”*****
films of epitaxially grown quantum dots exhibit weak absorption
due to their extremely low density (10" QD-cm™ per plane).
Consequently, epitaxially grown quantum dots exhibit consid-
erably weaker absorption than the bulk material. Using NCs,
dense films can be fabricated (only limited by the NC packing),
and thus, the absorption can be as large as that in bulk.
Nevertheless, the absorption coefficient being below 10* em™,
several micrometers of film are required to absorb most of the
incident light. At present, such thicknesses are 1 order of
magnitude larger than the carrier diffusion length and remain
difficult to achieve while maintaining high quality (i.e, smooth
and crack free) films. This aspect is the reason for the criticality
of the control of light—matter coupling; more details are
presented in the section dedicated to this aspect in the last
chapter.

https://dx.doi.org/10.1021/acs.chemrev.0c01120
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typical confinement energies. The dashed curves are the temperature and pressure independent valence bands assumed in the confinement model.
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In terms of the intraband transitions, the absorption
coefficient is between 2 and 3 X 10° cm™ for 5—6 nm large
HgSe NCs,” corresponding to intraband peaks in the 3—5 ym
range. This large absorption is one of the benefits of intraband-
based detectors compared to those relying on interband
absorption.

3.3. Temperature and Pressure Dependence

The temperature and pressure dependence dramatically affect
the spectral response of HgX NCs. The influence of temperature
effects on the electronic spectrum is of interest because
cryogenic operation is usually implemented for infrared devices.
As the bandgap is affected by temperature, the cutoff wavelength
can be modified. The effect of pressure can be considered as a
nonconventional strategy to tune the NC spectrum. The
motivation to examine the pressure dependence originates
from the design of colloidal heterostructures, in which the
growth of two nonmatched lattice semiconductors generates
strain. An independent investigation of the pressure effect allows
us to disentangle the changes in the electronic spectrum
resulting from strain and that derived from charge delocaliza-
tion.

3.3.1. Effect of Temperature. In conventional semi-
conductors (CdTe, CdSe), the trend is to observe a red-shift
as the temperature increases. Bulk HgTe is an _exce7ption to this
rule, exhibiting a positive value for dEg/dT.>*>~>*" HgTe NCs

present a similar trend, as reported by Lhuillier et al''
However, HgTe NCs are not the only NCs that present such an
inverted temperature dependence, as it has also been reported
for lead chalcogenides™® (PbS) and, more recently, for lead
halide perovskites” (CsPbBr;). The first native effect of
temperature is thermal dilatation. Upon heating, the lattice may
expand to affect the particle size and thus the confinement.
However, this effect appears to be quantitatively marginal."'****

This temperature dependence depends on the size of the
quantum dots. While HgTe NCs present a blue-shift of the band
edge upon heating (see Figure 18b), HgTe NPLs exhibit an
inverted trend (see Figure 18a). Nevertheless, this sign inversion
in dE¢/dT is not driven by the shape of NPLs but by their
confinement. In other words, NCs and NPLs exhibit similar
dE;/dT values for similar band edge energies, as shown in
Figure 18¢,d. As the confinement increases in HgTe, the value of
dE;/dT decreases, and the sign changes as well (the threshold
corresponds to a band edge energy of 1.1 eV). A similar trend is
also identified for PbS NCs, for which dE;/dT decreases and
changes in size are observed. This effect is attributed to the size
dependence of the electron—phonon coupling.”**

To clarify the mechanism of the coupling of confinement and
temperature dependence, Moghaddam et al.’” used a 14 band k-
p model and a simplified 3+1-band model depicted in Figure
18e. The obtained band structure clearly demonstrates the

https://dx.doi.org/10.1021/acs.chemrev.0c01120
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1759 nonparabolicity of the conduction band. The effective mass
1760 approximation only holds over <1% of the Brillouin zone.
1761 However, for strongly confined NPLs (~1.5 eV of confinement
1762 energy), the dispersion relation must be correctly described for
1763 large wave vectors. In particular, this model includes the second
1764 conduction band, which is >4 eV above the heavy hole band.
1765 This band plays a key role. As the temperature is increased, the
1766 bandgap E,¢ shrinks, causing the second conduction band to
1767 approach the first one. To avoid an intersection, the first band
1768 bends downward. Because of this temperature dependent
1769 curvature, the effect of the temperature on the band edge is
1770 different for small and large wave vectors (i.e., for large and small
1771 NCs, respectively), as shown in Figure 18f. It can be concluded
1772 that the temperature dependence reflects the dispersion relation
1773 and that dE;/dT is directly related to the measurement of the
1774 band curvature.

1775 To complete the discussion regarding the temperature
1776 dependence on the spectroscopic properties of HgX NCs, it is
1777 essential to mention that the intraband transition blue-shifts

1778 upon cooling (Figure 19).**'** This shift is also dependent on
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Figure 19. (a) Absorption spectra of small CQDs at temperatures
decreasing from 300 to 4 K. (b) Shift of the intraband/plasmonic peak
as a function of temperature for three sizes of HgSe CQDs. Adapted
with permission from ref 122. Copyright 2017 American Chemical
Society.

1779 the NC size, as the shift is larger (~80 yeV-K™") for smaller NCs.
1780 This size dependence is related to the change in the nature of the

NCs are more degenerately doped and the transition is more
plasmonic.'*

3.3.2. Effect of Pressure. As stated above, the interest in
pressure studies is driven by the growth of heterostructures.
Over recent years, significant effort has been dedicated to the
growth of CdTe/HgTe quantum wells and superlattices to
realize topological insulators.”*"*** Pressure modulation has
been identified as a strategy to finely tune the energy landscape
of such heterostructures.”**** Similar progress has been made
for the growth of colloidal heterostructures based on HgX NCs;
see the section dedicated to heterostructures. This aspect
includes shelling with a CdX layer to design type I'**'*>'*" and
type II band alignments to enhance the PL efliciency and to
realize transport applications'®® and enhanced charge dissoci-
ation in HgSe/HgTe intraband detectors, respectively.'*’

The first question raised by the application of pressure is the
existence of a domain of the zinc blende phase in which HgX
NCs crystallize at room pressure. Bulk HégTe undergoes a
transition from zinc blende to cinnabar’*>**® phase at 1.4 GPa
and to the rock salt phase at approximately 8 GPa.**” In HgSe,
similar phase changes are observed, albeit with different pressure
thresholds.”*” The value of 1.4 GPa typically falls in the range of
pressures that are induced by the growth of a shell on a core if the
two material lattices are not matched.”*” Livache et al**
estimated that the growth of a CdS shell on a HgTe core (10%
lattice mismatch) should lead to a pressure of 2.6 GPa on the
core, enough for the bulk to induce a structural phase
transformation. Thus, by applying pressure on HgX NCs, it
can be determined whether a change in the spectroscopic
properties is the result of a phase change. Livache et al
investigated the pressure effect on a series of HgTe and HgSe
NCs on both inter- and intraband transitions.”*’ X-ray
diffraction under pressure indicated that the zinc blende phase
exists at least up to 3.7 GPa, as shown in Figure 20a. This delay in
the phase transition compared to the bulk is attributed to a
nucleation barrier.”*° Additionally, a similar behavior (with
measurement resolution) has been observed for NCs and
NPLs.“>**° At 4 GPa, the two phases coexist, although it is
unclear whether this coexistence occurs within a single NC or if 1821
various NCs undergo phase changes at slightly different 1822
pressures. By fitting the shift of the diffraction peak in the zinc 1823
blende phase (Figure 20b,c), the change in the lattice parameter 1524
can be estimated to be 10 pm/GPa, corresponding to a bulk 1825
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Figure 20. (a) Diffraction pattern of HgTe CQDs (with the band edge at zero pressure being 4000 cm™') under different pressures. (b). Zoomed in
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from ref 240. Copyright 2019 American Chemical Society.
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1828 that the ligands do not considerably influence the mechanical

1829 properties of the NC film.

AA

To apply pressure, the sample is loaded in a diamond anvil cell
in a pressure transmission medium (alcohol or infrared
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1832 transparent salt for diffraction and infrared spectroscopy,
1833 respectively), whose role is to ensure pressure transmission to
1834 the sample. In addition, a ruby is inserted within the cell, whose
1835 luminescence is used as a pressure gauge; see the scheme of the
1836 setup in Figure 21a. As pressure is applied, the infrared spectrum
1837 of HgTe NCs is dramatically affected (see Figure 21b,d). A shift
1838 as large as 300 meV can be observed under 4 GPa of pressure. In
1839 this sense, the application of pressure is more dramatic than the
1840 temperature effect. For the sake of a comparison, it can be
1841 considered that cooling a HgTe sample by 300 K shifts the band
1842 edge by less than 60 meV (see Figure 18b,d). Applying pressure
1843 induces a blue-shift of the interband transition (see Figures
1844 21b,c). This shift toward high energy occurs for any confinement
1845 value, although the magnitude of the shift is slightly dependent
1846 on the confinement energy: 100 meV/GPa for NPLs as opposed
1847 to 60 meV/GPa for 8 nm NCs. Using the same (3+1) band k-p
1848 model used for temperature, Moghaddam et al.”> demonstrated
1849 that the pressure effect is mostly driven by the bulk I'y—I'y
1850 bandgap (Eg in Figure 18e), which starts from a negative value at
1851 zero pressure and finally opens up for pressures above 2.6 GPa as
1852 the band ordering recovers the normal order (i.e, s above the
1853 I'g band). Additionally, note that above 4 GPa (in the cinnabar
1854 phase), the excitonic transition fully disappears. However, this
1855 process is reversible with a strong hysteresis for pressures up to
1856 10 GPa.

1857 Moreover, the intraband transition is influenced by the
1858 pressure application; see Figure 21d,e. The shift is the opposite
1859 to that observed for the interband transition (ie., a red-shift
1860 upon pressure application). The absolute magnitude of this shift
1861 is smaller (<10 meV/GPa). This shift can be attributed to the
1862 increased effective mass in the conduction band.”*°

1863 Distinct behaviors such as the pressure effect, decrease in the
1864 magnitude of the transition, and disappearance of the transition

AB

induced by phase transformation must be considered for the
future design of HgX-based heterostructures.

3.4. Experimental Determination of the Band Alignment

Infrared optical spectroscopy is the most convenient strategy to
measure the band edge energy and possibly higher transition
energies when sufficiently monodisperse syntheses are em-
ployed (see Figure Sb). However, such techniques are
differential methods and do not provide insights into the
density of the states of each band or absolute band alignment
(i.e., relative position of the band vs the vacaum or Fermi level).
The latter information is critical to understand the charge
delocalization in heterostructures and to design vertical
geometry devices. For example, reducing the Schottky barrier
at the metal—semiconductor interface is critical to avoid losses.
Another example is the measurement of the dipole-induced shift
resulting from ligand exchange, which is typically used for the
design of p—n junctions. Consequently, additional experimental
methods must be developed. Tunnel spectroscopy”>> > is one
such approach, which can be used to correlate spectroscopic
data with structural information. The method has been apglied
to a variety of nanocrystals, including lead chalcogenides”® and
II-VI**’ and III-V semiconductors.”>® However, to date,
tunnel spectroscopy remains mostly unused in the case of HgX
NCs. The only report related to on-chip tunnel spectroscopy is
discussed in terms of a single particle field effect transistor in the
chapter dedicated to transport,”” as shown in Figure 33.

Two methods appear to be of key interest to measure the band
alignment of NC materials: photoemission and electrochemistry
(see Figure 22). Photoemission is the conventional approach to
measure the band alignment of bulk semiconductors.”®’
Electrochemistry is a more chemistry-oriented method”®" that
exploits the large porosity of NC films. Both methods have been
applied to NCs and, in particular, to HgX NCs.*%'*>'**

https://dx.doi.org/10.1021/acs.chemrev.0c01120
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Figure 23. (a) Electronic spectra of the HgX quantum states measured by electrochemistry before (black and blue represent 1S, and 1P, respectively)

and after correction by the charging energy (red and pink represent 1S, and 1P,, respectively. Intraband 1S

«—1P, (the length of the black arrow) and

interband 1S;,—18, (the length of the blue arrow) transitions measured through spectroscopy and corrected for the exciton binding energies are also
indicated. (a) Adapted with permission from ref 68. Copyright 2017 American Chemical Society. (b) Band alignment of HgTe nanocrystals with
different band edge energies. (b) Adapted with permission from ref 192. Copyright 2018 American Chemical Society. (c) Energy of the valence band,
conduction band, and vacuum level for HgTe nanocrystals with a 1.7 gm cutoff wavelength and different capping ligands. The Fermilevel is set as 0 eV.
(c) Adapted with permission from ref 49. Copyright 2019 American Chemical Society. (d) Electronic spectrum (black, red, blue, pink, and green
correspond to the valence band, 1S, state, 1P, state, 1D, state, and vacuum level, respectively) for medium HgSe CQDs capped with four different
ligands. Zero on the energy scale corresponds to the Fermi level. (c) Adapted with permission from ref 122. Copyright 2017 American Chemical

Society.

1897 However, both techniques exhibit certain limitations. The
1898 ultrahigh vacuum used for photoemission is not representative
1899 of the operating conditions of the device, even though this aspect
1900 is more notable for solar cells than for a HgTe NC-based IR
1901 sensor that is likely operated under secondary vacuum in a
1902 cryostat. Similarly, in the case of electrochemistry, the use of an
1903 electrolyte is not representative of the final NC environment in
1904 the device. A systematic comparison of the two methods might
1905 be useful but has not been reported yet.

1906 3.4.1. Photoemission. To conduct photoemission meas-
1907 urements, a UV or X-ray photon is projected on the sample, with
1908 a typical energy of more than the material work function (see
1900 Figure 22b). Consequently, a photoelectron is extracted from
1910 the sample, and an electromagnetic lens later injects this electron
1011 into an analyzer used to determine its kinetic energy (Eg).
1912 Owing to the short escape depth of the electrons in the material
1913 (a few nm), this experiment must be conducted under ultrahigh
1914 vacuum. A scheme of the setup is given in Figure 22a. According
1915 to the energy conservation law, hv = Egg + Eg + WEF . 1,,, Where
1916 hv is the photon energy and WF is the work function of the

analyzer

AC

analyzer. This equation is used to convert the experimental scale
Ey into a material scale at the binding energy Egg.

Large photon energies (1486 eV from the Al K line for the
laboratory setup) are employed to analyze the core levels. X-ray
photoemission spectroscopy (XPS) was used to analyze the
chemical composition of the samples and determine the
oxidation states of each atom. In the case of HgX NCs, the
XPS analysis consistently clarified two contributions for the Hg
4f state, resulting from the core and surface Hg excess. >
Thiol is generally used for the surface chemistry technique, and S
is more electronegative than other chalcogenides. The surface
contribution appears smaller and occurs at a higher energy. The
XPS signal associated with the chalcogenides generally appears
as a single contribution.'”***” By tuning the photon energy
using synchrotron radiation, the contributions of the bulk and
surface can be tuned.

To analyze the valence band, a lower photon energy is
generally used, as obtained from a He lamp (hv =212 eV) ina
laboratory or from low photon energy in a synchrotron (hv <
100 eV typically). This condition is typically employed to
determine the work function and position of the valence band
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with respect to the Fermi level. In photoemission, the Fermi
level is assigned as the zero binding energy. In practice, a clean
metallic substrate is used to calibrate the energy scale. The low
binding energy part of the photoemission spectra is fitted with a
Fermi Dirac distribution. If necessary, a correction is introduced
to set the Fermi energy to zero, and this correction is later
applied to the whole XPS spectra. Alternative calibration
methods may also involve a core level of a well-defined binding
energy (C s or Au 4f are typically used). In a semiconductor
such as HgTe, the signal associated with the valence band
appears to shift from the Fermi level (see Figure 22d). One can
determine Vy — Ej (i.e,, the energy of the valence band with
respect to the Fermi level) from a linear extrapolation of the
photoemission signal to the baseline. It is critical to conduct this
extrapolation, while the photoemission signal is on a log scale;
otherwise, the value of V3 — Ep will be systematically
overestimated, which makes the semiconductor appear more
n-type than it is. The other valuable information that is extracted
from this spectrum is the work function. The work function is
associated with the electrons with the lowest kinetic energies,
owing to which an additional external bias must be applied to
allow these low kinetic energy electrons to move up to the
analyzer. The kinetic energy associated with the cutoff of the
secondary electrons is measured (see Figure 22c), and this value
is related to the material work function. For HgTe and HgSe
NCs, all the reported data®”'**'>*** match WF = 4.6 + 0.1 eV
for EDT-capped NCs.

A critical aspect to obtain reliable measurements is to avoid
the charging of the material. As photoelectrons escape from the
sample, they leave positive charges behind, inducing an
electrostatic shift. To allow rapid charge compensation and
avoid this charging effect, NC films are generally deposited on a
conductive metallic substrate (typically, gold). Moreover, the
thickness of the film is a critical aspect: if the film is not
sufficiently thick, then it will be discontinuous and a signal from
the substrate will be observed. This aspect is generally not
detrimental for core levels but can be problematic when
determining the valence band. However, if the film is excessively
thick and not sufficiently conductive, then the top part will not
be connected to the conductive substrate and will be susceptible
to charging. This aspect may lead to the observation of two
contributions for each core level: a shifted one from the charged
parts of the sample and a nonshifted one for the parts in which
the sample is more electrically connected. The sample resistance
thus appears to be a major concern. It is critical to process the
nanocrystals as if they were used for transport (i.e., to conduct
ligand exchange). In this approach, not only is the measurement
representative of the actual environment within the device but
the charging effect is also strongly reduced. Nevertheless, these
concerns must be mitigated for HgX NCs, for which the film
resistance is considerably smaller than that for wider bandgap
materials and for which charging is not systematic even with
weakly electrically coupled NCs.

Once the Vi — E; and WF values have been determined and
the interband band edge energy Eg is known, the energy
landscape of an NC population (see Figure 23b—d) can be
reconstructed. The valence band and vacuum level are localized
with respect to the Fermi level, while the conduction band is
localized with respect to the valence band by using the measured
optical bandgap. In this case, it is assumed that the Coulombic
correction of the optical spectrum is small and negligible, as
verified by tight binding simulations.”'®

AD

3.4.2. Electrochemistry. Electrochemistry has 10n§ been
used as a tool to determine the quantum states of NCs”** ™%
and was first applied to HgTe NCs by Liu et al,”*® who
demonstrated the ambipolar nature of MWIR (5 pym cutoff)
HgTe NCs. To conduct electrochemistry, the film of NCs is
deposited on a conductive substrate and dipped into an
electrolyte, while two additional electrodes control the current
and applied potential (see Figure 22¢). As the current flows, the

2000
2001
2002
2003
2004
2005
2006
2007

NCs become reduced or oxidized, thereby tuning the filling of 2008

the surface and quantum states of the NCs (see Figure 22f). A
typical cyclic voltammetry diagram is plotted in Figure 22g. The
bumps in the cyclic voltammetry curve are associated with the
filling/unfilling of the quantum states. In this measurement, the
energy reference is the reference electrode, whose potential must
be constant and is later rescaled vs vacuum. In this experiment,
the Fermi level is the rest potential of the film in the open circuit
condition. If two electrodes are present on the substrate of the
sample, then it is possible to measure the conductance of the
sample and carrier mobility, thereby providing additional
information compared to what can be obtained from photo-
emission. A typical refinement of the cyclic voltammetry
experiment is to couple the experiment with spectroscopy to
conduct spectroelectrochemistry. In this case, it is possible to
observe the bleach of the interband as the intraband peak
appears'”***® and obtain a more accurate estimation of the
quantum state filling as opposed to any other states that might be
electrochemically filled and contribute to the electrochemical
current.

In regard to HgX NCs, systematic studies have been
conducted as a function of the material composition,68
size,"*'91?% and surface chemistry,”'** as shown in Figure
23. In the event of marginal quantitative disagreements between
the electrochemistry and photoemission techniques, the
following quantitative trends can be considered for future
discussion:

e Band alignment: As chalcogenides become heavier
(atomic mass), the maximum valence moves toward the
vacuum level. Using the electrochemistry approach,®® the
energies of the top of the valence band are determined to
be 5.85 (HgS), 5.5 (HgSe), and 4.77 eV (HgTe) below
the vacuum level. The values obtained from photo-
emission are 5.3 and 4.85 eV for HgSe122 and HgTe,]92
respectively, corresponding to a slightly reduced band
offset. The trend of the conduction band is slightly more
complicated due to the presence of a bandgap in HgS,
leading to the bottom of the conduction band energy
being 5.2 (HgS), 5.5 (HgSe), and 4.77 eV (HgTe) below
the vacuum level.”® As mentioned previously, there is
reasonable agreement regarding the work function values,
with values of 4.7 eV and 4.4—4.6 eV obtained using
electrochemistry®® and photoemission for both HgSe and
HgTe for the same capping ligands (EDT), respectively.

o Size effect: Size, through confinement, influences the
relative position of the Fermi level and bands. In HgS and
HgSe, for sizes above 3 nm, the Fermi level is in the
conduction band. This phenomenon corresponds to
degenerate doping, which is consistent with the
observation of an intraband feature in the infrared spectra
of these materials (see Figure 23d). Nevertheless, the
Fermi level can be found to be lower in this band
depending on the size, barely filling the 1S, level for the
smallest particles, and it is above the 1D, state for the
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Figure 24. (a) Time scale of the different carrier relaxation times in a film of HgTe NPLs. (b) PL decays for HgTe CQDs emitting at 2 ym (left) and 2.7
um (right). The open circles denote the measured intensity; the solid lines represent the biexponential fits with the time constants presented as labels.
The samples were excited with 1.2 mW (high power) and 0.027 mW (low power). (b) Adapted with permission from ref 168. Copyright 2014
American Chemical Society. (c) Magnitude of the Auger coefficient as a function of the inverse of the particle volume for HgTe NCs. (c) Adapted with
permission from ref 268. Copyright 2018 American Chemical Society. (d) Interband fluorescence decay at S600 cm™" for self-doped HgSe NCs. (e)
Intraband fluorescence decay at 2100 cm™ for self-doped HgSe NCs. (d,e) Adapted with permission from ref 269. Copyright 2019 American
Chemical Society.

largest particles,122 as shown in Figure 29b. This shift is
responsible for a metal—semiconductor transition, as
discussed in the transport part of this review. In the case of
HgTe, the Fermi level is almost resonant with the
conduction band, and the size effect can be even more
dramatic (see Figure 23b). For small confined particles,
the Fermi level is within the bandgap, closer to the valence
band (i.e., p-type). As the particle size increases, the Fermi
level reaches the upper part of the bandgap (n-type) and
finally reaches the conduction band as the cutoff
wavelength exceeds S—10 ym (12—20 nm) (see Figure
23b).

