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Abstract

Mercury chalcogenide colloidal quantum dots based infrared photodetection has been intensely
studied in the past few years and achieved background limited detectivity, sub-microsecond
response time and much lower cost compared with the current leading technologies. To further
improve their performances, new synthetic protocols need to be developed to tackle some of the
current difficulties such as the control of doping-level and improvement in mobility and quantum
yield. In this thesis, | focused on the synthetic efforts to obtain mercury chalcogenide quantum
dots with better morphology and properties. For HgTe, non-aggregated HgTe quantum dots were
synthesized for the first time and stabilized in the absence of thiols. HgTe/CdTe core/shells were
then grown from these cores and showed much improved thermal stability. For HgSe, | used
selenourea-derivatives to lower the precursor reactivity and obtained HgSe quantum dots with a
better monodispersity around 6-7%. HgSe/CdX (X=S, Se, Te) core/shells were synthesized by
both hot-injection and c-ALD methods and showed improved thermal stability and intraband PL
quantum yield. The intraband PL quantum yield reached 102 at 5 um. For HgS and HgS/CdS, a
novel 2-phase method was used to provide an easy way of synthesizing these materials. The
gradual transition from intraband to surface plasmon resonance was observed in HgS quantum
dots and was explained by considering the local field effect. These methods open up possibilities

to use these materials in current applications and new scenarios.
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Chapter 1 Introduction

Colloidal quantum dots (CQDs) are a group of semiconductor materials that have discrete energy
levels due to the quantum confinement effect. As a result, they have two significant differences
from their bulk counterparts. First, the bandgap of CQDs is decided by the confinement energy,
which is directly related to the particle sizes. This allows us to use the same material to cover a
large range of the spectrum simply by tuning some synthetic parameters. Second, CQDs have
energy levels instead of bands in the conduction and valance “bands”, which makes intraband

transitions available in these systems (e.g., the 1Se — 1P transition shown in Figure 1-1).

1D,

1P,
intraband |

1S,

interband

1P,

1D,

bandgap

bulk QD

Figure 1-1 Energy levels of bulk semiconductor and semiconductor quantum dot.

The focus of this thesis is mid-infrared CQDs. As suggested above, there are usually two strategies
to make CQDs that have infrared transitions. One is to start from small gap or even zero gap

semiconductors or semimetals and make their corresponding CQDs. The other is to dope the CQDs
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and use their intraband transitions instead of interband. In principle, any CQD system can be used

as an infrared material with proper doping.

1.1 CQDs in Mid-Infrared Photodetection

1.1.1 Mid-Infrared Photodetection Technologies

The main purpose of developing mid-wave infrared (MWIR: 3-5 um) CQDs is to make infrared
photodetectors in this important atmospheric window. Currently, the most widely-used MWIR
detectors are bolometer and bulk mercury cadmium telluride (Hg:xCdxTe, MCT) detector.t3
Bolometer is a thermal detector and uses the thermal effect of infrared light, where the heat-
induced temperature change is recorded in the form of electric resistance difference. It is the
dominant detector on the consumer thermal imaging market due to its low cost and room-
temperature operation. On the other hand, for some more sophisticated applications such as
military and scientific research, MCT detectors are chosen because of their higher detectivity and
faster response time. However, MCT detector requires large and expensive molecular beam
epitaxy (MBE) system to grow and usually needs to operate at low temperatures (e.g., liquid N> at
77 K) to suppress the Auger relaxation process and improve detectivity.

With CQD photodetector, there is a hope to combine the advantages of both systems. First, the
solution-based synthesis and processing makes CQD much cheaper than MCT; Second, CQD
photodetectors have already demonstrated a high detectivity and sub-microsecond response time
that is comparable to some of the commercial products;* Third, a recent study showed that HgTe
CQDs have a 3-order magnitude smaller Auger coefficient compared with the same band gap bulk
MCT.> In principle, the suppressed Auger relaxation in CQDs will allow a higher operating

temperature than MCT.



1.1.2 HgTe as Photodetection Material

Bulk HgTe is a semimetal, which has an inverted band structure due to its large spin-orbit coupling.
As a result, HgTe CQDs should be able to cover the whole IR range. Currently, HgTe is the most
studied CQD material for IR photodetection, which can work as photoconductors (PC) or
photovoltaics (PV). Since 2011, there have been more than 5 studies that demonstrated the use of

HgTe for 3-5 um (mid-IR) photodetection, which are summarized in Table 1-1.

Table 1-1 Summary of mid-infrared HgTe photodetector

Year Wavelength (um) Temp (K) D" (Jones) Mode Comment Reference

2011 5 130 2 x 10° PC first PC device 6-7

2013 35 230 3.5x10% PC As>S3 matrix 8

2015 4 140 1.14 x 101 PV first PV device 9
100 101 HgCl:

2018 4 PV 4
200 1010 treatment
85 4 x 101 plasmon and

2018 4.5 PV 10
295 7.2 x 108 interference

As shown in Table 1-1, currently the best devices are HgTe PV with HgCl-treated AgzTe layer
and optical enhancement structures. It exhibits background-limited infrared performance (BLIP)

for temperatures below 200 K. However, MCT detector still outperforms it at higher temperatures.

1.1.3 HgSe and HgS as Photodetection Materials



Bulk HgSe is a semimetal while HgS band gap is uncertain, with various values reported from -
0.5 eV to 0.6 eV.1* Nevertheless, both materials should be able to work in mid-IR in their
quantum dot form. However, later experiments showed that unlike HgTe, HgSe and HgS CQDs
are naturally n-doped and exhibit intraband transitions instead of interband. In 2014, Zhiyou et al.
first demonstrated the use of HgSe CQDs as an intraband photoconductor at 4.5 um with a
detectivity D* = 2 x 10° at 80 K.'°> However, the difficulty to precisely control the doping level at
2 e’/dot in HgSe and HgS greatly limits their performances. This is because any deviation from 2
e’/dot would cause a faster recombination process and larger dark current. As a result, there are
only a few reports on intraband photodetector with limited detectivity.'®*” One possible solution
would be to use HgSe or HgS in PV devices. This requires some precise energy level matching
between the active materials and the electron and hole transport layers. Another approach is to
further improve the monodispersity of the particles to minimize the disorder coming from the

inhomogeneity in size.

1.1.4 Other Possible Infrared CQD Materials

One of the biggest challenges in mercury-based photodetector research and commercialization is
the toxicity of mercury compounds. As a result, people are always looking for better substitutes.
One possible choice is Ag.Se, which has a narrow band gap ~0.15 eV in its bulk form.8 In 2011,
Norris and his co-workers first synthesized Ag.Se CQDs with good monodispersity and shape
control.*® However, only visible and near-infrared spectra were investigated at the time, which
showed no excitonic feature. One year later, the same group revisited the material in the mid-
infrared region and found Ag,Se CQDs had tunable infrared absorption from 3 xm to 6 xm.? In

2018, Kwang and his co-workers used spectroelectrochemistry technique to study this material



and observed a bleach in its mid-infrared absorption peak and an emergence of a near-infrared
peak as the electrochemistry potentials moved more negative (more n-type).?* As a result, they
assigned this mid-infrared absorption to the 1Se-1Pe intraband transition and not the band gap
transition Norris suggested. Three months later, Emmanuel Lhuillier’s group used X-ray
photoemission to study the material and confirmed that the environmental Fermi level was between
the 1S and 1P, states.?? This makes Ag.Se CQD a promising material to be used in intraband
photodetection to replace HgSe and Hgs.

Another choice is SnTe, which has a bulk band gap of 0.18 eV.%?* In 2007, Kovalenko et al.
synthesized SnTe CQDs with the reddest absorption at 3.5 um and attributed this to the 1Sh-1Se
transition.?® In 2011, SnTe CQDs were synthesized in polar solvents and also exhibited a mid-
infrared absorption ~3.4 um.?® Klimov and his co-workers pushed the synthesis of SnTe even
further with a better shape control and obtained nanocubes and nanorods with different aspect
ratios. A 36 x 16 nm nanorod had an absorption onset ~3.3 um.?’

SnTe can be mixed with another narrow gap material PbTe (bulk band gap of 0.29 eV) to form
Pb1.xSnxTe. And its minimum band gap is obtained when x equals 0.67. As a result, Pbo.33Shos7Te

CQDs with 4.4 nm diameter size had a 4.4 um absorption transition.?

1.2 Synthesis of Mercury Chalcogenide CQDs

Since the first colloidal synthesis of CdSe in 1993, hundreds of CQDs have been made.?® However,
compared with the large library of CdSe, mercury chalcogenide CQDs synthesis lags far behind,
where only ~15 synthetic papers have been published since the first aqueous synthesis of HgTe

CQDs in 1999.%



Jeong, 2014 ] Shen, 2017 Goubet, 2018
Rogach, 1999 Green, 2003 Howes, 2008 Kim, 2011 HgS, organic Skien, 2016 HgTe, organic HgTe, organic
HgTe, aqueous HgTe, first organic HgSe, organic HgTe, organic air-stable n-doping HgS/Cds, 2-phase non-aggregated terahertz

| | | | .
| | | | | |

Harrison, 2000 Kovalenko, 2006 Keuleyan, 2011 Zhiyou, 2016 Sagar, 2017 Abdelazim, 2017~ Shen, 2018
HgTe/CdS, aqueous HgTe, aqueous HgTe, organic HgSe/CdS, organic HgSe/CdS(e) HgTe, DMSO HgTe/CdTe
partial success first mid-IR mid-IR, aggregated hot-injection -ALD HgSe/CdX

Figure 1-2 Timeline of mercury chalcogenide CQDs synthesis.

The main difficulties in mercury chalcogenide CQD synthesis are: the toxicity of mercury
compounds, the limited stability of mercury precursors at elevated temperatures, the small library
of chalcogenide precursors with suitable reactivity and the tendency to aggregate, especially for
HgTe CQDs. The difficulty to build mid- and long-IR optics also makes it harder for researchers

to study their optical properties.

1.2.1 Synthesis of HgTe CQDs

The synthesis of HgTe CQDs can be classified into two categories: polar and nonpolar. The polar
synthesis usually takes place in solvents such as H>O and DMSO, where inorganic mercuric salts
react with chemically- or electrochemically-generated H.Te gas. Meanwhile, nonpolar synthesis
requires some organic solvents, most commonly long chain amines, and is usually done in an air-

free, water-free environment.

The first polar synthesis, which is also the first HgTe CQD synthesis, was done by Rogach et al.
in 1999.% In this report, Hg(ClO4), was dissolved in H2O at pH 11.2 and reacted with H,Te, the
latter was generated via AlxTes and H.SOs hydrolysis. To stabilize the quantum dots, 1-
thioglycerol (TG) was used as ligand. The resulting particles were strongly aggregated with sizes
varied from 3 nm to 6 nm. Their optical properties were also not satisfying. The dots exhibited a
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broad absorption spectrum with no excitonic feature. The PL, which was peaked at ~1.1 xm, had
a FWHM more than 400 nm. This structural and optical quality makes the dots not suitable for real
applications in the telecommunication infrared region. However, there are several general rules
that are important for later HgTe CQDs syntheses. First, cubic (zinc-blende) HgTe is always the
final product; second, thiols are good capping ligands for HgTe because of the strong chemical
bond between mercury and sulfur; third, the presence of thiols in aqueous synthesis limits the size
of the particles and makes their absorption only in the near-infrared.

In 2006, Kovalenko et al. successfully synthesized HgTe CQDs that covered a large spectrum
range from 1.2 um to 3.7 xm.32 To overcome the size limitation shown by Rogach, the authors
used a special 3-step approach: aqueous synthesis = ligand exchange - Ostwald ripening. First,
small HgTe CQDs were synthesized using the same Hg(ClO4), and H2Te reaction, the only
differences were that the H>Te gas was generated via electrochemistry to better control the reaction
rate and mercaptoethylamine (MEA) or TG can both act as stabilizing ligand. The particles, which
had an absorption ~1.2 um, were ligand exchanged to the nonpolar CCls phase by adding excess
1-dodecanethiol (DDT). Cooking the transferred dots at 75-80 °C greatly increased the particle
sizes and quantum dots as large as 9 nm were obtained. This synthetic protocol, which was able to
produce HgTe CQDs with good size tunability, clear excitonic feature and reasonably narrow PL
peak, was an important advance from the first aqueous synthesis. Moreover, the relationship
between PL quantum yield (QY) and emission wavelength was investigated, which is shown in

Figure 1-3.
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Figure 1-3 PL spectrum and quantum efficiency of HgTe CQDs. Adapted from reference 32.

From 1.2 um to 3.7 um, the PL QY of HgTe CQDs drops 2 orders of magnitude. The exact origin
of the low PL QY in small gap CQD materials has been a puzzle and will be discussed in detail in
section 3.3.

In 2017, Rogach and his co-workers came up with another synthesis of HgTe, this time in aprotic
DMSO.2 Without any postsynthetic treatment, the authors made HgTe CQD as red as 3 zm, which
is the biggest dots in any one-step polar synthesis. The key to grow bigger dots is the use of DMSO.
Compared with H>O, DMSO cannot support a large hydrogen bond network, which might be the
reason that there were less interactions between particles and therefore less aggregation at large
sizes. In addition, the authors also developed a computer-controlled electrochemistry setup to
better control the releasing of H2Te gas. The synthesized HgTe CQDs had a good PL QY, ~17%
at 2070 nm, which is the highest at the wavelength. However, the dots were still very poor in terms
of monodispersity (size distribution up to 55%) and shape control (a lot of irregular shapes). As a

result, the PL peak was very broad, which had a FWHM ~800 nm at 2000 nm.



To summarize, polar synthesis of HgTe CQDs usually faces the problems of poor size and shape
control as well as small particle sizes. To make particles in the mid- or long-IR range, organic

synthesis is needed.

The first organic synthesis was done by Green et al. in 2003.** In this synthesis, HgBr, was
dissolved in trioctylphosphine oxide (TOPO) and octadecylamine (ODA) under Schlenk line at
70 °C. Trioctylphosphine telluride (TOPTe) was then injected into the mixture and reacted for 30
min. The obtained particles had an average size of 17 nm with a large size dispersion ~30%. Their
shapes were also irregular, with a large proportion being teardrop-shaped rather than spherical.
The authors did not find any absorption feature or PL in the visible or near-IR region.

Although this organic synthesis failed to give HgTe CQDs with good optical properties, it pointed
out a way to grow large HgTe quantum dots. More importantly, the authors used amine-dissolved
mercury halide salts and TOPTe as the mercury and tellurium precursors, respectively, which are
still the most commonly used precursors nowadays. If the authors had checked the mid-IR
spectrum of the dots with proper instruments, we may not need to wait for another 8 years to see
the first mid-IR application of HgTe CQDs.

In 2011, Sang-Wook Kim and his co-workers developed a synthesis by using a combination of
oleylamine and 1-dodecenethiol (DDT) as ligand.>® By varying the reaction temperatures from
60 °C to 100 °C, the authors made particles with diameter from 3.6 nm to 7.2 nm and corresponding
emission from 1050 nm to 1420 nm. However, there might be some problems in this paper because
later experiments showed a 7.2 nm dot should give an emission ~3 um, much redder than the value

of 1.4 um they reported.



Almost at the same time of Sang-Wook Kim’s report, Sean Keuleyan from Philippe Guyot-
Sionnest’s group came up with a new synthesis of HgTe CQDs, which might be the most important
synthetic paper in HgTe.%® Compared with Green’s synthesis, Sean removed the unnecessary part
of TOPO and used oleylamine as both solvent and ligand. The precursor concentration was also
lowered ~4-5 times, which greatly decreased the number of nucleation events and put the particle
growth under better control. Sean also added a long-chain thiol (DDT) during the cleaning step,
which provided the dots with long-time stability in air. The obtained HgTe CQDs had great size
tunability, sharp absorption edge, clear excitonic feature as well as strong PL in the IR. The

absorption and PL spectra are shown in Figure 1-4.

Wavelength (um) Wavelength (um)

a. 500 250 167 125 1.00 b. 5.00 2.50 1.67

Absorbance

2000 4000 6000 8000 10000 2000 4000 6000
Frequency (cm'1) Frequency (cm")

Figure 1-4 Normalized (a) absorption and (b) PL spectrum of HgTe CQDs. Adapted from

reference 36.

These excellent optical properties make HgTe CQDs possible for many IR applications. Nowadays,

most HgTe-based IR devices are using this synthesis.* 610 37-41
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In 2014, Sean improved his previous synthesis by using a much more diluted TOPTe precursor
(0.02 M TOPTe vs the previous 1 M).*? The diluted TOPTe had a much lower reactivity, therefore
allowed a more homogenous reaction mixture to form before any significant nucleation and growth
started. Moreover, a sudden drop of temperature because of the large injection volume also helped
lowering the precursor reactivity. HgTe CQDs with better monodispersity were obtained this way,
and their absorption spectra showed up to 5 excitonic features.

The above organic syntheses of HgTe CQDs were all done at temperatures ~70-120 °C. This is
because mercury halide-amine precursor tends to be reduced to Hg(0) when heated at higher
temperatures for a long time. However, in 2018, Lhuillier and his co-workers made a small
modification by injecting both mercury and tellurium precursors into a very hot amine solvent,
with temperatures as high as 300 °C.*® The authors found that the mercury precursor stayed stable
if the reaction duration was short. By deploying this high-temperature, short reaction time strategy,
extremely large HgTe nanoparticles (as big as 200 nm) could be obtained. These large particles,
which were well above the Bohr radius of HgTe, showed a clear plasmonic peak in the terahertz
region. The same protocol could be used to synthesize large HgSe and HgS nanoparticles.

In summary, compared with polar synthesis, organic synthesis of HgTe CQDs gives a much better
size tunability and size dispersion. As a result, their absorption and PL peaks are also much

narrower. However, the toxicity of organomercury compounds is a major concern.

Besides these 0-dimensional HgTe CQDs, 2D HgTe (or HgSe) nanoplatelets have also been made

by cation exchange with their cadmium counterparts.**4” However, they are beyond the scope of

this thesis and will not be discussed here.
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1.2.2 Synthesis of HgSe and HgS CQDs

Compared with HgTe, there are even fewer reports on HgSe or HgS CQDs. In 2002 and 2003,
Mattoussi and his co-workers published a series of papers on the syntheses of binary HgS, HgSe
and ternary HgSeixSx CQDs using an inverse-micelle approach.*®4% The general idea of the
inverse-micelle growth is to separate mercury and chalcogenide precursors in two phases and uses
a surfactant, bis(2-ethylhexyl)sulfosuccinate (AOT) in these cases, to support a slow mass transfer
across the phase interface. Therefore, CQD nucleation and growth are under better control. Here,
the mercury precursor was mercury acetate (Hg(Ac)2) dissolved in water and chalcogenide
precursors were bis(trimethylsilyl)sulfide ((TMS)2S) and bis(trimethylsilyl)selenide ((TMS).Se)
in hexane. Mixing the two phases with AOT and some stabilizing ligand (such as TG) quickly
formed CQDs. The dots were generally quite small, with absorption and emission between 500
nm to 800 nm. However, aggregation was still a problem in these syntheses.

