7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online
View Journal | View Issue

REVIEW

Mercury chalcogenide colloidal quantum dots for
infrared photodetection: from synthesis to device
applications
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Commercial infrared (IR) photodetectors based on epitaxial growth inorganic semiconductors, e.g.
InGaAs and HgCdTe, suffer from high fabrication cost, poor compatibility with silicon integrated circuits,
rigid substrates and bulky cooling systems, which leaves a large development window for the emerging
solution-processable semiconductor-based photo-sensing devices. Among the solution-processable
semiconductors, mercury (Hg) chalcogenide colloidal quantum dots (QDs) exhibit unique ultra-broad and
tuneable photo-responses in the short-wave infrared to far-wave infrared range, and have demonstrated
photo-sensing abilities comparable to the commercial products, especially with advances in high oper-
ation temperature. Here, we provide a focused review on photodetectors employing Hg chalcogenide
colloidal QDs, with a comprehensive summary of the essential progress in the areas of synthesis methods
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of QDs, property control, device engineering, focus plane array integration, etc. Besides imaging demon-
strations, a series of Hg chalcogenide QD photodetector based flexible, integrated, multi-functional appli-
cations are also summarized. This review shows prospects for the next-generation low-cost highly-sensi-
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1. Introduction

Infrared (IR) light photodetection technology has broad appli-
cations and has great markets in telecommunications, chemi-
cal spectroscopic analysis, gas sensing, biomedical imaging,
manufacturing inspection, military or civil night vision, auto-
nomous driving and remote human temperature
surveillance."™ However, mainstream commercial IR photo-
detectors based on epitaxial growth inorganic semiconductors,
such as InGaAs and HgCdTe, suffer from expensive growth pro-
cesses, poor compatibility with silicon readout circuits, rigid
and also epitaxial substrates and the need for bulky cooling
systems, all of which make it hard to fulfil the growing
demand for low-cost, light-weight, flexible and high-tempera-
ture-operation IR photodetectors for versatile and especially
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tive and compact IR photodetectors based on solution-processable Hg chalcogenide colloidal QDs.

miniature and portable applications. Innovative solution-pro-
cessable semiconductors may offer solutions for several or all
of these problems with low-temperature fabrication routes,
simplicity to integrate with silicon readout integration circuits
(ROICs) and even deposition on flexible substrates, providing
that they have a suitable bandgap in the IR range. Moreover,
compared to two-dimensional (2D) materials such as graphene
and black phosphorus reported with promising IR responses,
solution-processable semiconductors show advances in their
high compatibility with large-scale/large-area integration on
diverse substrates and material systems. As shown in Fig. 1a,
matching with the atmospheric transmission windows, the
spectral bands for IR photo-sensing mainly include the near-
infrared (NIR, 0.78-1 pm), short-wave infrared (SWIR, 1-3 pm),
mid-wave infrared (MWIR, 3-5 pm) and long-wave infrared
(LWIR, 8-12 pm) ranges. Among all the solution-processable
semiconductors, Hg chalcogenide colloidal quantum dots
(QDs) have shown a unique advantage in the large size-tunabil-
ity of their bandgaps and in some instances research groups
have reported an ultra-broad photo-response up to 12 pm,’
which is comparable to the photo-sensing range of bulk
HgCdTe materials. With optimized synthesis methods to grow
large nanocrystals far beyond the Bohr radius, yet too small to
be considered as bulk semiconductors, and with doping
control to induce n-type behaviour, the absorption spectral

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Advances of Hg chalcogenide QDs for IR sensing. (a) Reported photodetection ranges of the representative solution-processable semi-
conductors compared with the typical inorganic bulk materials with IR responses. (b) The IR absorption mechanisms of Hg chalcogenide QDs. (c)
Sensitivity vs. sensing wavelength comparison of the reported best-performing Hg chalcogenide QD IR photodetectors with the state-of-the-art
commercial products based on inorganic bulk materials. CQD: colloidal quantum dot; PC: photoconductor; PT: phototransistor; PD: photodiode;
RT: room temperature; SW: short wavelength; LW: long wavelength. The data of the inorganic bulk IR photodetectors are adapted from ref. 8 with
permission from the Society of Photo-Optical Instrumentation Engineers, copyright 2018. The data of LW-type InGaAs are adapted from ref. 9

(website from Hamamatsu Photonics K. K.).

tunability of Hg chalcogenide QDs can be further extended to
the terahertz (THz) range.®’

IR absorption of Hg chalcogenide QDs can be realized with
both inter-band and intra-band transitions. Fig. 1b respectively
illustrates the transition processes of inter-band and intra-
band absorption, or even plasmonic transitions for heavily
doped dots. For inter-band transition, the optical transition
occurs between the highest valence band and the lowest con-
duction band, when the photon energy is larger than the
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energy gap between them. By natural or intentional doping,
the 1S, state in the conduction band of the QDs could be par-
tially or fully occupied to then facilitate transitions between
the 1P, and 1S, levels when the photon energy matches with
the intra-band energy gap. These intra-band gaps are compara-
tively smaller than the adjacent inter-band gap, which is ben-
eficial for long wavelength sensing. QDs based on HgTe, which
is a semi-metal with a negative bandgap at the critical point in
the Brillouin zone as a bulk material,’® have demonstrated
controllable inter-band absorption tunable from the NIR to
LWIR range varied by simple adjustment of the particle size.
For HgS and HgSe QDs, with self-doped n-type properties
above comparatively small particle diameters, the photo-
sensing ability is more attractive via intra-band absorption in
the MWIR range, and this obviates the need for large particle
synthesis. Moreover, the Hg chalcogenide QDs can be further
heavily-doped for plasmon resonance occurrence, which may
relate to the multiple intra-band transitions between the quan-
tized states above the 1P state.""'” In the past decade, col-
loidal HgTe QD based IR photodetectors with inter-band
absorption have attracted most research effort and demon-
strated a series of promising applications with varied device
structures. Meanwhile, intra-band photodetection using other
Hg chalcogenide QDs is promising for longer wavelength
absorption with smaller dots.'® Although these QDs contain
heavy metal Hg, the Hg content in the thin-film based Hg chal-
cogenide QD photodetectors is very low and is sequestered in
the form of a covalently bound material rather than volatile
free metal or soluble leachable ionic compounds.

Fig. 1c is a comparison of the best-performing laboratory-
fabricated Hg chalcogenide colloidal QDs (CQDs) with
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different device structures with the state-of-the-art representa-
tive commercial products (e.g., InGaAs detectors for the SWIR
range and HgCdTe (MCT) devices for the MWIR range). In the
SWIR range, the HgTe QD phototransistors/photodiodes have
achieved the optimal trade-off between the sensitivity and the
photo-sensing range compared to the commercial InGaAs
photodetectors at room temperature (RT). In the MWIR range,
the sensitivity of HgTe colloidal QD photodiodes is approach-
ing that of epitaxial HgCdTe devices, with good tolerance at
the operating temperature. For the photo-sensing range above
5 um, the HgSe QD photodetectors with intra-band absorption
may show some advances, while the sensitivity is still much
lower than that of the current commercial products. Therefore,
Hg chalcogenide QDs are highly promising candidates as
solution-processed semiconductor materials to reach a break-
through for the next-generation low-cost high-sensitivity and
compact IR photodetectors, both in SWIR and MWIR ranges.
Previous reviews have provided a broad discussion about
the synthesis and devices of narrow band QDs with IR light-
emission, photo-response and thermal imaging
properties.’*™® Gréboval et al. reviewed Hg chalcogenide QD
devices both in IR sensing and light emission, focusing more
on detailed discussion of the material aspects.'” Here, we offer
a focused review on Hg chalcogenide colloidal QDs for IR
photodetection, with a comprehensive summary about the
essential progress of Hg chalcogenide QD IR photodetectors,
from synthesis methods, property control to device engineer-
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ing for different detector structure schemes, as per the outline
diagram shown in Fig. 2. We illustrate how the device perform-
ances are optimized with the coordinative progress of each of
the various factors from synthesis optimization, doping
control, ligand exchange and the device fabrication strategy to
finally contribute to the photo-sensing optimization encapsu-
lated in different figures of merit. The imaging demonstrations
and the compatibility of Hg chalcogenide colloidal QDs with
focal plane arrays (FPAs) for high-quality imaging are dis-
cussed. Besides the photodetection performance optimization
and wavelength range extension, Hg chalcogenide QD based
IR photodetectors can be readily integrated with other material
systems, photonic structures'® and scalable manufacturing
processes.'® We also describe and summarize examples of a
series of multi-functional, integrated, and flexible applications
of these IR QDs. This review concludes with the prospects for
optimization directions for Hg chalcogenide QD based infra-
red photodetectors and their commercialization route.

2. Synthesis of Hg chalcogenide QDs
2.1. Synthesis in aqueous and aprotic solvents

The aqueous colloidal QD synthesis method popularized by
Rogach and co-workers during the late 1990s for Hg- and Cd-

chalcogenides®*™? (and their alloys®**®) can be traced back to
earlier works by Weller's group®®>® and earlier still by
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Fig. 2 Outline diagram of this review. The essential factors that affect the device performance and applications of Hg chalcogenide QD based IR
photodetectors include QD synthesis, property control for IR sensing and device engineering.
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Henglein’s group.>®*' Whilst in earlier works, ligands such as
polyphosphates were used, providing ionic stabilization,*?
Rogach, working with Weller, led the switch to thiols and in
particular thiolate-based ionic stabilization.>**” Later work
with HgTe QDs grown in water at high pH and using ligands
such as 1-thioglycerol (1-TG) or other small mercaptoacids,
etc.?'>*% demonstrated that such low/zero bandgap materials
could be size tuned from around an 800 nm band edge out
into the SWIR range up to 1700 nm or so quite readily. Similar
synthetic approaches were used to grow size quantized nano-
crystals of other low bandgap materials such as HgSe and
PbTe, although the photoluminescence quantum yields
(PLQYs) of the inter-band transitions of these materials were
rather lower (few %) than for HgTe QDs using this synthetic
route.®® A number of studies on the optimization of this type
of aqueous synthetic method for Cd- and Hg-chalcogenides
were made during this period showing how the PLQY could be
improved from the few to 10% range and then to 50% or more
in many cases.”"***7%"*3 For HgTe QDs, a variety of sources
were used: H,Te gas could be generated in a separate flask and
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the gas was then blown into the reaction flask in a stream of
inert nitrogen or argon. The gas could be generated by the
action of mineral acids on tellurides such as Al,Te;, or by
electrochemical methods with elemental Te as the cathode, as
the typical synthesis setup of HgTe QDs in aqueous and
aprotic solvents schematically shown in Fig. 3a. Other aqueous
methods for HgSe and HgS QDs (and HgSe,S;_, alloys) have
included biomimetic methods with HgCl, as the cation precur-
sor and Na,SeO; as the selenium precursor and glutathione as
both the ligand and a slow release sulfur source.***® Whilst
not entirely an aqueous method, several reports were made by
Kuno and colleagues detailing the preparation of HgS and
HgSe QDs via a micellar approach.*”*°