Surface chemistry effect: As observed for PbS NCs, the
band alignment is affected by the change in the capping
ligands; see the section dedicated to doping. The library of
ligands that has been tested remains smaller than that
reported for PbS'?*'?**%” and is mostly focused on short
thiols or short surface ligands compatible with transport
(see Figure 29¢,d). The shift of the bands induced by the

AE

change in the surface chemistry can reach 0.3 eV, which is, 2081
given the narrow bandgap nature of the material, of the 2082
order of E,/2. A value of 0.3 eV is sufficient to switch 2083
HgTe from the n- to p-type (see Figure 29¢) or to switch 2084
from degenerate doping to a Fermi level within the 2085
bandgap in the case of HgSe (see Figure 13a,b). 2086

3.5. Carrier Dynamics

The highly specific size-dependent electronic structures of 2087
mercury chalcogenide NCs as well as the semimetal nature of the 20s8
bulk material are expected to impact carrier relaxation, especially 2089
compared to that of wider bandgap nanocrystals. The stronger 2090
density of states is expected to allow efficient phonon-assisted 2091
relaxation, and the higher doping level may accelerate Auger 2092
relaxation. Carrier relaxation is of interest for both light emission 2093
and detection efliciency, and consequently, this aspect is key to 2094
examine the carrier relaxations in HgX NCs. Time-resolved 2095
methods require a setup in which both the source and detection 2096
are designed to operate in the infrared region. Time-resolved 2097
optical methods, such as time-resolved photoluminescence 2098
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Figure 25. (a) Scheme of the pump probe photoemission setup. Two laser sources can be used: an 80 fs amplified Ti sapphire laser operated at 800 nm
or a 2 ns rise time blue (405 nm) laser diode. Light is projected on the sample under ultrahigh vacuum. X-rays at 350 eV sourced from the Soleil

synchrotron also illuminate the sample on the same spot. Every 10 ns, a

photoemission spectrum is acquired. The time resolution of the experiment is

30 ns, limited by the analyzer. These spectra are fitted by two Gaussians, and the center of the low binding energy Gaussian is displayed as a function of
time. (b) The energy of the Hg 4f, , core level fitted position as a function of time, while the light (blue —405 nm laser) is turned on and off for a HgTe
NPL film capped with sulfide. (a,b) Adapted with permission from ref 262. Copyright 2017 American Chemical Society. (c) Transient photocurrent
setup. (d) Evolution of conductance as a function of time after a 1 ns long pulse of light at 355 nm. (e) Reconstructed energy spectrum including the
trap distribution. (c—e) Adapted with permission from ref 278. Copyright 2017 American Chemical Society.

2099 (TRPL), appear to be well suited for examining processes that
2100 occur at short time scales (a few ps to 100 ns), corresponding
2101 mostly to intra-NC relaxation (see Figure 24a). Note that time-
2102 resolved transient absorption (TA) is mostly unexplored for
2103 HgX NCs.””® This aspect is paradoxical from a material
2104 viewpoint because the absorption signal does not degrade with
2105 increasing wavelength, as opposed to PL. To achieve larger time
2106 scales (us to s), typically to understand the relaxation at the NC
2107 array level, alternative methods must be used. In the case of HgX
2108 NCs, a transient photocurrent and pump probe photoemission
2109 have led to interesting results.

2110 3.5.1. Time-Resolved Photoluminescence. TRPL is the
2111 most common strategy to measure carrier relaxation in NCs.
2112 The success of this approach strongly relies on the ability to
2113 achieve single particle measurements. Such time-resolved
2114 measurements with a limited number of photons are enabled
2115 by fast single photon detectors, such as avalanche photo-
2116 detectors. However, pushing this experiment in the infrared
2117 domain and, in particular, above 1.7 ym is highlight challenging,
2118 and only a few researchers have attempted this expansion.”"' %
2119 Consequently, there is a lack of consistent data, with PL lifetimes
2120 spanning from 50 ps'®® up to several tens of ys.”> The limited
2121 amount of available data may lead to unfair comparison of the
2122 carrier relaxation times. Moreover, the experimental conditions

differ from one study to another with different particle sizes (by
at least a factor of 2 based on the diameter) or different
excitation pulse durations (ps'®® pulses). At short time
scales, a fast component (S0 ps) exists, as shown in Figure 24b,
whose magnitude strongly depends on the excitation power.
This decay time also correlates to the fast component observed
in TA (Figure 24d,e) and is attributable to the biexciton
lifetime.”'® At long time scales, an extremely long decay constant
has been observed and attributed to trap states, according to
Geiregat et al.”> The authors used extremely small HgTe NCs,
which increased the relative contribution of the surface.
Moreover, the authors proposed using these trap states to
design a three-level system, leading to a low excitation power
stimulated emission.”” In the intermediate range (100 ps to 100
ns), the contribution from the exciton was identified. However,
this contribution decreased promptly with NC size, from 500 ns
for a band edge at 1.2 um,>* to 10—20 ns for a band edge at 1.7
um,”" to 2 ns at 2 um and to 400 ps for emission at 2.7 pm.'°
This rapid drop in the exciton lifetime strongly correlates with
the decrease in the PL efficiency with increasing emission
wavelengths. This reduction in the exciton lifetime is the result
of a higher coupling to the ligands, especially as the PL signal
starts to overlap with the absorption of the C—H bonds,
enabling efficient near-field energy transfer.”"'*%*”!
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3.5.2. Transient PL to Examine the Auger Relaxation.
The Auger relaxation of the interband transition in HgTe*** and
HgSe ®” presents a decay time of approximately 20—30 ps (see
Figure 24d). This lifetime follows the volume scaling observed in

nanocrystals.””>*”> However, the relative magnitude of the
2

. . . . _
Auger relaxation quantized using the expression C, = P where

V is the particle volume and 7p is the biexciton lifetime, is
strongly reduced compared to that in the bulk.”*® This aspects
can help reducing the number of nonradiative decay paths,
which may lead to brighter HgTe NCs and a reduction in the
noise magnitude in IR detectors.”® A key feature is related to the
relaxation of the intraband in HgSe. While the interband decay
appears to be similar for HgTe (undoped: <1 carrier per NC)
and HgSe (doped: ~2 carriers per NC), despite their different
carrier densities, the intraband feature displays no or extremely
slow Auger relaxation. In addition, the decay constant is
independent of the change in the fluence; see Figure 24e.”*” This
result is counterintuitive, as the Auger value is favored by high
carrier densities; however, in this case, the dynamics are retarded
for a transition that is induced by the high carrier density of the
material. This slowing of the Auger decay is interpreted as the
consequence of the density of states in the material. Future
challenges in this direction are related to the investigation of the
extremely early time scale (<50 ps), which remains unaddressed
for HgX NCs to date.

3.5.3. Pump Probe Photoemission. Time-resolved
photoemission is a pump—probed technique in which optical
photons from a pulsed source are used to excite NCs, and X-ray
photons, typically from a synchrotron source, are used as
probes.””* A typical scheme of the experimental setup is shown
in Figure 25a. In practice, the probe is used to acquire a core level
photoemission spectrum at different times of the pump. The
obtained core level spectra are then fitted with Gaussians, and
the peak binding energy is plotted as a function of time. Because
of this fitting procedure, a super-resolution of &S5 meV is
obtained, which is an enhanced resolution compared to that
(30—50 meV) obtained by static X-ray photoemission measure-
ments. This method can be seen as a time-resolved transient
photovoltage experiment that examines the surface band
bending at the interface.””> This approach represents a powerful
in situ method to probe the band alignment in optoelectronic
devices.”’**”” Under dark conditions, a nonstoichiometric
semiconductor presents surface band bending. Under illumina-
tion, electron—hole pairs are generated, and consequently,
minority carriers flow toward the surface due to band bending.
The band bending is continuously reduced, and under a
sufficiently large irradiance, flat band conditions can be
obtained. Once the semiconductor returns to dark conditions,
the majority carriers from the bulk flow toward the surface and
recombine with the minority carriers accumulated on the
surface, thereby restoring the initial band bending. This method
provides two key pieces of information. (i) First, the nature of
the majority carriers can be confirmed. The sign of the
photoinduced shift is related to the nature of the majority
carriers. An increase in the binding energy under illumination, as
observed in Figure 25b, corresponds to the electrons acting as
majority carriers.”* In this sense, the method is correlated with
field effect transistor (FET) measurements without requiring
any electrodes. The second (ii) key piece of information involves
the carrier dynamics. The turn on and turn off time is related to
the diffusion time of the minority and majority carriers,
respectively.'*®

AG

Pump probe photoemission has been mostly applied to HgTe
NPLs. Livache et al. used this approach as a strategy to clarify
whether the response time of their device was limited by the
material or device geometry.””> Gréboval et al. demonstrated
that HgTe NCs and NPLs exhibited similar diffusion times for
the majority carriers and concluded that the transport was
mostly driven by confinement instead of the particle shape.'®®

3.5.4. Transient Photocurrent to Examine the Trap
Distribution. As NCs exhibit low luminescence in the infrared
region and on targeting time scales longer than a few
nanoseconds, alternatives to TRPL and TA must be developed.
The use of the transient photocurrent eliminates the constraints
regarding the material luminescence and exploits the photo-
conductivity of HgX NC arrays. Investigation of the transient
photocurrent was driven by the determination of the response
time for photodetectors.””” Most HgTe NC arrays exhibit a
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reasonably small response time. In general, responses of 2225

microseconds or less are commonly obtained for both
photoconductive and photovoltaic devices based on HgTe
(see Tables 6 and 7, respectively). Intraband materials, however,
present a slow response (millisecond—second range), which

2226
2227
2228
2229

likely reflects the bolometric origin of the response for arrays of 2230

pristine HgSe NCs.

However, most short-pulsed sources are not available in the
infrared region, and excitation occurs far above the band edge
energy,””” which may result in a hot electron effect.”*>*"’
Livache et al. demonstrated that multiexciton generation
(MEG) occurs in HgTe illuminated by high photon energies.”"’
Typically, the threshold for MEG is between 3 and S times the
band edge energy. To correctly examine the dynamics at the
band edge, the authors used a pulsed quantum cascade laser,
whose emission was resonant with the HgTe NC absorption.”"”
The authors demonstrated that a response time of as small as 20
ns (limited by the QCL) can be obtained from a conductive
array of HgTe NCs.

Martinez et al. designed a specific setup to examine the
transient photocurrent, as depicted in Figure 25¢.””® Excitation
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2237
2238
2239
2240
2241
2242
2243
2244
2245

was realized using a high power source enabling measurement of 2246

the current over several orders of magnitude. The excitation
pulse was short to access fast dynamics; however, the repetition
rate was maintained at a small value to examine the long time
scale relaxation. This setup combined both broad temporal and
signal dynamics. At short time scales, the authors observed a fast
. 1282
exponential decay of conductance followed by a long tail; see
Figure 25d. In most setups dedicated to the detector response

2247
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2250
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time, owing to the low signal resolution (1 or 2 orders of 2254

magnitude), only the early decay could be accessed before the
photocurrent reached its baseline. Clarifying the slow
component of the photocurrent required expansion of the
signal dynamics by combining a strong excitation with sensitive
detection. The hopping mechanism in HgTe NC arrays is
estimated to be approximately a few nanoseconds. As a result, no
internanoparticle transport can occur, and the current observed
is the displacement current.”*>**" The drop in current reflects
electron—hole pair recombination and trapping. At long time
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2260
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scales, the observed power law decay is the signature of 2264
multitrapping transport, as previously observed in the case of 2265

. 7283284 .
amorphous materials. As transport starts, the carriers are

first trapped and then thermally released. The release time
reflects the depth of the trap. Consequently, the power exponent
(b) of the decay directly reflects the trap distribution though the

relationb = —1 + kg—T, where kT is the thermal energy and Ey;
U
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Figure 26. (a) Absorption and photoluminescence spectra of HgTe NCs reported by Rogach et al. Adapted with permission from ref 32. Copyright
2001 Wiley. (b) Room temperature PL spectra of HgTe NCs reported by Kovalenko et al. (b) Adapted with permission from ref 27. Copyright 2006
American Chemical Society. (c) PL spectra of HgTe NCs reported by Keuleyan et al. (c) Adapted with permission from ref 95. Copyright 2011
American Chemical Society. (d) Comparison of the PLQY between HgTe and PbSe with different growth methods. (d) Adapted with permission from
ref 101. Copyright 2017 American Chemical Society. (e) Scheme of a HgTe film coated on a laser printed Au nanobump array. (f) Emission spectra of
the HgTe NC layer on a Si substrate or on a laser printed Au nanobump array (e). Samples A (purple) and B (green) have different lattice resonances
(1480 + 30 for A and 1600 + 30 nm for B). (e,f) Adapted with permission from ref 21. Copyright 2020 Nature.

2271 is the Urbach energy describing the exponential decay of the trap
2272 states within the bandgap.”®> The transient photocurrent is an
2273 alternatwe to spectroscopic methods to investigate subbandgap
2274 states.”* In HgTe, the Urbach ene _gy ranges from 35 to 50 meV
2275 depending on the capping ligands.”” A low value for the Urbach
2276 energy indicates high surface passivation and can minimize the
2277 open circuit losses for photovoltaic devices.”®” Combining this
2278 determination of the trap state distribution and photoemission
2279 measurements, Martinez et al. proposed a reconstructed
2280 spectrum for HgTe NCs, which included the trap state
2281 distribution (see Figure 25e).

4. LIGHT EMISSION

2282 Because of their high luminescence in the UV and visible
2283 regions, Cd- and Zn-based chalcogenides were the first and most
2284 studied materials under NCs. Mercury chalcogenides were
2285 introduced later as promising II-VI narrow bandgap materials
286 for infrared light emission.'”” The first findings were reported by
2287 Rogach et al., who grew HgTe NCs for the first time,”” as shown
2288 in Figure 26a. The authors achieved small HgTe NCs with a tail
2289 of absorption in the infrared region. This material was
2290 photoluminescent in the near-infrared region and up to the

AH

first telecom region (1.3 ym). The interest in such near-infrared
emitters was, at first, motivated by blolmagmg,1161 * because
the near-infrared window overlaps with the low absorption
spectral range of water (and consequently of biological tissues).
Light emission was not extensively investigated at the device 2295
level for mercury chalcogenides.”******” This drawback was not 2296
the result of a material limitation but rather due to the difficulty 2297
of introducing Hg-based materials for lighting due to their 2298
toxicity. A significant part of the work related to the HgX NCs’ 2299
PL relates to its use as a tool to examine nonradiative channels. 2300
This aspect is used to understand the fundamental limits of NCs 2301
occurring through Auger relaxation or coupling to the organic 2302
ligands. 2303

This section is divided in two main parts. The first part is 2304
related to the photoluminescence in HgX NCs. Intraband 2305
luminescence and reports for stimulated emission are discussed 2306
in this section. The second part is dedicated to electro- 2307
luminescence in HgX-based devices. 2308

2291
2292
2293
2294

4.1. Photoluminescence

4.1.1. Interband Luminescence. Following the work of 2309
Rogach et al,””"">**° many researchers attempted to increase 2310
the emission wavelength. This effort was strongly correlated 2311
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Table 4. Figures of Merit Relative to the PL from HgX NCs
material PL peak (um) line width PLQY (%) life time comment year/ref
HgTe 1.3 ~200 nm 48 synthesis based on thiol capping in aqueous medium 1999°°
CdHg,_,Te, 0.8—1.1 ~150—350 40 size tunability for NIR luminescence 2001
HgTe 0.9-2.0 ~200—-400 N
HgTe 1.2-3.5 ~800 40 wide emission from the near to the mid-IR 2006
@35 0.5-2
HgTe 1.3-§ ~1000 nm narrow luminescence from near and mid-IR 2011%°
@S
HgTe 1.5-5.7 ~300 nm 10-1072 48 ps (Auger) PLQY of mid-IR emission 2014'%
@2 2 2 ns (exciton)
HgTe 1.3-23 ~700 nm 17 aprotic based synthesis 2017'"
@2.07
HgTe 1.5-2.7 200—700 nm two step synthesis using a H,Te gas precursor 2020
HgS 5 ~1150 nm 107'-1072 intraband PL 2014%
HgSe/CdS 5.08 ~1150 nm 107'-1072 intraband PL 2016'

2312 with synthetic developments. Among the key developments,
2313 Kovalenko et al. reported an emission up to ~4 um (see Figure
2314 26b) that was extended to S ym (Figure 26¢) and 8 um by
2315 adding a regrowth step.”® While further progress was made to
2316 strongly red-shift the absorption,””*° 8 um remains the reddest
2317 value ever reported for the PL of NCs.

2318 The difficulty of measuring redder PL signals is 2-fold: the lack
2319 of an easily available commercial setup and high cost of detectors
2320 in the MWIR/LWIR ranges and the intrinsic issue limiting the
2321 PLQY of infrared NCs. As depicted in Figure 26d and reported
2322 in Table 4, the PLQY rapidly decreases with wavelength. For
2323 example, a reasonable PLQY can still be obtained at 2 gm when
2324 performing aqueous synthesis. Rogach and co-workers pushed
2325 the PLQY up to 17% for an emission of approximately 2 ym.'%"
2326 However, at S ym, the PL efficiency is only a few 0.01%. This
2327 drop is caused by the combination of two effects. If we neglect
2328 the nonemitting (dark) NCs,””' then the PLQY can be

expressed as QY = , where I, is the radiative emission

L
2329 L+T,

2330 rate and I, is the nonradiative decay rate, accounting for all the

2331 possible loss mechanisms (Auger, phonon, energy transfer, etc.).
3
u*, where

P 20 @
32 The radiative lifetime can be expressed as™ I, = e

2333 @ is the frequency of emission, 7 is the reduced Planck constant,
2334 ¢ is the light velocity, and y is the dipole associated with the
2335 transition. Van Driel et al. reported a different scaling for the
2336 radiative decay rate, with the emission frequency presenting a
2337 linear dependence.””® Nevertheless, both the modeling
2338 approaches for the radiative decay rate indicated a lower rate
2339 as the emission shifted toward longer wavelengths. Thus, if the
2340 nonradiative decay rate is considered to be a result of the surface
2341 chemistry, then the slowing of the radiative component in the
2342 infrared region is primarily responsible for the observed QY loss.
2343 Specifically, this phenomenon is responsible for one and a half
2344 orders of magnitude decay (in the @® scaling hypothesis) out of
2345 the two and a half orders of magnitude decay of the PLQY
2346 observed as the emission wavelength increases from 2 to S ym.
2347 This intrinsic decay cannot be overcome by loss reduction
2348 (i.e., decrease in the nonradiative decay rate). To design faster
2349 radiative IR emitters, the dipole remains the only degree of

Al

freedom. Quantum engineering can facilitate the development 2350
of heterostructures in which the wave functions are designed to 2351
increase the dipolar moment of the transition. At present, this 2352
strategy remains unexplored for mercury chalcogenides. This 2353
approach can be implemented “artificially” by tuning the light 2354
matter coupling: recently, Sergeev et al. reported the coupling of 2355
aHgTe NC film to an array of nanobumps,”" as shown in Figure 236
26e. This array is used to introduce plasmonic resonance and 2357
increase the effective electromagnetic field absorbed by the NCs. 2358
The obtained PL is later enhanced by a factor of 5; see Figure 2359
26f. 2360

The second limitation to obtain bright IR emitters is also 2361
specific to infrared. IR is often seen as part of the electro- 2362
magnetic spectrum in which chemical bonds present a 2363
fingerprint signal: infrared spectroscopy is commonly used as 2364
an analytical technique to clarify the chemical composition of a 2365
sample. The surface chemistry of NCs leads to a dramatic 2366
limitation in regard to the IR emission of NCs because of the 2367
strong IR absorption of ligands. At the end of synthesis, NCs are 2368
generally capped with ligands that include long alkyl chains. The 2369
ligands present a strong IR absorption at #2900 cm™" due to the 2370
C—H bond resonance. The magnitude of this absorption is often 2371
useful to determine whether ligand exchange is successful. 2372
Because of the proximity of ligands to the inorganic core, a 2373
highly efficient energy transfer occurs from the exciton to the 2374
organic shell. This process introduces nonradiative losses in the 2375
PL and can be attributed to a 1 order of magnitude drop in the 2376
PL efficiency below the radiative limit (see Figure 26d). A 2377
possible strategy to overcome this limitation is to use purely 2378
inorganic surface chemistry. On HgX NCs, As,S; is, to date, the 2379
only fully inorganic ligand that has been grafted onto NC 238
surfaces.” However, no report exists on the potentially 2381
beneficial effects of these inorganic ligands for PL, as these 2352
ligands were introduced for electron transport enhancement. 2383
The introduction of a core/shell with a type I band alignment is 2384
also a viable strategy to enhance the PLQY by preventing the 2385
wave functions from experiencing surface traps.”'® As discussed 2386
in the section dedicated to heterostructure growth presented 2387
earlier in this review, the growth of HgX-based heterostructures 2388
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Figure 27. (a) Amplified spontaneous emission spectra of a free-standing HgTe thin film with increasing stripe length (red arrow). (b) A four-level
scheme in which the stimulated emission involving an electron from the CB to the empty surface defect levels close to the valence bands (VB ;,) does
not have any counterpart in absorption, leading to a thresholdless gain. (a,b) Reproduced with permission from ref 22. Copyright 2018 Nature. (c)
Intraband PL emission spectrum (red) from the 1S,—1P, transition of ambient n-type HgS NCs after photoexcitation at 808 nm. The absorption
spectrum (in black) overlaps with the PL emission spectrum. (c) Adapted with permission from ref 33. Copyright 2014 American Chemical Society.