In 2008, Howes et al. developed a new polar synthesis of HgSe CQDs.> The authors dissolved
mercury acetate and TOPO in ethanol, then injected trioctylphosphine selenide (TOPSe) at room
temperature to grow small HgSe CQDs. The dots were heavily aggregated with an average size of
4.9 nm and the authors claimed they had an excitonic shoulder ~3 eV. However, later experiments
proved that a 4.9 nm HgSe dot should only give intraband absorption ~5 um (0.25 eV). Possible
reasons could be that the authors mis-identified some absorption peaks from impurities or that
there were some HgSe clusters acting as intermediates. Another interesting finding was that there
seemed to be a correlation between particle shape and TOPO concentration, with lower TOPO
concentrations yielding more tetrahedral shapes. This was likely due to the fact that the surface

ligands (TOPO) preferentially bind to some facets of the dots, likely (111) in this case, when their
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concentrations cannot support a full surface coverage. This will then let the dots grow along (100)
crystallographic directions.>

Zhiyou Deng and Kwang Seob Jeong from Philippe Guyot-Sionnest’s group developed the first
organic synthesis of HgS CQDs in 2014, inspired by the HgTe synthesis by Sean.'! The mercury
precursor was HgCl. in oleylamine and the sulfur precursor was thioacetamide. Thioacetamide is
a precursor with high reactivity. As a result, the synthesis was done at room temperature and the
resulting CQDs had a large size dispersion ~20% at 5-6 hm diameter. The most important finding
from this paper was the ambient n-doping of HgS CQDs and the intraband transition at 5 pum,
which will be discussed later in section 1.3.1.

In 2014, Zhiyou Deng from Philippe Guyot-Sionnest’s group synthesized HgSe CQDs following
a similar approach as Sean and Kwang.*® The mercury precursor was still HgCl2-oleylamine and
the selenium precursor was selenourea. Later reports showed that urea-based chalcogenides
(thiourea and selenourea) in amine were an important group of precursors in 11-V1 CQD synthesis,
mainly because of their slow releasing rate, no introduction of new ligands and a high reactivity
tunability.>2->* As a result, the HgSe CQDs had a better monodispersity than Kwang’s HgS, which
was ~12% at 6.2 nm diameter. Similar to HgS, HgSe CQDs also featured an air-stable intraband

transition, and this paper highlighted the first mid-IR intraband photodetector.

To summarize section 1.2.1 and 1.2.2, the general trend of mercury chalcogenide CQD synthesis
is the pursuit for better dots, with wider size tunability, smaller size dispersion and less aggregation.
To achieve this, organic syntheses become more and more dominant. A list of all mercury

chalcogenide syntheses and their synthetic parameters is shown in Table 1-2.
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1.2.3 Synthesis of Mercury Chalcogenide Core/Shell Heterostructures

Since the first CdSe/ZnS quantum dot synthesis in 1996, growing core/shell heterostructures has
been a standard approach to improve CQD stability, increase PL QY and achieve some unique
carrier distributions.>> However, for mercury chalcogenide CQDs, there are three main
difficulties in core/shell growth. First, CQD aggregation has been a big problem, especially for
those synthesized in polar solvents. Growing core/shell on these aggregated dots will result in
precipitation or partial shell coverage. Second, to improve stability, mercury chalcogenide CQDs
are usually protected by thiols. The Hg-S bond is so strong that it becomes difficult to expose the
“fresh” core surfaces in order to let the shell precursors nucleate on them. Third, mercury
chalcogenide CQDs have poor thermal stability. They will start sintering and losing their quantum
confinement at temperatures as low as 100 °C, which is well below the growth temperatures of
most shell materials such as CdSe and ZnS. As a result, very reactive chalcogenide precursors need
to be used to lower the growth temperature. This will then increase the chance of secondary
nucleation of shell materials. In effect, aggregation morphology, thiol ligands and thermal stability
are the reasons why there are less than 5 core/shell papers ever published.

In 2000, Rogach et al. developed a synthesis of HgTe/CdS core/shell.>” HgTe CQDs were still
made by Hg(ClOa4)2 and H2Te in H20. The freshly-made cores were diluted in H20 with Cd(ClO4)..
H>S gas was then injected into the solution at room temperature to grow CdsS shell. The absorption
of HgTe/CdS red-shifted from HgTe cores, which had an excitonic feature moving from 850 nm
to 920 nm. To verify the shell growth, the authors did an annealing test by refluxing the as-prepared
HgTe and HgTe/CdS solution at 100 °C for 30 min. After heating, the PL of HgTe cores

completely quenched, while HgTe/CdS kept half of the PL intensity with much broader PL peak.
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This indicated that the shell could partially protect the cores. The authors did provide other proofs.
The TEM images exhibited a darker core portion and a thick lighter shell portion (thickness > 2
nm), likely caused by the different contrast of Hg and Cd under electron beam. The XRD spectrum
showed that the HgTe/CdS CQDs were still zin-blende, but their peaks were shifted from the

positions of bulk HgTe to bulk CdS, which also indicated a CdS growth.

counts [a.u]

Figure 1-5 (left) XRD of HgTe and HgTe/CdS; (right) TEM of HgTe/CdS. Adapted from reference

S57.

From the prospective of today’s researchers, the first core/shell synthesis was only partially
successful. First, the lattice mismatch between HgTe and CdS is larger than 10%, which means
CdS is not a good shell material for HgTe from the beginning. As a result, growing a CdS shell
with a thickness > 2 nm (> 6 monolayers) is almost impossible. Second, if there were such a thick
CdS shell, annealing HgTe/CdS at 100 °C would not have caused such a big PL broadening and
intensity drop. Third, the XRD peak width of HgTe/CdS was broader than HgTe cores (Figure 1-

5). From Scherrer equation, this simply means the average grain size of HgTe/CdS is smaller than
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HgTe, which is also impossible. In conclusion, there might be 1-2 monolayers of CdS attached to
the HgTe surface that partially protects the cores from annealing. But most CdS should exist in the
form of secondary nucleation. The TEM image could also suffer from over-focusing, which shows
extra white rings around particles.

It was until 2016 that the first successful mercury chalcogenide core/shell came out.>® Zhiyou Deng
from Philippe Guyot-Sionnest’s group deployed a standard hot-injection method to grow
HgSe/CdS core/shell. The HgSe cores were prepared by HgClz-amine and selenourea, which were
then cleaned and reheated to 100 °C. Cadmium oleate and H>S were injected stepwise to grow
CdS with certain thicknesses. TEM showed an increase in size from 5.8 nm to as large as 8.5 nm
diameter with obvious secondary nucleation. XRD peaks of HgSe/CdS shifted from bulk HgSe to
bulk CdS. More importantly, the XRD linewidth of HgTe/CdS had no change after annealing at
200 °C for 10 min, while HgTe greatly narrowed under the same condition, indicating a sintering.

This excellent thermal stability is a strong proof of a complete shell protection.

B —— HgSe/CdS Core/Shell QDs

A ~— HgSe
After Annealing

After annealing

L i ' i L J

50 60 20 3

20 30 40
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Figure 1-6 (left) HgSe core and (right) HgSe/CdS core/shell XRD before (black) and after (red)

200 °C annealing for 10 min. Adapted from reference 58.
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The absorption and PL spectra of HgSe/CdS had an interesting interband to intraband shift with
respect to the local environment change, which will be discussed in section 1.3.1. The intraband
PL of a HgSe/CdS film, which was peaked at 5 um, improved ~3-fold compared with a similar
thickness HgSe film.

In 2017, Zeger Hens and his co-workers developed a new HgSe/CdE (E=S or Se) synthesis based
on colloidal atomic layer deposition (c-ALD).%° c-ALD is a way to grow core/shell heterostructures
layer-by-layer at room temperature. The cores that dissolved in nonpolar solvents are mixed with
an immiscible polar solvent that contains a cation or anion precursor. Each half-cycle will coat the
core with a full coverage of one cation or anion. In this case, the core is HgSe, the cation precursor
is cadmium acetate in formamide and the anion precursor is (NH4)2S or NazSe in formamide.
Compared with hot-injection, c-ALD method can grow core/shell at room-temperature, which is a
perfect fit for mercury chalcogenide CQDs to avoid aggregation and secondary nucleation. The
authors used a small HgSe core of 4.3 nm diameter, which only showed interband absorption and
PL ~1.8 um, to grow CdSe or CdS shell. The PL QY of core/shells with different shell materials

and thicknesses were measured.
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Figure 1-7 Comparison of PL QY of HgSe/CdSe (blue) and HgSe/CdS (red) core/shells before

(full markers) and after (open markers) annealing at 60 °C in solution under inert atmosphere.

Adapted from reference 59.

As shown in Figure 1-7, all core/shells had improved PL QY compared with HgSe cores, but the
best result came from HgSe/3CdS with a solution annealing treatment, which had a QY of 16.5%.
The large improvement in QY after annealing treatment is likely because of a reconstruction of the
quantum dot lattice that removes some surface or interface traps. And the reason why CdSe, which
is lattice matched with HgSe, behaved worse than CdS is probably that CdS is better in terms of

confining holes in HgSe cores.

1.3 Properties of Mercury Chalcogenide CQDs and Core/Shells

1.3.1 Intraband Transition and Air-Stable n-Doping

Compared with bulk semiconductors, the intraband transition is unique to quantum dots (Figure

1-1). With proper doping, any CQD system can have intraband transition. Early works on this topic
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usually used chemical or electrochemical doping methods to inject carriers into CQDs. In 2000,
Moonsub Shim from Philippe Guyot-Sionnest’s group observed the first steady state intraband
absorption in charged CdSe CQDs.® In this work, a very reducing sodium diphenyl reagent was
added to an inert gas sealed CdSe solution to n-dope the dot and its absorption spectrum was
monitored before and after the reducing. As shown in Figure 1-8, a bleach of CdSe interband
absorption (1Sh-1Se) ~2 eV and an emergence of its intraband absorption (1Se-1Pe) ~0.3 eV were

clearly observed. The same behavior was also observed in other CQDs such as ZnO and CdS.
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Figure 1-8 Absorption spectrum of CdSe CQD solution before (dotted line), immediate after (solid

line) and 27 hours after the addition of sodium diphenyl. Adapted from reference 60.

The initial interband PL of CdSe was quenched after the biphenyl treatment. However, whether or
not the dots had intraband PL was still unknown at that time because of the lack of emission
measurement setup in the mid-IR.5!

In 2003, Dong Yu and Congjun Wang from Philippe Guyot-Sionnest’s group found that doing

electrochemistry on CdSe CQD films could reversibly dope and undope the dots, which allowed a
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more flexible and precise doping control compared with chemical doping.82-5 These papers are of
great importance, which are not only the first electrochemistry doping studies, but also the first
ones to introduce solid state ligand exchange by replacing the original long-chain organic ligands
with shorter ones, the latter becomes a standard treatment nowadays to improve the mobility of

CQD films.
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Figure 1-9 (A) Electrochemistry current (dotted) and conduction current (solid) from cyclic
voltammetry measurement of 1,7-heptanediamine exchanged CdSe film; (B) Integrated surface

charge density (dotted) and differential mobility (solid). Adapted from reference 62.

Figure 1-9A showed a typical result from cyclic voltammetry measurement. There were 2 waves
of reduction current, which corresponded to the n-doping in CdSe 1Se and 1P. states. The
integrated mobility had 2 clear rises and falls (Figure 1-9B), which indicated the dots were half-
filled or fully-filled in their 1S, or 1P. states. The mobility improved 2 orders of magnitude after

half-doped the 1P state.
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Both chemical and electrochemical doping need to be done under inert gas atmosphere. The doping
will disappear within minutes once exposed to air, which makes it hard to be used in real devices.
As aresult, air-stable n-doped CQDs become ideal materials to really use the intraband transitions.
However, finding those materials is not an easy task, as it requires the ambient Fermi level to be
above the 1S. energy level of the CQDs. Giving the fact that the environmental Fermi level is
usually between -0.1 and 0.1 V versus standard calomel electrode (SCE), most wide-gap
semiconductors are not possible to have air-stable n-doping in their CQD forms.5* As a result, until
2018, only four kinds of CQDs and their type-I core/shell heterostructures, namely HgS, HgSe,
HgTe and Ag.Se, have been reported to have air-stable intraband transitions and all of them are
narrow gap semiconductor materials,t 1 21, 65

In 2014, Kwang et al. reported the first air-stable n-doped HgS CQDs.!! The authors deployed a
spectroelectrochemistry technigue to monitor the change in absorption spectrum with respect to

different electrochemical potentials. The results are shown in Figure 1-10.
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Figure 1-10 Difference spectra of a HgS CQD film under increasingly negative potential vs

Ag/AgCI. The spectrum at +1.2 V is used as the reference. Adapted from reference 11.

When the applied potential moved to the negative side, which means more electrons were injected
into the dots, the interband absorption ~10000 cm™ got more and more bleached and the intraband
peak ~2600 cm™* became stronger. This correlation is a direct evidence that the mid-IR absorption
is from the intraband transition. Similarly, intraband transition was also verified in HgSe CQDs.*°
Because of their small gaps, the intraband/interband can be tuned to favor one or the other by
changing their local environment. Common methods include ligand exchange, shell growth and
annealing. For example, exposing the surface of HgS CQDs to Hg?* or S would turn the intraband

absorption on or off, which is shown in Figure 1-11.1
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Figure 1-11 (left) Absorption spectrum of HgS dots with alternating S°~ and Hg?* layer-by-layer
growth; (right) Schematic energy diagrams of Hg?* and S? -treated HgS CQDs. Adapted from

reference 11.

A possible explanation is that Hg?* and S? would introduce some surface dipoles (Figure 1-11). A
dipole from Hg?* would point inward from the surface ligand to the dot and S the opposite. This
surface gating effect would cause some energy level shift in order to stabilize the surface changes
through electrostatic forces. This shift, usually ~0.1-0.3 eV, is enough to move the characteristic

absorption back and forth between intraband and interband.

Growing a type-I core/shell heterostructure is a different story. Compared with HgSe, HgSe/CdS
CQDs were less n-doped and their interband absorption and PL became dominant.®® One
interesting result was that when annealing or doing dithiol ligand exchange on the HgSe/CdS film,
the intraband absorption and PL would reappear. A surface gating explanation may still apply here,
as the metal thiolate formed by the dithiol treatment creates a dipole toward the core and therefore

stabilizes the electron.
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1.3.2 PL QY of Mercury Chalcogenide CQDs

PL QY is an important figure of merit for CQD applications such as LED and laser. It may also
play a role in quantum dot-based photodetectors because it is an indicator of the number of
recombination centers within the device. As a result, we usually want its value to be as close to 1
as possible. Near unity QY is readily available for quantum dots emitting in the visible range.
However, IR CQDs, especially in the mid- or long-IR, still have low PL QY.

Table 2 listed all mercury chalcogenide CQD syntheses and their PL QY. And Figure 1-12 showed

some of the previously reported QY values of HgTe CQDs.3* 57
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Figure 1-12 PL QY of HgTe CQDs. Adapted from (a) reference 67 and (b) reference 33.

In short-IR range (1.4-3 um), the best HgTe CQDs have PL QY comparable to PbSe and PbS.%8-"1
The QY decreases exponentially as the emission moves deeper into the infrared. At 5 um, QY is
on the order of 10*. The interband PL QY of HgSe is even lower, with published value ~0.003 at
1.8 um.%® No mid-IR intraband QY has been reported yet. The exact origin of the low QY in the

infrared is still unknown. Surface traps, energy coupling to the ligand vibrational modes and
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phonon related processes are some of the possible candidates, which will be discussed in depth in
section 3.3.

Recently, Arjan Houtepen, Zeger Hens, Jonathan Owen and Ivan Infante published a
computational study on CdSe nanocrystals and emphasized the importance of the 2-coordinated
selenium atoms.’? Those atoms, which are located on the surface unprotected Se sites, can create
midgap states and act as carrier traps. Similar computational method has been used in HgTe
quantum dots, where results showed that 2-coordinated tellurium atoms also generated midgap
states. In practice, the authors suggested excess washing of CQDs may cause the loss of surface
ligands and therefore unprotected chalcogenide sites.” A possible solution it to introduce Z-type
ligands such as oleylammonium and InClz-OAm complex to passivate those trap states and PL QY
of CdTe CQDs becomes close to 1 after such treatments.”*"® However, because chalcogens are
easily oxidized in air, the exact chemical environment of the surface chalcogenide sites in air is

still unknown.
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Chapter 2 Synthesis of HgTe CQDs and Core/Shells

In this chapter, the synthesis of non-aggregated HgTe CQDs will be discussed, both in amine and
in oleic acid. The non-aggregated nature of these dots makes it possible to grow core/shell
heterostructures for the first time, as the result from HgTe/CdTe core/shell will show. Other
interesting properties such as air-stable n-doping, shape control and phase control will also be
discussed. This chapter includes the published results from references 65 and 77 as well as some

unpublished data.

2.1 Instrumentations

Without further specification, the same absorption, PL, electrochemistry and other material
characterization techniques are used for all CQD studies in the thesis.

Transmittance electron microscopy (TEM) images were obtained using a FEI Tecnai F30
microscope at 300 kV.

X-ray diffraction (XRD) spectra were taken with a Bruker D8 powder diffractometer.

X-ray photoelectron spectroscopy (XPS) results were obtained using Kratos Axis Nova XPS
system.

Solution absorption spectra were taken with an Agilent Cary 5000 UV-Vis-NIR spectrometer and
a Nicolet Magna-IR 550 spectrometer.

Film absorption spectra were measured in an attenuated total reflection (ATR) mode. Films were
fabricated by drop-casting CQD solutions on a 45°-cut ZnSe window, which were then loaded on

a Nicolet Magna-IR 550 spectrometer to measure their ATR-IR.
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PL spectra were recorded with an 808 nm laser diode modulated at 90 kHz with an average power
of 150 mW over a 1 mm? area. The PL was collected by an off-axis (60°) parabolic gold mirror of
25 mm diameter and 50 cm effective focal length. The PL was then sent through a home-built step-
scan Michelson interferometer and detected by an MCT detector with a lock-in amplifier.

The PL quantum yield values shown in this thesis were determined separately by measuring the
QY for a film of HgSe/CdSe CQD which exhibited relatively bright interband emission at 2.5
microns. Then, the absolute QY of the interband PL was determined with a gold integrating sphere
and a PbSe photodetector. Using a thermopile, we verified than the signal from the PbSe detector
was linear with photon energy within 15% for low intensity light from 2.5 zm to 808 nm. A silicon
window in front of the detector of transmission, Tsi = 60%, was used to block the 808 nm and to
measure the PL intensity, PL. The Si window was then removed to measure the 808 nm intensity,
Isample, With the sample and without the sample, Ino sample, in the sphere. The QY for the interband

emission was then calculated using equation 1, which is appropriate for low PL efficiency.

Qr=—"8 2 (1)

(Ino sample_l sample) V808

The quantum vyield for intraband emission and for all other samples are then obtained by their
relative signals to that sample, given the fact that all samples had similar absorption (>80%) at 808
nm.
Electrochemistry measurement was done following the procedures below:
a. Prepared CQD films on interdigitated electrodes by drop-casting;
b. The prepared film was submerged in 2% ethanedithiol (EDT) and 2% HCI in isopropanol
for 30 second and then rinsed with isopropanol. This ligand exchange step will replace the

long-chain ligand with shorter dithiol ligand and increase the conductivity of the film;
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C.

2.2

Electrochemistry was done using a four-electrode setup: two working electrodes, one
reference electrode, and one Pt counter electrode. During the measurement, a bipotentiostat
(DY 2300 series Digi-lvy) applied a small bias (5 mV) between the two working electrodes
and measured the currents on the two working electrodes (l1, I2) as a function of potential.
(11 + 1) is the Faradaic current of the film and (I1 - 12)/2 is the conduction current. The
electrolyte was 0.1 M tetrabutylammonium perchlorate in propylene carbonate, under
nitrogen bubbling, but no precaution was taken to guarantee an anhydrous electrolyte. As
a result, the measurement was done in an ethanol/dry ice bath at 203 K to minimize the

Faradaic currents due to reaction of water and other impurities.