In 2006 Kovalenko et al.>® pushed the aqueous synthetic
method for HgTe QDs further by making use of a post-syn-
thetic Ostwald ripening stage. Similar to the preceding work,
they initially grew QDs with 1-TG or mercaptoethylamine
(MEA) ligands, and after the addition of the H,Te precursor in
a concentrated gaseous dose over a short time interval,
immediately followed by a ripening stage at elevated tempera-
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Fig. 3 Synthesis of HgTe QDs in aqueous and aprotic solvents. (a) Typical synthesis setup in aqueous and aprotic solvents (note that in reality,
oxygen is evolved at the Pt electrode so the latter is sleeved to allow the gas to be collected and to escape the electrochemical flask without it
decomposing the H,Te gas liberated at the Te electrode). (b) Normalized PL spectra of HgTe QDs grown in water according to the method of ref. 38
with the central PL peak up to 1600 nm (previously unpublished data) and the enlarged HgTe QDs grown by Ostwald ripening in aqueous solution,
which is reproduced from ref. 50 with permission from American Chemical Society, copyright 2006. (c) The influence of the growth aprotic solvent
(DMSO and DMF) and the basicity of the reaction mixture used for the growth of similar sizes of HgTe QDs. Spectra for both solvents were recorded
after the extraction of the QDs in TCE and ligand exchange from FMT to DDT. The dips in the DMSO grown solution coincide with the ligand DDT
overtone and combination bands, as the inverted absorption spectrum of DDT (top-most black curve) is also shown for comparison. Reproduced
from ref. 51 with permission from American Chemical Society, copyright 2020.
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ture (typically 75-80 °C for several hours). In the case with
MEA as the ligand they grew QDs at pH 4.1 and the weaker
surface interaction allowed faster ripening and more ready re-
placement of the synthesis ligand with a long chain ligand,
dodecanethiol (DDT) to facilitate the transfer of the QDs into
the IR transparent solvent CCl, for spectroscopic measure-
ments. Whilst the aqueous slow growth of HgTe QDs into the
1000-1600 nm range could be carried out whilst reasonably
restricting the polydispersity to below around 15% (PL full
width at half maximum, normalized by the peak wavelength),
the rapid growth kinetics entailed in the Ostwald ripening
process generally led to much wider size dispersions (e.g
30%), as shown in Fig. 3b. A size selective precipitation was
adopted to refine and extract narrower size fractions from the
broad distributions obtained after ripening;*® however, this
approach is relatively difficult to replicate on a large scale and
is rather time consuming.

To further extend the wavelength range of the as-grown
HgTe QDs without the PLQY reduction during Ostwald ripen-
ing, aprotic solvents were adopted to replace water for the syn-
thesis. Aprotic solvents are intermediate solvents which have
the capability to solvate not only organic solutes but also some
ionic solutes alongside them. In this set of solvents, dimethyl
formamide (DMF) and dimethyl sulfoxide (DMSO) are fre-
quently employed. They have wide liquid temperature ranges
and so are suitable for synthesis at RT and above (up to 189 °C
for DMSO and up to 153 °C for DMF). In connection with IR
QD synthesis, the initial interest in using aprotic solvents was
their compatibility with sol-gel synthesis in order to form
hybrid QD-glass forming matrix materials for QD waveguide
fabrication.’>>* For growth in DMSO, the metal salt used was
Hg acetate and the ligand was furanmethanethiol (FMT). The
tellurium precursor was electrochemically generated hydrogen
telluride gas, bubbled into the reaction flask over a period of
time that could range up to many hours depending on the
reaction volume, reaction temperature and the final QD dia-
meters required.>® Synthesis in DMF gave better results by
comparison.”® Whilst the method was broadly similar to that
in DMSO, it was possible to use rather stronger organic bases
such as triethylamine (TEA) or tripropylamine (TPA) which
were not suitable for use with DMSO. With these bases, H,Te
formed a more stable HTe™ salt resulting in less decompo-
sition and better absorption of the gas during the reaction.
Fig. 3c is the comparison of the PL spectra of HgTe materials
produced in the two solvents, where the QD sizes and their
measurement environments were identical. The reduction in
the overtone and combination dips in the PL spectra of the
DMF grown material was interpreted to have stemmed from a
reduction in the density of surface traps and reduced polaron
formation between trap localized charge carriers and the
vibrational modes of surface adjacent ligands.’*

2.2. Synthesis in organic solvents by hot injection and
related methods

In 2003 Green et al.> and later Piepenbrock and co-workers®®
paved the way for the synthesis of Hg-chalcogenides in organic
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solvents, using metal salts with a weakly coordinating solvent
such as oleylamine, instead of the highly toxic mercury alkyl
compounds (e.g. dimethyl mercury).>” The tellurium precursor
was the TOP:Te complex and TOPO (TOP: trioctylphosphine;
TOPO: trioctylphosphine oxide) was present as a further
surface coordinating species. Green’s group later extended
their method to produce HgSe QDs in a RT reaction,® and
cubic (f-) HgS QDs using a hot (120 °C) injection type syn-
thesis.®® In 2011 Keuleyan et al. first reported the IR photo-
response of Hg-chalcogenide QDs in the MWIR range, which
were synthesized by hot-injection with the combined charac-
teristics of earlier synthesis methods in organic solvents.*
They grew HgTe QDs using a mercury acetate precursor in
butanol/pyridine mixed solvent and either TOP: Te (for larger
QDs) or tributylphosphine (TBP):Te (for smaller dots) in
butanol as the injected Te precursor, with a hot-injection
setup typically shown in Fig. 4a. The reaction was relatively
small scale (<10 ml) and the injection was made at tempera-
tures of up to 90 °C. After short reaction times, typically a few
minutes, the reactions were quenched by adding DDT and
cooling the aliquots to RT, with the QD emission peak wave-
lengths of up to 5 um. This method evolved with the replace-
ment of the butanol/pyridine solvent medium with oleylamine
and the more readily soluble metal chloride instead of the
acetate salt, with the QD size being controlled by varying the
reaction temperature across the range from 60 °C to 100 °C.%*
Whilst the emission ranges of the HgTe QDs obtained were
similar to those in their earlier work, the polydispersity was
significantly lowered, improving the sharpness of the absorp-
tion band edge, as per the evolved PL and absorption spectra
shown in Fig. 4b and c. Later reports replaced oleylamine with
octadecylamine (ODA), to optimize the batch repeatability,®*°
and the QD diameters were increased to 20 nm and the inter-
band edge shifted to around 12 pm with their regrowth
method.’

The Guyot-Sionnest group has developed the HgTe synthetic
method further by the use of a more reactive Te precursor, ie.
bis(trimethylsilyl) telluride ((TMS),Te), which has benefits in
terms of QD shape control (spherical versus (truncated) tetra-
hedral)® and a reduced tendency to aggregate at larger particle
sizes during synthesis in addition to allowing the emergence
of air-stable n-type doping to be observed in larger particles®®
and for higher energy inter-band transitions to be better
resolved.®® The TEM images of partially aggregated HgTe QDs
with tetrahedral shape® and the monodisperse QDs with
spherical shape® are compared in Fig. 4d and e. Single step
hot injection syntheses using HgCl, as the metal precursor in
oleylamine and injecting the telluride precursor at between 70
and 120 °C could tune the QD particle size between 5 nm and
13 nm and yield spherical particles, whereas the use of
TOP: Te under similar circumstances would yield tetrahedral
particles and require longer reaction times for a given particle
size.®® They also synthesized HgSe QDs with a similar hot-
injection method, and oleylamine has most frequently been
used as the base solvent with HgCl, as the metal precursor,
and selenourea®” (or derivatized selenourea®®) was used as the

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Synthesis of HgTe QDs in organic solvents with the hot-injection method. (a) Typical hot-injection synthesis setup with organic solvents.
Normalized PL (b) and absorption (c) spectra of HgTe QD solution in C,Cls (C—H absorbance of the ligands is subtracted for clarity) (d) TEM image

of HgTe nanoparticles in tetrahedral shape. (b—d) Are reproduced from ref.

61 with permission from American Chemical Society, copyright 2011. (e)

TEM image of non-aggregated HgTe QDs in spherical shape. Reproduced from ref. 65 with permission from American Chemical Society, copyright
2017. (f) SEM image of HgTe QDs synthesized at 300 °C using HgCl, as the precursor, with absorption in the THz range. Reproduced from ref. 7

with permission from American Chemical Society, copyright 2018.

Se precursor. The Se precursor was typically injected into the
reaction mixture at 110 °C to yield over 6 nm diameter HgSe
QDs with 16 min growth time,*® but larger particles could be
obtained at higher reaction temperatures or with extended
growth stages.”® For HgS QDs, commonly HgCl, was used as
the cation precursor and oleylamine as the solvent in conjunc-
tion with (TMS),S as a conveniently reactive precursor
source.”"”? The reactivity of these sulfur precursors influenced
the QD diameters obtained, with the more reactive (NH,),S
source yielding the largest sizes.”?

In 2018, the Lhuillier group revisited the TOP : Te hot injec-
tion method but took a critical look at how the reaction
evolved for wider ranges of reaction times and reaction temp-
eratures and for different mercury halides.” Rather than inject-
ing their TOP:Te containing solution into a hot oleylamine
solution of the metal salt, both precursor solutions were mixed
together at RT and the combined precursors were promptly
injected into hot oleylamine, ensuring intimate mixing of the
two halves of the reaction from the outset. Reaction tempera-
tures were also varied from 80 °C to up to 300 °C, where even a
short 3 min reaction could yield particles with mean sizes in

This journal is © The Royal Society of Chemistry 2023

the 200 nm size range, as shown in the SEM image of the
nanocrystals in Fig. 4f. The IR absorption feature was extended
from MWIR and LWIR to the THz range: first an inter-band
transition occurred followed by red shifting with increasing
size, and then at large sizes, an intra-band transition also
emerged.

Most syntheses of Hg chalcogenide QDs in organic solvents
had used either Hg acetate or halides as the mercury source,
although more readily soluble organic anions, such as propio-
nates, myristates, etc., had become popular for 2D nanoplatelet
syntheses.” In 2020, Goubet et al.”® introduced the use of Hg-
thiolates (e.g. Hg-dodecanethiolate) as an alternative metal pre-
cursor. These could be prepared separately prior to the reac-
tion and added to the oleylamine solution in the flask prior to
the injection step. Alternatively, Hg-thiolate could be produced
in situ in the reaction flask by sonication of liquid mercury in
the presence of DDT. Oleylamine and a certain amount of
iodine (to ensure the oxidation of Hg® to Hg") were added and
this mixture was warmed and used in the QD reaction where
the TOP:Te solution was injected. Without iodine, the QDs
formed in the reaction tended to fuse together into rod-like

Nanoscale, 2023, 15, 6476-6504 | 6481
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structures during growth. This reaction was also demonstrated
at scale, with 7 g of QD product obtained, which is favoured
for commercial-scale production.

3. Control of properties for IR
sensing

For the low and zero-bandgap Hg chalcogenide QDs used in IR
sensing, QD doping is an essential property to be controlled to
modulate the predominant carrier type and in the case of
n-type doping of the lower 1S, and even 1P. states to access
intra-band transitions. When the Fermi level lies between the
valence and conduction bands, QDs may exhibit weak p-type
behaviour through ambipolar and eventually move towards
n-type carrier behaviour. If the Fermi level is positioned near
the conduction band or within the conduction band itself
(and even amongst the higher electron states), the carrier type
may shift to being firmly n-type and rather than showing inter-
band optical transitions may show only intra-band character-
istics. For very high conduction occupancy, the electronic
nature of the QDs may become plasmonic in nature.” In Hg-
chalcogenide QDs, degenerate doping is controlled through
the manipulation of the QD size, stoichiometry (which is also
coupled to the QD size) and through shifts in the Fermi level
relative to the conduction band brought about by the changes
in dipole effects due to ligand substitutions. The ligand substi-
tution process also strongly affects the carrier mobility of the
deposited solid film, which is an essential factor that affects
the IR sensing performance in device demonstration. In this
section, we will first discuss QD doping with the manipulation
of the size and stoichiometry, which is directly related to the
intra-band absorption of Hg chalcogenide QDs. Then, we will
summarize the ligand exchange methods adopted for Hg chal-
cogenide QDs and the corresponding tunability of QD films.