2389 is highly challenging because HgX cores are mostly incompatible
2390 with the high temperature growth methods required to obtain
2391 CdX shells. Among the few reports dedicated to the shelling on
2392 HgX cores, mostly toward CdX shells, > 136185187 “yhe
2393 introduction of the shells does not lead to a significant PLQY
2394 enhancement.

2305 4.1.2. Intraband Luminescence. While previous dis-
2396 cussions have mostly focused on undoped HgX NCs, self-
2397 doped HgX NCs can also present intraband PL,*'* as shown
2398 in Figure 27c. In this case, the PL signal spectrally overlaps with
2399 the intraband absorption without the Stokes shift. Depending on
2400 the exact filling of the 1S, state, which can be modulated with
2401 surface chemistry, dual color luminescence attributable to both
2402 the inter and intraband absorption can be obtained.'® The
2403 PLQY of the intraband transition is similar to that from the
2404 interband transition at the same wavelength.

205 4.1.3. Lasing. In addition to the PL, lasing of NCs*** has
2406 been developed in recent years.””>™**® To design a cavity,
2407 Shopova et al. used Si microspheres that couple to Hg(Cd)Te
2408 NCs.””” The authors obtained a lasing signal from 1240 to 1780
2409 nm with a low pump threshold.”*’ In these early reports, short
2410 (fs and ps) pulsed excitations were considered to generate a
2411 transient gain at times smaller than the Auger lifetime.
2412 Nevertheless, the long-term goal is to demonstrate the steady
2413 state or quasi (ns) steady state gain to enable broad band light
2414 amplification at a telecommunication bandwidth (GHz and
2415 more). A step in this direction was reported recently by Geiregat
2416 et al.”> The authors realized stimulated emission with a low
2417 threshold (40 mW-cm™2) in small HgTe NCs (see Figure 27a).
2418 Such a low level of excitation is an asset because it is compatible
2419 with sunlight excitation or low current density operation of
2420 LEDs (20 mA-cm ™). The authors succeeded in demonstrating a
2421 gain using a nanosecond pulsed laser, which is a critical step
2422 toward developing electrically driven laser diodes. The authors
2423 attributed the origin of the long life gain to the presence of
2424 surface traps in the vicinity of the valence band (see Figure 27b).
2425 Such traps likely contribute to the formation of a four-level
2426 system enabling a long-lived population inversion. These results
2427 must be correlated with future developments of HgTe NC-
2428 based LEDs.

4.2. Light Emitting Diode
2429 The efforts dedicated to achieving electroluminescence (EL)
2430 using mercury chalcogenides are extremely few compared to

2431 those for PbS NCs, which is likely correlated to the lower
2432 amount of work dedicated to the development of vertical

AJ

geometry photovoltaic devices based on
HgTe***®!14019%301730% o mpared with PbS. In addition, HgS
and HgSe are self-doped and present mid-infrared intraband
transitions (see the previous section dedicated to intraband
luminescence) owing to which the device integration is relatively
challenging due to the low PL efficiency.””'®” A first structure
was proposed by Kotysh et al,”** which involved HgTe NCs
mixed into a conjugated polymer to form a blend structure. The
latter was surrounded by Al and ITO contacts (see Figure 28a).
EL at 1300 nm was observed; however, the turn on voltage was
high, at approximately 10 V (i.e,, 10 times the bandgap energy,
see Figure 28b), suggesting an unoptimized structure. Later,
O’Connor et al.**” proposed a new structure based on an ITO/
PEDOT:PSS/HgTe/Al stack. This ITO:PEDOT combination
is extensively used as a hole injection layer for OLEDs and visible
quantum dot-based LEDs. Compared to wider bandgap
materials, the narrow bandgap of HgTe reduces the need for a
second (or even third) hole transport layer to make the HOMO
potential resonant with the emitting layer valence band. The
operating bias is significantly reduced, and the turn on voltage is
below 2 V when using this structure (see Figure 28c). The later
remains far above the bandgap. Since this research, the
electronic structure and doping of the materials have undergone
considerable progress. HgTe NCs with emission in the near-IR
region exhibit a strong p-type nature. The aluminum top contact
is easily oxidized into insulating alumina, which leads to an
insufficient electron injection. After this demonstration, there
was a 15 year period without any report dedicated to EL based
on HgTe NCs. Recently, Qu et al*’ proposed a structure
inspired by PbS NC solar cells.**>*% The authors used a ZnO
layer and an EDT capped layer of PbS for the electron and hole
transport layers, respectively (see Figure 28d). The emitting
layer was made of a ZnO:HgTe mixture. The authors found that
the optimal ZnO to HgTe ratio was approximately 1:1. This
ratio facilitates the formation of an ambipolar bulk hetero-
junction while controlling the charge injection by modulating
the amount of ZnO as a hole blocking layer. With this structure,
a subband gap (0.6 V, see Figure 28e) turn on voltage is
achieved. The authors demonstrated the development of a
bright LED with a maximum EQE of 0.7%, stable emission over
30 h of continuous operation in air without any LED
encapsulation, and spectral tunability from 1250 and 1600 nm
(Figure 28g). The authors finally used the bright LED as an
SWIR light source for active imaging applications (see Figure
28f). The authors also indicated that moisture detection could
be easily realized using such near IR emitting LEDs. One
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Figure 28. (a) Representation of the MeLPPP/HgTe NC device; ITO, indium tin oxide; NIR light, near-infrared light. (b) Current—voltage (—) and
integrated electroluminescence (EL) intensity—voltage (squares connected by a dashed line) traces of the MeLPPP/HgTe NC device. Inset:
electroluminescence spectra of the MeLPPP/HgTe NC device obtained at different voltages in comparison with the photoluminescence spectrum of
HgTe NCs in a composite MeLPPP/HgTe film. (a,b) Reproduced with permission from ref 288. Copyright 2004 Wiley VCH. (c) Typical I/V/L
characteristics of an NIR emissive HgTe quantum dot device (ITO/PEDOT/HgTe/Al). Blue solid diamonds, current; pink open circles, NIR
luminance. (c) Reproduced with permission from ref 289. Copyright 2005 AIP Publishing. (d) Energy band profile for a diode made of ITO/ZnO/
HgTe/PbS/Au. (e) Current and radiance as a function of the applied bias for two thicknesses of the emitting layer and with a 50:50 volume ratio of
HgTe and the ZnO solution. (f) Visible (a) and SWIR (b) images of a biscuit presenting a moisture stain. (g). Normalized electroluminescence spectra
obtained from HgTe NCs. (d—g) Adapted with permission from ref 23. Copyright 2020 American Chemical Society.

2479 unaddressed question regarding HgX NC LEDs is light
2480 extraction. Because of an optical index mismatch, approximately
2481 80% of the generated photons are waveguided into the substrate.
2482 Various strategies have been reported to obtain direct emission
2483 from HgTe NCs, including the use of Bragg mirrors*®’ or
2484 coupling HgTe NCs to a photonic crystal.**®

5. ELECTRONIC TRANSPORT

2485 This section addresses the electronic transport in HgX NCs,
2486 mostly in the array form. This review is focused on dark
2487 conduction because the next section is dedicated to photo-

AK

conduction and detection applications of HgX NCs. The 24ss
chapter is organized as follows. We first discuss the specificity of 2489
the electronic conduction in a range of carrier densities (107>—1 2490
carriers per NC), which is considerably higher than that typically 2401
observed for wide bandgap semiconductors but considerably 2492
lower than that observed for metals (1 electron per atom). Next, 2493
we discuss the effect of the surface chemistry on the transport 2494
and stability of the material’s electrical properties under 2495
atmospheric conditions. Finally, a large part of the discussion 2496
is dedicated to the design of field effect transistors and their use 2497
in examining electronic transport. 2498

https://dx.doi.org/10.1021/acs.chemrev.0c01120
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Figure 29. (a) Scale illustrating doping in various NCs. (b) Fermi level energy with respect to the valence band as a function of the interband gap for
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VCH.

2499 As discussed earlier, a key specificity of HgX NCs with respect
2500 to other NCs is their large carrier density. Figure 29a
2501 summarizes the main results discussed in the section dedicated
2502 to doping. The figure provides a sense of scale for the expected
2503 carrier densities in various NCs. The large carrier density
2504 originates from a combination of the low carrier activation
2505 energy of a narrow bandgap semiconductor and self-doping that
2506 can lead to high doping levels of up to several carriers per NC. In
2507 a simple hydrodynamic model, the current density scales as the
2508 product of the carrier density and film mobility. For a given
2509 surface chemistry (i.e., for a given mobility), this aspect can lead
2510 to a significantly dark conductance for a film of HgTe with
2511 approximately 0.01 carriers per NC, especially compared to a
2512 CdSe film that has virtually no thermally activated carriers. This
2513 increased conductance provides the opportunity to examine the
2514 transport in an FET configuration, although this increase
2515 impedes IR detection. The large dark carrier density reduces the
2516 photocurrent-induced modulation and requires cryogenic
2517 conditions to achieve optimal performance. Martinez et al.
2518 exploited the doped nature of HgSe NCs to investigate the effect
2519 of confinement on the metal—insulator transition. >* Doping is
2520 an intuitive key to examine the metal—insulator transition.’*>”"
2521 According to the Mott criterion, metallic behavior should occur

20 0
h7e e,

oo 173 311 . . ) _
5522 i @on’? >0.25,"" where n is the carrier density and a, = p—

2523 is the Bohr radius, with & being the Planck constant, £, being the
2524 vacuum permittivity, £, being the material dielectric constant,
2525 m* being the effective mass, and e being the elementary charge.
2526 This approach has been used to induce a metallic nature in
2527 doped Si NCs.**” In HgSe, because of self-doping, confinement
2528 influences the relative position of the bands with respect to the
2529 Fermi level, as shown in the phase diagram in Figure 29b. The
2530 authors indicated that by increasing the size (ie., reducing
2531 confinement), the 1S, 1P, and finally 1D states can be filled and,
2532 consequently, the carrier density is increased to 2, 8, and 18

AL

electrons per NC, respectively. The authors, through temper-
ature-dependent conductance measurements, demonstrated
that the transport law driving the current in HgSe arrays is
affected by the state filling at the NC level. At low carrier
densities, the results obtained using Mott’s law (

2533
2534
2835
2536
2837

o  exp(—(Ty,/T)"*), where ¢ is the conductance and T is
the temperature, match well with the experimental results. This
aspect reflects that the density of states drives the current 2540
magnitude at low carrier densities. At high carrier densities, 2541
typically when the HgSe 1D state is filled, the number of 254
electrons increases and a more metallic behavior is expected. 2543
The conductance temperature dependence in this range can be 2544

defined using Efros—Shklovskii’s law (o' & exp(—(Tps/T)"?)).
This law is the conventional law observed in an array of metallic
nanoparticles.”’> When the D states are filled, the density of the
states increases and the availability of the empty states no longer
drives the current magnitude. At this point, the current is
determined by the Coulombic cost of the nanoparticle charging. 2550
This aspect shows that at the nanoparticle level, the NC switches 2551
from a semiconductor behavior to a metallic behavior."”* 2552
However, owing to the weak coupling between the individual 2553
nanoparticles at the film level, the collective behavior (i.e., the 2554
film behavior) is similar to that of a semiconductor, with an

2555
overall increase in the electrical resistance upon cooling. 2556

2538
2839

254S
2546
2547
2548
2549

5.1. Surface Chemistries for Transport in the HgX Array

In NC arrays, transport is driven by the surface chemistry, which
determines the carrier mobility.”**"* However, in early studies
involving transport in arrays of HgX NCs ligand exchange
procedures were not as developed as they are today, and
sintering was the classic strategy to enhance the transport
properties. The latter processes can be implemented through the
aggregation of particles during synthesis’ or induced by mild
temperature annealing (150 °C)."”**'* Annealing at temper-
atures above the growth temperature leads to a strong particle

2557
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sintering, which favors the nanoparticle coupling associated with
a higher carrier mobility. However, this strategy is not viable to
design IR sensors because aggregation considerably broadens
the optical features of the NCs, leading to an inferiorly defined
cutoff wavelength and delocalized oscillator strength. The
material obtained from this approach presents p-type con-
duction with hole mobility of the order of 1 cm* V™'s™". This p-
type nature may be the result of material oxidation occurring
during annealing or may result from the expected ?-Wpe nature
of small HgT'e NCs even without annealing.3l4’3l‘ Moreover, a
low film quality was achieved from aggregated NCs.” Although
electronic coupling within a grain can be large, it remains weak
among aggregates. Moreover, the surface of the film obtained
from the aggregated NCs is extremely rough, which explains why
all the early reports related to HgX for IR detection were based
on planar geometry devices for which high quality films are not
required.

To achieve milder conditions to obtain conductive films of
HgX NCs, solid-state ligand exchange with various short organic
ligands was examined. The library of reported ligands includes
short amines”®® and thiols””® due to the strong affinity of
mercury atoms for sulfide ions. During this procedure, the film is
exposed to a dilute solution of short ligands in a nonsolvent,
commonly an alcohol. The concentration of ligands used during
this procedure differs from group to group but is typically
approximately 1% in mass. This concentration is critical to
obtain sufficient ligand exchange: when the value is extremely
low, the exchange is not complete. When the ligand
concentration is extremely high, the film tends to peel off from
the substrate. As ligand exchange occurs, the volume of the
particle is reduced. For example, on a 5 nm particle initially
capped with C;, chains (1.5 nm) exchanged for ethanedithiol
(EDT), the volume reduction reaches a factor of 2.4. This
phenomenon leads to a strong volume contraction of the film,
which induces crack formation at the mesoscopic scale.
Consequently, multilayer deposition must be implemented for
the following two reasons:

(i) Because of diffusion, ligand exchange only occurs on a thin
slab (i.e., ligand exchange on thick films is not complete) and (ii)
the cracks formed during the previous steps must be filled. When
implementing solid-state ligand exchange, the band edge feature
is more preserved than that in the case of particle sintering;
however, the carrier mobility is considerably reduced, ranging
from 10™* to 107 cm? V™ 's™!. However, this approach is limited
in terms of the achievable film thicknesses, as the overall film
quality degrades when too many layers are deposited. The
procedure was later developed by Guyot-Sionnest and co-
workers, who reported EDT ligand exchange under acidic
conditions.””"**® The mixture used for ligand exchange was
composed of EDT and HCI diluted in ethanol. The acid
protonates the long thiolate grafted at the surface, which eases its
removal from the NC surface, while chloride ions likely
contribute to electronic surface passivation. More recently, the
combination of thiol and chloride was further updated for a
combination of HgCl, and mercaptoethanol. Using this
approach, the carrier mobility could be expanded to more
than 1 cm? V7ls7! for both HgTe’**'® and HgSe.’'” This
increased carrier mobility was also observed by other
groups,'*>*'® although values above 1 cm? V! s™! were not
achieved. The discrepancy could likely be attributed to the
different shapes of HgTe nanoparticles used by the different
teams (spheres vs branched particles), which may impact the
particle packing and thus the interparticle coupling. This

AM

approach is compatible with liquid phase ligand exchange,
allowing the formation of concentrated solutions of HgTe
nanoparticles. During this procedure, the NCs initially dispersed
in a nonpolar solvent are mixed with a polar phase containing
short ionic ligands.”* Native long ligands (typically, DDTs) are
replaced by short ligands. Owing to this ionic surface, the NCs
become soluble in the polar phase. These inks (NCs capped with
short ligands compatible with transport and dispersed in a polar
solvent) can be used for the deposition of thick (>500 nm)
layers, which considerably increases the absorption of the film
compared with that in the previous generation of ligand
exchange procedures. In addition, this dual ligand method
leads to increased operation stability in air, with a weak increase
in the dark current and monotonic I-T curves.

For infrared nanocrystals, energy transfer from the exciton to
ligand absorption is often seen as a key limitation. Consequently,
fully inorganic ligands have been investigated. The As,S;
material has attracted the most interest, despite its toxicity.
Initially, the As,S;-based surface chemistry was introduced by
Talapin and co-workers as an inorganic strategy to obtain bright
near-infrared PbS NCs.>" This strategy was later used to build
PbS NC arrays with strong photoconduction.””” The method
can also be applied for HgX NCs: in this case, As,S; powder is
first dissolved in a short amine, such as propylamine or
butylamine. If a HgX NC film is directly exposed to this solution,
then the film dissolves, and thus, this ligand solution must be
diluted in ethanol before conducting a typical ligand exchange.
This method has been applied to HgTe *** and HgSe.””"**
Compared to conventional ligand exchange with short organic
thiols, As,S;-based ligands lead to increased mobility, as shown
in Figure 29d, typically by 2 orders of magnitude. The enhanced
stability leads to monotonic I-T curves, even for air processing.

Furthermore, atomic layer deposition (ALD) has been
explored to realize inorganic infilling among NCs”*"*** and
develop conducting films.”*>*** Alumina’'> and Cd$S**
deposition are performed on HgTe NC films. A clear reduction
in film resistance is observed compared to that before ALD.
However, this method suffers from two key limitations. First, the
approach is generally conducted at a high temperature (ie., at
approximately or above the NC growth temperature), which
leads to sintering, and thus, the drop in resistance is presumably
a convolution of the mobility increase and bandgap reduction.
Second, the photoresponse is reduced after ALD deposition.”*
More work is required to clarify the potential of ALD as a
strategy to passivate HgX NC films.

5.2. Magnetotransport

Transport measurement is relatively straightforward in HgX NC
arrays, and the potential of these materials for spintronics has
also been investigated. Liu et al.”*® compared the magnetotran-
sport in n- and p-type doped HgTe NCs. The field-resolved
conductance (MR) presented the first positive magneto-
resistance (MR) at a low field (B < 0.2 T), resulting from the
spin blockade. When a larger magnetic field was applied, the
wave function was compressed, leading to a negative MR signal.
This second effect strongly depends on the carrier mass. In
HgTe, the hole band is barely dispersed (i.e., the hole mass is
similar to the free electron mass), and the wave function
compression is limited. However, the conduction band has alow
mass, owing to which the MR signal is considerably larger than
the hole band, reaching an MR of —10% under 4 T. To enhance
the MR signal, the same team proposed doping NCs (HgS) with
a Mn dopantZOG For doping levels below 1%, the authors
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Figure 30. (a) Dark current as a function of time spent in air for a HgTe CQD film with and without protective layers. Time zero corresponds to the
sample in the air free glovebox. Inset: scheme of the HgTe CQD film device with polymer protective layers. (a) Adapted with permission from ref 302.
Copyright 2018 American Chemical Society. (b) Current as a function of temperature for a film of HgTe CQDs processed with ethanedithiol under air
(black) and air-free (blue) conditions. (b) Reproduced with permission from ref 35. Copyright 2013 Wiley VCH. (c) Detectivity of photoconductive
devices using a HgTe/hybrid with and without encapsulation. (c) Adapted with permission from ref 36. Copyright 2019 American Chemical Society.
(d) I-V under illumination (2.5 mW) at 300 K hysteresis; the forward sweep exhibits linear and high carrier density, the backward sweep corresponds
to diffusion. (d) Adapted with permission from ref 327. Copyright 2018 American Chemical Society.

observed a behavior similar to that previously reported for
pristine HgTe CQD films; see the bottom lines of Figure 29¢. At
higher doping, the authors observe a nonmonotonic magneto-
resistance for HgS CQDs. At a low field, a strong positive
magnetoresistance of up to 35% is observed, 10 times higher
than the spin blockade induced positive MR signal observed in
undoped NCs. This strong positive MR signal can be attributed
to an electron magnetic polaron. At higher fields, the polaron
binding energy is reduced, leading to a reduced hopping
activation energy and a decrease in resistance. Nevertheless, the
observed effect remains small. In comparison, it can be
considered that the Fe/Cr layers**® lead to a modulation of
more than 50% under a similar magnetic field, and tunnel
magnetoresistance can lead to a similar resistance modulation
with a 100 times lower field. In this sense, the magnetoresistance
in an array of HgX NCs is a promising technique to examine
wave function localization.

Jeong et al.''® studied the transition from diamagnetic to
superparamagnetic characteristics in self-doped HgSe NCs as
the carrier density increased and filled the 1Se state. The authors
estimated the g-factor to be slightly above 2, and the EPR
measurement in a solid-state sample yielded a value of 2.09.

AN

5.3. Stability and Air Operation

A key concern for detector integration relates to the stability of 2712

the transport properties, especially when air operation is
targeted. As stated previously, transport represents a sensitive
approach to identify material modifications. For example,
transport properties are usually considerably affected by the
formation of an oxide shell or grafting of molecules on the NC
surface.