Non-Aggregated HgTe CQDs Synthesized in Oleylamine

2.2.1 Synthesis Procedures

The detailed procedures are shown below:

a.

b.

C.

d.

Oleylamine (OAm) (Sigma-Aldrich, 70%) was purified by degassing it using a Schlenk
line setup under vacuum at 135 °C for 3 h. It was then cooled down under argon and stored
in glovebox for future use. The purpose of this step is to remove the absorbed CO> and
H>0 in OAm;

Weighed a certain amount of HgCl> powder (Sigma-Aldrich, 99.5%) along with 4 mL
purified OAm in a 3-neck flask. Under the Schlenk line, degassing it at room temperature
for 20 min, then degassing at 100 °C for another 1 h. The solution was clear, which means
the HgCl, powder was fully dissolved. This step is to prepare Hg precursor;

Flushed the system with argon and kept the Hg precursor under argon for 20 min;

Reset the temperature at the desired reaction temperature;
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e. In glovebox, prepared the Te precursor by dissolving a certain amount of
bis(trimethylsilyl)telluride ((TMS).Te, Fisher, 98%) in 0.5 mL of hexane. The Te precursor
solution was then loaded in a 1 mL syringe and quickly injected into the Hg precursor;

f. Extracted all reaction mixtures with a long needle syringe when the reaction was finished
and guenched it in pure tetrachloroethylene (TCE);

g. Precipitated the dots by adding a mixture of acetone and methanol until the solution became
turbid. After centrifugation, black precipitate was collected. Washed the precipitate with

ethanol for 3 times to remove excess ligands. The dots were re-dispersed in TCE.

In this synthesis, amount of HgCl, amount of (TMS).Te, reaction temperature and reaction time

were the 4 parameters to control the size of HgTe CQDs. Table 2-1 lists the average sizes (in

diameter) of HgTe CQDs with their corresponding reaction conditions.

Table 2-1 HgTe CQDs sizes and synthetic parameters

HgTe CQD Reaction Reaction Amount of Amount of
size (nm) | temperature (°C)  time (min) HgCl (mmol) (TMS)2Te (mmol)

4.8 100 1 0.1 0.05
5.9 100 1 0.2 0.1

7.1 100 1 0.4 0.2

8.0 120 1 0.1 0.05
9.6 120 10 0.1 0.05
11.5 120 10 0.2 0.05
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2.2.2 Comparison between Aggregated and Non-Aggregated HgTe CQD Synthesis

As shown in section 1.2.1, the reaction between mercury(ll) salts and trioctylphosphine telluride
(TOPTe) in long-chain amine solvents produces HgTe CQDs with a good size-tunability in the
mid-infrared, as well as detectable and narrow photoluminescence (PL) peaks.®® However, the
synthesized HgTe CQDs have aggregated morphology and poor surface stability, which leads to
two problems. First, HgTe CQDs easily crash from solution overtime; second, in order to stabilize
the colloid, one has to use strong ligands such as thiols. The thiols effectively passivate the surface
Hg sites, but also make further surface modifications almost impossible. This has seriously
impeded the efforts to proceed with ligand exchange, core/shell growth, and tunable doping by
surface modifications, which are essential to improve device performance. There was, therefore, a
definite need for a new synthesis that provides improved morphology, colloidal stability, while
also opening up new possibilities for surface modifications.

In the reaction between TOPTe and mercury(Il) chloride salts, the ligands that bind to surface Hg
sites are alkyl amine/ammonium, TOP, and likely chloride ions as in the case of lead chalcogenides
CQDs.” During the cleaning process, which involves precipitation with a polar solvent and re-
dispersion in a non-polar solvent, the colloidal stability is typically lost due to the dilution of the
ligands. This was previously mitigated by adding more TOP and the stronger-binding DDT to the
solution right after reaction.®® It is expected that the thiol replaces the alkyl amine and chloride.
As for the Te sites, there have been reports that TOP can act as the surface Se capping ligand in
CdSe CQDs, which suggests that TOP may also bind to Te sites.’®8! However, the bulky TOP
ligand should be rather weak because of steric hindrance in particular on the well-developed facets

of these HgTe CQDs.8? This could lead to the poor passivation of the Te sites and may explain the
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moderate long term stability of even the thiol capped colloids. The oxidation from TOP to TOPO
may cause even faster stability loss in air. The difficulties with HgTe are in striking contrast to the
case of HgS and HgSe CQDs, which have much better stability and good processability without a
thiol treatment, and are also rather spherical.** *> The main difference in the synthesis of HgS and
HgSe is the use of more reactive sources of sulfide and selenide than the complexes of TOPSe or
TOPS.

We therefore explored more reactive sources of tellurium including NaHTe, H2Te generated from
Al>Tes, bis(trimethylsilyl)telluride ((TMS)2Te), and tributylphosphine telluride (TBPTe). Our best
results have been obtained with (TMS).Te. The use of (TMS).Te has two advantages. First,
(TMS).Te greatly simplifies the reaction system. There is no TOP or TOPO (TOP being oxidized)
that could act like surface ligands, and trimethylsilyl- is a good leaving group which cannot act as
a ligand. Second, (TMS).Te has a very high reactivity such that it will react quantitatively with Hg
precursor. In contrast, TOP forms a complex with Hg, which limits the yield of HgTe.

The detailed synthetic procedures were shown in section 2.2.1. The final HgTe CQDs size is
determined by the reaction temperature, reaction time and amount of precursors. During the
cleaning process, thiol is not needed, unlike the synthesis using TOPTe. Figure 2-1 shows the TEM
images of a size series of HgTe CQDs and XRD spectrum. These pictures indicate a much-
improved dispersion of the colloids compared to the TOPTe method, all the more remarkable in
the absence of thiols. These dots can be stored in the cleaned solution for months without any

precipitate. The dots are still 5-HgTe (zin-blende).
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Figure 2-1 (a-f) TEM images of (TMS).Te synthesized HgTe CQDs with diameter ranging from
4.8 to 11.5 nm (scale bar: 20 nm); (g) High resolution TEM (scale bar: 5 nm) and (h) XRD

spectrum of HgTe CQDs with 11.5 nm size (red line: standard zinc-blende HgTe peaks).

Figure 2-1 also shows that the CQDs are rather spherical, in contrast to the strongly facetted

TOPTe synthesized HgTe dots.®® Faceting generally arises when growth is slow such that the
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slowest growing facets dominate the final structures. It is possible that the fast growth due to the
high reactivity of (TMS).Te is the reason why faceting is strongly reduced compared to the
synthesis using TOPTe.

Besides the reduced faceting which limits oriented attachment when ligands are starved, we
propose that another reason behind the colloidal stability is excess mercury precursor.®® For all
samples shown in Figure 2-1, there is at least a 2-fold excess of Hg precursor. At high temperatures,
the HgCl: salt is dissolved in OAm, forming a clear solution where the Hg precursor likely exists
in the form of HgCl2(OAm), complex. After the quantitative reaction between the Hg precursor
and (TMS).Te, we propose that the excess Hg precursor acts as ligands that bind to the surface Te
sites. To test the role of excess Hg, the ratio between HgCl, and (TMS).Te precursor has been
varied and the best results were always with excess Hg. For example, Figure 2-2 shows the TEM
images of a sample with Hg:Te = 1:1 and another sample with Hg:Te = 2:1, other reaction

parameters being the same.

Figure 2-2 (Left) HgTe CQDs with HgClz: (TMS).Te = 1:1; (Right) HgTe CQDs with HgCl>:
(TMS),Te = 2:1.
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Figure 2-2 shows that the particles have attained similar sizes, but their colloidal stabilities are
markedly different. In the cleaning step, the 1:1 sample could only be re-dispersed by adding
excess thiol ligands and still crashed out quickly. Furthermore, it is apparent in Figure 2-2 that
these HgTe CQDs are already subject to some aggregation, even with thiols. In comparison, the
2:1 sample can be cleaned and re-dispersed while remaining well-separated on the TEM images,
without thiols. Therefore, the excess Hg precursor, while not modifying significantly the

nanocrystal growth, acts as surface ligands in a crucial way to help stabilizing the HgTe CQDs.

Table 2-2 XPS results of different HgTe CQDs films

Binding Energy  Raw area Atomic Hg:Te atomic
HgTe CQD Peak
(eV) (cpseV)  concentration (%) ratio
11.5 nm Te 3d 572.000 375994.6 21.96
1.52:1
(TMS)2Te Hg 4f 99.000 488629.0 33.27
8.0 nm Te 3d 572.000 243752.5 22.92
1.39:1
(TMS)2Te Hg 4f 100.000 290312.8 31.86
8.0 nm Te 3d 572.000 891556.9 24.81
1.15:1
TOPTe Hg 4f 100.000 884086.8 28.72

The elementary analysis results using XPS are shown in Table 2-2 and clearly demonstrates the
Hgrich surface with a Hg: Te ratio of 1.4—1.5. We also tested whether a similar excess Hg precursor
method would facilitate the dispersion of HgTe CQDs synthesized with TOPTe. However, we

found that adding excess Hg precursor during or after the reaction cannot prevent aggregation and
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that the Hg:Te ratio is significantly smaller at ~1.15. Therefore, we propose that the improved
dispersion of the HgTe CQDs using (TMS).Te results from both the more spherical shape, which

makes them less prone to oriented attachment, and the excess Hg ligands.

2.2.3 Properties of Non-Aggregated HgTe CQDs
In this section, the results from optical and electrochemistry measurements are shown. The non-
aggregated HgTe CQDs have a very interesting air-stable n-doping, which makes it the third

system behind HgS and HgSe that has this property.
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Figure 2-3 (a) Absorption spectra of HgTe CQDs solution in TCE; (b) Normalized PL spectra of

the same HgTe CQDs films after thiol ligand exchange.

Figure 2-3 shows the absorption and PL spectra of HgTe CQDs with different sizes. It exhibits a
monotonic trend in absorption and PL peaks with respect to particle sizes. More importantly, in
Figure 2-3a, the absorption spectra of 11.5 nm and 9.6 nm CQDs show a clear intraband absorption

around 1350 cm™ and 1500 cm™, respectively, which corresponds to the transition between the
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quantum dot 1Se and 1Pe states. Therefore, this indicates the air-stable n-doping in HgTe CQDs,

which is further confirmed by electrochemistry experiments, as shown in Figure 2-4.
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Figure 2-4 Cyclic voltammetry results of (a) 11.5 nm; (b) 9.6 nm; (c) 7.1 nm; (d) 4.8 nm; (e) ~10
nm HgTe CQD films. Films (a-d) used (TMS).Te synthesized HgTe and film (e) used TOPTe. The
black and blue curves are the electrochemistry current and conductance of the film, respectively.
The red dashed arrow is the position of the rest potential. The reference electrode is saturated
calomel electrode.
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Figure 2-4b shows the cyclic voltammetry with two clear electrochemical waves corresponding to
the 1S and 1Pe states. This is compared to the same experiment in Figure 2-4e with similar size
HgTe synthesized with TOPTe, where only the 1S. state appears, and only as a shoulder.t* 8 The
position of the environmental Fermi level (rest potential) with respect to the 1S, state also clearly
confirms the n-doping for the (TMS)2Te synthesized dots, since it is within the 1Se state wave. In
contrast, and in agreement with prior results, the Fermi level is slightly closer to the hole injection
for the TOPTe synthesized dots, which are therefore slightly p-doped.

From Figure 2-4(a-b), the n-doping is estimated at 1 e/dot and 0.5 e’/dot, respectively, assuming
that the peak of the 1S, charging wave is at 1 e/dot. For smaller particles (Figure 2-4(c-d)), the
1S, peaks move more negative, so that the n-doping disappears, in accord with the absence of the
intraband absorption in Figure 2-3.

A recent study compared the electron mobility of films of HgTe dots synthesized with TOPTe with
films of HgS and HgSe dots, using a same dithiol ligand exchange.®* It showed two orders of
magnitude higher mobility for TOPTe synthesized HgTe CQDs. This large difference in
conductance was assigned to the partial aggregation of the HgTe CQDs, even though XRD cannot
clearly identify significant narrowing. This conjecture is verified in Figure 2-4, which shows that
the films of the non-aggregating HgTe dots made with (TMS),Te have much lower conductance
compared with the partially aggregated HgTe dots made with TOPTe. This result therefore

supports the notion that partial aggregation enhances the mobility in CQD films.
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Combining the electrochemistry and optical spectra, we derived the state energies for HgTe CQDs
synthesized using (TMS).Te and compared the values with TOPTe synthesized ones. The results

are shown in Figure 2-5.
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Figure 2-5 State energies of HgTe synthesized using (left) (TMS).Te and (right) TOPTe versus
size. The black and magenta dashes are 1Se and 1P, states derived from electrochemistry,
respectively. The red and blue dashes are 1S. and 1P states corrected by the charging energy.%*
The green dots are the estimated conduction band minimum using the optical interband absorption.

The right plot of TOPTe synthesized HgTe is adapted from reference 64.

Figure 2-5 shows that the HgTe CQDs synthesized with (TMS).Te are about 0.15 V more positive
than previously reported data for TOPTe.% This difference, although small, is sufficient to bring

the 1S state of the larger dots in the range of the ambient Fermi level (usually between -0.05 and
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0.05 V versus SCE) and induce n-doping. We note that the valence band positions for HgS, HgSe
and HgTe were recently reported at -5.85, -5.50, and -4.77 eV.%* The new synthesis shifts the band
position of HgTe to -4.92 eV by producing more spherical and well-separated HgTe dots, which
are likely to have similar surface passivation as the prior HgSe and HgS CQDs.* 8 The new
HgTe valence band and its relative position with HgSe and HgS are in better agreement with
theory.8®

As discussed in section 1.3.1, the state energies are influenced by surface dipoles.!! When surface
dipoles are pointing towards the dot, state energies are lowered, and the states become occupied if
they lie below the environment Fermi level. The Hg?*-ligands is likely acting as a surface dipole
pointing towards the dot. Therefore, the Hg rich surface created by the new synthesis explains the

shifts of the 1S, state towards the positive direction, which facilitates n-doping.

To summarize section 2.2, we developed a new synthetic method for HgTe CQDs using a more
reactive source of tellurium (TMS).Te and an excess of mercury precursor. This leads to HgTe
CQDs that are more spherical with no longer a tendency to aggregate. An important result is that
the particles are stably dispersed in the absence of thiols. This is significant since the surface is
now accessible for surface chemical modifications using chemicals less strongly bound than
sulfides. This new synthesis will therefore allow for the further investigation of ligand exchange
and core/shells in order to improve device performance. Another important result is that the HgTe
dots show air-stable n-doping for the larger sizes. Electrochemistry verifies that there is a 0.15 eV

shift of the band energy, which induces n-doping.
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2.3 Non-Aggregated HgTe CQDs synthesized in Oleic Acid

2.3.1 Synthesis Procedures

The detailed procedures are shown below:

a. Weighed 10 mmol of tellurium granules (Sigma-Aldrich, 99.999%, pellets) in a 20 mL vial.
Added 10 mL of trioctylphosphine (TOP, Sigma-Aldrich, 90%) and took the vial to
glovebox. Stirred overnight at room temperature to let the solid dissolved and a yellow-
green solution was prepared. This step is to prepare 1 M TOPTe;

b. Weighed 1 mmol of HgO powder (Sigma-Aldrich, 99%) in a 20 mL glass vial. Added 6
mL of oleic acid (OAcid, Sigma-Aldrich, 90%) and 4 mL of octadecene (ODE, Sigma-
Aldrich, 90%). Put the vial on a hot plate inside the glovebox;

c. Set the hot plate temperatures at 125 °C and started stirring. When the actual temperature
reached 110 °C, the red color from HgO powder gradually disappeared. It took about 15
min for the solution becoming colorless, then stopped heating. This step is to prepare
mercury oleate (Hg(oleate),) as mercury precursor;

d. When the solution was cooled to room temperature (~24 °C), injected 0.1 mL of 1 M
TOPTe. The color turned red then black within 5s;

e. Took 1 mL aliquots of reaction mixture each time after a certain reaction duration at a
certain temperature. A list of reaction temperature, reaction time and the corresponding PL
peak position (indicating particle size) was shown in Table 2-3. Note that it was a
continuous reaction, which means a row went through all the steps above it. The dots were
precipitated by adding a mixture of acetone and ethanol. After centrifugation, the solids

were re-dispersed in TCE with the help of sonication.
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Table 2-3 Synthetic parameters for oleic acid synthesized HgTe CQDs

Reaction Film PL
Sample number Reaction time (h)
temperature (°C) position (cm™)
a 1.5 24 8200
b 15 24 7950
c 20 24 6550
d 2 35 6200
e 3 35 6000
f 16 45 4750
g 16 60 3550
h 16 70 2650

* Measured after EDT/HCI ligand exchange, others measured as-prepared.

2.3.2 Surface Ligands of Different HgTe CQD Syntheses

Researchers have classified CQD binding ligands into 3 categories: Z-type, L-type and X-type
ligands, where one ligand can accept 2 electrons (donate 1 orbital), donate 2 electrons and donate
1 electron, respectively, to form chemical bond with the quantum dot surface cations and anions.®”

8 Their differences are shown in Figure 2-6.
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Figure 2-6 Schematic representations of the most important ligand classes within the covalent

bond classification regime. Adapted from reference 88.

Based on this classification, an L-type ligand prefers to bind to metal sites on the quantum dot
surface while a Z-type ligand tends to bind to nonmetal sites. An X-type ligand can choose to bind
to either metal or nonmetal sites, but in practice, most X-type ligands are bound to metal sites,
such as thiols. Specifically, for HgTe CQDs, the binding ligands of different HgTe CQD syntheses

are shown in Table 2-4.
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Table 2-4 Binding ligands on HgTe CQD surfaces

Synthesis Hg sites binding ligands Te sites binding ligands
TOPTe, OAM®® OAm (L-type), DDT (X-type) TOP (L-type, weak)”
(TMS),Te, OAm (section 2.2) OAm (L-type) HgCl2(OAm)x (Z-type)
TOPTe, OAcid (section 2.3) oleate (X-type) Hg(oleate) (Z-type)

* TOP is a weak Te binding ligand and quickly oxidized to TOPO in air.

From Table 2-4, it is clear that the old synthesis from Hg-amine and TOPTe lacks Te sites binding
ligands. As a result, it requires a very strong thiol to be the Hg-site ligand.*® For the other two
syntheses, because the Te sites are also protected, the dots can be stable without thiols. Another
result from the existence of Z-type ligand is the higher Hg/Te ratio, which is verified by XPS.
Metal/nonmetal ratio greater than 1 seems to be a general law in other CQD systems such as CdSe,
PbSe and PbS, where Z-type ligand is believed to be present.8%-%

The presence of underpassivated surface chalcogen sites may create mid-gap states that act as
electron traps. Introducing additional Z-type ligands such as CdCl; has proved to be effective in
passivating these trap states and improving the PL efficiency.”® However, things may be different
for quantum dots stored in air, as the unpassivated Te will be quickly oxidized to TeOx(OH)y,

which is transparent in the IR and may be acting as an inorganic matrix.

2.3.3 Properties of HgTe CQDs Synthesized in Oleic Acid

Since Xiaogang Peng’s work in 2001, metal precursors produced by the reaction between metal

oxides and organic acids became an important group of precursors, which greatly lowered the
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threshold of nanocrystal synthesis.®® The commonly used organic acids are fatty acids such as oleic
acid and phosphonic acids such as tetradecylphosphonic acid.*’*® Depending on the desired
capping ligands, metal-acid complexes can be used directly in a one-pot synthesis or separated by
adding acetone and redissolved in other solvent/ligand systems.*% In this HgTe CQD synthesis,
Hg(oleate)> was made in-situ and OAcid acted as both solvent and ligand, similar to the role of
OAm in section 2.2.