3.1. QD doping for intra-band transitions

Due to the smaller work functions relative to those of compar-
ably sized HgTe QDs, the Fermi level approaches the conduc-
tion band as the QD diameter is increased, allowing n-type
self-doping properties to be accessed, as was first observed in
HgSe and B-HgS QDs. Although n-type self-doping in HgS QDs
has received less attention than in the exploration of HgSe
QDs, it was first studied as far back as 2014 by Jeong et al.”®
The transfer of oscillator strength between the inter-band and
intra-band transitions by electrochemically modulated doping
was demonstrated for intermediate sized QDs. In addition, for
dots that were initially sufficiently large and therefore n-doped
enough to show an intra-band transition, the successive depo-
sition of alternating monolayers of S*~ and Hg*" ions was able
to turn the inter-band transition on and off (and vice versa the
intra-band transition). This was one of the first reports to recon-
cile the variation in doping to the shift of the conduction and
valence band levels relative to the Fermi level. In 2016, the intra-
band transitions from higher quantum states were observed in
heavily n-doped HgS QDs,”* as shown in Fig. 5a. One or more of
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the lower electronic states, e.g., 1S, 1P,, can be partially or fully
occupied if the Fermi level can be sufficiently raised above these
levels. This can then allow the intra-band transitions such as
1S.-1P. and 1P.-1D. to be seen in the IR absorption spectra
and to be accessed. The difference in these energy levels is a lot
lower than the 1S.-1S;, inter-band transition and so these intra-
band transitions are useful in longer wavelength photodetection
with relatively smaller dots (Fig. 5b).

One of the earliest reports of n-type HgSe QDs was by Yun
et al.”® in 2010. They reported the use of aqueous grown sin-
tered p-type HgTe QDs and n-type HgSe QDs in complemen-
tary field effect transistor (FET) logic circuit fabrication. Using
an organic hot injection method, Deng et al.®” synthesized
5-7 nm HgSe QDs and likewise observed n-type behaviour and
clear intra-band transitions when the 1S, state was occupied
via self-doping. This could be suppressed to various degrees by
surface sulfide addition using a colloidal atomic layer depo-
sition (ALD) treatment of (NH,),S such that the 1S, occupancy
could be correlated with the extent of sulfide deposition. In
2017 Jeong et al.®® further explored n-type doping in the same
material to demonstrate the level filling progression in the 1S,
state from none, single and double occupancy as the size
increased. The intra-band transitions could then be restored
by a further treatment with the Hg salt, leading to the con-
clusion that the Hg rich surface was a key factor in the n-type
character of the as-grown dots. In the course of growing a
selection of different sized HgSe QDs for subsequent addition
of CdSe and CdS shells by c-ALD, Sagar et al.”” observed that
by the time the QD size increased to 4.3 nm, the absorption
spectrum had both inter- and intra-band features indicating
that the 1S. level was starting to be occupied in larger dots.
During the c-ALD process to add alternate layers of Se and Cd
it was observed that the n-type doping could be altered to give
an ambipolar or intrinsic charge carrier characteristic, even for
the larger core diameter core/shells.

In 2017 Martinez et al’® pursued the HgSe self-doping
theme further on a wide range of QD sizes from 4.5 nm,
5.8 nm, 15-17 nm, to above 20 nm. XPS and optical studies
revealed the impact of different ligands and QD sizes on the
band alignments of the valence band, and the 1S, 1P, 1D,
and the vacuum levels versus the Fermi level. Coupled with
transistor measurements, they were able to propose a phase
diagram as shown in Fig. 5c¢ (Fermi level-valence band offset
vs. the inter-band energy gap for each doping case), showing
the transitions from p-type through intrinsic, n-type, and at
very high electron doping levels, e.g., >18 electrons per dot, the
onset of plasmonic behaviour. They later demonstrated a
method to substantially de-dope the HgSe QDs (from 5 elec-
trons per dot to around 0.03 electrons per dot) by the grafting
of a thiol functionalized polyoxometalate onto the dots,
showing how the intra-band transition could be switched to an
inter-band transition.”® In 2019 Melnychuk et al. investigated
the optical properties of n-type HgSe QDs with various sizes
from 4.4 to 9.1 nm.”® For the largest particles they conclude
that the doping was sufficient to put them at around 15 elec-
trons per dot and close to the onset of plasmonic behaviour.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Intra-band transitions of HgS and HgSe QDs. (a) Intra-band transitions (1S.—1P. and 1P.—1D,) for n-doped HgS QDs. (b) Comparison of the
inter-band and the first intra-band transition energies for a given size calculated for HgS. (a and b) Are reproduced from ref. 72 with permission from
American Chemical Society, copyright 2016. (c) Successive filling of the lower electron excited states results in increasing n-doped characteristics.
p-Type behaviour gives way to ambipolar, then n-type (introducing the possibility of intra-band transitions as the 1S, level is filled), and eventually
plasmonic behaviour at higher occupancies. As the QD size increases and the inter-bandgap energy decreases, these transitions in behaviour occur
at lower energies. The data points correspond to QDs of various sizes and ligand doping treatments. Reproduced from ref. 78 with permission from

American Chemical Society, copyright 2017.

For the smaller, lightly-doped 5 nm QDs they observed the sup-
pression of Auger relaxation in the intra-band transition owing
to the reduced densities of states involved compared with the
inter-band transitions, which may favour IR sensing appli-
cations in high operating temperature cases.

Stemming mostly from the relatively large work function,®
the earlier reported HgTe QDs mainly exhibited inter-band
transitions, with the electronic charge transfer properties
revealed by FET studies to be p-type,®"®*> weakly p-type® or
ambipolar.®”®**®* These QDs generally had inter-band tran-
sitions below 5000 nm and the QDs were mostly tetrahedral
(or in some cases tetrapodal). The p-type characteristic was
retained when the deposited QD films were sintered to form
more conductive nanocrystalline films.”®**® Lhuillier et al.®®
compared the carrier characteristics under air-free processing
conditions and with the additional coating of As,S3, versus pro-
cessing under ambient conditions and concluded that the
p-type behaviour of small sized HgTe QDs frequently observed
may have been a product of surface oxidation. With their air-
free processing method they could observe contrasting ambi-
polar responses from the same QD aliquots.

This journal is © The Royal Society of Chemistry 2023

With the synthesis modifications of organically grown HgTe
QDs to change the shapes to be more spherical than tetra-
hedral, and to better control size distributions whilst also
accessing larger QD sizes, in 2017, Shen et al.®®> grew dots in
the 4.8 nm to 11.5 nm size range and observed air-stable
n-type self-doping. They suggested that both the reduced facet-
ing (spherical shapes) and the use of excess Hg-precursor led
to a Hg rich surface (e.g. Hg:Te ratios up to 1.4-1.5) with
some of the excess precursor acting in effect as Hg>* ligands at
the surface of the QDs. A similar synthetic method was used
by Hudson et al.®® to produce HgTe QDs in the 5-13 nm range.
Again, air-stable n-type doping was observed and consequently
several distinct intra-band transitions could be resolved
thanks to the low size polydispersity obtained by post-synthetic
size selective precipitation. They assigned the intra-band fea-
tures to transitions between the 1S, state and various split 1P,
states (Fig. 6a), with the splits arising because of slight asym-
metry in the particle shapes (truncated cubes, close to spheri-
cal but not perfectly so). The intra-band absorption shifted
with the QD size and the doping level, and up to 2 electrons
per dot injection were demonstrated (Fig. 6b). The n-type

Nanoscale, 2023, 15, 6476-6504 | 6483
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character of the as-synthesised QDs could be reversed to ambi-
polar (intrinsic) and an inter-band transition could be observed
after the mild oxidation of the QD surface using molecular iodine.

Goubet et al. further investigated the self-doped properties
of HgTe QDs and nicely completed the understanding and
highlighted some subtleties with QD diameters from 5 nm to
over 200 nm.” For S*>~ capped HgTe QDs in electrolyte gel
gated FET devices, as the size of the QDs increased a transition
from p-type through ambipolar to n-type behaviour (corres-
ponding to a doping level of up to 6 electrons per dot) was
shown, bringing the n-type doping capability of HgTe QDs
onto a similar basis of HgSe and HgS QDs. In a more recent
study, the transition from p-type to n-type vs. size was exam-
ined with types of synthetic methods, in particular the Hg pre-
cursors used.”” There were three cases: a Hg thiolate precursor
generated in situ from liquid Hg sonicated in the presence of

6484 | Nanoscale, 2023, 15, 6476-6504

DDT, Hg thiolate prepared prior to the synthesis and used
after purification, and the use of Hg halides. These three syn-
thetic methods overlapped to some degree in the size of QDs
they could produce, and again as the size increased a tran-
sition from p-type through ambipolar to n-type was observed.
However, the diameters at which these transitions occurred
were slightly different for the three different growth techniques
(Fig. 6¢). This was interpreted as there being slight differences
in the stoichiometric Hg:Te excess arising from the use of
different Hg precursors, which could occur due to different
degrees of surface faceting (e.g. deviation from pseudo-spheri-
cal shapes) in the dots obtained by each growth method.

3.2. Ligand exchange

Ligand exchange is a widely-adopted post-synthesis treatment
method for QDs for characterization and device fabrication,

This journal is © The Royal Society of Chemistry 2023
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with the functions (i) to transfer the QDs into suitable ligands
and solvents for optoelectronic characterization, (ii) to control
the majority carrier type with shifts in the Fermi level, and (iii)
to tune the charge mobility in the resulting solid-film de-
posited for device applications. For the aqueous QDs capped
with short thiol ligands, the conductivity of the as-deposited
films can be high enough for photo-response characterization.
However, for the organic QDs capped with long alkyl ligands,
the simply dried films are too insulating and have very poor
carrier mobility, which makes the ligand exchange a necessary
treatment. There are two ligand exchange methods frequently
adopted in Hg chalcogenide QDs, the in-film exchange process
to replace the ligands of the QDs as deposited, and the solu-
tion phase ligand exchange before the solid-film deposition.
3.2.1. Infilm exchange methods. Fig. 7a schematically
shows the in-film exchange methods widely adopted for QD
film deposition. Typically, the as-deposited QD films, capped