The solid-state ligand exchange conducted on the HgTe NC
array enhances not only the material conductivity but also the air
sensitivity. The latter phenomenon manifests as two distinct
effects. First, a continuous rise in dark conductance is observed
over time;>"” see Figure 30a. This increase in dark conductance
can reach a factor of 100 after 10 days. The second effect is the
nonmonotonic behavior of the temperature dependence of the
dark current;* see Figure 30b. These two effects are particularly
problematic for detection applications. The slow rise of the dark
current requires regular updates of the correction table used in
cameras, and the signal-to-noise ratio of the detector is
degraded. Owing to the second effect, cooling, which is the
most common strategy to enhance the performance of IR
sensors, is rendered ineffective. The origin of this increased dark
current remains unexplained. A simple strategy to avoid this dark
current increase involves air-free processing of the sample (see

https://dx.doi.org/10.1021/acs.chemrev.0c01120
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Table S. Figures of Merit for Field Effect Transistors Based on HgX Nanocrystal Arrays

HgX surface chemistry on/off ratio temperature (K)
HgTe sintering at 150 °C 10° RT
HgTe likely OH™ + AL O; by ALD 10° RT
HgTe MPOH/HgCl, 10° 220
HgTe MPOH/HgCl, 10° 80
HgS SCN 200 RT
HgTe 1-thioglycerol 20 RT
HgTe 1,7-heptanedithiol 200 RT
HgTe MPOH/HgCl, 3% 10° 75
HgTe As,)S; <10 @RT

107 at 45 K
HgSe As,S; 100 RT
HgSe MPOH/HgCl, 100 80

2735 Figure 30b). Alternatively, Cryer et al. exploited material
2736 oxidation.””” The authors observed that after a certain time,
2737 the 1=V curves strongly deviated from ohmic behavior and
2738 exhibited hysteretic shapes (see Figure 30d). The authors
2739 considered this nonlinear I-V curve to design a memistor. To
2740 enable air operation while maintaining the initial transport
2741 properties, film encapsulation has been considered. However,
2742 this aspect remains one of the main challenges to be addressed
2743 by HgX NCs in the coming years. Most encapsulation methods,
2744 such as those developed for organic electronics, require high
2745 temperature annealing, which leads to detrimental sintering in
2746 HgX arrays. Jagtap et al. showed that any annealing step above 60
2747 °C leads to a clear red-shift of the absorption spectrum and
2748 increase in dark conductance.’*” In addition, the growth of
2749 core—shell heterostructures is not a viable alternative to enhance
2750 the temperature stability. To overcome these difficulties, the
2751 authors used a stack of polymer layers deposited at room
2752 temperature (see the inset in Figure 30a). The authors
2753 combined water repelling layers (PMMA, PVDF) with an
2754 oxygen repelling layer (PVA). The thickness of the stack was
2755 approximately 1 ym, sufficiently large to avoid water and oxygen
2756 diffusion but sufficiently small to avoid excessive shortwave
2757 infrared absorption. Using this approach, air operation with a
2758 quasiconstant dark current was obtained over a three-month
2759 period. Later, Talapin and co-workers demonstrated that all
2760 these layers were not required and that stable detection
2761 properties could be realized using only the PMMA capping
2762 layer (see Figure 30c), which simplifies the encapsulation
2763 process.”

2764 In addition to device encapsulation, significant progress has
2765 been made in building more stable films owing to the enhanced
2766 film passivation. The use of As,S;-based surface chemistry was
2767 initially motivated by the identification of a capping ligand
2768 enabling air processing of the film without observing non-
2769 monotonic I—T curves.” As,S; leads to improved air stability
2770 (i.e,, monotonic I-T curve even when using air processing) ;
2771 however, the optimal condition is obtained under air free
2772 conditions. More recently, the introduction of the dual ligand
2773 strategy (thiol + chloride) has facilitated the limitation of
2774 postfabrication air oxidation.'*®

5.4. HgX Field Effect Transistors

2775
2776
2777
2778

Transport is one of the most sensitive measurements for material
investigation: while techniques such as EDX, photoemission, or
ICP-MS have resolutions of 0.1% at best, transport is highly
sensitive to even small variations (ppm) in composition. In

AO

Uo/ py, (c®(V-s)™h) gating method comments year/ref
—/~2 $i0,/Al, 0, dual gate 2006°"*
-/1 ALO, flexible 2008°"
4X107%/1.5 x 1072 LaF, ionic glass 2019°"*
4.5/0.3 Sio, high mobility 2019*°
1.5/NR Si0, annealed 2017'*
NR/1073 Sio, spray coating 2017
0.1/0.1 electrochemical 2012%%¢
8/1.5 Si0, high mobility 2020°'¢
3% 107%/1x 107 SiO, 2013%
90/NR SiO,/electrolyte intraband 2016”
0.7/0.3 SiO, 2020°"7
solid-state physics, several experimental reports have been 2779
presented on transport to estimate the carrier density and 2780
mobility. The Hall effect is the most common strategy for 2781
evaluating these quantities in bulk materials. In an NC array, 2782
Hall measurements are historically not as popular because of the 2783

low mobility of the films. Only recently, with the emergence of 2784
high mobility films (4 > 1 cm* V™' s7"), have Hall measurements 2785
with reasonable signal-to-noise ratios been made possible;”*** 2786
in 2020, Hall measurements were reported for HgTe’'® and 2787
HgSe,317 as the authors used this characterization to extract the 27ss
film mobilities and confirm the temperature dependence of the 2789
field effect mobility. 2790
To date, field effect transistors (FETs) remain the most 2791
commonly used strategy to examine transport in HgX NC arrays 2792
while extracting information regarding the nature of the carriers. 2793
The large inherent doping of HgX NCs affects the FET 2794
properties more than that for other NC materials (CdSe, 2795
PbS(e)). For wide bandgap materials, the off state is usually 2796
limited by FET leakage. This aspect is generally not the case for 2797
HgX NCs, for which the off current is limited by thermally 2798
activated carriers.”>*'® This aspect reduces the current 2799
modulation in HgX NC-based FETs, typically below 10° at 2500
room temperature, and the value is even lower for self-doped 2501
NCs. 2802
Different gating strategies have been used to design HgX NC- 2803
based FETs (see Table 5). Si/SiO, wafers, in which the silica
layer is used as a dielectric, represent the easiest strategy to
design a back gate FET from a film of HgS,194 HgSe,zg’31 and
HgTez’s‘%’314 NCs due to their commercial availability. As a bias
is applied across this layer, surface charges are generated. These
charges are screened by the charges injected by the electrodes
into the NCs. Dry oxide is beneficial to limit the breakdown and
allows for a high gate bias operation.’*'¢ Silica gating can lead
to large current modulations (10 at 50 K has been reported™”)
but requires a high gate bias operation (50 V and more) due to
its low dielectric constant (3.9). Consequently, insulators with a
higher dielectric constant, such as alumina, have been used for
the design of HgX NC-based FETs,>'*3!° reducing the gate bias
range to below 10 V for the same current modulation. Using this
approach, Yun et al. combined p-type HgTe NCs with n-type
HgSe NCs to design NOR and NAND logic gates.329
Alternatives to dielectrics have also been explored to realize
the gating of HgX NC arrays. The quest for such alternatives was
first motivated by the design of higher capacitance gates to
control the carrier density in self-doped NCs. Electrolytes can be
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Figure 31. Schemes of HgTe back gate FETs on (a) SiO, and (b) LaF; when Vs> 0. (c) Scheme of a HgTe top gate FET with an electrolyte (LiClO, in
a PEG matrix). (d) Typical transfer curves obtained for HgTe nanocrystals with different gating techniques. SiO, and LaF, are measured at 200 K, and
the electrolyte is measured at 300 K. (e) On/off ratios of FET curves measured at different temperatures for different gating configurations. The ratios
are normalized according to the ratio at the highest temperature for each gating configuration. (f) On/off ratios normalized according to the ratio at the
lowest sweep rate for each gating configuration measured at different sweep rates of Vs for each gating configuration. Adapted with permission from

ref 318. Copyright 2019 American Chemical Society.

2824 A strategy to induce gate effect in wide bandgap NCs, such as
2825 CdSe®"** or Zn0.** Electrolyte gating of HgTe3'0’96’262’266’278
2826 and HgSezg’lzo’122 NCs has also been well developed. An
2827 electrolyte is a dispersion of ions within a liquid or a polymer
2828 matrix; °® see Figure 31c. As a gate bias is applied, the ions can
2829 percolate within the NC array, and the electrodes inject carriers
2830 to screen these charges. Moreover, intercalation of the ions
2831 within the NC atomic lattice has been reported.”** In the
2832 electrolyte, gate capacitance is driven by the ratio of the
2833 dielectric constants on each side of the ionic double layer formed
2834 at the interface of the NCs. This double layer is extremely thin (1
2835 nm), and the gate capacitance is consequently much larger (~1
2836 jF-cm™) than that for dielectric materials (%10 nF-cm™ for
2837 400 nm SiO,). Because of the percolation of ions within the NC
2838 array, it is possible to obtain a gate effect in NC films, which is of
2839 key interest to design phototransistors in which both large
2840 absorption and gate tunability are required. The large gate
2841 capacitance enables the realization of a low bias operation (<3 V,
2842 as shown in Figure 31d). Nevertheless, the gate effect is based on
2843 the displacement of ions; this process is intrinsically slow and
2844 thus limits the sweep rate (Figure 31f) and requires an operation
2845 of the device above the freezing point of the matrix (Figure 31e).
2846 The last point allows the preparation of a device in a given
2847 charging configuration at room temperature before cooling it
2848 below the electrolyte freezing point; however, this approach

cannot be used to realize the low temperature tuning of the 2849
carrier density. 2850

To overcome this difficulty, Gréboval et al. proposed the use 2ss1
of ionic glass®* to gate HgTe NC films.'***'® The authors used 2852
a LaF; substrate, which is also an IR transparent material. Such 2853
glass types include fluorine vacancies (F~ vacancies) that can 2ss4
move to the surface to induce polarization under an applied 2sss
bias;>>° see Figure 31b. Ionic glass also has a large capacitance, 2856
allowing low bias operation (see Figure 31d). Vacancy 2857
displacement is more efficient than ion diffusion in the 2858
electrolyte matrix, which enables a higher sweep rate and 2ss9
operation down to 150 K. The latter temperature of the 2860
electrolyte is determined by the vacancy freezing point (Figure 2s61
31f). In this sense, ionic glass gating combines the advantages of 2562
electrolytes with solid-state hamdling,337’338 which releases the 2363
constraint from manipulating liquids/polymers. 2864

More recently, the same group explored a complementary 2865
approach for the gating of HgX NC films. High capacitance 2866
methods (electrolytes or ionic glasses) rely on ion displacement, 2567
which corresponds to two intrinsic limitations: (i) slow 2ses
operation limiting the sweep rate and (ii) a relatively high 2s69
operating temperature (above the freezing point, which is always 2870
above 200 K). The latter point is detrimental for the design of 2871
phototransistors dedicated to IR detection because cryogenic 2872
conditions are required, especially for the detection of long IR 2873

AP https://dx.doi.org/10.1021/acs.chemrev.0c01120
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wavelengths. For example, the operating temperature of a 5 ym
cutoff wavelength camera based on epitaxially grown semi-
conductors remains below 150 K, dropping by approximately 90
K for 10 ym detection and as low as 4 K in the THz range.
Consequently, a gating method to accommodate low temper-
ature operations while still offering a large capacitance and
possibly without the limitation of SiO, (breakdown) is of
considerable interest. Gréboval et al. explored a ferroelectric
gating strategy.””” At the Curie temperature of a ferroelectric
crystal (T.), the material transitions from a paraelectric to a
ferroelectric phase, which induces a divergence in the dielectric
constant, as depicted in Figure 32a. To obtain low temperature

0 50 100 150 200 250 300
Temperature (K)

Figure 32. (a) Scheme of the divergence of the dielectric constant
around the Curie temperature as a paraelectric switch toward its
ferroelectric phase. (b) Dielectric constant dependence on the
temperature of the STO substrate used as the gate. (b) Adapted with
permission from ref 339. Copyright 2021 American Chemical Society.

gating, the authors used SrTiO;, a frustrated ferroelectric (i.e.,
with a negative T.), also known as a quantum paraelectric. The
dielectric constant strongly rises below 100 K and can reach
30 000 below 40 K. At this temperature, the dielectric constant
saturates owing to quantum fluctuation.”** Such gating has been
explored previously for a 2D superconducting electron gas
obtained at the LaAlO,/SrTiOj interface.”*'*** Gréboval et al.
applied this gating to HgTe NCs with various band gaps from
720 to 250 meV and obtained a large current modulation
(>10%)°* owing to the use of the SrTiO; gate. The reported
capacitance is equivalent to that of an 80 nm thick SiO, film.
Compared with thin silica films, quantum paraelectric gating is a
breakdown free/low leakage gating method. A bias of as large as
200 V can be applied without any risk of device destruction (i.e.,
without electrical breakdown of the gate). This method is
especially promising owing to the recent progress in thin film
deposition of oxide and ferroelectric materials.

While it is unlikely that HgX NC-based FETs can compete
with Si-based technologies for electronics, FET appears to be a
promising spectroscopic tool to investigate the confined forms
of HgX. In addition to the determination of the majority carriers
and internanoparticle coupling through mobility, observation of
a Pauli blockade can be used to determine and finely tune the
state filling of NC quantum states. The concept was initially
introduced for CdSe NCs, while Guyot-Sionnest and co-workers
observed nonmonotonic mobility behavior as the 1S, state is
filled using electrolytic gating.”** The 18, state presents a 2-fold
degeneracy; thus, when the Fermi level is brought in resonance
with the 1S, state, the mobility is maximized for a state filling of 1
carrier per NC. For higher fillings, the film conductance drops
until the 1P, state starts to be filled. This drop in mobility is a
result of the fact that in the regime between 1 and 2 carriers per

AQ

NC on average, certain NCs exhibit a fully filled (2 carriers) 1S,
state. Consequently, these NCs cannot contribute to transport,
as the only way for carriers to move is to pass through the 1P,
state, which requires overcoming the 1P,—1S, energy barrier.
Using a dual gate configuration (bottom SiO, gate + top
electrolytic gate), Lhuillier et al. demonstrated that a similar
behavior can be observed in an array of monodisperse HgSe
NCs,”® as shown in Figure 33a. This observation was later
confirmed by Chen et al. by using only a bottom dielectric gate,
discussed as state resolved transport.>’” The observation of a
Pauli blockade in HgTe occurred only later. This delay is related
to the fact that the observation of a Pauli blockade requires more
monodisperse syntheses, which, until recently, was not the case
for HgTe NCs. The introduction of new synthetic procedures by
Shen et al.®® enabled the growth of spherical and monodisperse
HgTe, leading to the observation of these state-resolved transfer
curves.’

Aubin and co-workers further investigated state-resolved
transport in HgSe NCs*” by conducting single particle
measurements. The strategy for a single NC-based experiment
usually relies on the measurement of a single NC PL signal.
However, single particle measurements become especially
difficult when using infrared materials due to their low PL
efficiency and the lack of efficient single photodetectors in the
infrared region. The strategy proposed by Aubin and co-workers
is based on chip tunnel spectroscopy. Compared to conventional
scanning tunneling spectroscopy, this approach offers higher
temporal stability and enables gating. The above-mentioned
method is based on two electrodes spaced by 5—10 nm (i.e,

2918
2919
2920
2921
2922
2923
2924
2925 £33
2926
2927
2928
2929
2930
2931
2932
2933
2934
2935
2936
2937
2938
2939
2940
2941
2942
2943
2944
294$
2946

nanogap), prepared by e-beam lithography. A solution of 2047

nanoparticles is sprayed under vacuum on a chip including 32
nanogaps; see the scheme of the setup in Figure 33c. After each
spray, the conductance through the nanogap electrodes is
measured, and a sudden increase in conductance indicates

2948
2949
2950
2951

particle trapping. The method has been applied to a variety of 2952

nanoparticles, including gold,*** Fe;0,,*** PbS,*** and HgSe**’
NCs. Once the particle is trapped, on-chip electron tunnel
spectroscopy can be conducted at a low temperature. A typical
tunnel spectroscopy map is shown in Figure 33b. As a function
of the filling with the gate, two bandgaps are observed. The large
gap, under hole injection (i.e., negative gate bias), corresponds to
the interband gap, while the smaller gap, under electron
injection, corresponds to the intraband gap. The obtained values
can be fully correlated with optical measurements from IR
spectroscopy. This result indicates that self-doping is present at
the single particle level and that intraband absorption is not the
consequence of collective behavior. Finally, the authors also
reported on photoconduction from a single HgSe NC.

6. PHOTOCONDUCTION AND IR DETECTION

The last section of this review is dedicated to infrared sensing
based on HgX NCs. Bulk HgCdTe alloy is the most mature
material for infrared detection because of its high performance
and wide tunability from the near-infrared region to the long-
wave infrared region. In this material, spectral tunability is
obtained by alloying and controlling the Cd fraction. In HgTe
NCs, the same magnitude of tunability is enabled through
confinement control, which renders HgTe NCs a natural
replacement for HgCdTe in the future design of IR sensors.
However, IR detection applications only appeared 10 years after
the introduction of mercury chalcogenide NCs, whose first
application was focused on light emission. This low interest in
HgX NC-based IR detection in the early 2000s was likely due to
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Figure 33. (a) Transfer curves (drain current vs gate voltage) for a thin HgSe CQD film using back and electrolytic gating. In both cases, the drain
source bias is 10 mV. (a) Adapted with permission from ref 29. Copyright 2016 American Chemical Society. (b) Log scale color map of the differential
conductance dI/dV as a function of the drain and gate voltages for a HgSe single NC. The black dashed lines are a visual guide for the closing of the gap
as the 1Se level crosses the Fermi level energy. (c) Sketch of the electrospray setup utilized to fabricate the single QD junctions. (b,c) Adapted with

permission from ref 259. Copyright 2017 American Chemical Society.

2079 the inferior transport properties of the NCs available at that
2080 time. During the 2000—2010 period, substantial progress in
2081 ligand exchange procedures was made, allowing the design of
2082 high mobility films. This aspect demonstrated that NCs could be
2083 used for IR detector design even though the approaches were
2984 not immediately applied to films of HgX NCs.

2085 This section is organized as follows. We first redefine the main
2086 figures of merit relative to infrared detection, including noise,
2087 because this quantity is often wrongly evaluated. In this
2088 discussion, we also mention the experimental setups used to
2089 measure these figures of merit. Next, we discuss different
2990 strategies for the devices that have been developed. First, we
2991 consider photoconductors and later discuss the refinements of
2092 the planar geometry, including phototransistors, flexible devices,
2003 intraband detection, and coupling to 2D materials. The
2994 following section is focused on photodiodes, mostly relying on
2995 vertical geometry devices. This section is valuable because all of
2996 the highest performing devices are based on this geometry. The
2097 final sections of the chapter are dedicated to three key recent
2998 developments that enhance the performance and maturity of IR
2999 detection based on NCS. These developments include (i)
3000 multicolor sensing, (ii) detectors with enhanced light—matter
3001 coupling, and (iii) multipixel devices and focal plane arrays.

6.1. Figures of Merit and Their Experimental Determination

3002 Figures of merit are used to compare the performance of
3003 different types of photodetectors (e.g, different working

AR

principles, channel materials, and geometries). In the following 3004
discussion, we briefly introduce the general figures of merit and 3005
their experimental measurements. 3006

6.1.1. Spectral Response. The term “infrared” describes a 3007
broad part of the optical spectrum at longer wavelengths than 3008
those of the visible ranges. The infrared region is commonly 3009
subdivided into three main domains: the near-infrared region 3010
(1-3 pm), mid-infrared region (3—20 m), which corresponds 3011
to the range of blackbody emission close to room temperature 3012
and in which most chemical bonds present resonances, and far- 3013
infrared region, which strongly overlaps with the THz range. In 3014
regard to IR sensing and imaging, the subdivisions are even more 3015
defined, especially to account for the transparency ranges of the 3016
atmosphere and the region in which it is possible to conduct long 3017
distance imaging. The following definitions can be considered: 3018

Near Infrared (NIR): NIR is close to the visible spectrum and 3019
spans from 700 to 900 nm. This range overlaps with the 3020
absorption of silicon. Target applications in the NIR range are 3021
divided into biological imaging and fluorescence detection. 3022

Shortwave Infrared (SWIR): SWIR is defined as the 3023
wavelength range from 1 to 1.7 pm. The latter value is arbitrary 3024
because it corresponds to the bandgap of InGaAs detectors, 3025
which are the most mature detectors in this range of 3026
wavelengths. In this range, several applications are possible, 3027
including active imaging, night glow-assisted imaging, and tissue 3028
imaging. It is also common to define SWIR in the range between 3029
1.7 and 2.5 um. In SWIR, the contrast in an image is, as in the 3030

https://dx.doi.org/10.1021/acs.chemrev.0c01120
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Figure 34. (a) DTGS signal of an FTIR source measured at different sampling frequencies. (b) Normalized DTGS signal at different sampling
frequencies. (c) Estimated transfer function at 4500 cm™ and its fit by H(f) = (a + bf + ¢f* + df*)™". (d) DTGS source spectra at different sampling
frequencies corrected by the transfer function. (e) Scheme of a typical setup used to measure the spectral response. FTIR illuminates the sample that is
biased by a source meter and can eventually be placed in a cryostat. The current is later amplified by a transimpedance amplifier and sent back to the

FTIR electronics to compute the Fourier transform.

3031 visible region, the result of the scattered light from an external
3032 source.

3033  Midwave Infrared (MWIR): MWIR extends from 3 to 5 ym
3034 and corresponds to an atmospheric transparency window.
303s Above 3 um, blackbody emission starts to prevail over reflection
3036 from external sources, enabling thermal imaging. In MWIR, hot
3037 objects are typically targeted. Moreover, thermal imaging can be
3038 conducted at room temperature with a greater contrast than in
3039 LWIR, albeit at the cost of a smaller number of photons. In this
3040 range, narrow bandgap semiconductors, such as InSb and
3041 HgCdTe and other type II superlattices based on InAs/GaSb,
3042 are conventional materials used for photodetection and in
3043 applications such as thermal imaging and gas sensing.

3044 Longwave Infrared (LWIR): LWIR ranges from 8 to 12 ym.
304s This range is well matched to the maximum emission of a
3046 blackbody at room temperature (10 gm). This range is thus a
3047 useful range to perform passive thermal imaging. Ternary alloy
3048 materials, such as HgCdTe and type II superlattices, are the
3049 traditional materials used for LWIR detection. This range is also
3050 the operating range of bolometers, energy detectors used in
3051 most mass market thermal detectors and cameras. Detectors in
302 LWIR are applied in industrial inspection, defense, and
3053 astronomy.