In a typical OAcid-based HgTe synthesis, the Hg:Te precursor ratio is 10:1. As suggested in
section 2.3.2, to produce a metal-rich surface usually acquires a high metal/nonmetal precursor
ratio, sometimes as high as 24:1.1%* And for these HgTe CQDs, any precursor ratio smaller than
5:1 will not allow the dots to be stable in TCE after cleaning. Figure 2-7 shows the TEM images

of HgTe CQDs with a series of sizes.

Figure 2-7 TEM images of HgTe CQDs synthesized in oleic acid (scale bar: 10 nm). (a-h)

correspond to the sample numbers in Table 2-3.
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Even with Hg: Te = 10:1, aggregation is still a problem in these HgTe CQDs, especially for small
ones. As a result, smaller dots such as 2-7a will precipitate out in TCE within hours and bigger
ones can last for weeks in the absence of thiols. The aggregation is likely due to oriental attachment,
as shown by the elongated and knotted particle chains in Figure 2-7b and 2-7f. When the particle
size increases, the dots become more and more separated and spherical and their solution stability
improves.

Figure 2-8a shows the normalized PL spectra of HgTe CQDs with different sizes. The HgTe CQD
samples were drop-casted on aluminum substrates and measured as-prepared. All samples, except
h, exhibit a narrow PL peak, with FWHM between 600 and 1000 cm™. The broad PL from sample
h is likely due to the energy transfer from dots to the C-H vibrational modes from ligands, which
bleaches the PL ~2900-3000 cm™ and creates a dip in the PL peak. Therefore, a solid-state ligand
exchange with EDT/HCI will help cleaning the C-H stretch. The results are shown in Figure 2-
8(b-c).

After EDT/HCI ligand exchange, more than 90% of C-H stretches as well as most of the low
energy vibrations from 1000 cm™ to 2000 cm™ (from C=0) are removed and a more Gaussian PL
peak is obtained. The PL is much stronger (increased an order of magnitude in intensity) after the
removal of surface ligands. It also red-shifts, likely due to the slight sintering with shorter ligands.
No intraband absorption or PL is observed and electrochemistry also confirms that the

environmental Fermi level is below the 1S. state of HgTe CQDs.
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Figure 2-8 (a) Normalized PL spectrum of films of sample (a-h) from Table 2-3. Measured on Al
substrate; (b-c) Absorption and PL spectrum of a film of sample h (middle) before and (bottom)

after EDT/HCI treatment. Measured on ZnSe substrate.

An interesting observation is that the absorptions from non-aggregated HgTe CQDs, either
synthesized in OAm or in OAcid, have broader excitonic features than aggregated ones (shown in

Figure 1-4, 2-3 and 2-8, respectively). A recent report showed that with more monodispersed dots,
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a splitting in the first excitonic feature happened, which suggested that the feature was actually a
combination of 2 transitions (1Sh-1S. and 1Px-1S.).1%2 However, even after Gaussian fit and only
considering the 1Sp-1S, transition, the absorption shoulder was still broader than aggregated HgTe
CQDs. This might be due to the different particle shapes from three syntheses, i.e. spherical (non-
aggregated) vs. tetrahedral (aggregated), but further experiments and calculations need to be done

to verify it.

To summarize section 2.3, non-aggregated HgTe CQDs were synthesized using Hg(oleate), and
TOPTe, the former was made in-situ with HgO and oleic acid. A large Hg: Te precursor ratio (10:1)
is needed to produce Hg-rich surface and improve stability. The particle growth is very slow and
different sizes could be obtained after days of reaction. The dots are aggregated at small sizes but
become separated as they grow. Large particles are stable for weeks in the absence of thiols. This
synthesis provides an alternative route for the (TMS).Te method in section 2.2 and avoids the use
of very reactive and expensive (TMS).Te precursor. The similarity between OAcid-synthesized
HgTe CQDs and oleate-capped PbS or PbSe also makes it possible to borrow some ideas such as

cation exchange and surface doping from these well-studied systems.03-106

2.4 HgTe/CdTe core/shell Heterostructures Synthesized via c-ALD

2.4.1 Synthesis Procedures
The detailed procedures are shown below:
a. Oleylamine (OAm) (Sigma-Aldrich, 70%) was purified by degassing it using a Schlenk
line setup under vacuum at 135 °C for 3 h. It was then cooled down under argon and stored

in glovebox for future use;
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b. Prepare non-aggregated HgTe CQDs in glovebox. In a typical synthesis, HgCl> (0.2 mmol,
Sigma-Aldrich, 99.5%) and 5 mL of purified OAm was added to a 20 mL vial. The mixture
was heated on hot plate at 100 °C to dissolve the HgCl>. Reset the hot plate at 110 °C and
injected (TMS).Te (0.1 mmol, Fisher, 98%) into the vial. The solution turned black
immediately. Reacted for 10 min and quenched in 5 mL of TCE. Precipitated the dots by
adding ethanol followed by centrifugation. The dots were re-dispersed in 10 mL of toluene
for shell growth;

c. Synthesize HgTe/CdTe core/shell via colloidal atomic layer deposition (c-ALD) in
glovebox. In a typical synthesis, 1 mL of HgTe toluene solution (contained 0.01 mmol of
HgTe) was put in a test tube together with 100 uL of purified OAm and 2 mL of formamide
(FA) to form a 2-phase system. To grow one layer of CdTe, 40 uL of 1.1 M NazTe/FA
solution was injected and vigorously stirred for 2 min. Then the bottom FA phase was
removed and the top toluene phase was washed three times with FA to remove any leftover
NazTe. Next, 2 mL of FA and 60 uL of 0.1 M solution of cadmium acetate (Cd(OAC)2,
Sigma-Aldrich, 99.99%) in FA was injected and stirred for 2 min. The FA phase was
removed and the toluene phase was washed three times with FA to remove any leftover
Cd(OACc)2. After the desired number of CdTe layers were grown, 3 drops of DDT was
added and the dots were precipitated with ethanol and centrifugation. The precipitate was

re-dispersed in TCE for further characterization.

2.4.2 Properties of c-ALD synthesized HgTe/CdTe Core/Shells

Following the prior synthesis protocol in section 2.2, we use (TMS).Te and HgCl: in oleylamine

to synthesize HgTe CQDs at 100-120 °C. The CQDs are quasi-spherical and well-separated as

49



shown in Figure 2-9a.%° We explored the growth of CdTe shells using a hot-injection method but
found no conditions of reagents or temperatures where the core sizes and compositions could be
preserved. The most typical outcome was larger and alloyed HgCdTe nanoparticles with blue-
shifted energy gaps. c-ALD was introduced by Ithurria and Talapin as a method to form a shell at
room temperature.'®” Here we chose CdTe as the shell material because it forms a type-1 core/shell
structure with HgTe with nearly matching lattice constants of 0.646 nm for HgTe and 0.648 nm
for CdTe.54 108

Figure 2-9a shows the TEM images of HgTe core and HgTe/CdTe core/shell after 3 c-ALD growth
cycles. After c-ALD growth, the core/shells remain quasi-spherical and well-separated in solution.
The sizes were determined by visual determination from the TEM images. The average diameter
increases from 9.0 £ 0.3 nm to 10.1 + 0.3 nm or a ~12% size increase. The error given is the
variance of the measurements divided by the square root of the number of measurements (around
100). The size increase of 1.1 £ 0.4 nm, corresponds to ~1.7 monolayers of CdTe, using half of
the CdTe lattice constant of 0.648 nm for one monolayer. In spite of much effort, the size did not
increase with subsequent c-ALD cycles. More cycles only led to secondary nucleation, despite
washing the colloids three times with FA after each half cycle. Given the lack of strain expected
in this lattice matched core/shell structure, the difficulty with c-ALD is tentatively attributed to the

choice of ligands.
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Figure 2-9 (a) TEM images and normal size distributions of (bottom) HgTe core and (top)

HgTe/CdTe core/shell after 3 cycles of c-ALD (scale bar: 10 nm); (b) XRD spectra of (bottom)

HgTe core and (top) HgTe/CdTe core/shell before (black curve) and after (red curve) annealing

at 150 °C for 1 h. The blue lines indicate the position of bulk zinc-blende HgTe; (c) PL spectra of

HgTe core and HgTe/CdTe core/shells, measured in TCE solution; (d) PL spectra of HgTe/CdTe

core/shells after EDT ligand exchange and annealing, measured on films; (e) PL spectra of
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Figure 2-9, continued

HgTe/6-cycle CdTe before and after annealing at 160 °C for 2 h, measured on the same film. The
values in (a-c) are the integrated QY; (f) Absorption spectra of HgTe core and HgTe/CdTe
core/shell measured in TCE solution, normalized at 6000 cm™. Absorption ~2900 cm™ was

blanked due to the strong C-H vibrations from surface ligands.

Figure 2-9b shows XRD spectra. The FWHM for the XRD peak at ~24° is 1.4° for the HgTe core
and 1.2° for the HgTe/CdTe core/shell. This is also consistent with a 16% size increase with the
lattice matched shell. Even though the CdTe shell is thin, it already improves dramatically the
thermal stability of the CQD films. As shown in Figure 2-9b, the linewidth of the HgTe core XRD
peak narrows 3-fold after annealing the films at 150 °C for 1 h, indicating a corresponding increase
in the average grain size. On the other hand, the films of the HgTe/CdTe core/shell show no change
in the XRD spectrum under the same annealing condition. The results also imply that no sintering
happens to the CdTe shell at 150 °C, and this is consistent with the sintering studies of CdTe
nanocrystals which required annealing temperatures around 300 °C,109-110

Figure 2-9c shows the PL of HgTe core and HgTe/CdTe core/shells in solution, normalized by
their absorbance at 808 nm. The core PL quantum yield is around 6x10°, which is slightly lower
than for the aggregated HgTe synthesis with dodecanethiol ligands, at similar energy of emission.®’
With the shell growth and the same ligand dodecanethiol, there is no shift of the emission but a
systematic, yet moderate, increase in the PL intensity with the number of c-ALD cycles. With 6
cycles, the PL increases 2-fold. This confirms that the CdTe shell indeed forms a type-I
heterostructure with HgTe. However, the 2-fold PL enhancement for a type-I core/shell, with a

weak PL to start from, is strikingly different from the high PL QY typically obtained with type |
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core/shell of wider gap CQDs. Another effect of the shell growth is the removal of n-doping. The
initial HgTe core, which has an average size of ~9 nm, is n-doped as demonstrated by an air-stable
intraband absorption peak at ~1500 cm™ in Figure 2-9f. After the CdTe shell growth, the intraband
absorption disappears, as shown by the red curve in Figure 2-9f. This removal of doping upon shell
growth has been observed in HgS and HgSe before.%® 8

Figure 2-9d shows the PL spectra of HgTe/CdTe core/shells after EDT ligand exchange and
annealing, measured on films; the PL of the HgTe core is completely quenched after annealing at
150 °C for 30 min, and this is consistent with the sintering to larger particles determined by XRD.
In contrast, the PL of core/shells neither decreases nor shifts after 2 h at 160 °C except for the 1 c-
ALD cycle sample. The latter is likely caused by its incomplete surface passivation. The PL
intensity actually benefits from the annealing treatment. From Figure 2-9e, the PL improves more
than 3 times for the 6-cycle sample, after annealing. The PL improvement upon annealing is seen
for all core/shell samples.

At temperatures above 180 °C, the PL of films of HgTe/CdTe core/shells starts to blue-shift. This
is assigned to the Hg/Cd alloying through the core/shell interface. 180 °C is therefore a temperature
limit for HgTe/CdTe core/shell. Future attempts to grow a CdTe shell with hot injection will then
require the use of reagents below that temperature. A similar upper temperature limit is known for
growing HgTe/HgCdTe quantum well 11112

To summarize section 2.4, using c-ALD, a thin CdTe shell was effectively grown on the HgTe
cores at room temperature. The thin shell protects the quantum dots against annealing and
preserves the optical and structural properties up to the alloying temperature of 180 °C. The shell

also provides a moderate PL enhancement by a factor of ~2.
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2.5 Shape Control of HgTe Nanoparticles with Tellurone Precursor

2.5.1 Synthesis Procedures

Thiourea, selenourea and their derivatives have proved themselves to be a useful group of
precursor for HgSe, PbSe, PbS and CdS CQDs syntheses.™™ %254 72 Naturally, one may consider
developing a similar tellurourea synthesis. After checking literature, the only possible tellurourea
derivative is tellurone, which is a four-substituted tellurourea and first made by Arduengo in

1997113
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Figure 2-10 Synthetic route for making tellurone. Adapted from reference 113.

As shown in Figure 2-10, a very special carbene compound needs to be used for the tellurone

synthesis. This type of carbene, named Arduengo carbene, has excellent stability and could be

crystalized and stored in the absence of water and oxygen.!'*1® The procedures for making
tellurone are shown below:

a. In glovebox, weighed 1 mmol 1,3-Dimesitylimidazol-2-ylidene (TCI America, 97%) and

1 mmol tellurium powder (Sigma-Aldrich, 200 mesh, 99.5%) in a pre-dried 20 mL glass

vial;
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b. Added 10 mL tetrahydrofuran (THF, Sigma-Aldrich, anhydrous, 99.9%) to the vial. Started
stirring at room temperature for 12 h;

c. Heated the solution at 60 °C for 1 h. The top layer was clear yellow-orange solution and
there was some black powder (undissolved tellurium) on the bottom. Collected the top

solution and used directly as tellurium precursor.

The procedures for making HgTe CQDs with various shapes are shown below:

a. OAm was purified by degassing it using a Schlenk line setup under vacuum at 135 °C for
3 h. It was then cooled down under argon and stored in glovebox for future use;

b. Weighed 0.1 mmol of mercury precursor along with 6 mL purified OAm in a 3-neck flask.
Under the Schlenk line, degassing it at room temperature for 10 min, then degassing at
90 °C for another 30 h. The final shape of HgTe CQDs were tuned by changing different
mercury precursors;

c. Flushed the system with argon and kept the Hg precursor under argon for 10 min;

d. Reset the temperature at 100 °C and injected 0.5 mL tellurone precursor. The solution
turned black. Extracted aliquots of reaction mixtures with a long needle syringe and
quenched it in chloroform;

e. Precipitated the dots by adding a mixture of acetone and methanol until the solution became
turbid. After centrifugation, black precipitate was collected. Washed the precipitate with

ethanol for 3 times to remove excess ligands. The dots were re-dispersed in TCE.

2.5.2 Properties of Anisotropic HgTe Nanoparticles

55



As shown in Figure 2-11, different mercury precursors will result in different shapes. The used
precursors are Hg(Ac)z2, HgClz, Hg(SCN), and a combination of Hg(Ac). and HgCl, (1:1). The

actual Hg/Te ratio is larger than 2:1, given the fact that not all tellurium powders dissolved in THF.

Figure 2-11 TEM images of HgTe CQDs with different shapes: (a) branched thick nanorods; (b)
branched thin nanorods; (c) quasi-spherical particles; (d) tetrapods. The particles were obtained
using HgCl2, Hg(SCN)2, Hg(Ac)2 and 1:1 = Hg(Ac).: HgCl2 as mercury precursor and tellurone
as tellurium precursor, respectively.
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Shape control of CQDs is usually achieved by tuning ligand environment.**”-12° Different ligands
can preferentially bind to certain crystal facets, which tunes the relative surface energies on
different facets. Things are different in this tellurone synthesis, where the ligand is the same OAm.
One possible reason behind the different shapes is the reactivity difference of mercury precursors.
In a typical synthesis, Hg(Ac). turns black in 1 s after the injection of tellurone, while HgCl> and
Hg(SCN)2 need 10 s and 20 s, respectively. As a comparison, the color change is instant for Sean
Keuleyan’s TOPTe synthesis and different mercury precursors have no effect on the final
products.® This indicates that tellurone has a much lower reactivity compared with TOPTe, which
is due to its 4-substituted molecular structure and allows it to differentiate the various mercury
precursors based on their reactivity.>?>2 In section 2.2, we mentioned the shape difference between
aggregated and non-aggregated HgTe CQDs came from the fact that (TMS).Te is much more
reactive than TOPTe. The same idea could be used here: the more reactive the precursor is, the
less anisotropic the final particles are.

Reactivity: Hg(Ac)2 > HgCl. and Hg(Ac)2 mixture > HgCl> > Hg(SCN):

Anisotropy: quasi-spherical < tetrapods < (thin or thick) branched nanorods

The synthesized HgTe nanoparticles are still zin-blende and their typical absorption and PL spectra

are shown in Figure 2-12.
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Figure 2-12 (a) XRD spectrum of HgTe nanorods corresponding to Figure 2-11a. The red lines

indicate the position of bulk zinc-blende HgTe; (b) ATR-IR and PL spectra of the same sample.

Measured on ZnSe window after EDT/HCI ligand exchange; (c) PL measured under different

conditions. PL has reasonable intensity only on film with ligand exchange; (d) Cyclic voltammetry

results of the same HgTe nanorods. The black and blue curves are the electrochemistry current

and conductance of the film, respectively. The red dashed arrow is the position of the rest potential.

The reference electrode is saturated calomel electrode.
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The branched nanorods have a clear absorption feature and PL emission at 2100 cm™ with almost
no Stokes shift. The PL peak has a FWHM ~550 cm™ but only shows up after ligand exchange.
This indicates there might be a strong energy coupling to ligand vibrational modes in these
nanorods. Given the fact that the width of branched nanorods is ~7-8 nm (the length varies a lot),
which is smaller than the diameter of 5 um emitting HgTe quantum dots, there is less confinement
in the 1D nanorods compared with 0D quantum dots. Similar behavior has been observed in CdSe
nanowires versus nanorods, where the absorption energy red-shifts from nanorods to the less
confined nanowires.!?

Electrochemistry result in Figure 2-12d shows that the nanorods are intrinsic and have a 2-order
higher mobility compared with non-aggregated HgTe CQDs, even better than aggregated ones
(shown in Figure 2-4). This could be explained by the smaller numbers of grain boundaries and
therefore the recombination centers. The branched structures that connect several nanorods

together may also facilitate the charge transport.

2.6 Phase Control of HgTe/CdSe Heterostructures

All HgTe and HgTe/CdTe shown above are in zinc-blende (zb-) phase. And to the best of our
knowledge, it is the only reported phase in mercury chalcogenide CQDs.? 3138 Zin-blende is the
kinetically favored phase, and the low temperatures used in mercury chalcogenide growth might
be the reason that it becomes dominant.

In this section, inspired by the work done by Jennifer Hollingsworth and her co-workers, |
successfully synthesized zb-HgTe/wurtzite-CdSe heterostructures.?? The growth method is hot-
injection. As mentioned in section 2.4, hot-injection is usually not a good way to synthesize

HgTe/CdSe (or CdTe) because the temperature needed for growing CdSe or CdTe is too high for
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HgTe. Experiments also proved it. When trying to grow CdSe or CdTe at ~180 °C, non-aggregated

OAm-synthesized HgTe cores crashed out quickly. It is only possible to grow these

heterostructures from OAcid-synthesized HgTe CQDs.

2.6.1 Synthesis Procedures

The detailed synthesis procedures are shown below:

a.