(a) (b)
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with long insulating ligands, are dipped into orthogonal sol-
vents with surface binding site competitive short cross-linking
ligands from several seconds to a maximum 1-2 minutes for
ligand substitution. The films are then straightaway rinsed
with a clean solvent to remove exchanged and excess ligands
on the surface and dried, preparing for the next cycle of depo-
sition of QDs. This process could be repeated over multiple
cycles to reach a thick enough and contiguous conductive QD
film. 1,2-Ethanedithiol (EDT) is a firm favourite choice as a
short bifunctional ligand to be adopted for the ligand substi-
tution of a series of spin/cast deposited films of Hg chalcogen-
ide QDs,'%%7%7987°91 an( for the HgTe/CdSe core-shell nano-
platelet (NPL) thin films.”> The process should be done in a
dry N, gas environment in a glove-box as the dithiol cross-
linked film is sensitive to air and moisture exposure.®® The
exchange could be improved by adding a similar volume % of
HCI to the EDT mixture, to help the device stability with the
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Fig. 7 Ligand exchange and property control of QD films. (a) Schematic of in-film ligand exchange. Various surface ligand induced shifts in the con-
duction and valence band levels relative to the Fermi level (taken here as 0 eV with reference to all the other energy levels) for (b) HgTe and (c) HgSe
QDs with in-film ligand exchange. (b) Is reproduced from ref. 100 with permission from American Chemical Society, copyright 2019. (c) Is repro-
duced from ref. 78 with permission from American Chemical Society, copyright 2017. (d) Schematic of solution phase ligand exchange. (e)
Temperature-dependent FET mobilities of HgSe QDs with hybrid (black) and EDT (red) ligands, solid fitting curves are for Marcus theory of charge
hopping. Reproduced from ref. 90 with permission from American Chemical Society, copyright 2020. (f) Controlling doping with HgCl, concen-
tration in solution ligand exchange. Reproduced from ref. 101 with permission from American Chemical Society, copyright 2019.
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Cl™ ions serving to passivate the Hg atoms.>®*%%%"% The in-
film ligand exchange process has also been demonstrated with
other ligands, such as hexamethylenediamine,”® mercaptopro-
pionic acid,” and S*~ (using Na,S).”® Lhuillier et al. found that
As,S;, as an IR-transparent inorganic matrix, could be adopted
as an inorganic ligand to passivate the HgTe QDs via in-film
exchange with an optimized carrier mobility of 4 ~ 107> cm?
V™' s7' compared to the samples exchanged with EDT ligands
(normally in the 107*-107> cm® V™' s7* range),®® and then be
applied in a study of IR sensing demonstrations based on
HgTe and HgSe QDs.”8%%¢98 Cryer et al.’® noted a small shift
in the intra-band edge after ligand exchange which may be
indicative of a small degree of surface damage during the
exchange process, and other ligands such as NH,SCN, NH,I,
octanethiol, butanethiol, and benzenedithiol were also investi-
gated for this set of ligand exchanges.®?*°

The shifts in the Fermi level brought about by ligand substi-
tutions, arising from changes in the ligand dipole interactions
at the QD surface, are relatively small compared to the shifts in
the conduction and valence band levels themselves due to the
changes in the QD size. However, the ligand induced Fermi
level shifts become more significant as the inter-band gap
decreases and the conduction band itself is shifted closer to
the Fermi level. Examples of the ligand dipole induced shifts
of the relative Fermi level positions for a selection of ligands
for HgTe and HgSe QDs are respectively given in Fig. 7b and c.
Although the shifts are small, they are still proportionately sig-
nificant in low bandgap materials, particularly for large QDs,
and in these QDs they open up the possibility of intra-band
absorption if the Fermi level falls within the conduction band
(s). The choice of ligand is however also dictated by the carrier
transport in the films of such materials and also the compat-
ibility of that ligand with the film and device fabrication
process.

3.2.2. Solution exchange methods. The solution phase
ligand exchange of Hg chalcogenide QDs was initially devel-
oped for spectroscopy measurements with non-IR absorbing
ligands and solvents, and demonstrated in aqueous-grown
QDs,*® such as Cd,Hg, ,Te QDs'® and chiral o-HgS
QDs.'%%1%* For the HgTe QDs grown in aprotic solvents such as
DMF and DMSO, this method was further develop to exchange
the FMT growth ligand with DDT and stabilize in IR transpar-
ent solvents such as CCl; or TCE for optical
characterization.>*>* As a short ligand is favoured for IR
sensing performance, the TCE/DDT HgTe QDs obtained were
subjected to a further round of solvent and ligand exchange,
with TCE being replaced by water and DDT being exchanged
for deprotonated 1-TG for direct spray coating to fabricate
photodetectors.” This was also an early demonstration of
control of the as-deposited film conductivity of Hg chalcogen-
ide QDs with solution phase ligand exchange.

For the Hg chalcogenide QDs grown in organic solvents
and capped with long alkyl chain synthesis ligands such as
oleylamine or DDT, multiple deposition and crosslinking via
solid-film ligand exchange is quite time consuming and the
ligand exchange is normally not entirely complete.'®® The solu-
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tion-phase ligand exchange was first adopted to examine the
clean exchanges between the different organic solvent compa-
tible ligand classes and doping level control, in HgSe
QDs,”>'%° HgS QDs,”> HgTe QDs,”® and HgSe/CdSe/HgSe
NPLs.'®” Then, this method was developed to produce HgTe
QD inks, capped with short ligands in solvents such as DMF
or N-methylformamide (NMF) for direct film deposition in IR
sensing devices.'®® The exchange of the long alkyl ligands is
typically for CI~, S>~ ions or As,S;. As per the solution ligand
exchange schematically shown in Fig. 7d, the QDs were taken
at a high concentration (e.g., 50 mg ml™*) in toluene or similar
hydrocarbon solvents, mixed well with e.g., HgCl,/mercaptoal-
cohol in DMF and NaS, (or As,S;) in NMF, and stabilized for
phase separation. Extra hexane was added to assist in driving
the ligand exchanged QDs over into the lower, polar forma-
mide phase. The dots in the lower phase were washed several
times and redissolved in pure DMF or NMF at a high concen-
tration to provide the QD ink. Chen et al. offered the caution
that aggregation may need to be avoided in the final ink
product and suggested a slightly different transfer
method.?>'°"1%° They took well dispersed oleylamine capped
HgTe QDs®® in hexane solution and exchanged them against a
mixture of HgCl,, mercaptoethanol, butylamine and butylam-
monium chloride in DMF. They found that this mixture only
required gentle shaking to initiate the transfer from hexane to
the lower DMF phase. Then the QDs were precipitated and
redissolved at a high concentration in DMF as an ink for film
deposition. The above described HgCl, based hybrid ligands
efficiently eliminated the surface defect states, significantly
boosting the carrier mobility in the as-deposited HgSe QD®°
and HgTe'”" QD films, as shown by the comparison of the
temperature-dependent mobility with the QDs capped with
EDT ligands in Fig. 7e. Controllable n- and p-doping of QDs
could be realized by adjusting the concentration of HgCl,
(Fig. 7f). The HgTe QD films with hybrid ligands showed a
band-like behaviour of mobility (d/dT < 0) down to 77 K, and
reported a mobility of up to 8 ecm> V™' s with a low carrier
density in lightly-doped QDs (<1 electron per dot). The result-
ing high mobility Hg chalcogenide QD films were applied in a
series of photo-sensing structures from photoconductors,
phototransistors to photodiodes to facilitate the photodetec-
tion performance, which will be described in the device engin-
eering part.

4. Device engineering for IR sensing
4.1. Typical device structures and important figures of merit

According to the device structures, the Hg chalcogenide QD
based photodetectors could be roughly classified into different
schemes of photoconductors, phototransistors and photo-
diodes, as the typical device structures illustrated in Fig. 8a-c.
Both the photoconductor and phototransistor are typically
planar structures fabricated by directly depositing the light
absorbing QD films onto normal substrates or dielectric layers
with two (usually interdigitated) electrodes (one termed the

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Typical photo-sensing device structures and their operation mechanisms. Schematic of typical photo-sensing device structures (a—c) and
operation principles in different photo-sensing structures (d—f). Photoconductors and phototransistors are illustrated with p-type CQDs as examples

in (d) and (e).

source and the other the drain depending on the current direc-
tion). The photodetection ability of the photoconductor orig-
inates in the conductance change of the semiconducting film
with the light illumination level, measured under an externally
supplied voltage bias across the electrodes, which is closely
related to the photoconductive gain mechanism as shown in
Fig. 8d. Under illumination, electrons (holes) of the photo-
generated carrier pairs can be temporarily captured by shallow
traps. Then holes (electrons) could be driven by the external
applied electric field to cycle in the circuit, until after a
number of circulations they recombine with the released
counter-charged carriers from the trap states. Therefore, one
photogenerated electron-hole pair may produce multiple
times the primary photoelectric current, with the multiplier
being termed the photoconduction gain G. If we assume that
the time for cycling once in the circuit is ¢, the trap lifetime is
7, the applied voltage is V, and the distance between the elec-
trodes is L, then the photoconduction gain can be expressed as
G = /t. = 7ep-(VIL?)."'° That is, the photo-response properties
are strongly associated with the lifetime(s) of the trap states
and the charge carrier mobility, g, in photoconductors.
Considering the existence of multiple types of traps (with
different depths and concentrations), the photoconductive
gain is normally highly dependent on the illumination
level.**'"" This reduces the linear dynamic response range
(LDR) of the photoconductive devices but contributes to a high
responsivity under weak light illumination.

With a similar photoconductive gain mechanism to photo-
conductors, the phototransistors are typically three-terminal
devices with the additional control of a gate voltage. The gate
is isolated from direct contact with the drain source conduc-
tion channel by a thin dielectric layer such as silicon dioxide
or other insulating oxides. Through the gate voltage modu-

This journal is © The Royal Society of Chemistry 2023

lation of the carrier density in the conducting channel
between the source and drain, the QD phototransistor can be
operated in depletion or accumulation states to obtain a lower
dark current or a higher photoconduction gain, as illustrated
in Fig. 8e. Therefore, the phototransistors provide a versatile
approach to control the carrier distribution and charge trans-
port with gate voltage tuning, so as to affect the photodetec-
tion properties.

A Hg chalcogenide QD photodiode typically has a vertical
multi-layer geometry, which is similar to photovoltaic devices.
The QD film, as the photoactive layer, is frequently sandwiched
by an electron transport layer (ETL, or an n-type layer) and a
hole transport layer (HTL, or a p-type layer) to form a junction-
like structure. A Schottky diode can also be formed with a QD/
metal electrode contact without the ETL or HTL. As shown in
Fig. 8f, with a strong built-in field at the junction area, the
photogenerated electron-hole pairs can be rapidly separated
and captured by opposite electrodes. This offers the advan-
tages of a fast-transient response (also related to the device
capacitance), a large LDR, and a low noise level as the devices
could be operated under zero bias, which is favoured in com-
mercial applications.

The important figures of merit for photodetection are sum-
marized in Table 1,"'*'"® with the external quantum efficiency
(EQE) and responsivity (R), relating to the photoelectronic con-
version ability, noise equivalent power (NEP) and detectivity
(D*), defining the sensitivity, 3 dB bandwidth (f34), the band-
width limiting the modulation frequency, and the LDR reveal-
ing the measurable optical power range. To give a fair compari-
son of the sensitivity of different photodetectors with a diverse
range of noise levels and sensing areas, the comprehensive
parameter D* is normally employed. The noise equivalent
temperature difference (NEDT) is a special figure of merit for
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Table 1 Important figures of merit for IR photodetection
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Quantity Symbol  Unit Definition

Responsivity R AW

The ability of a photodetector to transform incident light into output current, defined

by the ratio of photocurrent (/) to the incident power of light on the detector (P,) at a
given wavelength (1) with R, = I,1,/P,

External quantum EQE %
efficiency

The efficiency of a photodetector to transform the incident photons into electrons to be
collected. Assuming that N, and N, are the numbers of input photons and electrons

produced per second, respectively, the spectral EQE can be calculated as: EQE; =
100-(Ne/N,) = 100-(I,n/P,)(hc/ed), where e is the electric charge, 7 is the Planck’s con-
stant, and c is the light velocity in a vacuum

Noise-equivalent power NEP W Hz'?