3054 Terahertz (THz): Terahertz ranges from 30 to 200 ym.
30ss Bolometers that operate at low temperature are typically used
30s6 for THz detection. This range of wavelengths is used in
30s7 astronomy and to conduct nonionizing surveillance (mostly for

AS

safety applications). In the THz range, various materials that are
opaque in the visible region become transparent.

The classical techniques for detector characterization typically
employ a monochromator, which is an integrating sphere, and
rely on measuring the signal on a calibrated detector. In the
infrared range, such techniques are difficult to set up. One
convenient way to measure the spectral response is to perform
Fourier transform infrared spectroscopy (FTIR) in the
continuous scan mode. The spectral response is measured by
placing the detector in a FTIR instrument and amplifying the
current with a low noise amplifier before sending the signal back 3068
to the FTIR electronics to perform a Fourier transform. In this 3069
case, the collected signal typically comes from the spectrum of 3070
the source multiplied by the transmission of the optics and by 3071
the spectral response of the detector. The latter is the signal of 3072
interest. A reference is thus required to extract the spectral 3073
response of the detector from this product. This background is 3074
generally attained by using the signal collected through the 3075
internal DTGS detector of the FTIR, which has a flat spectral 3076
response. Consequently, the signal measured on the DTGS is 3077
simply the product of the source spectrum by the transmission of 3078
the optics. Dividing the signal acquired on the unknown detector 3079
by that from the DTGS leads to the spectral response of the 3080
detector. 3081

However, as explained by Gravrand et al,*>*’ this spectrum 3082
should be corrected by the transfer function of the instrument, 3083
taking into account the low response time of the DTGS

3058
3059
3060
3061
3062
3063
3064
3065
3066
3067
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Figure 35. (a) Scheme of an experimental setup to measure the photocurrent with an electrically chopped laser at 1.55 ym. The signal is biased with a
sourcemeter, and the current is amplified through a transimpedance amplifier (TIA). The photocurrent can either be measured by a scope in a time-
resolved setup or, for low SNR samples, a lock-in amplifier can be used to filter all the other frequencies of the signal. (b) Scheme of a response setup
with blackbody illumination. The device is at a normal incidence (6 = 0°), a is the half viewing angle of the device by the blackbody, Tpjcipody is the
temperature of the blackbody, and the germanium filter is a high pass filter with a 1.8 ym cutoff.

30ss detector; see Figure 34a,b. The measured signal (after
3086 normalization by the DTGS background) is the result of the
3087 product of this transfer function by the detector’s real spectral
3088 response. The transfer function can be estimated by measuring
3089 the IR source spectra at different sampling frequencies with the
3090 DTGS detector. The transfer function can be estimated as

s001 H(f) = m, where f is the temporal frequency

3092 associated with the wavenumber after the Fourier transform; =
3093 RR X f, X 0, where RR is the retardation rate of the laser, f, is the
3094 sampling frequency, and ¢ is the wavenumber; see Figure 34c.
3095 Once the fitting parameters a, b, ¢, and d are identified, the
3096 source spectrum is divided by the transfer function to ensure that
3097 the response of the detector becomes independent of the
3098 acquisition speed (see Figure 34d). The obtained spectrum is at
3099 this stage is specified in relative units and must be calibrated in
3100 A-W™!, which requires precise knowledge of the incident photon
3101 flux. Another way of rescaling the spectral response in A-W™" is
3102 to measure the exact device responsivity at a given wavelength
3103 with a known incident flux (e.g, with a laser diode).

3104 6.1.2. Operation Temperature Range. To reduce the
3105 dark current in the device and its associated noise, low
3106 temperature operation is required to achieve high signal-to-
3107 noise ratios in the infrared domain. A larger targeted wavelength
3108 corresponds to a lower operating temperature. Cryogenic
3109 temperature operation is associated with a high cost, weight,
3110 and constraints regarding the lifetime. Consequently, most
3111 research on IR detection is focused on increasing the operating
3112 temperature. In the SWIR, room temperature operation is
3113 possible, but it is common to use a Peltier stage, which keeps the
3114 operating temperature as constant as possible. Depending on the
3115 targeted performance, cooling can also be implemented in
3116 SWIR, generally over a range of temperatures that is compatible
3117 with the Peltier stage. In MWIR, cryogenic operation is usually
3118 performed. In the blue part of MWIR (i, below the CO,
3119 absorption at 4.2 ym), state-of-the-art operating conditions can
3120 attain temperatures of up to 150 K, while for the red part of
3121 MWIR, the usual operating temperature is approximately 120 K.
3122 In LWIR, operating conditions immediately above the temper-

AT

ature of liquid nitrogen can be achieved. In THz, liquid He
operating conditions are usually employed. These constraints
must be considered to highlight the level of performance
required for the NC-based IR sensors. In particular, in SWIR,
low cost sensing requires room temperature operation.

6.1.3. Responsivity (R, A°W™"). Responsivity (R) is the 3128
ability of a material to convert incident light into an electrical 3129
signal and is a common indicator to evaluate the performance of 3130
photoconductive devices. Responsivity is the ratio of the 3131
detector’s photocurrent (Iph) to the total incident optical 3132
power (P,,) that it receives. This value can be simply described 3133
as R = L,,/Py,. 3134

In nanocrystal devices, R is strongly dependent on the 3135
incident flux. In general, a higher photon flux corresponds to a 3136
weaker response. Because of this behavior, the R values reported 3137
using a blackbody (low photon flux source) are generally higher 3138
than those measured using laser sources. Moreover, it is 3139
important to investigate the frequency dependence of R to 3140
determine the range of operating frequencies of the device. 3141

Responsivity is usually measured at a given frequency, 3142
indicating that the sample is illuminated by electrically or 3143
mechanically chopped light. This light can either be a laser or a 3144
filtered blackbody. In the case of laser illumination, the power of 3145
the laser is directly measured using a calibrated detector. For 3146
blackbody radiation, the power can be calculated using the 3147
following formula: 3148

3123
3124
3125
3126
3127

A 2hc? 1

P(W) = Adn’~cos(9)-sin 2(@) A ?W dA

3149
3150
3181
3152
3153
3154
318S
3156
3157

where Ay is the area of the device, 6 is the incidence angle, « is
the half angle of the view under which the blackbody is detected
by the device, 4, and 4, are the border wavelengths of the
range of interest (taken as the cutoff wavelength of the filter and
measured detector, respectively), & is Planck’s constant, c is the
speed of light, k is the Boltzmann constant, and T is the
blackbody temperature.

Once the power is determined, the photocurrent can be
measured either with an oscilloscope or, if the chopping signal is
a sine curve, with a lock in amplifier, as is shown in Figure 35a,b.
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Figure 36. (a) Scheme of a typical experimental setup for making a noise spectral density measurement. The sample is biased by a source meter (or a
battery), and the current is amplified through a low noise transimpedance amplifier. The amplified signal is sent to a spectrum analyzer. (b) Typical
noise spectral density curves for a HgTe film under various biases at 250 K. The dashed line represents the 1/f slope.

3159 The ratio between the photocurrent and incident power yields
3160 the responsivity in A-W™.

3161 6.1.4. Current Noise Spectral Density (61, in A-Hz""/?).
3162 The current noise spectral density is highly specific to the
3163 infrared region. Because of the narrow bandgaps of the materials
3164 used for IR detection, optical excitation is always in competition
3165 with thermal excitation. Consequently, the signal-to-noise ratio
3166 is weak compared to that for visible and UV detectors. The noise
3167 in the photodetector mainly consists of (i) Johnson noise, (ii)
3168 shot noise, and (iii) flicker noise (1/f). (i) The thermal noise I,
3169 is related to the fluctuation of the carrier density in any object,
3170 which is a common behavior that is not specific to conductive
3171 materials. The corresponding value can be easily estimated as
3172 81y = 4 kTAf/Res, where kT is the thermal energy, Af is the
3173 frequency bandwidth of the measurement, and Res is the device
3174 resistance. This noise is white noise (i, independent
3175 relationship with frequency). (ii) The shot noise relates to the
3176 charge fluctuation resulting from the current flow in the device
3177 and can be defined as SIgp” = 2egl, where e is the elementary
3178 charge, I is the current flowing in the structure, and g is the
3179 photoconduction gain. As a form of thermal noise, this noise is
3180 white noise.

3181 In nanocrystals, these two white noise sources rarely
3152 dominate. The main contribution originates from (iii) 1/f
3183 noise; see Figure 36b.**** Contrary to the previous sources of
3184 noise, there is no analytical expression to evaluate 1/fnoise from
3185 easily measurable parameters (R, I). Hooge’s law provides an

2

2186 empirical expression”” for 1/f noise o1’ = %, where N is the
3187 total number of carriers involved in the transport, I is the current,
3188 fis the frequency, and a is Hooge’s constant over a large range of
3189 carrier concentrations. However, for arrays of NCs, Hooge’s
3190 constant does not appear to be consistent”’”*** and is larger”””
3191 (approximately 1) than the value reported by Hooge in metallic
3192 thin films (@ < 107%). In NC films, @ appears to be independent
3193 of the material nature (such as metal, wide bandgap semi-

AU

conductor, or narrow bandgap semiconductor) and particle
size.”*® However, the quality of the film and, particularly, the
internanoparticle coupling dramatically drive the actual
magnitude of a. A larger coupling corresponds to a smaller a.
Overall, in NC-based detectors, frequency-resolved measure- 3198
ments must be performed to determine the actual value of noise 3199
as it cannot be measured analytically. The usual assumption of 3200
using white noise as the limiting noise systematically under- 3201
estimates noise, often by several orders of magnitude, which 3202
dramatically overestimates the signal-to-noise ratio (and the 3203
detectivity) of the device. 3204

In practice, noise is usually measured by biasing the device 3205
with a battery. The current is amplified through a low noise 3206
amplifier and sent to a spectrum analyzer; see the scheme of the 3207
experimental setup in Figure 36a. The typically targeted range of 3208
frequency is 1/t, where t; is the targeted integration time. 3209
Generally, noise is acquired between 1 Hz and a few kHz. A 3210
current amplifier whose bandwidth matches the experiment 3211
must be used, especially for highly resistive samples that require 3212
large gains. The reported noise needs to be sample limited and 3213
not amplifier limited. Additionally, for uncooled amplifiers, the 3214
lowest measurable noise is of the order of a few fAHz™"/2 This 3215
aspect can be a general limitation to measure noise in resistive 3216
samples (especially for wide bandgap samples). A key parameter 3217
for this measurement is the noise level of the room in which the 3218
measurement is performed. The sample and electronics must be 3219
isolated from other noise sources in the room. The first source of 3220
noise to be suppressed is the 50 Hz (or 60 Hz, depending on the 3221
location) noise from the AC line. For highly conductive samples 3222
(low resistance), noise measurement may be more difficult to 3223
perform, and a Wheatstone brid§e can be used to suppress the 3224
DC component of the signal,**" allowing the use of a higher 3225
amplification gain and resolution of the sample noise spectral 3226
density. 3227

6.1.5. Noise Equivalent Power (NEP, W/Hz'’?). NEP is 3228
the minimum optical power for a detector to output a signal-to- 3229
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3197

https://dx.doi.org/10.1021/acs.chemrev.0c01120
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c01120?ref=pdf

Chemical Reviews pubs.acs.org/CR
10" . - T T - T -
% @® HgTe/hybrid ligands
O HgTe/EDT —~
—_— - .\ e E 20
———————
=———— 010"y s
Ee———— © 0
——r-—— 2 (%]
e — )
—————————— é 109 J §10<
= o
———————————————— )
1 a1 08_
=—— 0
107 20 ns
a. b. 100 150 200 250 300 C.0 50 100 150
Temperature (K) Time (ns)

Figure 37. (a) Microscopy image of interdigitated electrodes. (b) Detectivity as a function of temperature for HgTe (HgCl,/mercaptoethanol surface
chemistry) and HgTe/EDT films. (b) Adapted with permission from ref 36. Copyright 2019 American Chemical Society. (c) Typical response of a S
um cutoff wavelength film made of HgTe NCs to a 4.4 yum pulsed quantum cascade laser. (c) Adapted with permission from ref 219. Copyright 2018

American Chemical Society.

noise ratio of 1 with a 1 Hz bandwidth. This value can be
expressed as NEP = 61, /R, where 61, is the current noise spectral
density and R is the responsivity. This value is an indicator of the
availability to detect the minimum illumination power; a low
NEP is desirable for a photodetector.

6.1.6. Specific Detectivity (D¥*, cm Hz'? W~"). The
specific detectivity is a signal-to-noise ratio derived from the
NEP and normalized by the optical area of the device to allow
fair comparisons from detector to detector. Generally, this ratio
is normalized by the optical area of the device to account for the
variation from device to device. In this case, we consider the
specific detectivity (D*), which can be expressed as D* =
RA™V?/ 0l,, where A is the detector optical area, R is the
responsivity, and JI,, is the current noise spectral density. The
corresponding unit is cm Hz'/> W', also known as Jones. The
D* value depends on an applied bias and signal frequency.
Because the main noise source is 1/f noise, it may appear
attractive to report detectivity at a high frequency. However, the
responsivity measurement needs to be conducted at the same
frequency. Typically, the detector needs to be characterized at
frequencies lower than the 3 dB cutoff of its responsivity. A
detectivity value should always be reported with the frequency
used for its calculation, as well as the cutoff wavelength of the
detector, operating temperature and bias.
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6.2. Response Time

3254 As opposed to solar cells, for which the response time is not a
3255 relevant figure of merit, the response time of an IR sensor is
3256 critical. Sensors dedicated to imaging must be compatible with
3257 the video frame rate (i.e., exhibit a smaller response time than 1/
3258 25 Hz). Other applications (missile detection, LIDAR
3259 detection) require a considerably higher response time (<1 ys).
2260 6.2.1. Noise Equivalent Temperature Difference
3261 (NETD, mK). The NETD is a useful parameter to evaluate the
3262 performance of focal plane arrays (FPAs) influenced by the
3263 signal-to-noise ratio of IR detectors. This value quantizes the
3264 minimum temperature difference that can be imaged using an
3265 infrared sensor. This quantity is only relevant for thermal sensing
3266 (i.e,, mostly for MWIR and LWIR applications) and can be
3267 expressed as’>' NETD = OI,huP, /kyTy?, where 81, is the
3268 current noise spectral density, P, is the incident optical power, h
3269 is Planck’s constant, v is the frequency of light, kg is the
3270 Boltzmann constant, and Ty is the blackbody radiation
3271 temperature. High performance quantum sensors reach
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NETDs of as low as 10 mK, while thermal sensors, such as
bolometers, have typical NETD values in the 50—100 mK range.

6.3. Photoconductive Devices

3272
3273

3274
3275

6.3.1. Conventional Geometries. HgTe is the most
investigated material among mercury chalcogenide NCs for
the following two reasons. The first reason is primarily cultural. 3276
In the field of IR detection, HgCdTe is the most investigated 3277
material, exhibiting a high performance and strong tunability 3278
from NIR to LWIR. As we switch from a bulk material to NCs, 3279
confinement plays the role of Cd alloying in the spectral 3280
response tuning. The second reason is related to the fact that 3281
among HgX NCs, this material has the lowest carrier density, 3282
which considerably reduces the dark current, leading to higher 3283
performance. Progress on the device side is generally strongly 3284
correlated with the material development. Heiss and co-workers 3285
first reported an absorption of up to 3 ym,”” and they promptly 326
considered the potential of this material for photoconduction.' 3287
The authors reported an elegant device based on an inkjet 3288
printed HgTe NC film. Using this approach, the authors 3289
drastically limited the amount of material required per device (2 3290
ug per device). The authors reported a high response (up to 4.4 3291
A-W™") under extremely low power, suggesting the presence of 3292
electrical gain in the film, while the detectivity reached 3.2 X 10" 3293
Jones for 1.4 ym peak detection at room temperature. Around 3294
the same period, Seong et al” also reported a NIR device based 3295
on small HgTe NCs. The authors designed a photoconductive 3296
device with a film of HgTe NCs connected by ITO electrodes. 3297
The material was designed to present absorption at 1.3 pm 3298
corresponding to the current target for solar cell applications. At 3299
such wavelengths, HgTe NCs compete with lead chalcogenide 3300
NCs, which are more mature from both the synthesis and device 3301
perspectives. This fact is likely the reason why later, devices with 3302
longer wavelengths in the infrared region were considered to 3303
address a spectral range exempt from NC competitors. In 3304
particular, wavelengths above 2 ym are challenging to address 3305
the use of lead chalcogenides because significantly large NCs 3306
with low colloidal stability are required. However, HgTe NCs 3307
remain small and exhibit their highest performance at such 3308
wavelengths. A critical breakthrough was obtained by Keuleyan 3309
et al., who realized the synthesis of HgTe NCs with sizes up to 12 3310
nm and an absorption cutoff wavelength reaching S ym at room 3311
temperature.” The authors designed a device in which a thin film 3312
of such NCs was deposited onto interdigitated electrodes and 3313
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Table 6. Figures of Merit for Photoconductive Devices Based on HgTe NCs (PC = Photoconductor, PT = Phototransistor)

active device structure/  spectral range responsivity detectivity response time operating
material type (um) (mA-W'™) (Jones) s temperature (K) specific feature year/ref
HgTe PC 1.4 4400 3.2 x 10" <0.1 RT inkjet printed 2007"
HgTe PC 1.1 LIx107™* N/R 2Xx 107 RT H,Te/HgClO, 2008”
synthesis
HgTe PC 100 2% 10° <1077 130 TOP:Te synthesis 2011”7’
HgTe PC - 250 2% 10° N/R 100 TOP:Te synthesis 2011°
HgTe PC 3.5 >100 3.5 %X 10" <1078 230 As,S; ligand 2013%
exchange
HgTe PC L1 500 2% 10" 107¢ RT spray coating 2014*%
HgTe pC 2.5 900 8 x 10° 2x 107 RT multicolor 2018"
HgTe PC 2.5 10 10° 107 RT encapsulated 2018
HgTe PT 09 20 N/R 107 RT HgTe NPLs 2017>
HgTe PT 22 200 2x 10" 107 RT sspray coating 2017%%°
HgTe PT 2.5 N/R N/R 107 200 LaF; gate 2019°**
HgTe PT 2.5 6.5 10° 10°° 220 2D/0D 2020'%
heterojunction
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Figure 38. (a) Gate voltage dependent responsivity of a phototransistor in comparison to its responsivity at floating gate operation. Inset: shows a
scheme of the device. (b) Normalized room temperature photocurrent response of a HgTe QD-based phototransistor during the CO gas sensing
experiment. (c) Picture of the experimental setup of the gas sensing system. Inset in b: Photos of the packaged phototransistor. (a—c) Adapted with
permission from ref 330. Copyright 2017 American Chemical Society. (d) Dark current, photocurrent, and response time as a function of the applied
gate bias for a phototransistor made of a HgTe NC film, whose gate is made of LaF; ionic glass. (d) Adapted with permission from ref 318. Copyright
2019 American Chemical Society. (e) Dark current, photocurrent, and detectivity as a function of the applied gate bias for a phototransistor made of a
HgTe NC film with graphene electrodes with a gate made of LaF; ionic glass. (e) Adapted with permission from ref 108. Copyright 2020 American

Chemical Society.

demonstrated the first mid-infrared photoconduction in NC
arrays. With an absorption edge above 3 um, the proposed
device potentially enabled thermal detection. Many advance-
ments have been made to improve this basic photoconductive
device, including the combination of several cutoff wavelengths
in a device to design multicolor devices*"*** or the
introduction of light resonators to enhance the light
absorption.””*”*" These devices are discussed later in this
chapter. Because of its simplicity, the first progress related to
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photoconductive geometry correlated strongly with the material
development. An interesting approach was proposed by Chen et
al*

mercaptoethanol to achieve relatively high mobility films (~1

The authors used surface chemistry based on HgCl, and

cm® V~'s7") and correlated this enhancement in mobility to the
increased detectivity. This result is not notably important for the
reported performance; however, the result highlights the
requirement of a high film quality, as shown in Figure 37b.
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Figure 39. (a) Plot showing the relative (dark) conductivity of the device after it was bent to the angle indicated. Inset: an image of the substrate bent at
45°. (a) Adapted with permission from ref 42. Copyright 2018 American Chemical Society. (b) Image of a flexible intraband detector based on HgSe
NCs. (b) Adapted with permission from ref 186. Copyright 2020 American Chemical Society. (c) Ray tracing analysis of a single lens. The black dots
and red curve denote the focal surface of the lens. (d). Schematic of the ocular structure of humans. (e) Illustration of the device architecture of flexible
HgTe CQD photovoltaic detectors. (c—e) Adapted with permission from ref 304. Copyright 2019 Wiley VCH.

Interdigitated electrodes represent the most popular geom-
etry for photoconductive devices;*>”**°* see Figure 37a. This
planar geometry is robust and can accommodate low quality
films resulting from thickness fluctuations and pinholes. Films
with this geometry are achieved using common deposition
techniques, such as drop casting,””*”” spin coating,”"* and spray
coating.******** The interdigitated digits of the device act as a
current amplifier. An advantage of photoconductive devices over
their photovoltaic counterparts is the possibility of electrical
gain,">??¥733235% This process is often observed when one
carrier has higher mobility than the other carrier. In this case,
one carrier reaches the electrode faster than the other and is
reinjected in the device to preserve the electrical neutrality of the
film. Thus, a carrier (generated by a single photon) may
contribute several times to the photocurrent. This aspect
appears with a trade-off of a reduced detector bandwidth
(defined by the longest carrier lifetime). This phenomenon is
commonly referred to as the gain/bandwidth product trade-oft
in the electrical engineering community. This process is more
efficient in small devices (<1 ym and less), which is challenging
to achieve with interdigitated geometry.

