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Mercury chalcogenide colloidal quantum dots for
infrared photodetection: from synthesis to device
applications

{ M) Check for updates ‘

Cite this: Nanoscale, 2023, 15, 6476

*a Cheng Li, () *2P

C

Yuanyuan Tian,? Honggiang Luo,? Mengyu Chen,
Stephen V. Kershaw,*© Rong Zhang® < and Andrey L. Rogach

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
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-
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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

il llﬂlHLﬂll Mengyu Chen received her

—. ‘ bachelor’s degree in
Optoelectronic Engineering from
Tianjin University. She pursued
her MPhil and PhD degrees in
Electronic Engineering at the
Chinese University of Hong
Kong, where she accumulated
rich experience in the investi-
gation of colloidal quantum dot
based infrared photodetectors.
Then, she worked as a postdoc
researcher —at the  Chinese
University of Hong Kong and the
University of Bayreuth. In 2020, she joined the School of
Electronic Science and Engineering at Xiamen University as an
assistant professor. Her research interests focus on the fabrication
and characterization of innovative photodetectors and other opto-
electronic devices.

Mengyu Chen

This journal is © The Royal Society of Chemistry 2023

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


https://doi.org/10.1039/d2nr07309a

Published on 09 mércius 2023. Downloaded on 2025. 12. 01. 12:43:37.

Nanoscale

@) ..

1.04

0.84

0.64

Absorbance (OD)

T T T T T et
1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™)

Jy

_E,-VB (eV)

1s

A\ -

|

View Article Online

Review

« SP,

£ wo -+ P.-D,

1
|
|
|
]
1
|

L]

5000 6000 7000 8000 9000 10000 11000 12000

Inter-band (cm)

---Vanishing

Qonfinement -

02 04 06 08 1.
Interband gap (eV)

L Semiconductor

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
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shown by a red line. (b) The intra-band absorbance for different sizes of QDs with different doping levels has similar spacing and relative intensity for
the three peaks, but the peak positions shift with size. (a and b) Are reproduced from ref. 66 with permission from American Chemical Society, copy-
right 2018. (c) Upper panels: transfer curves of HgTe QD films with excitonic features at around 4000 cm™ synthesized with liquid mercury,
mercury halide, and mercury-(bis)dodecylthiolate with drain—source current (black) and gate—source current (blue). Bottom panel: mobility ratio of
electrons and holes of HgTe QDs synthesized using different mercury precursors with different confinement energies (taken equal to the inter-band
transition energies). Reproduced from ref. 75 with permission from American Chemical Society, copyright 2020.

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 ED