The minimum detectable radiant power, defined by the incident radiant power

necessary to produce a signal-to-noise ratio of one. NEP = I,,/R, where I, is the noise
current spectral density with the unit A Hz /2

cm Hz'? wt

(Jones)

Specific detectivity D*

A comprehensive parameter to compare different photodetectors, defined as the
inverse of NEP with normalization to the unit detection area, D* = Aé/ */NEP = R(Aé/ 2)/In,

where A4 is the effective detection area

3 dB bandwidth Saan Hz

Maximum operational bandwidth, defined by the frequency at which the measured

signal power reduces to 50% of its original response

Linear dynamic range LDR dB

The highest (Ppax) and the lowest (P,;,) light power at which the device can maintain a

linear response to the light intensity, which can be calculated as LDR = 2010g(Puax/

P, min)
Noise equivalent NETD mK
temperature difference

The temperature change equal to the internal noise of a detector, defined by NETD =
IhwoP,/(ksTg?), where v is the frequency of the incident light, T} is the blackbody radi-

ation temperature, and kg is the Boltzmann constant

thermal imaging systems to evaluate the minimum tempera-
ture difference that could be measured.'” In IR photodetec-
tion, especially in the MWIR and LWIR ranges, the concept of
background-limited IR photodetection (BLIP) needs to be
referred to ref. 8. Under ambient conditions, the photocurrent
generated by the photon flux generated from blackbody emis-
sion contributes to a substantial proportion of the background
signal. For instance, the emission peak of 300 K blackbody is
in the region of around 10 pm and the spectral width of the
blackbody peak can be quite substantial, so any integrated
overlap with the responsivity curve can be a significant factor.
Therefore, BLIP indicates that the noise level is limited by the
background radiation. The combination of dark current and
the related noise level that originated from the background
blackbody radiation gives rise to the achievable sensitivity
limit of an IR photodetector.

4.1.1. Photoconductors. The IR photoconductive response
of Hg chalcogenide QD films was first reported by Kim et al.
with HgTe QDs capped with hydrophilic 1-TG ligands,****'"?
showing a photocurrent spectrum similar to that of a Ge
photodetector in the 0.9 to 1.6 um wavelength range.""> With
controlled Ostwald ripening and ligand exchange for a hydro-
phobic DDT ligand,*® the absorption edge of the HgTe QD
film was first extended to the 3 pm wavelength range,"'®'"”
and an ink-jet printing method was developed to deposit the
HgTe QDs on gold electrodes with a controllable deposition
pattern."'® With the two-step hot-injection synthesis developed
by Keuleyan et al., HgTe QDs with narrow-band PL emission
covering the MWIR range were synthesized.®’ By simply drop-
casting the QD solution film on interdigitated electrodes, they
reported the first HgTe QD photoconductor with a RT photo-
response beyond 5 um in 2011.°° Fig. 9a shows the spectral
response in the SWIR (3 pm cut-off) and MWIR (5 um cut-off)
ranges of two samples respectively fabricated with different
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QD sizes. At cryogenic temperatures, the absorption edge of
the HgTe QDs could be further red-shifted, resulting in detec-
tors with a spectral operational range comparable to that of a
commercial MCT photodetector. A detectivity of 2 x 10° Jones
at 130 K for a 5 pm cut-off sample was reported, which evoked
great research interest in HgTe QDs as a low-cost material
system for IR photodetection. The thermal properties,®
optical properties,'® and the noise analysis''® of HgTe QD
photoconductors in the MWIR range were respectively dis-
cussed. In 2014, employing a re-growth method, the size range
of the HgTe QDs was extended to ~20 nm, and a RT photocon-
ductive response beyond 8 pm was reported. Under liquid
nitrogen cooling, a photo-response could be obtained in the
LWIR range up to 12 pm.’

As the photoconductive gain G « 7-u, high charge hopping
mobility in the QD film is essential for a high photoconductive
gain, so as to increase the responsivity. A series of ligands and
ligand exchange methods were developed to optimize the film
conductivity for photodetection applications, with the process
detail being described in section 3.2. Using the inorganic
ligand As,S; to passivate the HgTe QDs via solid film ligand
exchange, the charge mobility of the QD film was improved to
4 ~ 107> em® V7' s7', and a responsivity of ~0.2 A/W and a
detectivity >10'° Jones were reported at 230 K in 3.5 pm cut-off
photoconductor samples.®® With optimization of the synthesis
of non-aggregated HgTe QDs and solution phase ligand
exchange with HgCl, based hybrid ligands, the as-deposited
QD films with band-like transport and high mobility result in
a significant optimization in the photo-sensing ability.'®""*°
Photoconductive devices with hybrid ligands, although with
half-thinner QD film thickness, achieved a 10-fold higher
detectivity than that of devices treated with EDT, and reported
a detectivity of 5.4 x 10'° Jones at 80 K with a cut-off wave-
length of 4.8 pm (Fig. 9b).
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Fig. 9 Inter-band absorption photoconductors. (a) Photocurrent spectra of 3 uym and 5 ym photoconductive devices. The spectrum recorded with
a commercial nitrogen-cooled MCT detector is shown for comparison, but is not on the same y-axis scale. Reproduced from ref. 60 with permission
from Springer Nature, copyright 2011. (b) Temperature-dependent detectivity of HgTe/hybrid and HgTe/EDT film-based photoconductors.
Reproduced from ref. 101 with permission from American Chemical Society, copyright 2019. (c) The interdigitated electrodes were designed to
induce a guided-mode resonance on the Si/SiO, substrate with a gold reflecting mirror layer. Reproduced from ref. 89 with permission from
American Chemical Society, copyright 2019. (d) Specific detectivity measured at 200 K as a function of electrode spacing. An exponential fit with a
characteristic decay length of 21 nm is also plotted. Reproduced from ref. 119 with permission from Springer Nature, copyright 2021. (e) Schematic
of the multi-resonant MWIR absorbing device with arrows indicating the regions where cavities are formed and the corresponding simulated absorp-

tion maps. Reproduced from ref. 120 with permission from Wiley-VCH, copyright 2022.

The photo-sensing ability can also be enhanced by adding
photonic structures to optimize the light absorption. For
instance, by incorporation of a plasmonic optical nano-
antenna array patterned between the interdigital electrodes,
the photocurrent of a HgTe QD photoconductor was three-fold
enhanced in the MWIR range.'*" Chu et al. designed a photo-
conductor with a back-reflecting mirror and an optically
designed interdigitated electrode to induce a guide-mode reso-
nance (GMR) (Fig. 9¢).*° In the ~2.5 um range, the responsivity
of a device with a narrow electrode (~1 pm gap) was enhanced
by a factor of 1000, compared to the normal devices (with
30 pm gaps). The compact interdigital electrode also func-
tioned as a diffraction grating that could be used to couple the
IR light to the guided modes in the QD film to facilitate
absorption. They further observed that the detectivity of the
HgTe QD photoconductor could be orders of magnitude
enhanced when reducing the channel gap to the charge
diffusion length (equivalent to 5-10 nanocrystal diameters), as
shown in Fig. 9d."" The channel size reduction not only
reduced the charge transit time, but also facilitated the deloca-
lized charge transport at short distances, both factors boosting

This journal is © The Royal Society of Chemistry 2023

the photoconductive gain. With a set of nano-trench electrodes
with a 40 nm-long nanogap, a detectivity of 10'> Jones at
2.5 pm under 1 V bias at 200 K was reported. Recently, a multi-
resonant photonic sensor in the SWIR-MWIR range was
demonstrated with the QD film coupled with a bottom grating
formed by interdigitated electrodes for photocurrent collec-
tion, and a top metallic layer, as shown in Fig. 9e."*° With
bottom illumination, a transverse magnetic (TM)-excited cavity
mode between the top and bottom metal stripes, and a TM-
excited surface plasmon mode at the QD/metallic layer inter-
face and a transverse electric (TE)-excited resonance over the
slit region were all obtained, resulting in a broadband
enhancement of light absorption from 2 to 4 pm compared to
bare QD films and a high responsivity of >0.7 AW~" measured
under 980 °C blackbody radiation. Similar photonic structures
illustrated the potential of the QD film as a light modulator
with a bias-tuneable spectral response,'*>'** which originated
in the inhomogeneous absorption in the QD film and the bias-
dependent charge diffusion length.

Besides the spectral response and sensitivity, the temporal
response is also an essential figure of merit to evaluate the
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operating bandwidth of a photodetector. Chen et al. reported a
spray-deposited photoconductor in the SWIR range with TG
ligand capped aqueous HgTe QDs with a 3 dB bandwidth of
up to 1 MHz.®* They revealed that the response speed and
responsivity of HgTe QD photoconductors are highly depen-
dent on the illumination level and evaluated the energy depths
of the trap states. In the MWIR range, a fast response with 100
ns decay time was observed in a ~400 nm thick HgTe QD film
capped with DDT ligands,®® and a 100 kHz 3 dB bandwidth
was reported in the dots capped with As,S; ligands.®®
Compared to PbS QDs operating in the same SWIR range, the
3 dB bandwidth of the HgTe QD photoconductor was normally
found to be larger.'®® However, because of the structural
characteristics, the temporal response of HgTe QD photo-
conductors is generally slower than that of photodiodes fabri-
cated with the same dots,"** especially when used in weak
light photodetection.

Although the HgTe QDs achieved several successes in IR
detection, they are sensitive to the oxidation of Te.**® The self-
n type doped properties of other Hg chalcogenide QDs may
show an advance in ambient stability.*”* Moreover, due to the
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sparse density of states in the conduction band, intra-band
photodetection shows a narrow-band photoresponse with sup-
pressed Auger recombination,”® which is attractive in photode-
tection applications. The investigations of intra-band photo-
detectors mainly focused on HgSe QDs with efforts in extend-
ing the spectral response range, optimizing the sensitivity and
response speed. In 2014, Deng et al. first reported the photo-
conductance of monodisperse HgSe QDs with intra-band
absorption in the 3-5 um range.®” As the dark current was
minimized when the 1S. state was fully doped with the 1P,
state being empty, the detectivity was optimized with the
doping set at two electrons per dots. Fig. 10a shows the
narrow-band spectral photo-response matching well with the
intra-band absorption centred at around 4 um. The absorption
edge of a HgSe QD film was blue-shifted at low temperatures,
which is in contrast to the behaviour of the inter-band absorp-
tion of HgTe QDs shown in Fig. 9a. Lhuillier et al. synthesized
n-doped HgSe QDs with size continuously tuned between 5
and 40 nm, and extended the intra-band absorption up to
20 pm (Fig. 10b).® Upon ligand exchange with As,S;, up to
100 cm® V™! s7! electron mobility was observed in the solid
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Fig. 10