Nevertheless, photoconductive devices based on HgTe have
been used to design photoconductive detectors covering the 1—
S um range with a stronger focus on the SWIR/extended SWIR
(1.5—2.5 yum) and MWIR (3—5 pm) ranges. Table 6 reviews the
figures of merit associated with these devices. A responsivity of
as high as a few A/W has been reported. However, responsivity
on its own is an inferior figure of merit because it can be made
arbitrarily high by increasing the bias and tuning the device
geometry to generate a higher gain. The detectivity range is 10°—
10" Jones at RT in SWIR, and an identical detectivity is
obtained in MWIR under cryogenic conditions (80—100 K).
Interestingly, most studies indicate that HgTe photoconductive
devices present a fast time (ms and less) response. This aspect is
in contrast with PbS NC-based devices, for which longer decay
times are commonly observed in the transient photocurrent.
Livache et al. demonstrated in MWIR (ie, 5 um cutoff
wavelength) HgTe NC device response times of as small as 20
ns under resonant excitation,219 as shown in Figure 37c.

6.3.2. Phototransistor. A phototransistor is the successful
combination of a photoconductive film and an FET. Applying a
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gate bias leads to additional tunability compared to bare
photoconductors. A basic motivation for the phototransistor is
the tunability of the photoresponse with the gate, as depicted in
Figure 38a. Such devices have been applied mostly to HgTe
NCs'%%*'%%3% and NPLs.””> Chen et al. used such photo-
transistors for gas detection. The authors used the infrared range
as a chemical fingerprint to detect CO (see Figure 38b,c). Such
applications are particularly interesting for NC-based IR sensors
because the use of powerful laser sources alleviates the
requirement for a low dark current. Nevertheless, the drift
resulting from 1/f noise is a major limitation.

Phototransistors made of NCs exhibit two main limitations.
While the phototransitior geometry can enhance the device
capability to tune the photoresponse, the dark current is usually
tuned in a similar manner, and the two currents generally follow
one another,”*>*'%****3* 35 shown in Figure 38d. Consequently,
applying a gate to increase the photoresponse increases the dark
current. Alternatively, minimizing the dark current reduces the
photoresponse of the device. In this case, the gate is not used to
examine the nature of the majority carrier but rather as a key to
prepare the material in a given carrier density state. In particular,
the gate can be used to balance an initial doping of the film and
reduce the dark current by exploiting the small offset of the dark
current and photoresponse as a function of the applied gate bias.
Consequently, this device is used as a patch to compensate for
the limited material control at the synthesis level. The second
limitation is from the response time; see Figure 38d. As the
photoresponse is increased, the response is slowed. In other
words, phototransistors operate at a quasiconstant gain
bandwidth product. It may be interesting to slightly concede
on the response time to generate an increased response,
especially with HgTe, which presents a fast response. The only
exception to this behavior was reported by Numbe et al., who
used §raphene electrodes instead of ordinary metallic electro-
des.'%" Using this concept, the authors operated the transistor in
a nonconventional mode, in which a large drain source bias was
used to generate a p—n junction instead of uniform doping of the
film. This concept has been extensively used to generate light
from an FET,***~**! although its application to detection using
NCs has been rare. By forming such gate controlled p—n
junctions, the authors could identify the operating conditions
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Figure 40. (a) Principle of phototransport based on intraband photoconduction (left) and intraband photoconduction in an array of HgSe NCs with
various sizes (right). (a) Adapted with permission from ref 34. Copyright 2014 American Chemical Society. (b) Absorption spectra of HgSe cores and
HgSe/HgTe core—shell structures for different amounts of HgTe. The intraband signal is barely affected by the addition of HgTe, while the interband
signal is amplified and red-shifted. (c) Current as a function of temperature for thin films made of HgSe cores and HgSe/HgTe heterostructures. The
Arrhenius fit close to the room temperature range is highlighted in red. (d) Bode diagram (normalized signal magnitude at 2 Hz) as a function of the
signal frequency for thin films made of HgSe cores and a HgSe/HgTe heterostructure. (b—d) Adapted with permission from ref 120. Copyright 2014
American Chemical Society. (e) TEM image of mixed HgSe and HgTe quantum dots for random colloidal QWIP fabrication. Certain HgSe
(respectively HgTe) QDs are indicated in green (respectively brown). The scale bar is SO nm. Inset: higher resolution TEM image showing a HgTe
tetrapod along with three HgSe spheres. The scale bar is 20 nm. (f) Electronic spectra of the four materials used for this study determined using a
combination of XPS measurements and optical spectroscopy. The bandgap of each material is given on the x axis (the intraband gap is given for HgSe).
The black dashed line represents the Fermi level. (e,f) Reproduced with permission from ref 47. Copyright 2019 Nature.

under which the minimal dark conductance corresponded to the
maximal photoresponse (see Figure 38e), thereby enhancing the
overall detectivity of the device.

A current limitation of phototransistors is the film thickness.
FETs based on surface gating methods can only tune the
conductance of the film in the vicinity (typically over 50 nm)
of the gate interface. Such thin films cannot effectively absorb
incident light, which limits the photoresponse of the device.
Coupling the phototransistor to the resonators can likely help
overcome the absorption trade-off, this strategy has just been
reported by coupling an STO gate with a metaling grating.”*”
The alternative approach is the use of electrolyte gating, which
enables the gating of thick films. The method has been applied to
the design of HgTe NPL-based phototransistors.**>

6.3.3. Flexible Devices. Among potential additional
functions for infrared sensors based on HgX NCs, the concept
of flexible®®® substrates was introduced early for both
FETs>'*2% and detectors;** see Figure 39a,b for an example
of such a device. This effort mostly concerns HgTe****** but
also works for HgSe NCs."* In most reports, performances is
tested as a function of the bending radius and number of cycles.
However, the motivation for such flexible devices remains
mostly unclear. Current developments for detection involve
imaging applications, which require a readout circuit that is
unlikely to be flexible. This aspect is even more unlikely if the
device requires cooling with a Peltier or cryogenic machine.
Nevertheless, one reports for a device based on a flexible
substrate which was properly motivated. Tang et al. proposed
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the design of an eyelike detector;’* see Figure 39c—e for a
scheme of the concept. This work was initially motivated by the
authors’ strategy to conduct imaging using a single pixel detector
with a scanning a lens in front of the detector to form an image.
Nevertheless, despite the clear success of this approach,
distortion occurs, and a curved detector is usually introduced
to counterbalance the distortion introduced by the scanning
method.

6.4. Intraband Detection

While intraband transitions have been observed since the 1990s,
the procedures used to induce such transitions (saturation of the
interband transition®*>% or electrochemical gating®*”) were
incompatible with practical device integration. Observation of
the intraband in the steady state,*>°® because of self-doping in
Hgs, has been a breakthrough.”” Promptly after this observation,
intraband photoconduction was investigated in HgSe*”** and
later in HgTe*”**?® or PbS.>*” In these cases, photoexcitation
occurs between the 1S, and 1P, states in the conduction band.
This transition is the 0D equivalent of the intersubband
transition in doped quantum wells. In HgSe with particle sizes
of approximately 5 nm, this transition overlaps with the 3—5 ym
range (MWIR); see Figure 40a.

This transition yields opportunities to develop an effective
strategy for IR detection while reducing toxicity. Current narrow
bandgap interband transitions are mostly observed using Pb-
and Hg-based materials and heavy atom containing materials.
Narrow bandgaps can be more easily obtained from materials
with a large number of electrons than from those with light
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Figure 41. (a) Faux color of a graphene/HgTe CQD junction. (a) Adapted with permission from ref 375. Copyright 2019 American Chemical Society.
(b) Scheme of hybrid device under light illumination and photogenerated carried separation and transport within those photodetectors. (c) Transfer
curves (drain source current as a function of the fate current) of pristine MoS, and MoS,/HgTe with and without the TiO, from the photodetector
devices presented in (b). (b,c) Reproduced with permission from ref 377. Copyright 2017 Wiley VCH. (d) (respectively e) Photocurrent as a function
of the gate bias for gold/HgTe/gold (respectively graphene/HgTe/graphene) junction. The top part shows the scheme of the device. (d,e) Adapted

with permission from ref 108. Copyright 2020 American Chemical Society.

3468 atoms for which the density of the states is smaller. Thus,
3469 achieving doping in moderately doped nanocrystals may clarify
3470 intraband transitions in materials with reduced toxicity. Another
3471 key advantage of intraband transitions, compared with interband
3472 transitions in a semimetal, is the reduced sensitivity of the
3473 spectral response to sintering. In HgTe, owing to the lack of a
3474 bandgap and the extremely large Bohr radius (40 nm), annealing
3475 leads to a dramatic red-shift of the optical bandgap. This aspect
3476 not only affects the detection cutoff wavelength but also
3477 increases the dark current. In this sense, the intraband transition
3478 appears to be more robust to mild annealing. However, it has
3479 been demonstrated that the carrier mobility is more sensitive to
3480 the size distribution in the case of intraband HgSe than that for
3481 interband HgTe NCs."”!

3482 However, many researchers were skeptical regarding the
3483 possibility of achieving high performance with intraband
3484 detection. Similar concerns were raised for intersubband
3485 transitions in doped quantum wells. The intraband transition
3486 is facilitated by doping, which also modifies the dark current. In
3487 doped particles, the photoinduced change in the carrier density
3488 is reduced compared to that in interband materials. This aspect,
3489 as well as the large dark current associated with these materials,
3490 explains why, to date, the detectivity of intraband detectors
3491 remains below 10° Jones.”” The large dark current is not the only
3492 issue observed for an array of intraband nanocrystals. The
3493 photoresponse in HgSe arrays appears to be slow, with a
3494 response time of the order of seconds. This aspect raises
3495 concerns that the photoresponse may actually result from a
3496 bolometric effect rather than actual photoconduction. It has
3497 been claimed that a fast response time can be achieved when the
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doping magnitude corresponds to full filling of the 1S state.”*
This aspect appears to be practically difficult to achieve because
postsynthesis ligand exchange also dramatically affects film
doping.'*® Finally, the dark current activation energy was found
to be extremely small (20—40 meV), suggesting that sample
cooling may not be able to reduce the dark current in the HgSe-
based detectors.

To overcome these difficulties, the most recent strategies
focus on heterostructures based on narrow bandgap materials,
such as HgSe and HgTe. The driving concept was to couple the
intraband absorption derived from HgSe with the interband (i.e.,
low dark current) transport properties from HgTe. The concept
was inspired by III-V heterostructures, in which absorption and
transport are spatially uncoupled.*®” > The first approach was
proposed by Goubet et al."* On a HgSe core, a coating of HgTe
is colloidally grown (see Figure 11i—1). The addition of the
HgTe layer does not considerably influence the energy of the
intraband transition, while the interband absorption exhibits a
strong red-shift (see Figure 40b). Because of degenerate doping,
the interband transition between the 1S, and 1S, states of HgSe
is bleached due to the lack of an arrival state. However, the
interband absorption coupling the valence band and the 1P,
state is still possible. The HgTe valence band is closer to vacuum
than HgSe, and its addition leads to a second path for interband
absorption coupling of the valence band of HgTe with the 1P,
state of HgSe. Owing to the relative position of the HgTe and
HgSe valence bands, this absorption occurs at a lower energy,
explaining the observed red-shift. The introduction of HgTe
increases the resistance of the sample, and the dark current
activation energy reaches values higher than 150 meV (Figure
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40c), leading to a higher benefit of sample cooling. The
intraband photoresponse was evaluated using a quantum
cascade laser as a selective excitation source of the intraband
transition. The authors observed a significant acceleration of the
intraband response (Figure 40d). Using an alternative approach,
the same group demonstrated that similar results could be
obtained while eliminating the constraint of epitaxial growth
between HgSe and HgTe.”” The mixing of two solutions of
HgSe NCs with intraband absorption and HgTe without
intraband absorption (Figure 40e) yields similar results (higher
resistance, higher activation energy, and faster response) while
allowing more freedom for the metamaterial design. The
bandgap of HgTe is thus a free parameter that can be optimized
to favor charge transfer without generating dark current (see
Figure 40f). Finally, the authors reported on the first colloidal
intraband diode. The latter device is composed of a sapphire
substrate, on which an Al grid is deposited and used as a partial
mid-infrared transparent electrode. A layer of a HgSe/HgTe
mixture with intraband absorption is coupled to a unipolar
barrier made of HgTe NCs with a higher bandgap; see the
scheme of the device in Figure 4Sh. The second electrode is
made of gold. Interestingly, the diode exhibits a complex spectral
photoresponse, in which the relative contribution of interband
and intraband signals can be strongly modulated with the
applied bias; see Figure 45i. Using this approach, the
performance of intraband detectors has been enhanced to be
similar to that of interband materials. This approach is
promising, especially for longer wavelengths.

6.5. Coupling to 2D Materials

The concept of coupling nanocrystals with 2D materials was first
proposed by Konstantatos et al.’’’ The motivation was to
enhance the low mobility of nanocrystal arrays by coupling
nanocrystals with graphene: the large carrier mobility of
graphene (21000 cm> V™" s at room temperature, while the
NC arrays achieved values <1 cm*V~' s7') was combined to
the large spectral tunability of NC absorption. The design was
first used to couple graphene with NIR PbS nanocrystals,
typically for the design of NC-based solar cells. In such devices,
absorption in the visible- and near-IR regions occurs mostly in
the nanocrystals. Depending on the exact band alignment with
graphene, one type of carrier is preferentially transferred to
graphene, while the second carrier is trapped in the NC array. To
ensure the neutrality of the whole structure, the first type of
carrier is recirculated in graphene as long as the trapped carriers
are not recombined, generating gain. The latter process is mostly
driven by the recombination of these trapped charges with
external molecules, which makes such devices sensitive to air and
moisture. The recirculation process, also known as photo-
reduction gain,352 has been applied in the domain of nanocrystal
arrays *”*>* and was optimized due to the high mobility of
graphene, which accelerated the recirculation process. Con-
sequently, extremely large responsivities (>10° A-W™") could be
achieved.>”%*7! Following this result, the field of 0D/2D mixed
dimensionality van der Waals heterostructures®”* rapidly
expanded’”” and led to the use of other types of nanocrystals.””*
The coupling of graphene with HgTe®”® and HgSe®”°
nanocrystals was demonstrated by Tang et al., who considered
the shift of the spectral response toward the mid-infrared region;
the scheme of this device is shown in Figure 41a.

Despite this large response, graphene/QD heterostructures
also suffer from certain key limitations. First, the high mobility of
graphene is dramatically balanced with the lack of a bandgap.

BA

Indeed, the carrier density in graphene, despite being easily gate
tunable, is larger than the thermally activated carrier density in a
wide bandgap semiconductor. Although this claim is probably
less true in regard to infrared materials, it results in a dark current
and its associated 1/f noise,””® which is large in graphene QD
heterostructures. In addition, the response time of these
heterostructures generally presents a slow component (of the
order of seconds and sometimes, even hours), which is
incompatible with the practical use of such devices. Last, the
device presents an extremely low saturation with respect to the
photon flux, and a high responsivity is only achieved for an
extremely low irradiance. To reduce the carrier density,
graphene was replaced by other 2D materials corresponding
to a reasonable bandgap. For instance, graphene can be replaced
by MoS,.*”” This transition metal dichalcogenide material has a
slightly lower mobility, but the 2 eV bandgap allows it to
overcome the dark current issues. As depicted in Figure 41c, the
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current tunability obtained with this gate is several orders of 3606

magnitude, compared to the factor of 2—5 obtained using
graphene. Charge transfer between the conducting and
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3608

absorbing layers can be further realized by the introduction of 3609

a TiO, spacer (see Figure 41b).

The most recent ideas for 2D/HgX devices do not focus on
using 2D materials as high mobility transport layers but rather
on other parts of the device, such as transparent conductive
contacts to replace ITO or their gate tunable work function.
Thus, Tang et al. proposed a dual color visible/SWIR detector
combining a Si-based diode with a HgTe nanocrystal layer, in
which the intermediate contact is graphene.*> Numbe et al.
proposed the use of graphene as an infrared contact to design
planar p—n junctions, whose channel is made of a HgTe layer;
see Figure 41d,e. The authors attempted to exploit the large
quantum capacitance of graphene. The authors demonstrated
that a phototransistor made of a high capacitance ionic glass gate
coupled to a HgTe absorbing layer exhibits an extremely
different behavior when using metallic contact or graphene as
electrodes. Because graphene is extremely thin, it enables the
gate-induced electric field to propagate in the nanocrystal film,
while the gating effect is completely screened in the case of gold
electrodes. Consequently, the authors succeeded in generating a
planar p—n junction that enhances the charge dissociation and
boosts the detectivity by 2 orders of magnitude.'*”

6.6. Photovoltaic Devices

Photovoltaic (PV) devices, typically based on vertical stacks,
present the key advantage of a built in electric field, allowing for
zero volt operation, leading to a large reduction in the dark
current (and associated noise).’”" Despite this key motivation,
only a limited amount of work has been dedicated to this aspect.
Such devices exhibit performances that are competitive
compared to commercial devices, especially in the SWIR and
extended SWIR ranges.48

Vertical geometry based infrared devices involve concerns
regarding the design of transparent conductive electrodes and
substrates. For visible and NIR ranges, the use of transparent
conductive oxides (TCOs) is the most commonly implemented
strategy. Tin-doped indium oxide (ITO) and fluorine-doped tin
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oxide (FTO) are the most commonly used TCOs. In the case of 3644

HgTe (work function = 4.6 + 0.1 eV),*”"**'”> FTO (work
function = 4.4 V) is better suited than ITO (work function =
4.7 eV) for use as an electron contact. However, FTO is typically
deposited by chemical vapor deposition (CVD), which cannot
be realized in most laboratories. Consequently, FTO is used as a

https://dx.doi.org/10.1021/acs.chemrev.0c01120
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Figure 42. (a) Schematic of a MWIR photovoltaic structure based on the CaF,/NiCr/HgTe/Ag structure. Reproduced with permission from from ref
301. Copyright 2015 AIP Publishing. (b) Schematic of a MWIR photovoltaic structure based on the AL,O;/ITO/HgTe/Ag,Te/Au structure. (c)
Current density as a function of the bias voltage under dark conditions, background radiation, and 600 °C blackbody radiation at an operation
temperature of 85 K of the diode presented in (b). Inset: figure provides a zoomed in view of the dark current (closed shield) and background current
(open shield). (b,c) Adapted with permission from ref 303. Copyright 2018 American Chemical Society. (d) Band alignment associated with a
unipolar barrier used to prevent dark current injection while allowing the photocurrent flow. (e) SEM image of an extended SWIR photovoltaic
structure based on the glass/FTO/HgTe 4k/HgTe 6k/Au structure. (f) I-V curves in the dark and under illumination by a 1.55 ym laser at different
powers for the diode shown in (e). Inset: evolution of open circuit voltage (Vi) as a function of increasing power. (e,f) Reproduced with permission

from ref 146. Copyright 2019 Wiley VCH.

3650 bottom contact in a limited manner. Another limitation is the
3651 corresponding absorption in the infrared range, especially above
3652 1 ym. A possible strategy to overcome this limitation is to reduce
3653 the TCO thickness**” at the price of a higher contact resistance.
3654 Above 2—2.5 um, glass absorption also becomes problematic. In
36ss this case, glass must be replaced with IR transparent materials,
3656 such as CaF,”"" or sapphire’” (ALO;). Among these materials,
3657 sapphire is an optimal candidate for low cost sensors, at least as
3658 long as the targeted wavelength remains below S pym. In the
3659 MWIR range, the use of a thin (S nm) metallic layer was
3660 proposed as a transparent contact. However, thin metallic layers
3661 are not continuous, leading to high contact resistances. Thus,
3662 Tang et al. proposed the use of a thin gold layer coupled to a thin
3663 ITO layer to achieve both high transparency and low contact
3664 resistance.”” Livache et al. proposed another approach for the
3665 design of MWIR semitransparent (70% transparency) con-
3666 ductive contacts with a metallic grid on top of a sapphire
3667 substrate.”” The contact design is expected to become an
3668 increasingly active field in the coming years, especially with the
3669 intense integration of resonators into devices to enhance light
3670 absorption. In this regard, resonators may reduce the constraint
3671 of transparency but raise the concern of plasmon losses.

3672 The development of HgTe NC-based PV devices was initially
3673 motivated by the design of near-IR absorbers for solar
3674 cells.””"*7%3%0 Extremely small HgTe NCs with the band edge
3675 at approximately the optimal value for a single junction solar cell
3676 have been grown and studied, and the design of vertical devices
3677 is clearly inspired by organic PV devices. Nam et al.””” proposed
3678 the use of HgTe NCs blended with a narrow bandgap electron

donor polymer:*®"  poly[ (4,4'-bis(2-ethylhexyl)dithieno[3,2-
b:2’,3’-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl ]
(PSBTBT) to obtain a bulk heterojunction. A posteriori, the p-
type nature of small HgT'e NCs does not favor the creation of a
bulk heterojunction by mixing the materials with an electron-
donating polymer. Im et al.>®* proposed a HgTe NC-based PV
device inspired by solar cells, using HgTe NCs as absorbers for a
dye-sensitized solar cell.*****> The HgTe layer is sandwiched
between a TiO, layer and P3HT layer used as an electron
extractor and hole extractor, respectively.”’ The presence of a
polymer layer hinders the extension of the photoresponse of the
device toward longer wavelengths due to the organic absorption.
Consequently, Jagtap et al. later proposed a similar structure in
which larger HgTe NCs were used to absorb light in the
extended SWIR,*” replacing the polymer layer with a thin
inorganic transport layer of MoO,.'”* However, the responsivity
of the diode based on FTO/TiO,/HgTe/MoO;/Au remains
weak. This aspect was attributed to the TiO, layer, which can
help induce a rectifying behavior to the -V curve'*>*"* but also
strongly filters the photogenerated electrons, leading to low
responsivity (<mA-W™).