In glovebox, weighed 10 mmol Se powder (Sigma-Aldrich, 99.99%) in a 20 mL vial. 10
mL of TOP (Sigma-Aldrich, 97%) was added and the solution was stirred at room
temperature overnight to form a yellow solution. This step is to prepare 1 M TOPSe as Se
precursor;

10 mmol CdO (Sigma-Aldrich, 99.99%) and 40 mmol OAcid (Sigma-Aldrich, 90%) was
added to a flask, which was purged under argon for 15 min. Next, the mixture was heated
at 240 °C for 20 min to dissolve CdO powders. The solution was cooled to 50 °C and
poured into 100 mL of acetone. White cadmium oleate solid precipitated out. Rinsed the
product with acetone twice and dried it under vacuum for 2 days. The cadmium oleate
powder was dissolved in OAcid to make a 0.5 M solution and used as Cd precursor;
Synthesized HgTe CQDs in OAcid following the procedures in section 2.3.1. The HgTe
cores had a size ~7.4 nm diameter;

Took 2 mL OAcid and 4 mL ODE (Sigma-Aldrich, 90%) in a 3-neck flask. The flask was
degassed under Schlenk line for 1 h. 1 mL of HgTe TCE solution from step d was injected
into the flask and degassed for another 30 min to remove TCE;

Flushed the system with argon and kept the HgTe cores under argon for 15 min;
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f. 0.6 mL of Cd(oleate) solution, 0.3 mL of TOPSe and 5.1 mL of ODE were filled in a 6
mL syringe. Loaded the syringe on a syringe pump. Next, increased the temperature of the
flask to 200 °C, started the pump at an injection speed of 1.6 mL/h. When the injection was
finished, cooled down the reaction mixture to room temperature and quenched in
chloroform;

g. Precipitated the quantum dots with acetone and ethanol followed by centrifugation. Re-

dispersed in TCE.

2.6.2 TEM and XRD of zb-HgTe/w-CdSe Tetrapods

The TEM image and XRD spectrum are shown in Figure 2-13.

Intensity (a.u.)

2 Theta

Figure 2-13 (left) TEM and (right) XRD of HgTe/w-CdSe. Green, red and blue lines indicate the

positions of zb-HgTe, zb-CdSe and w-CdSe, respectively.

The zb-HgTe/w-CdSe heterostructure has a tetrapod shape. The coexistence of zb-HgTe and w-

CdSe can be verified by XRD spectrum. While the peak ~45.8° indicates the w-CdSe, the peak
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~39.6° and the little shoulder ~46.8° suggest that zb-HgTe is still in the structure. This seeded
growth of wurtzite arms on zinc-blende cores has been used to synthesize a variety of different
tetrapods.'?>1?° The general idea is to let wurtzite arms grow along their (0001) directions, from
(111) facets of the zinc-blende cores. This will form the least strained interface between w- and

zb-domains.

The same idea could be used to grow zb-HgSe/w-CdSe tetrapods, which will be discussed in

section 3.4. The tetrapods are nonemissive.

2.7 Conclusions

In this chapter, | described the efforts of growing various HgTe CQDs and their heterostructures.
Non-aggregated HgTe CQDs could be made in oleylamine or oleic acid, which allows the growth
of core/shells for the first time. HgTe/CdTe core/shell has a type-l structure and is the first
successful shell growth on HgTe with excellent thermal stability. Moreover, different shapes and
phases could be achieved in HgTe and zb-HgTe/w-CdSe by tuning the right synthetic parameters
such as precursor and surface ligand. These results will provide new possibilities for a variety of

HgTe-based IR applications, such as photodetection and IR-lasing.
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Chapter 3 Synthesis of HgSe CQDs and Core/Shells

In this chapter, the synthesis of more monodispersed HgSe CQDs will be discussed, using a less
reactive substituted selenourea precursor. HgSe/CdSe core/shells are grown in both c-ALD and
hot-injection ways with improved PL at 5 xm and better thermal stability. zb-HgSe/w-CdSe
tetrapods and phase control by changing precursors will also be discussed. This chapter includes

the published results from reference 77 as well as some unpublished data.

3.1 Synthesis and Properties of Monodispersed HgSe CQDs

In the previous HgSe CQDs synthesis by Zhiyou Deng et al., the reaction between selenourea and
HgCl-amine is not very controllable due to the high reactivity of selenourea. During the hot-
injection, if we cannot instantaneously mix the two precursors, inhomogeneity will rise from the
nucleation stage. For example, at the time the last drop of selenourea meets HgCl2, HgSe nuclei
from the first drop of selenourea may already grow to a large size. As a result, the size dispersion
of HgSe CQDs is not good, usually ~10-15%, and there could be a large variation from time to
time depending on how good the mixing is.*®

Jonathan Owen and his group first synthesized 3 or 4-substituted selenourea (or thiourea), which
could lower the reactivity of selenourea (or thiourea) several orders of magnitude.>?->* Precursor
mixing becomes less of a problem because of the low reactivity. Figure 3-1 shows the one-step
synthetic route for making a special 3-substituted selenourea using selenium powder, isocyanide
and amine. According to Owen, this precursor is 3-4 orders lower in conversion rate compared

with selenourea and can be easily made at 95% vyield. The low conversion rate also helps
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maintaining a relatively high precursor concentration in the reaction mixture, which will suppress

the Ostwald ripening. It will be the precursor for HgSe CQDs synthesis in section 3.1.

2 Toluene 1 Se
LtNC + Se + HN” + ——— R! J. R?
R '3 100 °C N- N
R - H |3 K
1 hour R2 -
R! R? R? yield (%)

"‘(:41 l‘) _((,lll)g_ 95

Figure 3-1 Synthetic route for making substituted selenourea. Adapted from reference 53.

The detailed synthesis procedures for making substituted selenourea are shown below:
a. In glovebox, weighed 6 mmol selenium powder (Sigma-Aldrich, 100 mesh, 99.99%) in a
20 mL glass vial. Added 4.8 mL toluene (Sigma-Aldrich, anhydrous, 99.8%), 0.6 mL
piperidine (Sigma-Aldrich, 99.5%) and 0.62 mL butyl isocyanide (Sigma-Aldrich, 97%)
to the same vial. Put the vial on hot plate;
b. Set the hot plate temperature at 115 °C and stirred for 1.5 h. Most selenium powders
dissolved, and solution became yellow. Stored the solution in glovebox and used directly

as Se precursor.

The detailed synthesis procedures for making HgSe CQDs are shown below:
a. Oleylamine (OAm) (Sigma-Aldrich, 70%) was purified by degassing it using a Schlenk
line setup under vacuum at 135 °C for 3 h. It was then cooled down under argon and stored

in glovebox for future use;
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b. Weighed 0.13 mmol HgCl> powder (Sigma-Aldrich, 99.5%) along with 5 mL purified
OAm in a 3-neck flask. Under the Schlenk line, degassing it at room temperature for 20
min, then degassing at 100 °C for another 1 h;

c. Flushed the system with argon and kept the Hg precursor under argon for 10 min;

d. Reset the temperature at the desired reaction temperature;

e. In glovebox, diluted 0.1 mL of substituted selenourea in 3 mL of purified OAm. The Se
precursor was then loaded in a 3 mL syringe and quickly injected into the Hg precursor;

f. Extracted all reaction mixtures with a long needle syringe when the reaction was finished
and quenched it in chloroform;

g. Precipitated the dots by adding a mixture of acetone and methanol until the solution became
turbid. After centrifugation, black precipitate was collected. Washed the precipitate with
ethanol for 3 times to remove excess ligands. The dots were re-dispersed in nonpolar

solvents such as TCE and toluene.

Figure 3-2a shows a typical TEM image of HgSe CQDs after 2 h reaction at 100 °C. It forms a
nice self-assembly pattern that indicates a good size dispersion. The monodispersity is ~6% at 6.5
nm diameter, which has never been achieved using previous methods.

The HgSe CQDs has narrow intraband absorption peaks as anticipated. The absorption peak has a
wide tunability between 2000 cm™ and 3000 cm™. Compared with selenourea synthesis, which
usually finishes within 10 min, these new syntheses are much slower, requiring hours to achieve

similar sizes and absorption peak positions.
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Figure 3-2 (a) TEM image of 6.5 nm HgSe CQDs that shows self-assembly pattern (scale bar: 50

nm); (b) ATR-IR spectrum of HgSe CQDs with different sizes. Measured on ZnSe substrate.

3.2 Synthesis of HgSe/CdSe Core/Shell via Hot-Injection

3.2.1 Synthesis Procedures

The detailed synthesis procedures are shown below:

a. OAm was purified by degassing it using a Schlenk line setup under vacuum at 135 °C for
3 h. It was then cooled down under argon and stored in glovebox for future use;

b. In glovebox, weighed 10 mmol Se powder (Sigma-Aldrich, 99.99%) in a 20 mL vial. 10
mL of TOP (Sigma-Aldrich, 97%) was added and the solution was stirred at room
temperature overnight to form a yellow solution. This step is to prepare 1 M TOPSe as Se
precursor;

c. 10 mmol CdO (Sigma-Aldrich, 99.99%) and 40 mmol OAcid (Sigma-Aldrich, 90%) was
added to a flask, which was purged under argon for 15 min. Next, the mixture was heated

at 240 °C for 20 min to dissolve CdO powders. The solution was cooled to 50 °C and
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poured into 100 mL of acetone. White cadmium oleate solid precipitated out. Rinsed the
product with acetone twice and dried it under vacuum for 2 days;

HgSe CQDs were synthesized following the procedures in reference 15 and re-dispersed
in TCE at a concentration of 0.01 mmol HgSe/mL TCE;

1 mL of HgSe TCE solution and 5 mL of purified OAm was added to a 3-neck flask. The
flask was degassed under Schlenk line for 30 min to remove TCE, which was then purged
with argon for 15 min. At the same time, cadmium oleate (0.2 g, 0.3 mmol) was dissolved
in 5.7 mL of purified OAm in glovebox. The cadmium oleate solution and 0.3 mL of
TOPSe were filled in a 6 mL syringe. Loaded the syringe on a syringe pump. Next,
increased the temperature of the flask to 200 °C, started the pump at an injection speed of
1.6 mL/h. When the injection was finished, cooled down to room temperature and
quenched in chloroform;

Precipitated the quantum dots with acetone and ethanol followed by centrifugation. Re-

dispersed in TCE.

3.2.2 Properties of HgSe/CdSe Core/Shell Synthesized via Hot-Injection

Alloying was previously observed in HgSe/CdS core/shells at ~250 °C.58 This is a higher

temperature than for HgTe/CdTe, which is likely related to the larger lattice energy of HgSe

compared to HgTe. Even though the CdSe CQD synthesis is normally conducted at temperatures

above 250 °C, previous studies have shown that some selenium precursors can react with cadmium

oleate at temperatures as low as 150 °C.*?¢ We therefore explored a number of selenium precursors

at different growth temperatures including Se-OAm, Se-ODE, (TMS).Se and TOPSe. Our best

results were obtained with TOPSe as the selenium precursor at 200 °C via slow syringe pump
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injection. Compared with the two published methods of shell growth on HgSe,>®° this new

approach allows us to grow thick CdSe shell without independent nucleation.
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Figure 3-3 (a) TEM, HRTEM images and normal size distributions of (blue) HgSe core and (red)
thick HgSe/CdSe core/shell (scale bar: 50 nm in TEM and 5 nm in HRTEM); PL spectra of
HgSe/CdSe films with different treatment, measured (b) in air and (c) in a No-filled cell; (d) PL
spectra of EDT-treated HgSe/CdSe film after annealing at different temperatures for 1 h. The

values on the spectra are the intraband and interband QY.
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Figure 3-3a shows the TEM images of HgSe core and HgSe/CdSe core/shell. The amount of shell
precursor versus core material is 30:1. The particle shape changes from spherical to tetrahedral,
with a small proportion of branch-shaped structures (polypods). As previously observed,® 12
lowering the growth temperatures for colloids yields more angular shapes. XRD shows that the
HgSe/CdSe core/shell is still zinc-blende. The particle size increases significantly from 5.4 nm
(diameter) to 12.1 nm (from the vertices to the edge) after the shell growth. Assuming a perfect
tetrahedron, the core would however barely fit in the core/shell, given that the tetrahedron in-
sphere is ~5.7 nm diameter. Therefore, we expect that the CdSe layer remains thin in the middle
of the facets.

For HgSe cores ~5.4 nm diameter, the intraband PL is around 2000 cm™ and the interband PL
around 4500 cm™. As shown in Figure 3-3c, when the HgSe/CdSe core/shell film are under Ny,
the interband PL decreases significantly compared with the same film in air and most of the ratio
change comes from the interband PL.

Figure 3-3d shows that films of the hot-injection HgSe/CdSe have excellent thermal stability up
to 200 °C with some minor changes in doping. At 250 °C, the interband PL blue-shifts and the
intraband red-shifts. We again attribute this to Hg/Cd alloying, since it is consistent with the
formation of a wider gap material with smaller confinement. This is similar to early reports of
alloying in CdSe/ZnSe nanoparticles occurring at a specific temperature.'?® This alloying also

strongly decreases the PL intensity as carriers are no longer confined to the core.

To summarize section 3.2, we developed a hot-injection method to grow HgSe/CdSe core/shells.
There is a large increase in particle size after shell growth and the quantum dot shape changes from

spherical to angular. More importantly, no independent nucleation is observed, which means in
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principle, there is no limit in shell thickness. Compared with our best HgSe, the intraband PL of
HgSe/CdSe core/shells improves 2-fold after EDT ligand exchange and annealing. We also
reported the first intraband PL QY of 6 x 10™* at 5 um emission. HgSe/CdSe core/shell has

excellent thermal stability up to 200 °C, above which interface alloying will start to happen.

3.3 Synthesis of HgSe/CdX (X=S, Se, Te) Core/Shell via c-ALD

3.3.1 Synthesis Procedures

The detailed procedures are shown below:

a. Oleylamine (OAm) (Sigma-Aldrich, 70%) was purified by degassing it using a Schlenk
line setup under vacuum at 135 °C for 3 h. It was then cooled down under argon and stored
in glovebox for future use;

b. HgSe CQDs were synthesized following the procedures in reference 15 and re-dispersed
in TCE at a concentration of 0.01 mmol HgSe/mL toluene;

c. Synthesize HgSe/CdX core/shell via colloidal atomic layer deposition (c-ALD) in
glovebox. In a typical synthesis, 1 mL of HgSe toluene solution (contained 0.01 mmol of
HgTe) was put in a test tube together with 100 uL of purified OAm and 2 mL of formamide
(FA) to form a 2-phase system. To grow one layer of CdX, 40 uL of chalcogenide FA
solution (0.5 M (NHa4)2S, 1 M NaySe, 1.1 M NaxTe for S, Se and Te, respectively) was
injected and vigorously stirred for 2 min. Then the bottom FA phase was removed, and the
top toluene phase was washed three times with FA to remove any leftover Na>Te. Next, 2
mL of FA and 60 uL of 0.1 M solution of cadmium acetate (Cd(OAc)2, Sigma-Aldrich,
99.99%) in FA was injected and stirred for 2 min. The FA phase was removed, and the

toluene phase was washed three times with FA to remove any leftover Cd(OAc)2. After the
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desired number of layers were grown, 1 drop of OAm was added and the dots were
precipitated with 0.1 M DDAB in ethanol and centrifugation. The precipitate was re-

dispersed in TCE for further characterization.

3.3.2 Properties of HgSe/CdX Core/Shell Synthesized via c-ALD

c-ALD growth of HgSe/CdX (E=S, Se) core/shell has been used before to optimize the interband
emission at 2 um.>® Here we focus on the intraband PL at 5 um and we add the HgSe/CdTe system.
The lattice mismatch between HgSe and CdX are < 0.1% with CdSe, 4.3% with CdS and 6.7%
with CdTe. The effect of the various shells on the PL intensity and intraband/interband ratio is also
investigated. According to Kasha’s rule which states that the emission comes from the lowest
energy transition, one could expect that an undoped dot would emit interband PL while dots doped
with one or two electrons would emit intraband PL. Therefore, variations in the PL intensities can
arise from changes of the doping as well as changes of the non-radiative mechanisms, both effects
possibly arising from the shell.

Figure 3-4a shows the typical TEM images of HgSe core and HgSe/CdSe core/shell after 3 c-ALD
growth cycles. From the size distributions in Figure 3-4a, the core size is 4.9 + 0.3 nm, and the
core/shell is 6.3 £ 0.3 nm. The percentage size increase is ~30% and therefore larger than for the
case of the HgTe cores. The size increase is 1.4 + 0.4 nm or ~2.3 monolayers of CdSe, using half
of the CdSe lattice constant of 0.608 nm for one monolayer.

Figure 3-4b shows the effect of the three CdSe c-ALD cycles on the absorption of the solutions.
Each cycle increases the first interband exciton and decreases the intraband absorption, indicating
that the shell gradually undopes the cores.*° The absorption from CdSe becomes clear by the last

cycle with the absorbance increase above 14000 cm™ (the bandgap of bulk CdSe). Figure 3-4c
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shows the solution absorption spectra of HgSe/CdS and HgSe/CdSe, with 3 c-ALD cycles. The
effects are similar, but the remaining n-doping follows CdS < CdSe. As the intraband absorption
decreases, the peak red-shifts and becomes narrower. This is attributed primarily to the larger cores
being the most likely to remain doped, since for a given size distribution, the electron states of

large dots are at lower energies compared to small ones.
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Figure 3-4 (a) TEM images and normal size distributions of (blue) HgSe core and (red)
HgSe/CdSe core/shell after 3 cycles of c-ALD (scale bar: 10 nm); (b) Solution absorption spectra
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Figure 3-4, continued

of HgSe and HgSe/CdSe CQDs with different numbers of c-ALD cycles. HgSe and HgSe/CdSe
were normalized at the band gap of CdSe (Inset: same plot shows the solution absorption on the
high-energy side); (c) Solution absorption spectra of HgSe and HgSe/CdX CQDs. HgSe and
HgSe/CdSe were normalized at band gap of CdSe, HgSe and HgSe/CdS were normalized at band
gap of CdS (Inset: same plot shows the absorption on the high-energy side); (d) PL spectra of films
of HgSe/CdX CQDs; (e) PL spectra of films of HgSe/CdSe CQDs with different numbers of c-ALD
cycles. All absorption spectra were obtained in TCE solution and PL spectra were measured as

films with EDT ligand exchange.

Similar to previous results,*® the HgSe/CdSe and HgSe/CdS core/shells in solution show interband
PL but very weak intraband PL and this is attributed to quenching by vibrational features of solvent
and ligands. The PL was therefore measured on films after EDT treatment.

As shown in Figure 3-4d, the interband PL intensity follows CdTe < CdSe < CdS. It was previously
reported that the interband PL of HgSe/CdS was an order of magnitude stronger than for
HgSe/CdSe and this was attributed to better hole confinement in HgSe/CdS.>° Since the
confinement for the holes states in the HgSe cores decreases in the order Te < Se < S, our
observation could support the previous assignment of interband PL being affected by hole transfer
to the outer surface.