Intra-band absorption photoconductors. (a) Normalized absorption and photocurrent spectra of a HgSe QD film at RT. The photocurrent

spectrum at 80 K exhibits a blue shift of 170 cm™. Reproduced from ref. 67 with permission from American Chemical Society, copyright 2014. (b)
Inter-band and intra-band absorbance spectra of small and large HgSe QDs, respectively. (c) Photoresponse and detectivity of a HgSe QD photo-
conductor with As,S3 ligands, as a function of operating frequency at RT. (b and c) Are reproduced from ref. 6 with permission from American
Chemical Society, copyright 2016. (d) Normalized photocurrents of the HgSe QD and the HgSe/HgTe heterostructure QD photoconductors as a
function of operating frequency. Reproduced from ref. 125 with permission from American Chemical Society, copyright 2018. (e) Absorption spectra
of HgSe QDs with and without additional salts in ligand exchange. (f) Response speed of a HgSe intra-band QD photoconductor with different
doping levels at 80 K. (e and f) Are reproduced from ref. 127 with permission from American Chemical Society, copyright 2022.
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film, and they reported a detectivity of around 10° Jones at RT  adopted in a solid-phase treatment, showing that the best per-
in the MWIR range but with a very poor 3 dB bandwidth (~40 formance was obtained with the NH,SCN ligand."*®
Hz), as shown in Fig. 10c. Then, they synthesized nanocrystals 4.1.2. Phototransistors. The bottom contact/bottom gate
of HgSe/HgTe core-shell type II heterostructures, and observed field effect transistor based on a heavily doped silicon wafer is
that the corresponding photoconductive devices had lower the most common structure used to investigate the transfer
dark current, higher detectivity, and a slightly faster response properties of QD films. This device is fabricated by coating the
speed (~1 kHz) compared to the HgSe QD only devices QD film on a standard heavily-doped silicon wafer (functioning
(Fig. 10d)."*®> With devices deposited from a mixture of HgSe as the gate electrode) covered by a thin (e.g. 200-300 nm) silicon
and HgTe QDs, a similar phenomenon was observed, which dioxide layer (as the gate insulating dielectric) with pre-pat-
was attributed to the ultrafast charge transfer between the 1S, terned metal electrodes on top (as the source and drain). The
state of HgTe QDs and the 1P, state of HgSe QDs.'?® The first Hg chalcogenide QD transistor was demonstrated in 2006
narrow intra-band absorption can also be optimized using with sintered HgTe QDs,**> and a mobility of up to 4.1 cm®> V*
photonic structures, such as the GMR structure shown in s™' was reported.®" The transfer properties of monodisperse
Fig. 9¢ '*° and plasmonic structures,”” by adjusting the photo- HgTe QDs with a MIR response were investigated in detail in
nic enhancement peak matching with the absorption peak. 2013,% but without the complete performance characterization
Recently, a mixed-phase ligand exchange method combin- as a phototransistor. With aqueous HgTe QDs first synthesized
ing liquid and solid phase treatments was developed to obtain in an aprotic solvent with a high quantum yield,”® Chen et al.
a high mobility HgSe QD solid, and realize controllable doping optimized the spray-deposited QD film quality and first reported
from the 1S, to 1P, state by adding different salts."®” Fig. 10e a RT-operated high-sensitivity phototransistor in the beyond
and f show that the inter-band and intra-band absorption can 2 pm wavelength range.” Fig. 11a shows the top-illuminated
be tuned by p-type ((NH,4),S) and n-type (HgCl,) doping, and phototransistor structure based on a Si/SiO, wafer substrate
that the response speed of the corresponding devices is highly they adopted whose responsivity could be efficiently tuned with
dependent on the doping level of the QDs. The responsivity of the gate voltage. A RT detectivity of 2 x 10'° Jones at 2.1 pm was
the HgSe QD photodetectors was also varied with ligands achieved in accumulation mode.
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Fig. 11 Different device architectures of phototransistors. (a) Device structure and the gate-voltage-tuned responsivity of a phototransistor in com-
parison with floating-gate operation. Reproduced from ref. 2 with permission from American Chemical Society, copyright 2017. (b) Schematic of a
MoS,/TiO,/HgTe QD hybrid phototransistor and the band alignment. Reproduced from ref. 129 with permission from Wiley-VCH, copyright 2017. (c)
Band alignment and an optical image of a graphene/HgTe QD phototransistor deposited with an electrohydrodynamic nano-printing technique.
Reproduced from ref. 130 with permission from Wiley-VCH, copyright 2021. (d) Schematic of a P3HT/HgTe QD hybrid phototransistor and the
corresponding band alignment. Reproduced from ref. 133 with permission from Wiley-VCH, copyright 2020. (e) Schematic of a HgTe QD phototran-
sistor on LaF3 ionic glass with Vg > 0 and the typical transfer curves of HgTe QDs with dielectric (SiO,), ionic glass (LaF3z) and electrolyte (LiClO4)
gating. Reproduced from ref. 134 with permission from American Chemical Society, copyright 2019. (f) A p—n junction induced in a dual-gate device
with Al,Os3 as a high-k dielectric. Reproduced from ref. 135 with permission from American Chemical Society, copyright 2021.
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The planar geometry of phototransistors offers device struc-
ture flexibility for narrow-bandgap QDs for heterojunction
stacking with other materials. Huo et al. proposed a MoS,—
HgTe QD hybrid phototransistor by depositing a QD layer on a
TiO, encapsulated MoS, transistor (Fig. 11b)."** With a TiO,
buffer layer used to form a p-n junction with the HgTe QDs,
the photo-generated electrons could be efficiently transferred
into the high-mobility MoS, channel and the holes were
trapped in the QD layer. This structure boosted the photocon-
ductive gain and suppressed the noise current in the depletion
regime, and they reported a record responsivity of 10° A W™*
and a detectivity of 10> Jones at 2 pm at RT. Similar hetero-
junction stacking to both exploit the high mobility of 2D
materials and the IR absorption of the QDs was demonstrated
in a nano-printed HgTe QD/graphene heterojunction phototran-
sistor with high responsivity and up to 3 pm spectral response
(Fig. 11c).”*° The graphene/HgTe QD heterojunction was also
adopted in four-terminal planar devices'*! and a vertical geome-
try phototransistor design'®® to realize a gate-voltage tuned
photovoltaic response. In 2020, a bulk-heterojunction nano-
composite, blending a semiconducting polymer poly(3-hexyl-
thiophene) (P3HT) and HgTe QDs, was demonstrated with a
phototransistor structure for SWIR detection (Fig. 11d).*** By
shifting the transport path of the photo-generated charges into
the P3HT matrix, and by the carefully arranged chemical graft-
ing between the P3HT and HgTe QDs to realize good surface
passivation, the noise level of the device was reduced to reach a
RT detectivity of 10'" Jones up to 2.3 pm with a response decay
time of <1.5 ps. This device shows advances in all-solution pro-
cessability for large-scale production with a performance com-
parable to commercial InGaAs photodetectors operating in the
same wavelength range.

Besides the traditional Si/SiO, wafer design for QD FETs,
Gréboval et al. explored the use of LaF; ionic glass as a high-
capacitance substrate for QD phototransistor demon-
strations.'** As shown in Fig. 11e, the capacitance of the ionic
glass is associated with the dielectric capacitance through the
substrate and the displacement of F~ vacancies with gate bias.
A phototransistor could be realized by depositing the HgTe QD
film on the ionic glass with pre-patterned metal electrodes,
with lower gate voltage threshold and good tunability in sensi-
tivity and temporal response. By replacing the source-drain
metallic electrodes with graphene electrodes, this structure
demonstrated a tunable p- or n-type doping of the HgTe QD
film."*® A planar p-n junction was created to facilitate charge
dissociation, so as to optimize the photocurrent and suppress
the dark current. A planar p-n junction was also created with a
dual-gate structure by applying voltages on different gates to
select the doping type in the intrinsic QD film for charge sep-
aration mechanism investigation (Fig. 11f),"** or to realize a
fast response time of a few nanoseconds.'®” For intra-band
absorption, HgSe QD/ZnO thin-film transistors with MIR
responses were also explored.”

4.1.3. Photodiodes. A photodiode is considered as the
most promising structure to achieve a breakthrough for QD-
based high-sensitive IR sensing as it can be operated at zero
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bias to significantly reduce the dark current. However, without
the photoconductive gain mechanism, photodiodes normally
suffer from a low responsivity as the EQE theoretically cannot
be larger than 100%. To optimize the EQE of Hg chalcogenide
QD photodiodes, two obstacles need to be overcome. First,
choosing suitable n-type or p-type layers suitable for a narrow
bandgap material to form a p-n junction for efficient charge
separation. Secondly, enhancing the absorption of the QD film
as the IR penetration depth in a QD film (evaluated to be
1-2 um)"° is much larger than the charge diffusion length and
film thickness (normally in a few hundred nanometre range).

The first Hg chalcogenide QD photodiode was constructed
with a heterojunction formed between n-type ZnO nanowires
and p-type HgTe QD films in 2009."*® With their IR absorption
properties, the HgTe QD photodiodes were initially explored as
photovoltaic cells, with device structures consisting of QD sen-
sitized mesoporous TiO,,"* and inverted solar cells with the
nanocomposites of HgTe QDs and a polymer.”** In 2014,
addressing the poor absorption of HgTe QD films, Chen et al.
reported a plasmonically-enhanced photodiode with a struc-
ture composed of ITO/ZnO/HgTe QDs/MoOs/Au layers and cali-
brated its photosensing ability up to 1.4 um (Fig. 12a)."*" They
transferred a panel of normal random distributed Au nanorods
into a controllable depth of the ETL ZnO layer, and observed
an ~240% increment of the short-circuit current compared to
the reference (Au nanorod-free) structure, without affecting the
dark current and response speed. Jagtap et al. focused on the
photosensing ability in the 1.7-2.5 um range, and designed a
unipolar barrier in the HgTe QD photodiode structure in
2018.%% They inserted a p-type HgTe QD layer with a larger
bandgap (~0.72 eV) between the MoO; HTL and the light-
absorbing ambipolar QD layer (~0.5 eV bandgap) operated as
an electron blocking layer, so as to suppress the dark current.
Then, this unipolar diode was optimized by taking the large
bandgap QDs as the HTL and getting rid of the TiO, layer with
its rather poor band alignment for electron extraction
(Fig. 12b)."°® With the QDs prepared with solution phase
hybrid ligand exchange in a DMF ink for deposition, up to
600 nm QD film thickness with high carrier mobility was rea-
lized, and the authors reported a detectivity of 3 x 10° Jones at
RT.