Later, the use of wide bandgap layers for hole and electron
extraction was avoided. HgTe and wide bandgap materials
presented a large band alignment mismatch. Consequently, the
wide bandgap led to barriers in both the valence and conduction
bands. The layers filtered not only the dark current but also the
photocurrent. Guyot-Sionnest et al.’®' proposed a Schottky
diode in which the HgT'e NCs were connected to contacts made
of NiCr and Ag, with the latter contacts were made of silver; see

https://dx.doi.org/10.1021/acs.chemrev.0c01120
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Table 7. Figures of Merit Associated with Photovoltaic Infrared Devices Based on HgX NCs (RT = Room Temperature)

spectral  responsivity or operating
active range EQE detectivity =~ response  temperature
material device structure/type (um) (mA-W'~ or %) (Jones) time (s) (K) specific feature year/ref
HgTe FTO/TiO,/HgTe/P3HT/Au NiR 1.3% ~ms RT depleted 2012%%°
heterojunction
0.8—1.4
HgTe ITO/PEDOT:PSS/HgTe:PSBTBT/Al  Vis-NiR 1.4% RT bulk 20147
heterojunction
04-1.1
HgTe ITO/TiO,/HgTe/Au E-SWIR 5% 107 ~107 ~ps RT air stable via device ~ 2018°”
encapsulation
HgTe FTO/TiO,/HgTe/HgTe-p-type/ E-SWIR 0.2 3x10° ~ps RT unipolar barrier 2018'”
MoO;/Au
HgTe FTO/HgTe/HgTe p-type/Au E-SWIR 20 3% 10° 370 ns RT thick film made 2019'
from ink
HgTe polyimide/ITO/Bi,Se;/HgTe/Ag,Te/ SWIR 220 75X 10 260 ns RT flexible substrate ~ 2019°*
HgTe/Au
HgTe Al,0,/ITO/HgTe/Ag,Te/Au SWIR ~1000 ~10" 1.4 ps RT high detectivity at ~ 2020"
RT, cross-linking
with EdT/HCI
HgTe LaF,/graphene gate(FET) E-SWIR 1 10° <10 us 220 gate induced p—n  2020'%®
junction
HgTe CaF,/NiCr/HgTe/Ag MWIR 38 10" 0.7 pis 140 BLIP detection 2015
HgTe AlLO,/ITO/HgTe/Ag,Te/Au MWIR ~100 3% 10° 20 ps @RT soping by contact ~ 2018°"
layer, high
detectivity
380 ~10" ~1 us @85
HgTe ALO,;/ITO/Bi,Se;/Hg SWIR 400 3 x 10" 2.5 us 8S bicolor 2019%¢
SWIR/MWIR
Te/Ag,Te/HgTe/Au MWIR ~10M
HgTe:HgSe ALO,/Al/HgTe/HgSe:HgTe/Au MWIR- ~5 ~10° 200 ns 80 quantum well like ~ 2019"
SWIR structure with
hybrid CQD.
intraband
detection

Figure 42a. Despite this simplistic fabrication, no electrical
shortcomings were reported. This diode is the first reported to
achieve background limited operation (in a background limited
infrared photodetector (BLIP), the noise is limited by the
fluctuation of the arerlng photons).

Later, Ackerman et al.””” reported several key advancements
in the design of HgTe NC-based PV devices; see Figure 42b.
The most critical advancement is the introduction of a layer
made of Ag,Te NCs used as a hole extractor. This layer is
exposed to the Hg precursor, which leads to a cation exchange
process to form a strongly p-doped layer of HgTe/Ag,Te. The
advantage of this structure is that it presents a clear diodelike
transport behavior (see Figure 42¢) without using wide bandgap
materials, which may filter the photocarriers. Later, the success
of this structure was expanded to a bicolor diode*® and SWIR
operation.”* To date, this structure leads to the highest
performances (see Table 7). For electron extraction, the same
group proposed the use of Bi,Se; as a strongly n-type layer with a
small bandgap,***°* although this layer was eliminated in their
recent work.” This elimination was likely a result of the low
colloidal stability of the large Bi,Se; plates, which makes the
fabrication of smooth films challenging. In parallel with the
structure design, significant progress has been made in the
surface chemistry of nanocrystals, switching from conventional
solid-state ligand exchange mostly conducted using ethanedi-

BC

thiol to liquid ligand exchange using a mixture of HgCl, and
short thiols (EDT or mercaptoethanol).”>'*® In particular,

Martinez et al. proposed the use of an ink in which NCs are

3733
3734
373S

dispersed in a polar solvent to realize the deposition of 3736

nanocrystals. In this case, the HgTe NCs capped with this
mixture of ligands are phase transferred”* toward a polar solvent
(DMF). Because of the high boiling point of DMF, it becomes
critical to use highly concentrated solutions of NCs (>250
mg.mL™") to facilitate the film drying. The key interest for this
ink is to reduce the highly repetitive process of deposition/
ligand exchange required by solid-state ligand exchange, which
often leads to the generation of holes or cracks in the film. In

3737
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3741
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3743
3744

addition, inks with high concentrations enable the deposition of 3745

thick films (>300 nm) in a single step; the cross-section of a
device with a film thickness of approximately 600 nm is shown in
Figure 42e."*® The increase in the film thickness over recent
years has been a key aspect to increase the device absorption.
Pushing the film thickness from 200 to 560 nm increases the
absorption from 12% to 40%, assuming a single pass of light in
the absorbing layer.

To complete the discussion, a complementary approach for
the design of HgTe NC-based PV devices relying on unipolar
barriers must be mentioned. This concept was first developed for
II-V heterostructures”**** and is depicted in Figure 42d. The
absorbing layer is coupled to a barrier that is used to prevent dark

https://dx.doi.org/10.1021/acs.chemrev.0c01120
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Figure 43. (a) HgTe QD/ZnO heterojunction photodiode with Au nanorods embedded within the ZnO layer. (b) Extinction increments of HgTe
QD/ZnO films with ZnO-coated Au nanorods normalized by the extinction spectrum of the control sample. The normalized FDTD simulated
extinction cross-section spectra with the longitudinal and transverse LSPRs of Au nanorods coated with 7.5 nm ZnO in the HgTe QD layer are also
shown. (a,)b) Adapted with permission from ref 389. Copyright 2014 American Chemical Society. (c) Measured spectral responsivity of HgTe CQD
MWIR detectors with and without plasmonic disks. (d) Illustration of the HgTe CQD midwave infrared detector with plasmonic disks and a 30 nm Au
contact. (¢) Mapping of the light intensity enhancement ratio. The wavelength of incident light is &4 ym. (c—e) Adapted with permission from ref 38.
Copyright 2018 American Chemical Society. (f) Illustration of Fabry—Perot cavity-enhanced HgTe CQD detectors. (g) Spectral responsivity of the
SWIR HgTe detector with and without the Fabry—Perot cavity. (fg) Reproduced with permission from ref 304. Copyright 2019 Wiley VCH. (h)
Simulated absorption spectra relative to the TE mode, TM mode, and total absorption for a HgTe NC-based device with a 1.8 ym period. (i)
Responsivity as a function of the light signal frequency for devices based on HgTe nanocrystals using interdigitated electrodes made of gold contact
deposited on a Si/SiO, substrate and interdigitated electrodes on a Au/SiO, substrate designed to induce GMR with a 1.8 #m period. (j) Schematics of

the cross-section of the conventional interdigitated electrodes deposited on a Si/SiO, substrate. (h—j) Adapted with permission from ref 40. Copyright
2019 American Chemical Society.

3758 current injection while allowing the photocurrent to flow. To resonant with that of the barrier, while the other band must 3761

3759 achieve this goal, a specific band alignment is required: the feature a large offset, preventing the dark current. Such a design 3762

3760 photocarrier conducting band of the active material must be requires an accurate understanding of the band offset between 3763
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the two materials, which is possible for III-V semiconductors
but challenging for II-VI semiconductors. The band alignment
results from the inverted band structure, quantum confinement,
and surface chemistry. To this end, Jagtap ef al. conducted a
systematic study of the band alignment in HgTe NCs as a
function of the size and surface chemistry (see Figure 23b,c).
The authors observed that the valence band offset for various
sizes of HgTe is small, and most of the confinement energy is
carried by the shift of the conduction band. This observation
reflects the higher effective mass of the valence band compared
with that of the conduction band; see the dispersion diagram in
Figure 14c or Figure 15b. Consequently, a thin layer made of
smaller HgTe NCs (i.e., higher bandgap) behaves as a unipolar
barrier (no offset for valence band, large offset for conduction
band) for larger NCs. Jagtap et al.'”” introduced a thin layer of
HgTe with a 6000 cm™" (%720 meV or ~1.8 ym) band edge
energy in a device in which the absorbing layer is made of HgTe
with a 4000 cm™' bandgap (~480 meV or ~2.5 um). The
introduction of this thin layer leads to diode behavior for the I—
V curve, with the presence of an open circuit voltage under
illumination*”'*® at room temperature (see Figure 42f). This
barrier also increases the detectivity by a factor of 10.'"*

To date, PV devices have exhibited the highest detection
performance. Advancements have been made by combining the
developments in surface chemistry and PV device design. In the
next section, we discuss how the introduction of resonators has
enhanced the performance due to better light—matter coupling
and enhancement of device absorption. Currently, the design of
energy band profiles suffers from a lack of rationality. Thus,
optimal electrical properties might be realized in the future. The
other key challenge relative to PV devices is the transfer of the
diode structure toward FPAs. For example, gold is used as a
contact in most devices, even though this metal is not CMOS
compatible. A systematic investigation of the effect of the
contact work function must be conducted in the future.

6.7. Enhanced Light Matter Coupling

In NC arrays, achieving decent photoconduction comes at a
cost. Because of hopping transport, the mobility in NC arrays is
limited. Although significant progress””*>'?**'” has been made
in the direction of increased mobility values”***** from below
107 to approximately 1 cm® V™' S™! using ink-based films with
hybrid passivation (ions and organics) to passivate different
facets, the value of mobility remains 2 to 3 orders of magnitude
below the bulk values. Consequently, the charge diffusion length
extends over several NCs (10—100 nm) but remains shorter
than the absorption depth (few ym) in such films. As discussed
earlier in this review, films with thicknesses of a few micrometers
are required to absorb most of the incident light. For instance, a
200 nm thick film, which is the typical thickness of films
obtained from solid-state ligand exchange, with a band edge at
2.5 um (0.5 eV or 4000 cm™") absorbs only 12% of the incident
light for a single pass of the light. The trade-off is a result of the
fact that building thicker films is not useful because the charges
cannot be collected.

Two approaches can be used to overcome these severe
limitations. The first approach is to work on the material side to
fabricate higher quality (i.e., mirror-like, with a film roughness of
the order of the NC size) thick (>500 nm) films with improved
internanocrystal coupling (i.e., higher ). Such efforts have been
conducted by considering the design of photodiodes in vertical
geometry,”” and HgTe-based inks have been used to facilitate
thick film deposition with a reduced number of steps.*®'*® The

BE

second method to overcome the diffusion length/absorption
depth trade-off is to control the light—matter coupling within
the NC film. The driving concept is to modify the electro-
magnetic field to concentrate it into the absorbing layer.
Resonators can be introduced, enabling an increase in the
magnitude of the incident field in a thin slab of the absorbing
semiconductor, resulting in an increase in absorption. The field
enhancement can be considered to be a reduction of the effective
absorption depth to eliminate the previously mentioned trade-
off. To date, most efforts have been focused in this direction.
Another aspect that has not been extensively examined for NCs
is the planar focusing of the light to uncouple the optically
absorbing area of the device with its electrical area. The concept
is to collect photons over an area that is as large as possible while
reducing the electrical area as much as possible, thereby
proportionately decreasing the dark current.*®” Zhu et al.
recently demonstrated®®® a device based on a silicon photonic
waveguide with a small volume of HgTe used as an IR absorbing
material. This structure shows an enhanced detectivity
compared to the bare HgTe film.

The coupling of resonators with HgX NC films is, for most
devices, based on the introduction of plasmonic resonators. The
first demonstration was made by Zhao and co-workers. The
authors coupled gold nanorods to absorbing films of HgTe
NCs,*®” as shown in Figure 43a. Gold nanorods present two
resonances, and the resonance associated with the long direction
of the nanorods falls in the near-infrared region (see Figure 43b).
Small HgTe NCs were synthesized to match this wavelength. To
avoid exciton quenching in the gold, a ZnO spacer was deposited
on top of the gold nanorods. By using this approach, the
photocurrent is enhanced by a factor of 2. Following this work,
various approaches to couple HgX NC films with plasmonic
resonators have been demonstrated using a top-down approach
for the fabrication.
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Yifat et al®” used a photoconductive device consisting of 3859

interdigitated electrodes coupled to HgTe absorbing films in the
MWIR range. Using e-beam lithography, the authors function-
alized the substrate with an array of gold nanorods. The authors
matched the resonance with the HgTe band edge and observed
an increase in the photocurrent up to a factor of 3. Because the
authors used gold rods as a pattern, the photocurrent was
polarized and observed only for light polarization along the rods.
The same geometry was later applied by Tang et al. to HgSe,””
for which the resonance matched the intraband absorption in
HgSe. To avoid the polarization effect, the authors used disks
instead of rods as a pattern. Chu et al. proposed another version
of this device.*”**” In previous devices, transport was supported
by interdigitated electrodes and was completely uncoupled from
the array of resonators. Chu et al. combined these electrical
contacts and optical resonance in the same set of electrodes; see
Figure 43j. In other words, the period and size of the
interdigitated electrodes were used to induce resonance. A
second improvement is the introduction of a backside mirror to
induce a second pass of the light through the absorbing layer.
This resonator is known as the guided mode resonator (GMR)
because it reshapes the incident plane wave into a steady wave
propagating along the substrate in the NC film. Because of the
interdigitated electrode pattern, the field enhancement was
polarized, and the two resonances were used to broaden the
spectral response (see Figure 43h). The design obtained ~100%
absorption along one polarization (70% of the total signal). The
other key advantage of merging plasmonic resonators with
transport electrodes was the generation of gain. Because the

https://dx.doi.org/10.1021/acs.chemrev.0c01120
Chem. Rev. XXXX, XXX, XXX—XXX

3860
3861
3862
3863
3864
3865
3866
3867
3868
3869
3870
3871
3872
3873
3874
387S
3876
3877
3878
3879
3880
3881
3882
3883
3884
3885
3886
3887


pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c01120?ref=pdf

Chemical Reviews pubs.acs.org/CR
A A, ®ywir vwir B
D T 1
electrolyte
HgTe QD

CdSe/CdS NPL

o

T T T T T T T T — 9 T T T T T T T
Vs=0V V=11V 405nm 5 g ] Thiackoosy @1200 °C —— 4.8 ym IR pixel ]
22.5— 405nm 15288 | & 7]Biasvoltage @ 5V ——6.0um IRpixel |
3 3 = G—J-L ——9.5 um IR pixel
o
-~ -~ et 54 -
©201 |g Sal
5 980nm 53- 286 Siii)nm N _9 3] 1
O - O Q2 [ L_ . —
Q. 14 3pmfilter 4.75umfilter LWIR filter-
1.5 . : ; : : 284 . . . , 0 ———
b 0 50 100 150 200 250 300 C 0 10 20 30 40 50 e 0 2 4 6_8 10 12 14 16 18
. Time (s) . Time (s) . Time (s)

Figure 44. (a) Scheme of a dual color device. (b) (respectively c) Current as a function of time under illumination at 405 and 980 nm at an applied gate
bias =0V (respectively 1.1 V). (a—c) Adapted with permission from ref 41. Copyright 2014 American Chemical Society. (d) Faux color SEM image of
a multispectral photodetector. (e) Photocurrent as a function of time of all three pixels under pulses of illumination from a blackbody with different
filters. (d,e) Adapted with permission from ref 45. Copyright 2016 American Chemical Society.

3888 electrode spacing was reduced, the transit time in the structure
3889 was also reduced, which generated electrical gain. Consequently,
3890 by using these GMR electrodes, the photocurrent enhancement
3891 was considerably higher than the absorption enhancement,
3892 reaching a factor of approximately 1000 (see Figure 43i). Finally,
3893 the authors demonstrated that a clear tunability of the spectral
3894 response can be attained by tuning the period of the grating. In
3895 this sense, this geometrical tunability, through the period, offers
3896 a new postsynthesis degree of freedom for the design of the
3897 photodetector in addition to that due to the quantum
3808 confinement in the material. Tang et al. proposed this method
3899 for vertical geometry devices.”® In this case, the authors added an
3900 array of gold nanodisks on top of the ITO electrode (see Figure
3901 43d) in a diode structure reported previously.””® The photo-
3902 current enhancement reached a factor of 3—4 (see Figure 43c).
3903 Plasmonic resonators have been successful; however, these
3904 devices introduce several losses in the metal and ITO electrodes.
3905 For example, in the GMR electrode proposed by Chu et al,
3906 ~25% of the absorption occurs in the electrodes and does not
3907 generate a photocurrent. Other types of resonators have been
3908 proposed, including Fabry—Perot resonators; %" see Figure
3909 43f. In this case, a dielectric spacing layer is required, which leads
3910 to several resonances due to the harmonic behavior; see Figure
3911 43g. A distributed feedback mirror cavity has also been proposed
3912 by the same group. In this case, rather than the enhancement of
3913 the photocurrent, the spectral shaping of the photoresponse is
3914 targeted;44 see Figure 45g.

3915 In all these reports, fabrication of the resonators was
3916 performed before the deposition of the HgX nanocrystal film.
3917 Such an approach accounts for the fragility of HgX nanocrystals,
3918 which easily sinter when annealed or exposed to nonsolvents.
3919 Thus, most of the groups choose a strategy in which all the
3920 lithography steps are performed at the early stage of fabrication
3921 and HgX NCs are deposited as a top layer or require only

BF

3922
3923
3924
3928
3926

minimal postdeposition processing (top metal contact). An
exception was reported by Tang et al. last year.””” The grating
generating the optical features was directly implemented by
stamping the HgTe film.

The coupling of HgX films to resonators has been
comparatively successful over recent years, and this direction 3927
must be pursued. The losses within the metallic parts of the 3928
resonator must be addressed, likely through the introduction of 3929
dielectric resonators. Another promising direction is to 3930
supplement the introduction of a single resonance. In solar 3931
cells, up to 9 resonances can be implemented to achieve broad 3932
band absorption.*”’ 3933

6.8. Multicolor Detection

Multicolor detectors can be used to combine the specificities of 3934
each spectral band to clarify the exact nature of a scene. Visible 3935
sensors have the key advantage of being broadly available and 3936
being low cost. Shortwave infrared is commonly used for active 3937
imaging or moisture detection. The mid-infrared domain 3938
corresponds to thermal imaging, which can be used for 3939
temperature determination or to conduct fully passive imaging. 3940
The combination of detectors to design bi- or multicolor 3941
detectors has already been well established.>** This high level of 3942
functionality was only recently developed for NC arrays. The 3943
developments of such multicolor detectors can only be achieved 3944
owing to the progress of the single color material detectors 3945
discussed earlier. 3946

The first category of multicolor sensors includes a 3947
combination of several single color sensors. The first bicolor 3948
sensor based on nanocrystals was proposed by Lhuillier et al.*' 3049
The device is a visible/SWIR detector; see the scheme of the 3950
device in Figure 44a. The SWIR detection part is made of HgTe
NCs, while the visible part is made of CdSe/CdS 2D
nanoplatelets.”'** The films of the two materials are connected
in parallel, while the switch from a SWIR to visible response is
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Figure 45. (a) lllustration of the structure of a dual band CQD imaging device. A bias voltage is applied between indium tin oxide (ITO) and the Au
contact (grounded). (b) Spectral response of the dual band detector given in (a) under different bias voltages from positive (+500 mV) to negative
(=300 mV) voltages at 85 K. The dashed black line is the response of the internal deuterated triglycine sulfate (DTGS) detector in the Fourier
transform infrared (FTIR) spectrometer, which reflects the spectral irradiance of the internal FTIR blackbody. The threshold bias voltages for the
MWIR photodiode dominated and SWIR photodiode dominated photocurrents were +300 mV and —200 mV, respectively. SWIR (c), MWIR (d),
and merged (e) dual band images of hot and cold water. The SWIR and MWIR images are obtained at room temperature and 85 K, respectively. (a—e)
Reproduced with permission from ref 46. Copyright 2019 Nature. (f) False color cross-sectional scanning electron microscopy image of the CQD
hyperspectral detector. The overlapping region between ITO and Au defines the active sensing area. Scale bar: 500 nm. (g) Measured spectral
responsivity of fabricated CQD hyperspectral detectors. (f,g) Reproduced with permission from ref 44. Copyright 2019 Wiley VCH. (h) Scheme of the
HgTe:HgSe diode. Illumination is provided from the backside through a sapphire substrate and patterned aluminum electrode, allowing 70% of light
transmission in the MWIR. (i) Photocurrent spectra and device absorbance measured at 80 K for several diode biases. The spectral contributions
(maximum absorbance) of HgSe (green), HgTe 4k (bandgap at 4000 cm™, brown), and HgTe 6k (bandgap at 6000 cm™’, orange) are highlighted.

(h,i) Adapted with permission from ref 47. Copyright 2019 Nature.

39ss enabled by the gating of the CdSe/CdS NPLs. When no gate
3956 bias is applied, the HgTe film, due to its narrow bandgap nature,
3957 is more conductive, and the photoresponse is driven by this
3958 material: both visible and SWIR present photoconduction (see
3959 Figure 44b). When a gate bias is applied, the conductance of the
3960 NPL film increases and overcomes that of the HgTe film, owing
3961 to which only a visible response is observed (see Figure 44c).
3062 Tang et al.*® proposed a three color IR sensor at 5 ym, 6 ym
3963 (MWIR), and 9.5 ym (LWIR). Fabrication of the device was
3064 based on stamping. Each active material was selectively
3965 deposited on interdigitated electrodes; see Figures 44d,e.
3066 Cryer et al.*” proposed a similar device based on four colors in
3967 the SWIR and MWIR. The selective deposition of the material
3963 was realized by combining spray coating and shadow masking on
3969 a flexible PET substrate.