The intraband PL intensity follows CdTe < CdS < CdSe. Since the different shell materials affect
the doping of HgSe/CdX, we cannot confidently assign the differences to the PL efficiency. With

our procedure, the brightest intraband PL was systematically obtained with CdSe shells.
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Figure 3-4e shows the PL spectra for each CdSe cycle. The intraband PL increases from 1 cycle
of c-ALD to 3 cycles. Combining the results of shell material and shell thickness, the strongest PL
at 5 um was obtained with films of HgSe/CdSe CQDs made with 3 c-ALD cycles of CdSe, and
after EDT treatment. The PL intensity was ~5 times the intensity of the strongest intraband PL we

ever measured with films of HgSe cores, with a quantum yield close to 1 X 1073,

3.3.3 Temperature Dependence of the HgSe/CdX Core/Shell Photoluminescence

and Discussion

The is an important figure of merit for CQD applications. Near unity QY is readily available for
quantum dots emitting in the visible range.®® However, IR CQDs have low QY. In the short-wave
IR range (1.4-3 um), the best HgTe CQDs have PL QY comparable with PbSe or PbS.3 The
interband PL QY of HgSe is lower, with published value ~0.003 at 1.8 xm.>® As the emission
moves deeper into the infrared, the QY of HgTe CQDs decreases quasi-exponentially,? being of
order 10 at 5 xum.%” The non-radiative mechanisms are not yet known. One possible mechanism
is a direct coupling of the electronic wavefunction to trap states as is typical for visible CQDs.?°
Trapping is usually activated and can therefore be investigated by the temperature dependence.

The results of such measurements are shown in Figure 3-5.
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Figure 3-5 (a) Temperature-dependent PL measurement of HgSe/CdSe. The values on the spectra
are the calculated intraband QY. Similar measurements on HgSe/CdS and HgSe/CdTe are shown
in supporting information, part 5; (b) Intraband PL QY as a function of temperature; (c) Interband
PL QY on a log scale as a function of 1/temperature. The values on the spectra are the intraband

and interband QY.



As shown in Figure 3-5a, the intraband PL shows no shift with temperature within the setup
resolution (50 cm™). The small intraband shift is consistent with a simple k - p model*® even
though the interband shows a large red-shift upon cooling.* The strong red-shift of the interband
PL is similar to case of the interband PL of HgTe CQDs.®” And this is assigned to the change of
the bulk band gap of HgSe.

Figure 3-5 also shows that the intraband PL narrows from 500 cm™ FWHM to 350 cm™ at lower
temperatures and its integrated intensity varies surprisingly little across temperatures, by 37% for
CdSe, 11% for CdS and 14% for CdTe, without a monotonic relationship between PL intensity
and temperature. The lack of thermal activation likely rules out trapping processes for the intraband
relaxation.

This is unlike the interband PL which, as shown in Figure 3-5c¢, does increase by an order of
magnitude from 300 K to 80 K, with an initial Arhenius activation energy of 170 cm™. Such an
activated process supports the prior proposal that the interband emission of the core/shell is limited
by hole trapping to the outer shell surface.

The low QY in the mid-infrared may arise from a number of other mechanisms. In molecular
systems, the “energy gap law” states that the non-radiative relaxation scales exponentially with the
transition energy, as k,,~ exp — yE.**° This accounts for the very low PL efficiency of molecular
dyes in the near-infrared. The exponential form has been explained by the Franck-Condon overlap
of vibrations between the ground and excited states in the presence of electron-vibration
coupling.® The absence of temperature dependence implies that the modes are of high energy,
and not affected by temperature. While this applies for molecules where the electronic states are

strongly coupled to C-C and C-H stretches, it does not apply to HgTe and HgSe if low-frequency
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optical phonons are involved. Another mechanism proposed by Cooney et al. is an electron-
vibration coupling to outer ligands due to the extent of the wavefunction at the surface.®*! This
should lead to an exponential suppression of the coupling with larger shell thickness and it is likely
ruled out by the weak effect of the shell. Yet another mechanism is that the relaxation occurs via
a polaronic mixing to the internal short-lived optical phonons.**>122 The experiments reported here
will constrain such mechanism. A quantitative model previously applied to the CQDs is the near-
field energy transfer to the IR absorbing ligands vibrations.***** Previous studies on HgTe CQD
films showed that the interband PL is quenched as it overlaps with C-H fundamental or overtone
vibrations.®” In this model, the non-radiative rate is inversely proportional to the fourth power of
the distance between inner core and outer surface.*3*3 In the case of HgTe/CdTe, a size increase
of ~12% would enhance the PL by only 57%, consistent with the limited PL improvement observed.
For the large tetrahedral HgSe/CdSe core/shell, the surface is still rather close to the HgSe core
and therefore coupling to the ligands can still play an important role. For the c-ALD HgSe/CdSe
with a size increase of 30%, a 3-fold enhancement could be expected and this is also roughly in
line with the observation. This suggests that in order to get another order of magnitude
improvement in PL QY, at least 8 more layers need to be grown on the existing core/shell. We
note that, at 5 microns, there are no fundamental vibrations for the ligands used here, and the

energy must then be transferred to a weak background of overtone and combinations modes.**

3.4  Synthesis of HgSe CQDs in Oleic Acid and HgSe/CdSe Tetrapods

As discussed in section 2.3 and 2.6, HgTe CQDs can be synthesized with Hg(oleate). and TOPTe
at low temperatures, which can later be used to grow zb-HgTe/w-CdSe tetrapods. Similar approach

is used here to synthesize OAcid-capped HgSe and zb-HgSe/w-CdSe tetrapods.
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3.4.1 Synthesis Procedures

The detailed procedures for synthesizing HgSe CQDs in OAcid are shown below:

a.

In glovebox, weighed 10 mmol Se powder (Sigma-Aldrich, 99.99%) in a 20 mL vial. 10
mL of TOP (Sigma-Aldrich, 97%) was added and the solution was stirred at room
temperature overnight to form a yellow solution. This step is to prepare 1 M TOPSe as Se
precursor;

Weighed 1 mmol of HgO powder (Sigma-Aldrich, 99%) in a 20 mL glass vial. Added 4
mL of oleic acid (OAcid, Sigma-Aldrich, 90%) and 4 mL of octadecene (ODE, Sigma-
Aldrich, 90%). Put the vial on a hot plate inside the glovebox;

Set the hot plate temperatures at 125 °C and started stirring. When the actual temperature
reached 110 °C, the red color from HgO powder gradually disappeared. It took about 15-
20 min for the solution becoming colorless, then stopped heating. This step is to prepare
mercury oleate (Hg(oleate)2) as mercury precursor;

When the solution was cooled to 45 °C, injected 0.2 mL of 1 M TOPSe. The color turned
red and slowly became black. Reacted for 13 h;

Took the vial out of glovebox for cleaning. The dots were precipitated by adding a mixture
of acetone and ethanol. After centrifugation, the solids were re-dispersed in TCE. The
concentration is ~0.02 mmol HgSe/mL TCE. The dots were used as cores for HgSe/CdSe

tetrapods synthesis.

The detailed procedures for synthesizing zb-HgSe/w-CdSe tetrapods are shown below:

a. 10 mmol CdO (Sigma-Aldrich, 99.99%) and 40 mmol OAcid (Sigma-Aldrich, 90%) was

added to a flask, which was purged under argon for 15 min. Next, the mixture was heated
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at 240 °C for 20 min to dissolve CdO powders. The solution was cooled to 50 °C and
poured into 100 mL of acetone. White cadmium oleate solid precipitated out. Rinsed the
product with acetone twice and dried it under vacuum for 2 days. The cadmium oleate
powder was dissolved in OAcid to make a 0.5 M solution and used as Cd precursor;

b. Took 2 mL OAcid and 4 mL ODE in a 3-neck flask. The flask was degassed under Schlenk
line for 1 h. 1 mL of OAcid-capped HgSe TCE solution was injected into the flask and
degassed for another 30 min to remove TCE;

c. Flushed the system with argon and kept the HgSe cores under argon for 15 min;

d. 0.6 mL of Cd(oleate). solution, 0.3 mL of TOPSe and 5.1 mL of ODE were filled in a 6
mL syringe. Loaded the syringe on a syringe pump. Next, increased the temperature of the
flask to 210 °C, started the pump at an injection speed of 1.6 mL/h. When the injection was
finished, cooled down the reaction mixture to room temperature and quenched in
chloroform;

e. Precipitated the quantum dots with acetone and ethanol followed by centrifugation. Re-
dispersed in TCE. The final solution was much darker than the initial HgSe solution despite

the same TCE volume.

3.4.2 Properties of Oleic Acid-Capped HgSe CQDs and HgSe/CdSe Tetrapods

The OAcid-capped HgSe CQDs are well separated in TCE solution and spherical under TEM.

Figure 3-6 shows a typical TEM image and absorption spectrum of 4.5 nm dots.
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Figure 3-6 (left) TEM image of OAcid-capped HgSe CQDs (scale bar: 10 nm); (right) ATR-IR

spectrum of the same sample measured on ZnSe substrate.

The absorption spectrum is broader than the substituted selenourea synthesis shown in Figure 3-2.
Also, the peak is not symmetric that might have contributions from scattering at the low energy

side. The PL is negligible, probably due to the fact that it is on top of the C-H and C=0 vibrations

from oleic acid.

Similar to zb-HgTe/w-CdSe, zb-HgSe/w-CdSe also has a tetrapod morphology with wurtzite arms.

The TEM and XRD of the tetrapods are shown in Figure 3-7(a-b).
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Figure 3-7 (a) TEM image of zb-HgSe/w-CdSe tetrapods synthesized with TOPSe (scale bar: 10
nm); (b) XRD spectra of zb-HgSe/w-CdSe tetrapods film before (black) and after (red) annealing
at 150 °C for 30 min. The blue and green lines indicate the positions of bulk w-CdSe and zb-CdSe,
respectively; (c) TEM image of zb-HgSe/zb-CdSe synthesized with Se-ODE (scale bar: 50 nm); (d)
XRD spectrum of zb-HgSe/zb-CdSe synthesized with Se-ODE. The red lines indicate the positions

of bulk zb-CdSe.

The XRD spectrum matches the positions of w-CdSe (or HgSe), but the high peaks at ~25.5°, 42°

and 49° suggest that the zb-HgSe cores are still present. Compared with zb-HgTe/w-CdSe, zb-
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HgSe/w-CdSe tetrapods have more extended arms as long as 100 nm. The width of the arm is ~6-
7 nm, larger than the size of HgSe cores, which indicates HgSe is buried beneath a shell of CdSe.
This makes the zb-HgSe/w-CdSe tetrapod thermally stable despite its anisotropy, as proved by the
unchanged XRD linewidth after annealing in Figure 3-7b.

In their PbSe/CdSe paper, Jennifer Hollingsworth and co-workers mentioned the choice of Se
precursor would determine the final phase of the CdSe shell.*??> The use of Se-ODE resulted in
square-shaped zb-PbSe/zb-CdSe, while TOPSe gave zb-PbSe/w-CdSe tetrapods. Giving the fact
that ODE is a non-coordinating solvent, the presence of TOP is the only difference between these
two syntheses. To test this idea, | replaced the TOPSe with Se-ODE as the Se precursor and the
results are shown in Figure 3-7(c-d). The Se-ODE based synthesis yields more branched zb-
HgSe/zb-CdSe. The XRD spectrum shows that the heterostructures are pure zinc-blende. This
verifies the idea that TOP plays an important role in controlling the phase of CdSe. TOP is a strong
binding ligand to metal atoms. As a result, the addition of TOP may slow down the reaction and
shift the shell growth from thermodynamically control to kinetically control. Therefore, one may

expect to tune the HgSe/CdSe shape and phase by using a mixture of different Se precursors.

3.5 Conclusions

In chapter 3, | reported a synthesis of monodispersed HgSe CQDs as well as two new synthetic
methods for HgSe/CdX CQDs. The use of 3-substituted selenourea greatly lowers the precursor
conversion rate and makes it possible to better control the nucleation step, which is the key for
making monodispersed HgSe CQDs. For HgSe/CdX CQDs, I used both hot-injection and c-ALD
methods to grow the shells. The hot-injection of Cd and Se precursors produced large HgSe/CdSe,

while c-ALD allowed the growth of CdS, CdSe, and CdTe shells with some thickness control. All
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core/shells showed moderate improvements in the mid-infrared PL intensity. At 5 microns
wavelength, the brightest emitter is HgSe/CdSe with a quantum yield around 10~ for the intraband
1Se-1Pe transitions. The shell increased the intraband PL of the core by about 5 times. | explain the
systematic but moderate improvement with the shell and the lack of temperature dependence by
the model of a near-field energy transfer from the core to absorbers outside the shells. However, it
is also possible that the interfaces grown here are still defective. While this work showed a vastly
improved thermal stability of the core/shells, therefore widening the range of possible processing,
it highlights the difficulties of achieving bright mid-IR emission with CQDs.

In the last part of chapter 3, I discussed my results on OAcid-capped HgSe and HgSe/CdSe
tetrapods. The different results coming from TOPSe and Se-ODE suggest TOP plays an important

role in the CdSe phase control.
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Chapter 4 Synthesis of HgS CQDs and Core/Shells

In this chapter, the synthesis of HgS CQDs and HgS/CdS core/shells will be discussed, using a
special two-phase method. By tuning HgS CQD sizes, a gradual transition from intraband to
surface plasmon is observed, which is universal for all heavily-doped CQD systems. Much of the

content in this chapter has been published in reference 85.

4.1 Synthesis of HgS CQDs by Two-Phase Method

In a two-phase synthesis, two immiscible solvents are used, each contains one type of precursor
(cation or anion). In this case, the mercury precursor is in nonpolar TCE, while sulfide precursor
in a polar solvent. The purpose of the two-phase synthesis is to better control the precursors
conversion rate by adjusting their concentrations and solvents, which would then yield particles

with better monodispersity.

4.1.1 Synthesis Procedures

a. The mercury precursor was prepared by dissolving 0.05 mmol of HgClI, in 10 mL of OAm
and 10 mL of TCE at 100 °C in glovebox. When the white solids were all dissolved,
stopped heating and added 0.2 mL of TOP. Without adding TOP, the mercury precursor
will turn foggy as it cools down;

b. The sulfur precursor was (NH4).S (Sigma-Aldrich, 40-48 wt% in H20). In a typical
synthesis, 2 mL of the mercury precursor solution was mixed with 20 xL of (NH4)2S diluted

in 2 mL of H>O under vigorous stirring at room temperature. The H2O can be replaced by
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other polar solvents as discussed later in section 4.1.2. After 30 min, the nonpolar phase,
which contained the final HgS CQDs, was collected via centrifugation;

c. HgS CQDs were separated from the solution by the addition of methanol and centrifugation.
The CQDs were then re-dispersed in TCE for further characterization. For CQDs larger
than 6 nm, the addition of DDT prior to precipitation was necessary to obtain a re-
dispersible product;

d. To increase the CQDs size, equivalent volumes of the Hg and S precursors were added
dropwise to a preexisting HgS CQDs solution. The CQDs were separated and re-dispersed
following the same procedure in step c after a desired size was achieved.

e. Extremely large HgS CQDs (size around 15 nm diameter) were obtained by directly adding
20 uL of (NHa)2S to 2 mL of mercury precursor and reacting for 15 h. The CQDs were
separated and re-dispersed as described in step c. All the CQDs were obtained under

ambient conditions (20 °C and exposed to air).

4.1.2 Effect of Different Synthetic Parameters on HgS CQDs

In a two-phase synthesis, two immiscible solvents are used. This phase separation between
reagents was explored in order to achieve a more controlled growth of the CQDs.

All syntheses in section 4.1.1 were done under ambient conditions. No significant change in
particle morphology and optical properties has been observed when did the experiment in glovebox,

as shown in Figure 4-1.
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Figure 4-1 TEM images of HgS synthesized (a) under ambient conditions and (b) under N2; (c)
Interband absorption, (d) Intraband absorption and (e) PL spectra of HgS synthesized in air or in
N2. The interband absorption spectra were obtained after sulfide treatment and the intraband

absorption spectra were obtained as synthesized.
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However, slightly increase the reaction temperatures would result in larger particles with much
worse size dispersion, as shown in Figure 4-2. This indicates Ostwald ripening dominates at higher

temperatures.

Figure 4-2 TEM images of HgS CQDs synthesized at 40 °C (Left) and 20 °C (Right). The same

Hg:S ratio (1:30), reaction time and solvents (H20) were used in these two syntheses.

Besides environmental conditions, the three main factors that affect the size and shape of the final
products are the relative amount of HgCl2 and (NHa)2S precursor, the polar solvent that dissolves
the (NH.).S, and the reaction time.

To study the effect of the precursor amount, H>O was used as the polar solvent that dissolved the
(NHa)2S precursor. By varying the Hg:S precursor ratio from 1:2 to 1:30, the HgS CQDs’ sizes
can be tuned from 2.9 nm to 5.7 nm diameters with a size distribution of less than 8%. This is a
significant improvement over the previous hot-injection method using thioacetamide, where the

size distribution was 20%.! Larger particles are grown by subsequent addition of reagents.
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To study the effect of different solvents, the same 1:30 HgCl2: (NHa).S precursor ratio and reaction
time (30 min) were used, with 20 uL of (NHa4)2S dissolved in 2 mL of different solvents. The
results are summarized in Table 4-1 and the TEM images of these HgS CQDs synthesized using

different solvents are shown in Figure 4-3.

Table 4-1 Summary of the solvents and HgS CQD size and morphology

Solvents Dielectric constant  Size and morphology
formamide (FA) 111 12.1 nm, tetrahedral
H20 80 5.7 nm, spherical
1:1 FA:ethanol ~70 9.8 nm, tetrahedral
propylene carbonate 64.9 15.3 nm, tetrahedral
DMSO 46.7 aggregated dots
Acetonitrile 37.5 precipitate
Ethanol 24.5 precipitate
n-butanol 17.7 precipitate
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Figure 4-3 TEM images of HgS CQDs using (a) FA; (b) H20; (c) 1:1 FA:ethanol; (d) Propylene

carbonate; (e) DMSO as the solvent for (NH4)2S.
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Table 4-1 and Figure 4-3 show a clear correlation between the dielectric constant and the final
HgsS product, where solvents with a dielectric constant higher than DMSO can yield CQDs without
aggregation. We propose that these results arise from the partition of (NH.)2S between the polar
and nonpolar phases. Varying the dielectric constant affects the partition since the solubility of
polar molecules are loosely correlated to the solvent dielectric constant even though there is no
simple monotonic relationship between them.** With (NH.)2S in solvents more polar than DMSO,
the partition of (NHa4)2S in the nonpolar phase is smaller, therefore slowing down the reaction rate
and allowing controlled growth of the CQDs. Solvents less polar than DMSO, such as acetonitrile
and ethanol, are miscible with the nonpolar phase and this leads to uncontrolled precipitation. The
partition mechanism is further supported by a control experiment of dissolving NaxS instead of
(NHa)2S in the polar solvent, where no reaction happens. This is because Na,S, unlike (NHa)2S,
exists only in ionic form in the polar solvents, and thus cannot transfer to the nonpolar phase.
Although the partition of the polar reagent is related to the dielectric constant, the CQD size and
dispersity must also depend strongly on the kinetics of phase transfer. This would be affected by
the size of the polar/nonpolar domains and the diffusion rate of precursors in polar/nonpolar
solvents, and thus cannot be predicted using dielectric constant alone.*® 37

As expected from the classical model of uniform growth followed by Ostwald ripening, the
reaction time also affects the HgS CQDs sizes and dispersity. Therefore, while the HgS CQDs size
increases constantly at early times, the size distribution becomes worse at longer times. An

example of such ripening after a period of growth is shown in Figure 4-4.
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Figure 4-4 TEM images of HgS CQDs with (a) 30 min; (b) 16 h reaction times; (c) A plot of the
CQD sizes with time (x-axis is in log scale). The error bars are the standard deviations of the
particle size distributions. The data show uniform growth at early times followed by a stable mean
size but broadening distribution at longer times. The sulfur precursor was 20 uL of (NHs)2S

dissolved in 2 mL of propylene carbonate and the Hg:S ratio is 1:30.