Inspired by the diode structures in the MWIR range, Tang
et al. reported flexible QD photovoltaic detectors in the SWIR
range based on a p-i-n junction over the HgTe QD film, which
was simultaneously p-type doped by Ag,Te QDs and n-type
doped by Bi,Se; QDs.'** With the light absorption being
enhanced by a Fabry-Perot (FP) resonance across the devices,
a RT detectivity of up to 7.5 x 10'° Jones at 2.2 pm was
reported. Ackerman et al. optimized the HgTe QD/Ag,Te QD
photodiode in the SWIR range by performing a HgCl, treat-
ment after each layer EDT/HCI ligand exchange of HgTe QDs,
showing that the shunt resistance could be significantly
improved to reduce the dark current. A detectivity of 10
Jones was reported at 2.2 pm at RT, which is comparable to the
performance of epitaxial InGaAs."*® The photonic grating
structures were also designed to optimize the light absorption

This journal is © The Royal Society of Chemistry 2023
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radiation and 600 °C blackbody radiation when operated at 85 K. Reproduced from ref. 148 with permission from American Chemical Society, copy-
right 2018. (f) Illustration of the MIR HgTe QD photodiode with an interference structure and a plasmonic disk array. Reproduced from ref. 149 with
permission from American Chemical Society, copyright 2018. (g) Scheme of a random distributed mixture of HgSe QDs (as an IR absorber) and HgTe
QDs (as a barrier) to mimic the energy landscape of the quantum well/dot IR photodetectors and the corresponding device structure. Reproduced
from ref. 150 with permission from Springer Nature, copyright 2019.

and open-circuit voltage of the photodiode in the SWIR ETLs were also explored with doped SnO, '*® and CdSe QD'*”
range."** layers, with the optimal band alighment of HgTe QDs to

Recently, Yang et al. fabricated a p-i-n photodiode of ther- improve the electron extraction and block the hole current. An
mally evaporated Bi,Se; thin film/HgTe QD/Ag,Te QD stacking, inverted diode structure was also demonstrated with a stack of

as shown in Fig. 12c."* This device was fabricated with mono- doped-SnO,/HgTe QDs/Ag,Te QDs, which was compatible with

disperse HgTe QDs with sharp absorption edges, which are
produced with a ligand-engineering growth approach. A rectifi-
cation ratio of up to 2000 and a record low dark current of 2.3
x 107° A em ™ under —0.4 V reverse bias were achieved, result-
ing in a high LDR of over 112 dB at 1.55 um. Other alternative

This journal is © The Royal Society of Chemistry 2023

ROIC integration, with a top illumination scheme (Fig. 12d).
Moreover, the SnO, layer benefited the electron injection
under forward bias and this was the first reported instance of
a HgTe QD photodiode with both photo-sensing and electrolu-
minescence (EL) abilities.
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In the MWIR range, photodiode structure optimization is
more challenging and high detectivity can only be achieved
with cryogenic cooling. Guyot-Sionnest et al. reported the first
HgTe QD photodiode with MWIR responses in 2015.">' The
device was a Schottky diode formed by capping the HgTe QD
film between a NiCr semi-transparent conducting electrode
and a layer of silver paint. They reported a detectivity of >10"°
Jones in the samples with 3-5 pum absorption in the range
below 140 K. BLIP was achieved at 90 K in the detector with a
cut-off wavelength of 5.25 um. In 2018, Ackerman et al
adopted an ITO electrode (with better IR transmission) and
designed a HgTe QD/Ag,Te QD PN junction diode with HgCl,
treatment used to ensure reliable rectification (Fig. 12e).'*®
These devices exhibited BLIP up to 140 K, as per the contrast
between the dark and background radiation currents shown in
the current-voltage curves. The MWIR absorption of this
device could be further enhanced by the integration of a con-
structive interference cavity and plasmonic structures, as
shown in Fig. 12£."*° The photonic structures boosted the light
absorption of the photodiode in the 3-5 pm range, and they
reported a detectivity of up to 4 x 10! Jones at 85 K. MWIR
photodetection can also be realized with a unipolar intra-band
photodiode with a mixture of HgTe and HgSe QDs to mimic in-
organic quantum well/quantum dot IR photodetectors relying
on inter-sub-band transitions; the operating mechanism and
the device structure are shown schematically in Fig. 12g."*° By
choosing the size of the HgTe QDs to tune the barrier height
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and width, the photo-generated carriers in the HgSe QDs
could be efficiently extracted with suppressed thermally acti-
vated noise. A detectivity of 1.5 x 10° Jones was reported at
80 K with a sub-500 ns response time at around 4 pm.
Recently, with precise doping control of HgTe QDs with
surface dipoles introduced by the HgCl, or (NH,),S salt, a PIN
gradient homojunction photodiode was demonstrated with
optimized open-circuit-voltage and suppressed thermal
noise."® A record high detectivity of 2.7 x 10! Jones at 80 K
(above 10" Jones up to 280 K) was reported at 4.2 pm, showing
a QD-based high-operating-temperature MWIR photodetector
with a performance beyond that of epitaxially-grown inorganic
photodetectors.

4.1.4. Imaging and focal plane array integration. High
quality imaging is always an ultimate application of photo-
detectors. Most reports of IR imaging with Hg chalcogenide
QD photodetectors were realized with a single-pixel scanning
imaging system,'?714>148149,133,154 rypyically shown in Fig. 13a.
The information on the object plane was captured by scanning
a focus lens along the x- and y-axes, with the photo-response
being recorded by one single pixel detection unit, and the IR
images could be point-by-point reconstructed. Fig. 13b shows
the thermal image captured by this system, with a MWIR HgTe
QD photodiode as the sensing unit, resulting in a 200 um pixel
size and a 1 kHz acquisition rate, providing the temperature
information of the imaging target with a NETD of ~14 mK."*’
The SWIR and MWIR images could be simultaneously cap-

(c)

QD film

Infrared
Ultraviolet+Visible

- o]
UV and infrared Pixels
Perovskite and HgTe CQDs pixels

Fig. 13 Imaging demonstrations. (a) Illustration of a single-pixel scanning system of a HgTe QD imaging detector and (b) the thermal image cap-

tured by this system with the HgTe QD MWIR detector operated at 90 K. (a and b) Are reproduced from ref. 149 with permission from American
Chemical Society, copyright 2018. (c) Scheme of a HgTe QD film deposited on the ROIC in the ceramic lead-less chip carrier (CLCC) as the imaging
array in a camera system. (d) Visible and SWIR pictures (taken by a HgTe QD based FPA) of four vials containing different chemical solvents. An ITO
covered glass slide and a two-inch diameter silicon wafer are placed in front of the vials. (c and d) Are reproduced from ref. 155 with permission
from the Royal Society of Chemistry, copyright 2022. (e) An image obtained by a HgTe QD coated FPA in the MWIR range showing a person pouring
hot water into cold water. Reproduced from ref. 156 with permission from the Society of Photo-Optical Instrumentation Engineers, copyright 2016.
(f) Schematic configuration of a multispectral CMOS-compatible imager with photolithographically patterned UV-enhanced visible pixels and SWIR
pixels. The insets are the merged multispectral image captured in the UV (blue), visible light (grayscale), and SWIR (red) channels. Reproduced from
ref. 157 with permission from American Chemical Society, copyright 2022.
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tured by a dual-band photodetector with a similar system."*
The MWIR imaging captures the thermal emitted light for the
temperature distribution mapping of target objects, while the
SWIR imaging, like visible imaging, recorded the light
reflected or scattered by the object surface with more texture
information.

For commercial applications, mechanical scanning and
image construction with a single-pixel detector are far of lower
quality than required to fulfil the specifications for fast frame
rate and high-resolution imaging nowadays. Solution processa-
ble QDs with size-tuneable IR absorption and low fabrication
cost are considered as promising candidates to be applied in
4™ generation IR detection systems with complex focal plane
arrays (FPAs) and three-dimensional ROICs for high-resolution
imaging or machine vision systems.'®® Most investigations to
integrate Hg chalcogenide QDs with FPAs are still in their early
stages, with simple demonstrations to capture images by
coating the Hg chalcogenide QD films onto commercially-
available ROIC substrates.'>>**'>® Unlike epitaxially-grown IR
sensing semiconductors that are limited by the size of the
indium bump array used to connect with the silicon ROIC, the
HgTe QDs can directly and intimately integrate with the FPA
with a very small pixel size for high resolution imaging.
Fig. 13c illustrates a HgTe QD based FPA chip structure oper-
ated in the SWIR range, with a 640 x 512 pixel array and a
pitch size of 15 pm, to be plugged into a camera system.'*® A
full frame SWIR image could be captured at up to 200 frames
per second (fps), with a large contrast to the visible image of
the same scene (Fig. 13d), showing promise for applications in
object demarcation and chemical discrimination. Fig. 13e pro-
vides a MWIR image captured by a HgTe QD coated FPA,
which was fabricated on a 320 x 256 pixel ROIC with a pitch
size of 30 pm, with the ability to record the images with a
NEDT of 102 mK at 100 K operation temperature.'>® For small
pixel size, the cross-talk and optical coupling between
different pixels should be considered for further optimization
of the imaging resolution and quality, which may require the
use of lithography to define the pixel areas in the QD film."
To enhance the sustainability of the soft Hg chalcogenide QD
film, Martinez et al. designed a concave pixel unit to hold the
HgTe QDs, realizing a self-fabricated FPA with a 10 x 10 pixel
matrix having a high survival rate of pixels (pixel yield), good
homogeneity and low spatial noise.'®”'%® Zhang et al. devel-
oped a spray-stencil lithography process for array demon-
stration with a defined spatial distribution of the HgTe QD
film features, while the pixel size was limited by the shadow
mask feature sizes.'®® Recently, with ultraviolet (UV)-activated
ligands to interlock with the as-synthesized HgTe QDs and per-
ovskite QDs, a multi-spectral broadband imager with UV-
enhanced visible pixels and SWIR sensitive pixels patterned
with layer-by-layer optical lithography was constructed on a
custom-designed CMOS based ROIC panel, as shown in
Fig. 13f.">7 A 320 x 256 array with a pixel pitch of 30 pm was
fabricated, which demonstrated the merging of images with
frames captured in the UV, visible and SWIR channels
simultaneously.

This journal is © The Royal Society of Chemistry 2023
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4.1.5. Multiple functions and applications. The state-of-
the-art requirements of photodetectors are not limited to high
detectivity or fast response, but also include features such as
tunability and functionality for versatile application scenarios.
Besides imaging applications, Hg chalcogenide QD photo-
detectors have been demonstrated in multiple applications
with spectral or polarization selectivity, on-chip integration,
and for use in harmful gas sensing, flexible sensing, and so
on.

Spectral or polarization selectivity. Multispectral sensing
means a device can simultaneously detect a photo-response in
two or more wavelength ranges. Multispectral sensing can be
realized by planar patterning the QD films with dots having
different absorption edges at specific locations across the elec-
trode array on one single substrate,”®°%'®® or by vertically
stacking two diodes with different spectral responses, such as
a HgTe QD/graphene/silicon dual-channel detector for both
SWIR and visible signal collection (Fig. 14a).'®" The vertically
stacked diode structure was also employed to realize dual-
channel, polarization-sensitive detection, with the first diode
providing unpolarized information and the second diode
being sensitive to light polarization.'®

Multispectral sensing has been demonstrated in a series of
innovative applications. In 2019, a dual-band n-p-n photo-
diode was reported with two stacked HgTe QD layers with
photo-responses respectively in the SWIR and MWIR
ranges.'”® When the two HgTe QD layers were separated by a
p-type doping layer, two rectifying junctions were formed
across the diode, providing a bias-switchable spectral response
in different IR bands. With an alternating current bias oper-
ation, this device could capture the SWIR and MWIR signals of
the targets at the same time, to remotely evaluate the image
object’s temperature (e.g. a soldering iron and a heat gun were
imaged with a good signal ratio). A hyperspectral sensor (a
sensor that can obtain full spectral information within a single
detection unit) with 64 channel spectral resolution in the
SWIR range was demonstrated by stacking the HgTe QD photo-
diodes on top of a distributed Bragg mirror (DBR) filter array
(Fig. 14b).">* The SWIR hyperspectral sensor with a full-wave-
length half maximum (FWHM) of a sensing band of 40 =
7 em™! was operated as a single pixel spectrometer to record
the water absorption spectra, or to capture images with spec-
tral information in each pixel for optical information analysis.