BG

A second concept to design bi- and multicolor NC-based
sensors is to design a single device in which the spectral response
can typically be tuned by applying a bias. Tang et al. proposed a
SWIR/MWIR photodiode*® consisting of a stack of an
MWIR?” diode and a SWIR*** diode; see Figure 45a. The
bias was used to switch the main contribution of the
photoresponse from the SWIR to the MWIR diode; see Figure
45b. By coupling this diode to a mechanical scanning method,
the authors realized bicolor imaging (see Figure 45c—e). The
same group recently proposed a visible/SWIR bicolor
detector.”” The visible response was obtained from a Si wafer,
while the SWIR response was collected from a HgTe NC film. A
graphene layer was used as the intermediate transparent
electrode. This device is especially promising because it can be
easily transposed to a complementary metal oxide semi-
conductor (CMOS) readout circuit. Finally, a SWIR/MWIR
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Figure 46. (a) (left) Illustration of the HgTe CQD detector thermal imaging system. (right) Thermal images captured by HgTe CQD MWIR
detectors. The detector was operated at 90 K. (a) Adapted with permission from ref 38. Copyright 2018 American Chemical Society. (b) Simplified
setup of infrared imaging with the flexible detector. A tungsten lamp is used to provide active infrared illumination. (b) Reproduced with permission
from ref 304. Copyright 2019 Wiley VCH. (c) SEM image of the 100 pixel matrix (magnified 200X). (d) Zoomed SEM image of a pixel with faux colors
corresponding to different layers: yellow, green, and red represent the internal gold contact (columns), insulating silica, and external gold contact
(lines) (magnified 3000X), respectively. Blue is the glass substrate. (). Intensity of the 97 working pixels with the laser spot focused on the matrix. The
Gaussian shape of the beam has a full width at half-maximum (FWMH) of 7S yum. (c—e) Reproduced with permission from ref 146. Copyright 2019
Wilwy VCH. (f) Image from a HgTe nanocrystal film connected to CMOS ROIC, with no other lighting except for natural light (i.e., passive imaging).
The picture is obtained with a long-pass filter to remove the visible part of the solar spectrum. (f) Adapted from ref S0.
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3987
3988
3989
3990

sensor was proposed by Livache et al. by coupling the interband
and intraband absorption from HgTe and HgSe, respectively;
see Figure 45h,i.*

Although the existing devices allow the switching from one
spectral range to another, Tang et al. proposed a hyperspectral
3991 sensor. In this case, the multicolor detection was no longer
3992 driven by the material but by the optical filtering of the
3993 photoresponse. To build such a device, a HgTe layer is coupled
3994 to an array of Bragg mirrors; see Figure 45f. This resonator
3995 allowed extremely narrow band selection (approximately 30
3996 cm™'), enabling the selection of 64 bands in the SWIR and
3997 MWIR (see Figure 45g).

6.9. Integration and Imaging

3998 Infrared nanocrystals have been discussed extensively and
3999 emerged as a possible alternative for low cost infrared imaging.
4000 The demonstration of imaging with infrared nanocrystals is
4001 relatively recent and enabled by their higher material maturity.
4002 Device integration, as opposed to single particle measurements,
4003 requires concentrated syntheses with a production of at least 100
4004 mg (1 g is preferable even at the research level).*””® Moreover,
4005 the material must present a certain degree of stability (toward air
4006 and aggregation). The demonstration of single pixel devices is a
4007 second mandatory step that allows one to understand the
4008 potential of the material compared to the existing alternatives.
4009 Alternatives to III-V and II-VI semiconductors for IR
4010 detection have been extensively studied, including colloidal
4011 materials; however, only a few recent reports presenting credible
4012 competitors with historical materials have been published.
4013 Infrared absorption is not sufficient to achieve high performance
4014 devices. Imaging devices must combine large photon-to-current
4015 conversion, fast response time (compatible with video frame
4016 rate), low noise, and material processability to obtain high
4017 quality thick films that strongly and homogeneously absorb over
4018 at least 1 cm®. All these reasons have delayed the demonstration
4019 of NC-based imaging setups.86 HgX, particularly HgTe, has

BH

reached this level of maturity and emerged as a versatile platform

4020

for infrared optoelectronics. Consequently, the coupling of 4021

HgTe films to CMOS electronics has become a recent trend in
the field, stimulated by the demonstration of focal plane arrays.

The design of nanocrystal-based devices relies on non-
functionalized substrates, such as glass or silicon wafers. The
substrate is mostly used as a mechanical sample holder, with
possible constraints regarding the transparency. FETs are
among the few early devices in which electrical functionalities
from the substrate were expected. As the material maturity
increased, coupling to Si electronics became possible. In the field
of solar cells, it is unlikely that NCs can substitute for Si
technology. The trend is generally to design tandem cells in
which NCs lead to additional absorption in the silicon layer.””* A
similar concept was proposed by Guyot-Sionnest and co-
workers to design a bicolor detector in which a Silayer absorbing
in the visible and near IR was coupled to HgTe NCs to achieve
SWIR photoconduction.”” Rogach and co-workers also
proposed a device architecture that extended the advantage to
Si coupling. The authors proposed the integration of HgTe NCs
as IR absorbers in a silicon waveguide.”®® This waveguide
enhanced the incident electromagnetic field and thus obtained
high absorption in a small volume. A reduced volume was
expected to reduce the dark current of the device. A second
benefit from this volume reduction is the reduction in the
amount of HgTe NCs, which is a promising approach to obtain
greener devices. By using silicon-based resonators, the advance-
ments of Si photonics can be exploited, particularly for the
design of high quality factor resonators.

Before discussing the design of multipixel sensors and focal
plane arrays, it is worth noting that imaging can be obtained
from a single pixel or a line of pixels coupled to a scanning
system. This method has been extensively investigated by Tang
et al,,*>*%* as illustrated in Figure 46a,b, with application to dual
color detection,*® as shown in Figure 45c—e. Generally, the
device operates under cryogenic conditions (ie, inside a
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cryostat), which makes displacement of the detector difficult.
Therefore, the authors scanned the position of the optical lens to
reconstruct an image. This method is slow due to mechanical
displacement and is more suitable for picture acquisition than
live imaging. Another issue is the presence of aberrations from
the lens. The authors overcame this difficulty by designing a
device with enhanced light—matter coupling on a flexible
substrate to obtain an eyelike sensor.”**

Currently, the design of FPAs is a topic that attracts the most
interest relative to the coupling of HgX layers to Si-based
electronics. This step is critical to realize the design of low cost
sensors. The cost of an IR sensor is split over three main
contributions: (i) growth of the active layer (which can be
significant for liquid phase epitaxy of HgCdTe epitaxially
matched on a CdZnTe substrate), (ii) hybridization, in which
the active layer is coupled to the readout circuit (ROIC), and
(iii) the packaging (including the cooling system if needed and
optics, among other aspects). To obtain a notable cost reduction
for the final FPA, it is mandatory to optimize all the
aforementioned aspects in addition to the simple cost difference
of the colloidal and epitaxial growth. In this scenario, it is
unlikely for low cost sensors to have a cryogenic operating
temperature, the cost of cryocoolers remaining prohibitive. If
near room temperature is required, then it would be more
promising to employ SWIR materials compared to MWIR
materials because their larger bandgap corresponds to a
reasonably low thermally activated carrier density. NCs
represent the most promising materials to reduce the hybrid-
ization cost. At present, the active layers of III-V or II-VI
semiconductors are coupled to the CMOS readout circuit
through indium bumps (see Figure 47a). This process presents

InP substrate

InGaAs
Indium bead

ROIC

NCs solution
ROIC

Figure 47. (a) Scheme of an InGaAs layer grown on its InP substrate
and coupled to a readout circuit (ROIC) through indium bumps. (b)
Scheme of an NC thin film deposited on a readout circuit (ROIC).

two severe drawbacks. First, this process is an expensive step
with a limited yield, which further increases the cost. Second,
this process is challenging for small pixel pitches. Existing
cameras have a 15 pm pitch, and the trend is to reduce this size
by approximately 10 gm.** This value is considerably larger
than that achieved for CMOS visible sensors, for which pixel
pitches of 2 ym are commonly used. Thus, the quality of the
SWIR image is not diffraction limited. Using NCs, it is possible
to directly spread the NC solution onto the surface of the ROIC,
which eases the fabrication and provides opportunities for
smaller pixel design.

Ironically, the functionalization of ROICs with HgTe NCs
was first reported in the MWIR range.”">” HgTe NCs with a
cutoff of approximately 5 ym were spin-coated on top of the
ROIC (see Figure 47b), and this step was followed by a solid-
state ligand exchange procedure. Images with clear evidence of
thermal contrast and NETD below 100 mK were obtained. In

the SWIR, the first multipixel devices were based on small arrays
of 10 X 10 pixels, as shown in Figure 46¢,d. This matrix size was
extremely small to achieve high quality images but could allow
the function as an infrared beam profiler,'** as shown in Figure
46e. This application is particularly well suited for nanocrystal-
based FPAs, for which imaging scenes presenting a large number
of photons occur frequently because the amount of dark current
is higher than that in the case of InGaAs detectors. Later, Chu et
al. deposited an ink of HgT'e NCs on a VGA ROIC and used this
FPA as an infrared beam profiler, albeit with a significantly
improved resolution.*’ Finally, by enhancing the quality of ink
deposition, Greboval et al. demonstrated passive imaging with
these VGA FPAs; see the image in Figure 46f. No memory effect
was observed in these devices, and framerates compatible with
live imaging could be achieved.”

7. CONCLUSIONS

Over the past few decades, significant progress has been
achieved for HgX NCs and their integration in devices. For
material growth, a key aspect relates to size control, which has
allowed the absorption of HgX materials to increase from 3.7
pm”” in 2006 to 60 pm at present.”” The other key development
from NC growth is the discovery of self-doped NCs presenting
intraband absorption features.*>*>°® The use of such transitions
has been facilitated by the development of optimal experimental
methods to clarify the doping mechanism and strategies to tune
the corresponding magnitude. At this stage, intraband devices
remain less effective than their interband competitors. However,
intraband NCs are particularly interesting for the design of new
devices operating at longer wavelengths and for the develop-
ment of low toxicity alternatives.

The global knowledge and understanding of the material have
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also been considerably improved. Ten years ago, the modeling of 4134

HgX compounds was more or less limited to an effective mass
approximation to determine the energy vs size dependence.
Significant theoretical efforts based on multiband k-p,°* tight
binding,zs’él’né and DFT calculations have been dedicated to
the understanding of properties such as the conduction band
fine structure, temperature dependence of the spectroscopic
properties, or the emergence of four-level systems for stimulated
emission.

In terms of light emissions, which represented the most
mature aspect 10 years ago, the initial trend was to extend PL
emissions toward redder wavelengths. A value of S ym at room
temperature appears to be the current limit owing to the low PL
efficiency.” PL magnitude reduction is intrinsic to infrared
wavelengths, and the room for enhancement (e.g, with
heterostructures) is typically 1 order of magnitude. Stimulated
emission”” and electroluminescence™’ have been demonstrated
over recent years, although a laser has not been developed yet.

On the detection side, tremendous progress has been made,
including mid-IR photoconduction, high mobility films, near
unity absorption devices,”” multicolor detection, demonstration
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of stability up to a three month time scale, and demonstration of 4155

focal plane arrays in the SWIR and MWIR ranges. It was believed
that from the detection perspective, interest in HgTe would be
driven by thermal imaging in the MWIR. This early belief was
actually driven by the material and academic motivations to use
HgTe NCs in a range of wavelengths beyond those achieved by
lead chalcogenide materials. In the MWIR, the applications
mostly relate to defense and astronomy, for which cost is not a
major constraint and extremely high performance and reliability
are desired. The SWIR domain is presently exhibiting an interest
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in low cost detection. This range of wavelengths suffers from the
vicinity of the visible range, for which extremely high
performance imaging is available with inexpensive applications.
A VGA format Si-based FPA in the visible region based on
CMOS technology costs less than $1 and achieves excellent
performances up to 1 y#m, while the InGaAs equivalent operating
at up to 1.7 ym is considerably more expensive (more than
$100). This notable difference in the cost for a marginal shift of
the cutoff wavelength is typically not well understood by
customers outside the detection community. Infrared NC-based
FPAs exhibit considerably lower performances than those of
FPAs based on InGaAs; consequently, applications for which a
dark current is not a limitation should be targeted. A clear
application is infrared beam profiling. Because of the large
number of photons available in this application, this scenario is
compatible with moderate responsivity devices. Active imaging
is another application in which a dark current is not a limiting
factor because the scene is illuminated. Various applications
relative to industrial vision fall in this type of application,
including waste sorting (SWIR is used to distinguish metal from
plastic or paper), moisture detection (water strongly absorbs in
the SWIR range), and food damage detection (broken eggs, fruit
damage, etc.). Detection for LIDAR may also be considered
owing to the short response time of HgTe devices, although this
aspect is expected to be challenging because of the reduced
photon flux.

8. FUTURE DEVELOPMENTS

8.1. Need for Better Materials

8.1.1. Stability. While the performance of HgX NC-based
devices has been enhanced, transfer toward the mass market
requires a demonstration of the viability of long-term operations.
Stability is the main issue due to the corresponding performance
enhancement. If this issue can be effectively addressed, then
HgX NCs will enter a new phase of development. The objective
is for the material to be operated without irreversible damage up
to 60 °C while being processable with limited damage up to 150
°C. Hybrid passivation combining halides and organic ligands
can enhance film stability,*® and multilayer encapsulation based
on water and oxygen repelling layers can ensure room
temperature stability.””> These objectives have not been
attained yet. Low temperature damage prevents the use of
various encapsulation methods. Material developments must be
facilitated to enable such encapsulations. The solutions will
likely require the development of new core—shell growths,
making large scale syntheses more complicated. However, this
aspect can be realized because display applications have
demonstrated that complex core—shell nanoparticles can be
grown at a large scale. However, even if the scale up of HgX NC
can benefit from the developments of CdSe and InP, the change
in material will require a certain update of the procedure to
account for the specificity of the HgX compound, such as low T
growth.

8.1.2. Toxicity. Although this review is focused on HgX
materials, the quest to achieve low toxicity must be considered.
The current situation regarding toxicity is not as complex as that
for solar cells. When CdTe-based solar cells were developed for
third generation solar cells, in addition to the undeniable toxicity
of Cd, the supply of a large amount of Te was under debate.
There is a fundamental size difference between IR sensors and
solar cell devices. A VGA format focal plane array is a 1 cm”
square chip, while a solar cell requires m* devices. Livache et al.

BJ

estimated that introducing a HgX NC-based focal plane array in
every car sold in Europe (20 million unit/year) will “only”
require a few tens of kg of HgX NCs.*”

Another focus is on alternatives materials. The current
industry dedicated to IR sensing is already used to managing II—
VI compounds. While this industry has demonstrated interest in
the NC form, the presence of Hg still retards the industrial
transfer of HgX NCs despite their reported promising
performance. A heavy metal free alternative with a similar
performance to that achievable using HgTe may be a
breakthrough technique. Various materials have been developed
to achieve IR ghotoconduction, including grag)hene, black
phosphorus,*”*™*% platinum,**"** and paladium™**** dichal-
cogenides, silver chalcogenides,77—79’405’406 and doped oxides
(ITOs).”® For example, Ag,Se can easily be grown in NC form.
The infrared spectrum is surprisingly similar to that of HgSe. In
addition, Ag,Se is a chalcogenide NC, and it is natural to assume
that the knowledge transfer from PbX, CdS, and HgX materials
can ease the integration of this material into devices. Recent
demonstrations have been rather disappointing. In particular,
materials exhibit low electrochemical stability, and the silver

4224
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4226
4227
4228
4229
4230
4231
4232
4233
4234
4235
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4237
4238
4239
4240
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4244

atoms undergo changes in redox states while obtaining I-V 4245

curves.”” The performance for IR photodetection is several
orders of magnitude lower than that measured for HgX NCs.
Similarly, the potential of ITO NCs has been evaluated. The
ITO spectrum is widely tunable in the mid-infrared region
through the doping magnitude. ITO is a plasmonic material, and
a higher cross-section was anticipated compared to that for
intraband absorption. However, this benefit is more than
balanced by the extremely short lifetime of plasmons (a few fs).
Consequently, the infrared photoresponse obtained in devices
made from this material is not due to photoconduction but to
bolometric effects.”

One of the challenges, while trying to develop new materials

4246
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for IR sensing is to move beyond the photoconduction proof of 4258

concept. The latter aspect corresponds to a technological
readiness level of 1, while a level of 3 or 4 is required for the
industry to take over. In addition to photoconduction, noise and
stability also must be evaluated. The next level of maturity
addresses the technology transfer from a single pixel to imaging
setups. This effort is generally performed in parallel to on-chip
integration. To date, only PbS and HgTe NCs are sufficiently
mature to be integrated into devices.

While the quest for achieving low toxicity materials has been
moderately successful for the design of IR sensors, we can try to
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4264
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4268

develop “green” HgX NCs. In particular, all the environments of 4269

HgX NCs can be made greener. One step in this direction has
been taken with the report of highly concentrated syntheses.”
The authors dramatically reduced solvent and ligand con-
sumption. A similar effort for the ligand exchange step required
to make the film conductive is also required. This phenomenon
may be achieved through direct synthesis of the NCs into polar
solvents, as proposed by Kershaw et al.’> Film-making
techniques should also be revised: the current trend is to use
spin-coating deposition onto a substrate, electrodes, or readout
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circuit. This technique is responsible for a considerable loss of 4279

NCs, which is currently the major source of waste, generating
high costs and excessive consumption of heavy metals. Better
deposition techniques must be developed. Inkjet printing"*”***
or stamping** may be able to be used, as only the needed amount
of material must be deposited. In addition, this aspect may
enable the deposition of NCs at the wafer scale rather than the
chip scale. While NC deposition by these methods has been

https://dx.doi.org/10.1021/acs.chemrev.0c01120
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reported, one must not neglect the time required to transfer
these skills to HgX NCs.

8.2. Need for Deeper Material Understanding

4287
4288

42890 A clear trend for both light emission and detection is the
4290 development of light—matter coupling. In other words, the
4291 spectral response of a detector is no longer restricted to the
42092 intrinsic optical properties of the material. The introduction of
4203 photonic structures (plasmonic resonators, distributed feedback
4294 mirrors44) has enabled the introduction of new degrees of
4295 freedom for the design of spectral responses, PL efficiency
1296 enhancement,”’ or light focusing.38’40 This direction will
4297 undoubtedly be expanded in the coming years. While the design
4208 of the light—matter coupling is strongly correlated to electro-
4299 magnetic simulation tools, the amount of work dedicated to the
4300 measurement of the optical properties of HgX NCs remains
comparatively low.''#*** Deeper and more systematic studies
4302 on the complex optical index need to be conducted to serve as
4303 inputs for simulations. One reason for this lack of data is the low
4304 availability of ellipsometers operating at wavelengths above 1.7
4305 ﬂm.409‘410 Significant improvements have been achieved in
4306 terms of the film qualit}r,146’303 particularly in terms of film
4307 roughness, and consequently, no fundamental limitation is
4308 expected to prevent such measurements in the coming years.
43090  The determination of the band alignment of HgX materials
4310 with other materials or transport layers is critical for the growth
4311 of colloidal heterostructures and the design of photodiodes. To
4312 date, HgX NC-based photodiode design does not have a rational
4313 basis and is dictated by empirical laws. Future designs must
4314 account for the specificity of narrow bandgap materials and,
4315 consequently, must be increasingly inspired by solar cells, for
4316 which the required bandgap (and the associated band
4317 alignment) is two to three times larger. For this aspect,
4318 electrochemistry and photoemission must be more systemati-
4319 cally used to clarify the band alignment as a function of the size
4320 and surface chemistry. It is likely that the interaction of the
4321 absorbing layer with electron and hole transport layers can help
4322 facilitate the design process.

8.3. Need for Better Devices

4301

4323 As mentioned previously, IR sensing based (mostly) on HgTe
4324 NCs has seen dramatically increased performances over the past
4325 few years, and the performances in SWIR are similar to those of
4326 the existing commercial devices.*® Although there remains room
4327 for device improvements, a breakthrough could be the
realization of room temperature operation for MWIR detectors.
4329 From our perspective, the main technological challenge will be
4330 integration. None of the existing studies have reported on the
4331 integration of high performing new concepts (use of gates,
4332 plasmonic resonators) developed for single-pixel devices for
4333 FPAs. For instance, most resonators designed to achieve
4334 strongly absorbing films are not compatible with the pitch size
4335 of an FPA. In addition, in laboratory devices, illumination can be
4336 performed from both sides of the device; however, the presence
4337 of the readout circuit renders backside illumination impossible.
4338 These aspects must be considered by examining the interface
4339 between academic laboratories and industrial companies.
4340 Considering that the development cost of a dedicated ROIC
4341 is typically a million dollars, the cost required might also be
4342 significantly higher.
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4433 ABBREVIATIONS

4434 BLIP = background limited infrared photodetection
4435 CdX = cadmium chalcogenides

4436 CQD = colloidal quantum dots

4437 c-ALD = colloidal atomic layer deposition
4438 DDT = dodecanethiol

4439 DMF = dimethylformamide

4440  DMSO = dimethyl sulfoxide

4441 EDT = ethanedithiol

442 EDX = energy dispersive X-ray spectroscopy
4443 EL = electroluminescence

4444  FET = field effect transistor

4445 FPA = focal plane array

4446 HgX = mercury chalcogenides

4447 LWIR = longwave infrared

4448 MEG = multi-exciton generation

4449  MWIR = midwave infrared

4450  NC = nanocrystal

4451 NIR = near infrared

4452 OLA = oleylamine

4453 PL = photoluminescence

4454  QCL = quantum cascade laser

455 QD = quantum dots

4456 ROIC = readout integrated circuit

4457 SEM = scanning electron microscopy

4458  SWIR = short wave infrared

4459  TEM = transmission electron microscopy
4460  XPS (UPS) = X-ray (UV) photoemission spectroscopy
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