Overall, the ambient synthesis of the HgS nanocrystals, using two immiscible solvents as the

reagents, provides a versatile way to obtain a wide range of sizes of the HgS nanoparticles with

small size dispersion. In the following, we used water for the polar phase to obtain HgS CQDs
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ranging from 2.9 nm to 14.5 nm diameters with size distribution within 10%. The TEM images

are shown in Figure 4-5.

6.1 £0.6 nm

Figure 4-5 TEM images of HgS CQDs with sizes ranging from 2.9 nm to 14.5 nm.

HgS has two common crystal structures. One is the room temperature stable bulk form of a-HgsS,
the other is f-HgS (zinc-blende structure). The HgS CQDs exhibit the zinc-blende structure and
the grain size calculated from the XRD linewidth using the Scherrer equation 0.91/Bcos@ is

consistent with the TEM results.

4.1.3 Optical Properties of HgS CQDs

Like HgSe, the synthesized HgS CQDs have air-stable n-doping and intraband absorption. To
obtain the interband absorption spectrum of HgS, a solution-based sulfide treatment needs to be
used. For a typical suifide treatment, 1 mL of HgS TCE solution which had an interband shoulder

absorption around 0.1 O.D./cm was put into a test tube. 1 mL of formamide, 50 uL of oleylamine
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and 150 x«L of 0.1 M (NHa)2S in formamide were added into the test tube, stirred for 8 min and the
bottom layer (TCE) was kept. Formamide was used to wash the bottom layer twice to remove
excess (NHa)2S. The solution is ready for measurements. The addition of oleylamine is necessary

to keep the dots in the TCE phase.
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2000
Figure 4-6 (a) Raw data of interband absorption of 5.7 nm HgS quantum dots after sulfide
treatment (black) and reference spectrum of OAm in TCE (red); (b) Interband absorption spectra

of 5.7 nm HgS quantum dots before and after sulfide treatment, after substracting the OAm

spectrum.

Figure 4-6a shows the raw data of the interband absorption spectrum of 5.7 nm HgS quantum dots
after sulfide treatment. There are several peaks due to the excess oleyamine in the solution. To
clean the spectrum, an OAm (in TCE) reference is subtracted from the raw data. The results are
shown in Figure 4-6b. After the sulfide treatment, the HgS shows a clear exciton feature at ~7500

cm, which is not present before treatment. The sulfide treatment is therefore used to undope the
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HgS CQDs and obtain their interband absorption spectra. The absorption and PL spectra are shown
in Figure 4-7 for HgS CQDs of different sizes.

As synthesized, the HgS CQDs exhibit a strong intraband absorption, as shown in Figure 4-7a,
indicating that they are n-doped. They also show intraband PL (Figure 4-7b) with no interband PL
detected. Both intraband absorption and PL energies decrease monotonically with increasing
particle size, such that, across the size range (2.9—14.5 nm), the intraband absorption peak tunes
from 2600 cm™ to 1000 cm™. The tuning of the intraband PL is smaller, likely limited by the
energy transfer to ligands vibrations as for HgSe. As reported previously, the doping effects are
primarily assigned to surface modifications which change the electrostatic environment and the
absolute positions of the states of the quantum dots.!! Figure 4-7¢ shows the interband absorption
spectra after sulfide treatment for the range of dots sizes where the intraband absorption is

eliminated.
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Figure 4-7 Normalized spectra of HgS CQDs of different sizes: (a) intraband absorption measured

on film; (b) PL spectra measured in solution; (c) Interband absorption after sulfide treatment
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Figure 4-7, continued
normalized at high energy (inset: same plot normalized at first exciton shoulder), measured in
solution. The solid black line is an extrapolation of the absorption at higher energies and the x-

intercept is an estimate of the bulk gap of 0.67 eV.

4.1.4 HgS Band Gap and Doping Density

Band gap:

In spite of the experimental and theoretical efforts that have been made, there has been no
consensus about the bandgap of f-HgS, with both positive and negative values reported.*?** The
experimental difficulties are due to the instability of f-HgS in bulk form and the strong natural
doping of A-HgsS thin films.*3® A previous report on -HgS CQDs gave a value of ~0.6 eV based
on the correlation of the interband and intraband bleach and a k - p model.!! The interband optical
data reported in Figure 4-7 cover a wider range with better size control and they provide new and
more direct information about this bandgap. The interband absorption spectra of HgS, shown in
Figure 4-7c, are characteristic of positive direct bandgap semiconductors with strong absorption
at the band edge and a rapid drop at low energy.**® By normalizing the spectra at the highest energy
recorded, we get an approximate normalization of the optical absorption per volume. It is then
clear that, as the size increases, the absorption is asymptotically vanishing at a finite energy,
indicating a positive bandgap value. As a first estimate of the gap, we tentatively use the x-intercept
of the black line in Figure 4-7c which gives a bandgap around 5400 cm™ (0.67 eV), in fair
agreement with the previous value.!* Another approximate determination is to use the points where
the interband absorption is about 1% of the absorption at 14000 cm™. On a log scale, the absorption

drops precipitously below some cut-off energy and the 1% point is in the range where the slope is

96



~ one decade/60 meV, where absorption involves phonons below the optical gap of the dot. This
cut-off energy converges approximately to 0.68 eV at large sizes. There remain significant errors
and the gap could be smaller since the larger dots could not be undoped. We therefore propose a
value of 0.65 + 0.05 eV for the bulk bandgap of f-HgS. This value is close to a determination of
the optical gap of 0.54 eV for evaporated 5-HgS. % It also agrees with one theoretical calculation
using the QSGW method, which predicts a bandgap of 0.61 eV and a small spin-orbit splitting of
-0.06 eV.'* The small spin orbit splitting is likely the reason why the spectra of HgS nanocrystals
are similar to those of CdS nanocrystals, in terms of showing a weaker first excitonic peak

compared to CdSe and HgSe nanocrystals with similar size dispersion.

Relationship between intraband and interband absorption spectra:

Because of their better size dispersion, the undoped interband spectra of the 3—6 nm diameter HgS
nanocrystals show several features (Figure 4-8a). The energies of the features are extracted by
using a smooth baseline and several Gaussian functions, as shown in Figure 4-8b, and their values
are shown in Figure 4-8c for the 3—6 nm diameter range. The features should correspond to excited
states of HgS CQDs. Assigning the first and second peaks to 1S and 1P excitons, we find that their
energy differences match very well the intraband energies, as shown in Figure 4-8d. Therefore,
within the 3—6 nm diameter range, the intraband absorption is assigned to the 1S.—1P. transition,

which is in agreement with previous results.!
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Figure 4-8 (a) Optical absorption of 5.7 nm HgS CQDs after sulfide treatment (black), baseline
(red) and subtracted curve (blue); (b) Subtracted curve fitted with three Gaussian functions; (c)
Peak energies versus particle size; The dashed area represents the possible Fermi level range,
where the 1Se state has ~2 electrons and the 1P state is empty across the size range; (d) Intraband

absorption energy (black) and energy difference between the first two interband features (red).

Doping density:

The doping density is calculated from the interband absorption spectra of HgS CQDs before and

after the sulfide treatment. Figure 4-9 shows the results from 5.7 nm HgS CQDs.
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Figure 4-9 (a) Interband absorption of HgS particles before (red) and after (black) sulfide

treatment. Inset: the curve from the subtraction of black and red lines, representing the optical

absorption from 1S state; (b) Derived absorption of HgS fully doped at 1S. state (dashed blue

line); (c) Derived absorption of HgS fully doped at 1S, state with different A values (inset: zoom

in of the absorption curves); (d) Number of electron per dot (black line) and carrier density

(number of electron per volume, red line) with different HgS particle sizes as synthesized.

Figure 4-9a is the same as Figure 4-6b, where the red line is the absorption of HgS CQDs as

synthesized and the black line after sulfide treatment. The difference of the two curves comes from
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the result that sulfide treatment undopes the 1S, state of the HgS CQDs. The subtraction between
these two absorption spectra results in the blue curve in the inset (curve 3), which accounts for the
spectral change due to the difference in doping. We note that it shows a single peak as expected if
only the 1S, state occupation is modified. The next step is to subtract the blue curve in Figure 4-
9a from the black curve as much as possible to completely bleach the 1S exciton. The result is
shown as the dashed blue line in Figure 4-9b. The relationship is as followed:

HgS fully doped curve = curvel — A * curve3
here A is the subtracting parameter. In this case, A = 1.04.
The 1Se peak position comes from the Gaussian fitting of the subtraction. The fitting peak is 8237
cm in this case. Therefore, the final doping density is:

Abs(black, 8237 cm™) - Abs(red, 8237 cm™!)
Abs(black, 8237 cm'1) - Abs(blue, 8237 cm'1)

Number of e” per dot = 2 X

where Abs(black/red/blue) is the absorbance from black/red/blue spectrum in Figure 4-9b. The
calculated result is 1.92 e/dot, which is the natural doping density of 5.7 nm HgS CQDs as
synthesized.

The error of this method comes from two factors. First, there is the choice of the subtracting
parameter A. In our method, A could be determined within 0.1. As shown in Figure 4-9c, the red
curve shows an unphysical decrease in absorption around 7500 cm™, which is a sign of over-
subtraction. The blue curve is under-subtraction and could subtract further to get the black curve.
As a result, the error from different A values is + 0.1 e’/dot.

Another source of error comes from the line width of the Gaussian fitting for curve 3. The FWHM
of curve 3 covers wavelength from 7500 cm™ to 8900 cm™. And within this range, the deviation

of doping density is less than + 0.01 e/dot. As a result, this error is negligible compared with the

100



error coming from the uncertainly of A. The combined error is then + 0.1 e/dot, which also
applies to other sizes using similar calculation process.

Based on the calculation above, Figure 4-9d shows that the doping density of HgS CQDs is close
to 2 electrons per dot and stays stable between (1.7—1.9) + 0.1 electrons per dot for sizes between
3 and 6 nm. However, the same method is not applicable for larger dots because the excitonic
peaks are no longer clearly defined and the sulfide treatment does not eliminate the n-doping.

An ambient doping of ~2 electrons per dot implies that the Fermi level of the environment is
higher than 1Se and lower than 1P.. Using the excitons energies as measures of the 1Se and 1Pe
states energies, a range of the environmental Fermi levels can then be derived to allow for the
stable doping, as shown in Figure 4-8c as dashed area. A recent electrochemistry study showed a
similar Fermi level position within the size range.%* At large sizes the doping density trends
towards 2 x 101 cm™ (Figure 4-9d). Natural n-doping in thin films of g-Hgs is well known, and
a previous study on evaporated 5-HgS thin films gave a doping density range from 1.46x 1018 to

2.92 x 10'° cm3, encompassing our experimental result.**

4.1.5 Transition from Intraband to Surface Plasmon Resonance

In recent years, several highly doped semiconductor nanocrystal systems such as ZnO, Silicon and
Cu2S have shown intense infrared absorptions at energies below the gap and these have been
assigned to surface plasmons.4%-14 Given the traditional definition of a plasmon as a collective
excitation of electrons,* Kreibig and co-workers discussed early on how a surface plasmon
resonance blue-shifts for small metal particles as a result of size quantization, and reported optical
data on silver particles.'#® Schatz and co-workers performed calculations on Ag clusters and found

that high symmetry tetrahedral clusters with increasing sizes exhibit a transition from discrete
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electronic states to plasmons.'*’ They suggested that it is through clumps of degenerate transitions
that a collective plasmon mode might emerge. Dionne and co-workers observed a blue shift of the
surface plasmon resonance for individual small silver metallic particles by electron energy loss
spectroscopy.*® They assigned the blue shift to quantum confinement and coined the term
“quantum plasmon”. Schimpf and co-workers proposed further that electronic transitions become
surface plasmon resonances whenever they are strong enough to modify the dielectric constant
such that its real part become —2¢,, where &,, is the matrix dielectric constant.**° In a study using
time-dependent DFT, the classical surface plasmon resonance emerged as the number of carriers
increases, and the intraband transitions were renamed “quantum plasmonic resonances”.'® A
phenomenological relation between single electron transition and the plasmon frequency was also
proposed. Jain studied and derived the same result using a classical model and showed also a
gradual evolution from single electron to collective excitations as the carrier density increased.!®!
In this section, we analyze the size dependence of the HgS CQDs infrared absorption to determine
how the excitation evolves from an intraband transition to a surface plasmon resonance as the
particle size increases.

The size-dependence of HgS intraband optical absorption is shown in Figure 4-10a and 4-10b. The

effective mass model in an infinite spherical well predicts the energy of the 1Se—1Pe transition as

h%(4.49%-7?)
2m*R2

, thus linear with 1/R?, where R is the radius of the particle. This model clearly fails to

capture the experimental behavior, as shown in Figure 4-10b. A simple two-band k - p model

might then account for non-parabolicity,*>? with a conduction band dispersion given by:

2,2 2k2 2
E=32(t—Eg)+ | Ep+28 1)

2 my 2m0 4
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where E; is the gap and Ep is the Kane parameter. The zero of energy is the minimum of the

conduction band. For small wavevectors, this recovers the parabolic dispersion with m* =
mo/(l +§—P) at the bottom of the conduction band. Although little is known about the band
G

structure of S-HgsS, the low energy dispersion of the conduction band should be well captured by
Eq. (1) with appropriate parameters.

The value of E} is remarkably similar for several 11-VI and I11-V semiconductors at around 20 eV
but smaller values have been reported for f-HgS™®?: fitting Eq. (1) to a theoretical dispersion by
Svane and co-workers gives Ep = 9 eV.1* Using a reported effective mass of m* = 0.055 and the
gap of 0.54 eV**® also gives Ep ~ 9 eV. We use E; = 0.65 eV and several values of Ej to fit the
intraband energy vs size with Eq. (1). However, as shown in Figure 4-10b, the size variation is still
poorly captured by the k - p model for any choice of Ep, both for large and small sizes.

At small sizes, the tuning with size is much weaker than expected, indicating that confinement is
not effective or that the dispersion deviates strongly from Eqg. (1). Several reasons could account
for the deviations at small sizes, which include the deviation from ideal spherical infinite well, the
occurrence of surface states above the gap, a difference in stoichiometry for small particles, and
also the limited validity of Eq. (1) at high energies. There is indeed no verified data for the bulk
conduction band dispersion of f-HgS. The calculation that gives a reasonable gap does not provide
the dispersion curve for kinetic energies larger than 0.12 eV.* Therefore, it is unknown how well
Eq. (1) describes the energy dispersion at higher energies. In particular, the band has another
minimum as k approaches the L-point, and a low L-point minimum could lead to a weak tuning of

the intraband transition at small sizes.
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Figure 4-10 (a) Intraband energy of different sizes HgS CQDs. The vertical error bar is the

FWHM of the resonance and the horizontal error bar is the radius standard deviation; (b) Infrared
absorption peak energy versus 1/ R The lines are three predictions with different Kane parameter
based on k - p model; (c) Difference spectra of 14.5 nm HgS CQDs under increasingly negative

bias vs Ag/AgCI. The spectrum at 0 V is used as the reference; (d) Surface plasmon correction

(solid black line) to the k - p model (black dashed line) and experimental intraband energy
(squares) versus ]/RZ' calculated number of electrons per dot (red line) for the density of

1.6 x 10%° cm™3,
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The deviation at large sizes is a concern as well. The infrared transition settles to a non-zero value
of ~1000 cm!, instead of trending to zero as expected from the vanishing quantum confinement.
This observation is similar to a previous report on photocharged n-doped ZnO nanocrystals, where
the intraband absorption was assigned to a surface plasmon resonance.'*® 152 Similarly, we propose
that the resonance for the large HgS particles is associated with a plasmon resonance due to n-
doping. In qualitative support of this assignment, Figure 4-10a shows a significant narrowing of
the resonance at large size with a FWHM of 300 cm? for the 15 nm particles. The
spectroelectrochemistry result in Figure 4-10c further shows that the absorbance increases and the
peak position blue shifts under more reducing potentials, as expected for a plasmon resonance with
an increasing carrier density.

Assuming a spatially uniform resonant polarization inside the sphere, as an approximation to a

1Se—1Pe intraband transition, the dielectric constant is given by &€ = &5 + 47 , Where

2_,24;
wi—w?+iyw

&5 1s the material’s real dielectric constant due to all interband transitions. The parameter A is
2

related to the intraband oscillator strength f by VA = f;l— in CGS units, where V is the
0

nanocrystal volume and m,, is the free electron mass. Solving for Re(e) = —2¢,, gives a quadratic

equation for the frequency.'*® To obtain real solutions, there is a minimum oscillator strength

2mA

required such that > yw,. There are then two solutions, one in the anomalous dispersion

E1pt+2&m

regime, and the other further blue shifted.’*® Thus, directly solving for Re(e) = —2¢,, has two
consequences: first, an unphysical result of two resonances arising, where there was only one; and
second, an oscillation strength threshold. Instead, as pointed out by Jain, the evolution from

intraband to surface plasmon resonance is smooth if one considers the effect of the local field.*>*

105



3em

. E,. Expressing

The internal field in response to an external uniform field E, isgivenby E =

£+2
. . £—¢ 3& . A 3e

the resonant polarization as P=—“3( = )E0 gives P = — : ( = )EO. After

4 \e+2ey, Wi—w?+iyw \e+2&y,
rearrangement:

A 3&

P= Z (=2 )E, @
g+£”:++8m—a)2+iyw SIB+25m

. . 4TA . .
The resonance is now blue shifted to wy = |w@ + - fzg . Using f = my/m’, this can be also
IB m
written as:
wy = |w§ + wd, (3)
2 4me?1 1 -
where wg, = - . wgp, Is therefore also the surface plasmon resonance of a sphere

m* V eg+2em
containing a density 1/V of free electrons of mass m*. Eq. (3) was derived previously by Jain and
discussed in the context of carriers with a given effective mass.*®* In its simplest form, the effect
arises from the local field that smoothly blue shifts the transition frequency towards the quadratic
mean of the frequency and the surface plasmon resonance defined for the density of electrons. If
w, = 0, as for free electrons, w, = wg, and one recovers the usual surface plasmon frequency for

2 _ 4me? 1

a metallic sphere of dielectric constant ;5 — % where w} = — We note that the shift is a

classical local field effect, therefore the term “quantum plasmon” applies in a restricted sense that
the frequency of the bound electrons w, may arise from quantum mechanics.47-14°

If there are N degenerate resonances, they each induce a field that drives the other resonances and
the overall effect is stronger. Such situation arises when N = 2 in a QD? (such as 1Se—1Pe

transition) or N = 6 for QD® (such as 1P.—1De transition) and so on. The bright collective mode
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has an oscillator strength Nf. Its frequency is also blue shifted according to Eq. (4), where wg, =

4me? N 1

m* V gp+2e,

For small carrier density, the correction to the single electron intraband transition is not very large.
For example, using the oscillator strength from the k - p model, Eq. (3) gives a less than 10% blue
shift for the doubly charged 1S.—1Pe transition. On the contrary, the correction becomes important
if there are several strong and neighboring transitions.