Gas sensing. As the vibration wavelengths of gas molecules
are in the IR range, the Hg chalcogenide QD IR photodetectors
are promising candidates for gas detection and industrial
process monitoring applications, with the advantages of low
fabrication cost and high (rather than cryogenic) temperature
operation. As shown in Fig. 14c, a RT-operated HgTe QD
phototransistor was applied in a practical CO gas detection
system, which precisely recorded the light absorption variation
due to CO gas being pumped in and out of a 10 cm long glass
absorption cell tube with continuous 2327 nm illumination,
and the absorption coefficient was evaluated.” Gas detection
was also demonstrated with a HgSe QD photoconductor at an
intra-band absorption peak in the MWIR range with cryogenic
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Fig. 144 Demonstration of diverse applications. (a) Schematic of a HgTe QD/graphene/silicon SWIR/visible dual-channel detector. Reproduced from
ref. 161 with permission from American Chemical Society, copyright 2020. (b) Schematic of the single pixel hyperspectral sensor consisting of HgTe
QD layers and the hyperspectral filter arrays. Reproduced from ref. 154 with permission from Wiley-VCH, copyright 2019. (c) Photocurrent response
of a RT-operated HgTe QD phototransistor in a practical CO gas sensing measurement. Reproduced from ref. 2 with permission from American
Chemical Society, copyright 2017. (d) Photo-response spectra of a HgSe QD photoconductor with different CO, concentrations. Reproduced from
ref. 127 with permission from American Chemical Society, copyright 2022. (e) Schematic of a flexible HgTe QD photodiode and the detectivity
during concave bending cycles. Reproduced from ref. 142 with permission from Wiley-VCH, copyright 2019. (f) Schematic of an on-chip integrated
photodetector based on a plasmonic-silicon hybrid waveguide system with the QDs covering the metal—insulator—-metal (MIM) waveguide (cross-
section AA’ in the inset). Reproduced from ref. 95 with permission from Wiley-VCH, copyright 2019. (g) Schematic of a waveguide spectrometer with
an integrated photoconductor and the respective cross-sections. (h) Input light source spectrum retrieved with fast Fourier transformation of the
photo-signal as a function of mirror displacement shown in the inset. (g and h) Are reproduced from ref. 163 with permission from Springer Nature,
copyright 2023.

cooling, to evaluate CO, gas concentration as low as 20 ppm
(Fig. 14d) in another demonstration."*’

Flexible devices. Flexible photodetectors have been demon-
strated in both photoconductor®® and photodiode™***°
schemes. As shown in Fig. 14e, the flexible HgTe QD photo-
diode had excellent mechanical flexibility and maintained a
high detectivity after a repeated thousand times bending test.
The SWIR image could be captured under different bending
radii, showing a potential route to IR electronic ‘eyes’ i.e.,
devices with a curved imaging plane. An IR free-space signal
optical communication system was also demonstrated with
this device acting as a signal receiver to a coded light source.

6496 | Nanoscale, 2023, 15, 6476-6504

On-chip integration. In addition to photodetection in free-
space, an on-chip integrated photodetector is a promising
component in photonic integrated circuits and optical system
miniaturization. Zhu et al designed a plasmonic-silicon
hybrid waveguide system loaded with HgTe QDs, and demon-
strated on-chip photodetection with the guided wave at wave-
lengths of ~1600 nm '** and ~2300 nm,” respectively. Fig. 14f
shows the device with the input/output silicon waveguide
grating couplers and the metal-insulator-metal (MIM) plasmo-
nic waveguide. The MIM waveguide functioned both as photo-
conductive electrodes and the plasmonic waveguide to concen-
trate the IR absorption of the slit-loaded QDs. This device was

This journal is © The Royal Society of Chemistry 2023
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fabricated with a silicon-on-insulator platform, with a small
footprint of 15 pm x 0.35 um, which is highly compatible with
silicon photonic circuit designs. Recently, a compact Fourier-
transform waveguide spectrometer was demonstrated with a
HgTe QD based integrated photodetector.'®® As shown in
Fig. 14g, a buried and leaky optical waveguide was coated with
a thin photoactive QD layer, with sub-wavelength-sized gold
electrodes to both function as a scattering centre and to collect
the photoconductive current. A stationary wave was formed
within the waveguide with the mirror reflection of the input
optical beam, and the input spectrum could be retrieved with
fast Fourier transformation of the photo-signal as a function
of mirror displacement, which was recorded by the integrated
photodetector (Fig. 14h). This spectrometer exhibited a large
wavelength sensing range from 400 nm to 2 pm, and an active
spectrometer volume below 100 pm x 100 pm % 100 pm.

The comprehensive comparisons in material, structure and
performance of the representative Hg chalcogenide CQD based
IR photodetectors are summarized in Table 2.

5. Conclusions and prospects

In this review, we summarized the progress of Hg chalcogenide
QD IR photodetectors in the past decades from the synthesis
methods, property control to device engineering. With the
optimization directions in extending the sensing wavelengths,
light absorption enhancement, response time and noise level
reduction, the performances of the laboratory-fabricated
single-pixel HgTe QD IR photodetectors are comparable to
those of commercialized traditional epitaxially-grown IR detec-
tors such as InGaAs, MCT and type-Il superlattices."*®
Moreover, Hg chalcogenide QD IR photodetectors have suc-
cessfully been demonstrated in applications such as toxic gas
sensing, optical communications, silicon photonic integration,
SWIR and MWIR imaging with rigid/flexible substrates, dual-
band and hyperspectral sensors, and FPA integration demon-
strations. With high charge carrier mobility’®® and low Auger
recombination coefficients,'®® Hg chalcogenide QDs could be
further improved to rival commercial mainstream MCT IR
detectors, especially in high operation temperature
applications."®®

We also want to provide some prospects for further investi-
gation and commercialization of Hg chalcogenide QD based
IR photodetectors.

From the synthesis and property tuning perspective:

(1) For commercialization, a high-dose, reproducible syn-
thesis method is highly necessary for large-scale manufactur-
ing of Hg chalcogenide QD based IR photodetectors. Hot-injec-
tion methods show advances in quickly obtaining Hg chalco-
genide QDs with photo-responses in the long wavelength
range, where fast kinetics is mediated by using relatively reac-
tive precursors and time varying temperature profiles. Due to
the mixing of reactants with different temperatures and
thermal masses, the batch sizes are historically limited to a
few to 10 or 20 ml. More recently this has been increased to
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several tens of milliliters and total product solid masses of
several to low tens of grams in some cases; however, a further
order of magnitude increase in batch size would be highly
desirable. In contrast, the synthesis batch sizes of aqueous/
aprotic synthesis are normally in the range of a few hundreds
of milliliters, but can even be carried out on the several liter
scale, with programmable synthesis demonstrations,”> while
the reaction time to grow large dots is quite extended (e.g. tens
of hours). In addition, it is necessary to maintain a high
degree of control over the QD size, size distribution, and par-
ticle shapes in large batch syntheses, which is still to be
demonstrated.

(2) The use of solution-phase ligand exchange methods to
prepare QD films with one-pass deposition is highly desirable
in commercial production, as the solid-film, layer-by-layer
spin-coating and ligand exchange process is quite time-con-
suming and it is hard to control the film quality. A less labor-
ious post-treatment and deposition process with less wasteful
use of material, less waste for disposal and optimized film
quality and thickness is highly demanded. The QDs directly
synthesized in aprotic solvents and capped with an already
short chain ligand such as FMT offer a more convenient and
direct alternative route to fabricate such types of devices.

(3) The Hg chalcogenide nanoplatelets and their hetero-
structures may be employed to open up inter-sub-band tran-
sitions for IR sensing as nanoparticle analogues of epitaxial
multi-quantum well structures.'””*®” A lot of work has been
done by a number of groups on II-VI nanoplatelets,'®®'®°
where cation exchange or atomic layer deposition synthesis
methods have been used to create alternating layers of narrow
band and wider band semiconductors.’””*”" The lateral extent
of the nanoplatelets can be tens or even a few hundred nm,
whilst their thicknesses are usually a few to perhaps ten or so
lattice planes.'®”'”>'”* However, to extend the bandgap cover-
age of single component nanoplatelets out into the long wave-
length IR range would require quite elaborate synthesis, and
would result in rather large individual particles that could be
difficult to solubilize and to process into good quality films.

(4) Other small ligands could be applied in Hg chalcogen-
ide QDs for property tuning and IR sensing demonstrations.
For example, small molecule anionic ligands such as HS~,
Se?™, HSe™, Te,>~, HTe™, TeS;>~, OH™, NH,™, SnS,*”, Sn,S¢*~,
SnTe,*”, AsS;*”, and MoS,>” (as Na', K%, or (NH,)"
salts),"”**7® demonstrated with CdSe, CdTe, PbS and PbTe
QDs, should be equally applicable to Hg chalcogenide QDs.
Huang et al."’” explored the use of a broad range of oxo anions
such as VO,*~, Mo0,*~, WO,>", SO,>~, SO,>7, PO,*~, HPO,;>",
Clo,™, ClO;~, OCN™, and S,0;>7, in conjunction with CdSe
and low bandgap III-V QDs such as InP and InAs and also
other types of nanoparticles, implying a reasonable generality
in their applicability in Hg chalcogenide QDs. These ligands
are extremely compact, even shorter than molecular ligands
such as EDT, etc., and ionic in nature and so may offer benefits
in terms of improved carrier mobilities and in terms of dipolar
induced shifts to the relative locations of the Fermi level and
the conduction band (i.e., for ligand induced n-type doping).
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Many of the small molecule ligands have no or little H content
and so will offer little or no vibrational absorption bands in
the SWIR and low MWIR regions. Multivalent ions are also
potentially ideal for forming highly cross-linked networks
between QDs, improving the integrity of QD films used in
device structures.

From the device perspective:

(1) Photoconductors are frequently adopted for IR-sensing
ability demonstration with simple device structures, and to
directly correlate the basic QD properties with the photo-
sensing performance. For phototransistors with gate-voltage-
tunability and planar structures, more materials could be
explored to hybridize with Hg chalcogenide QDs (other 2D
materials, polymers, perovskites, etc.) for performance optim-
ization or functionality. For photodiodes, more ETL and HTL
materials could be explored to match with the narrow bandgap
and work function of Hg chalcogenide QDs.

(2) More photonic structures such as integrated optics,
quantum optics, meta-surfaces and so forth could be intro-
duced to interact with Hg chalcogenide QDs, to facilitate IR
absorption, system miniaturization, sensing ability tunability
or spectroscopy applications.

(3) Large area, high resolution integration of FPAs on
silicon ROIC requires more investigations of ROIC design,
optimization of different device structures and patterning
methods of pixel arrays for high-quality imaging at a high (i.e.,
cryogen-free) operating temperature. The successful demon-
strations of integration of PbS QD IR photodetectors with
ROICs on standard silicon wafers and pixel sizes down to
15 pm for high quality imaging are a good existence theorem
for efforts in similar directions for chalcogenide QDs.'”%'7°

(4) The systematic investigations of operation stability and
the degradation mechanism of Hg chalcogenide QD IR photo-
detectors are rare. The photo-sensing abilities of the related
devices could be significantly affected by surface oxidation or
doping under ambient conditions,®*** which could be opti-
mized with QD surface defect passivation and efficient encap-
sulation and packaging technologies. Although it was reported
that polymer multilayer encapsulation could help maintain the
photo-sensing ability for over 100 days,"** this value is still
much lower than the commercialization requirement; more
encapsulation methods, specially tailored for these IR sensing
QD materials, should be further explored. In addition, the
reliability of encapsulation and packaging is essential to deal
with the toxicity problem, to eliminate the possibility of the
decomposition and leakage of the Hg compounds after a long-
time usage of related products. Finally, a recycling policy,
recognizing the technological value of these materials, should
be developed for waste disposal, rather than squanderously
discarding them.
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