Since there is no physical threshold, we propose to define the intraband absorption as “intraband
transition” if wy > wgy, and “surface plasmon resonance” if wy < wg,. The same condition was
used by Jain to determine a carrier density that delineates the two regimes.*®

As discussed at the beginning of this section and shown in Figure 4-10b, the finite energy of the
HgS intraband absorption at large sizes invalidates the notion of a single electron transition.
However, Figure 4-10d shows that, for the larger sizes, the deviation from the k - p model using
Ep =4e¢eVand E; = 0.65 eV is well captured with Eq. (3) and a fixed surface plasmon frequency

wsp= 0.115 eV. Ep and E;; give an electron effective mass m* = 0.14m,. Using & = 10 and

&, = 2.2,%52 this corresponds to an electron density of 1.6 x 10'° cm™ . This number is an order
of magnitude lower that reported for ZnO nanocrystals, consistent with the lower plasmon energy
observed here.'*® 13 This electron density for the large nanocrystals is, however, in line with the
trend in Figure 4-9d. Based on the definition above and the results in Figure 4-10d, the intraband
absorption for the HgS particles may then be called a “surface plasmon” for diameters larger than
10 nm, and an “intraband transition” for the smaller particles.

The evolution of the line shape from a broader inhomogeneous line to a narrower Lorentzian at
large sizes is not explained by this model. However, it is expected that, since the energy of the

resonance is determined by the carrier density and no longer by the size of the particle, the
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transition energy is becoming more homogeneous. The limiting linewidth is also an interesting
topic.’> In 2017, Christophe Delerue used a computational method to systematically study the
plasmonic linewidth in doped ZnO nanocrystals.’® He found the width of the LSPR peak was
limited by the ionized impurity scattering, which played an important role in the plasmon damping
by providing channels for the plasmon decay. As a result, increasing the dopant concentration
would broaden the linewidth while varying the particle sizes has little effect. Narrowing plasmonic
linewidth is of potential interest for applications in the long-wave infrared, since it matches well
the 8—12 microns wavelength range of atmospheric transparency.

Blue shifts due to the local field effects also inform earlier spectroelectrochemistry experiments
on CdSe, PbSe and ZnO colloidal quantum dots.®* 63 16 A[| these systems showed a blue shift of
the intraband infrared absorption under more reducing conditions. This could not be explained
using single electron transitions, since one instead expects the transitions to red shift from 1Se—1Pe
to 1P.—1D. due to the reduced dispersion at higher energy. Here, the increase of local field with
the number of available oscillators explains these earlier observations, and reconciles differing

interpretations of the intraband absorption as single electron transitions versus plasmon resonances.

4.2  Synthesis of HgS/CdS Core/Shell by Two-Phase Method

4.2.1 Synthesis Procedures

The detailed synthesis procedures are shown below:
a. The cadmium precursor was prepared by dissolving 0.05 mmol of CdCl> in 10 mL of OAm,
10 mL of TCE and 0.8 g of diphenylamine at 100 °C in glovebox. When all white solids
were dissolved, stopped heating and added 0.2 mL of TOP;

b. Synthesized HgS CQDs following the procedures in section 4.1.1;
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c. The HgS cores were precipitated and re-dispersed in a predetermined amount of CdCl;
precursor solution, dictated by the desired shell thickness, in which the (NH4)2S was
injected at once to grow a shell. After 2—3 hours of reaction under vigorous stirring, the
dots were separated from the solution by the addition of methanol and centrifugation. The
CQDs were then re-dispersed in TCE for further characterization. All syntheses were done

under ambient conditions (20 °C and exposed to air).

4.2.2 Properties of HgS/CdS Core/shell

CdS is nearly lattice matched to HgS, allowing in principle the formation of thick shells. The
HgS/CdS has a type | alignment which should allow strong confinement of both electrons and
holes.®5 The HgS/CdS core/shell synthesis is done under ambient conditions at room temperature.
It was found that the cadmium and sulfur precursor grew efficiently to form a shell, leading to a

large size increase with no independent nucleation, as observed in Figure 4-11.
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Figure 4-11 TEM images of (a) HgS cores with average size of 5.5 nm and (b) HgS/CdS with
average size of 9.0 nm; XRD spectrum of (c) HgS cores and (d) HgS/CdS core/shell. The red line
indicates the bulk f-HgS peak positions, the blue line indicates the bu/k f-CdS and the green line

a-CdS. The XRD-derived size of HgS/CdS is 9.3 nm, consistent with the TEM value.

The final core/shell appears rather tetrahedral with a significant fraction of irregular shapes. The
XRD spectrum shows the nanocrystals are only in zinc-blende form, meaning the preexisting -
HgsS core directs the growth of a zinc blende CdS shell. The grain size, derived from the XRD line
width using the Scherrer equation, matches the TEM value. The growth of the CdS shell is

therefore epitaxial on the HgS core.
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The optical spectra, shown in Figure 4-12a and 4-12b, verify that the quantum confinement is
retained in the HgS/CdS core/shell structure. The interband absorption spectrum is similar to the

intrinsic HgGS cores, showing the same three excitonic features.
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Figure 4-12 (a) Absorption and PL spectra of the HgS/CdS core/shell; (b) PL spectra of the HgS
core after sulfide treatment (red line) and the HgS/CdS core/shell (black line). Measured in TCE

solution; (c) HgS/CdS core/shell film annealing test; (d) HgS film annealing test.
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The CdS shell growth causes the HgS/CdS core/shells to exhibit a strong interband PL around 1.5
microns, which is not observed with the HgS cores even after sulfide treatment. The HgS/CdS
interband quantum yield was measured as ~5% using an IR-26 reference method.%® > Similar to
the previously reported case of HgSe/CdS,® the intraband absorption of the HgS cores disappears
upon the growth of a CdS shell, meaning that the CdS shell removes the intrinsic n-doping of the
HgS cores. There remains, however, a very weak intraband PL at around 2000 cm™* with similar
intensity, position, and FWHM compared with the sulfide treated HgS cores.

The initial impetus for encapsulating HgS in CdS was the lack of thermal stability of the cores
upon mild annealing. A previous study on HgSe/CdS reported an interesting recovery of doping
after ligand exchange with short dithiols and annealing.®® The HgS/CdS films show similar
behavior. The recovery of some intraband PL and a partial loss of the interband PL upon annealing
are shown in Figure 4-12c and suggest a recovery of n-doping. As a comparison, Figure 4-12d
shows that the bare HgS CQDs lose the intraband PL after 30 min at 150 °C annealing. The upper
limit temperature that the HgS/CdS core/shell film could withstand is 200 °C, above which the

interfacial alloying would start to happen.

4.3 Conclusions

In chapter 4, | present a simple, highly tunable, two-phase synthesis of HgS CQDs. All syntheses
are done under ambient conditions, in air and at room temperature, leading to HgS CQDs with
small size dispersion and resolved optical features. The synthesized particles are naturally n-doped,
with ~2 electrons per dot in the 3-6 nm diameter range and could be rendered intrinsic with a

sulfide treatment. Because HgS is lattice-matched to CdS, the HgS/CdS core/shell is easily grown
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to large sizes. This growth leads to the appearance of a strong interband PL in the near-IR. While
the natural n-doping is removed with the CdS shell, it reappears upon film fabrication and
strengthens further upon annealing. The ease of these syntheses will motivate future studies on
these HgS CQD materials for applications such as intraband photodetection, as well as the possible
extension of this method to other nanocrystal systems.

For larger sizes HgS nanocrystals, the intraband absorption could not be quenched by sulfide ions
and it approached 0.1 eV instead of zero as the size increases. This is assigned to the emergence
of a surface plasmon resonance with an electron density of ~1.6 x 10*° cm™. In agreement with a
prior work by Jain, a classical model of the local field provides a smooth evolution from single
electron transitions to a collective surface plasmon mode. The local field blue shifts the oscillator
frequencies to the quadratic mean of the original frequency and the surface plasmon frequency
defined for the same density of free electrons. In the absence of a physical threshold separating
intraband transitions and surface plasmon, the transitions are labelled as surface plasmon if the

bound oscillator frequency is smaller than the surface plasmon frequency.
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Chapter 5 Future Directions

| think the purpose of developing new synthetic methods is to provide new possibilities. For
example, having a non-aggregated HgTe CQD synthesis makes it possible for the first time to do
ligand exchange and grow shell on this material, which allows it to have novel optical and transport
properties. In the field of semiconductor nanocrystals, synthesizing a good-quality material that
has a small size-dispersion, desired morphology and good optical or transport properties is always
the first step for real applications.

In this chapter, | want to discuss several possible directions in mercury chalcogenide CQDs

research.

5.1 Learn Synthesis from Organometallic Chemistry

A large proportion of CQD properties comes from its surface. And CQD surfaces, basically are,
metal-organic compounds. Borrowing ideas and methods from the field of organometallic
chemistry would benefit reaction mechanism study, development of new precursors and surface

species recognition.

5.1.1 Reaction Mechanism Study

The study of reaction mechanism uses standard organic chemistry techniques such as NMR to
probe the stable intermediates, active precursors, impurities and byproducts. For example,
Christopher M. Evans et al. used 3P NMR to study TOPSe precursor and found that pure TOPSe
had no reactivity with lead carboxylates.’®® Only after the addition of secondary phosphines did

the reaction start to happen. The proposed reaction mechanism is shown in Figure 5-1.
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Figure 5-1 Possible reaction mechanism for the reaction between secondary phosphine and

Pb(oleate),. Adapted from reference 158.

The higher reactivity from secondary phosphine selenide, diphenylphosphine selenide in this case,
may apply to HgSe/CdSe core/shell synthesis via hot-injection to lower the reaction temperature
and make the dots more spherical. This reactivity tuning by adding secondary phosphine has been
used in PbSe CQD synthesis to obtain monodispersed dots with wide size-tunability.*>®

Another example comes from a recent study from Todd Krauss group.*®° In this work, 3P and ’Se
NMR revealed that Cd(octanoate), and TBPSe, which are common precursors for CdSe CQD
synthesis, decomposed to alkyl cadmium and H2Se at elevated temperatures above 250 °C, with
the mechanism shown in Figure 5-2. The decomposition of Cd(octanoate), to alkyl cadmium is
still up for debate, as cadmium precursor would easily react with H>S or H>Se at much lower
temperatures or even room temperature. As a result, the decomposition of Cd(octanoate). is only

due to the high temperature synthesis and not a necessary condition to obtain CdSe quantum dots.
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Step 1: Selenophophanyl carboxylate formation
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Figure 5-2 Reaction schemes for (top) H2Se releasing and (bottom) alkyl cadmium formation.

Adapted from reference 160.

There are no reports for the active precursors in mercury chalcogenide CQD synthesis. However,
if it follows the similar mechanism in Figure 5-2, special care needs to be taken to protect against
possible alkyl mercury formation. Therefore, we should avoid high temperature growth in mercury

chalcogenide CQDs to minimize the possible danger of organic mercury exposure.

5.1.2 New Precursor Development
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Precursors are extremely important in CQD synthesis. A precursor that has reasonable reactivity
in the nucleation step while maintains a relative high oversaturation during the growth is crucial
to avoid Ostwald ripening and get monodispersed dots.®* One problem in mercury chalcogenide
CQD synthesis is that most precursors such as (TMS).Te, (TMS).Se and selenourea can react at
low temperatures even room temperature, indicating they are still too reactive for the synthesis.
This will cause the precursor to be consumed very fast at elevated temperatures and quickly enter
Ostwald ripening regime. A low-temperature, kinetically controlled synthesis is also prone to have
more defects compared with high-temperature growth. In section 3.1, we discussed the synthesis
of monodispersed HgSe CQDs. The slow conversion rate of 3-substituted selenourea is the key to
avoid ripening and obtain monodispersed dots. However, 3-substituted selenourea can still react
with mercury precursors at room-temperature. As a result, developing even less reactive chalcogen
precursors such as 4-substituted selenourea might be a good option.

Another possible way to suppress ripening is to slowly inject extra precursors into the reaction
mixture. One example is the synthesis of monodispersed InAs CQDs by continuous injection as

shown in Figure 5-3.162
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Figure 5-3 Comparison between (left) typical hot-injection and (right) continuous precursor

injection. Adapted from reference 162.

In this synthesis, only 10% of total arsenide precursors were used for nucleation and the rest 90%
were slowly injected. And InAs can be obtained with < 8% size dispersion. Similar approach has
been adopted by Sohee Jeong and co-workers by continuous injection of InAs nanoclusters.®
Note that continuous injection is different from multiple precursor injections, the former usually

requires a syringe pump to better control the injection rate.

5.1.3 Surface Chemistry

In section 2.3.2, we mentioned that there are a number of reports which showed excess metal atoms
on the quantum dot surfaces.® The ratios between cation and anion were determined by various
techniques such as NMR, XPS, inductively coupled plasma — mass spectrometry (ICP-MS),
inductively coupled plasma — optical emission spectrometry (ICP-OES) and Rutherford

backscattering spectrometry (RBS). Other important surface information could be retrieved with
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these techniques. For example, XPS is good at determining the oxidation states of surface atoms,
which have different binding energies. Figure 5-4 shows the XPS results of OAcid-capped PbS

CQDs before and after air exposure.* It is clear that surface S? gets oxidized to S** and S®* in air.
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Figure 5-4 XPS spectra of PbS CQD films (a) before and (after) air exposure. Adapted from

reference 95.

In mercury chalcogenide synthesis, because mercury precursor tends to get reduced at elevated
temperatures, it is a question whether Hg® or Hg* species exist or not. Moreover, S, Se and Te all
tend to oxidize in air, in what form do these elements exist is of great importance. Prashant Kamat
and co-workers previously reported a light-induced surface oxidation of CdSe to CdO and SeO,.1%*
Similar reaction may happen in mercury chalcogenide CQDs to form HgO and TeO> (or SeOy).
Both HgO and TeO: (or SeO») are wide-gap materials that can form type-1 core/shell with HgTe
(or HgSe). This heterostructure may help reducing the effect of surface traps but are not good for
charge transport. This might be the reason why EDT/HCI treatment, which can dissolve HgO and

TeO> (or Se0y), is good for electrochemistry measurement but sometimes makes the PL worse
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than bare mercury chalcogenide CQDs (not core/shells).®* XPS could be a possible method to

answer these questions.

NMR is another important technique that could differentiate bound and free ligands in the
solution.’® As a result, it is the best way to determine the exact surface ligands. NMR can also
work quantitatively to give the number of ligands based on the integrated resonance intensity.
Figure 5-5 shows the NMR of free and bound OAcid in toluene-d8. The peaks of bound ligands

usually become broader and shift downfield.

/(a.u.)

/(a.u.)

Figure 5-5 NMR spectra of (top) free and (bottom) CdSe-bound OAcid in toluene-d8. Adapted

from reference 165.
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There is no NMR study on mercury chalcogenide CQDs yet. However, it may help a lot to decide
the exact surface ligand or ligand ratio, especially if mixed ligands such as amine, TOP and thiol
are used at the same time. Besides, to correlate the surface ligand with PL intensity can provide us
with more information about the energy coupling to ligand vibrational modes and possible surface

traps.”

5.2 Inorganic Ligand Exchange and Matrix

Inorganic ligand exchange and matrix embedment are standard methods to remove surface organic
ligands from CQDs. The benefits for doing these surface treatments include stabilizing
nanocrystals, improving carrier mobility, controlling the doping level and increasing quantum
yield.

If the thermal stability of nanocrystals is so low that they tend to sinter on films, a matrix
embedment might be a good solution. The common materials used for inorganic matrix include
Si0,, TiO,, and As2S3.% In principle, these inorganic materials are better than organic ligand in
terms of light and thermal stability, which makes it possible to fabricate all-inorganic devices. %%
167

As mentioned previously, mercury chalcogenide CQDs have poor thermal stability. Therefore, it
should be a good idea to grow matrix on them. However, up till now, only one paper on
HgTe/As,Ss has been published, with no indication of improved stability.® Here in Figure 5-6, |

show the preliminary results on HgTe/SiO2 and HgTe/TiOx.
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Figure 5-6 (left) TEM image of HgTe/TiO>; (right) Film PL spectra of HgTe/SiO2 and HgTe/TiO-

compared with initial HgTe CQDs.

The growth of SiO2 and TiO are based on published results using tetraethyl orthosilicate and
titanium butoxide as the Si and Ti precursor, respectively.1®8-189 Small amount of water was added
to the toluene solution of non-aggregated OAm-capped HgTe CQDs together with the Si or Ti
precursor to induce a hydrolysis reaction. The obtained solids were then annealed at 200 °C to
remove water. As shown in Figure 5-6, HgTe dots are embedded in TiO> matrix with small regions
of aggregated particles and TiO> is likely to be in the form of an amorphous matrix. The PL is
preserved even after annealing at 200 °C for 4 h. In section 2.4, | mentioned that the HgTe/CdTe
core/shell cannot withstand temperatures above 200 °C due to the interfacial alloying. Here,
because TiOy is likely amorphous and not lattice mismatched with HgTe, the diffusion of
interfacial atoms and therefore alloying is greatly suppressed. This strategy may make it possible
to sinter mercury chalcogenide CQD films at temperatures as high as 300 °C to “burn” all surface

organic molecules.
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In terms of PL QY, most ligand exchange or inorganic matrix methods would maintain or have a
negative effect on the PL intensity despite the removal of organic molecules, which has been
observed in many CQD systems such as As;Ss-treated HgTe and halide-exchanged PbSe.% 170 One
possible reason is that these treatments will introduce surface traps to the quantum dots as the
better-passivated organic ligands are replaced by short, ionic ligands. If the ligand exchange is
carried out in air, an exposure to O may cause severe oxidation of the surface anions as well.
Besides, ligand exchange may induce aggregation as the quantum dot distance shortens. To
partially recover from these negative effects, a proper choice of the exchange ions may be
important. In the study of PbSe,*° it was found that the softer I- gave the best PL compared with
harder ions such as Br and CI- given the fact that it has the strongest interaction with Pb?*. As a
result, I can better passivate the PbSe surfaces and avoid sintering. Since Hg?* is even softer than
Pb?*, ions like I" and S? may be the ones to choose. Also, performing ligand exchange on type-I
core/shells may greatly decrease the chance of creating surface traps.

The biggest advantage of ligand exchange and inorganic matrix is the improvement of carrier
mobility. In aggregated-HgTe/As,Ss system, the electron mobility, ~102 cm?/(V-s), was two-order
magnitude higher than that of the EDT-treated dots.® The mobility increase would directly improve
the performance of infrared photodetectors. In PC devices, the detectivity in theory is proportional
to the square root of mobility. In PV devices, mobility has a positive effect on the diffusion
coefficient. However, higher mobility also means lower resistance and higher Johnson noise in PV

devices.
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5.3 Wide-Gap Intraband Materials

There are four narrow gap CQD materials that have been reported to have air-stable intraband
transitions: HgS, HgSe, HgTe and Ag.Se. Meanwhile, chemically or electrochemically doped
CdSe CQDs also have mid-IR intraband absorptions. This brings up a question: is it possible to
have air-stable intraband transition in wide-gap materials?

One basic requirement is that the environmental Fermi level needs to be higher than or at least
close to the conduction band energy of bulk semiconductors.

From Figure 5-7, most common metal chalcogenide CQDs, such as CdS, CdSe and PbSe, have
zero hope to become air-stable intraband materials. However, several candidates, such as FeS; and
WS>, meet this band energy criteria. Besides, compared with metal chalcogenides, the conduction
band energies of their oxide counterparts become closer to the environmental Fermi level. One
possible candidate is CdO, which has shown surface plasmon resonance in its nanoparticle form.1"
In section 4.1, we discussed the transition between intraband transition and surface plasmon as the
particle size changes. As a result, growing smaller CdO nanoparticles may be able to show

intraband transitions.
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Figure 5-7 Band gap positions of common semiconductors. The green square is conduction band

and the red square is valence band. Magenta strips were added to represent the range of ambient

Fermi level. The energy gap is adapted from reference 108 and the positions of ambient Fermi

level are adapted from reference 64.
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