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"Emotional maturity is the compass guiding the voyage of success; intelligence is merely

the wind in its sails. Alone, it can lead us off course, but paired with emotional

understanding, it propels us to our true destination." - Unknown
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ABSTRACT

The field of semiconductor quantum dots has seen tremendous progress over the last few

decades. Although quantum dots emitting at visible wavelengths have been extensively

studied and display near-unity quantum yields, quantum dots remain relatively poor emitters

in the midwave- shortwave- infrared wavelengths. Quantum dots hold immense potential

for fabricating low cost infrared detectors and emitters, but their performance is severely

limited by their poor emission efficiency and fast nonradiative relaxation. In my PhD, I

have developed methods to slow the nonradiative rate in quantum dots in midwave- and

shortwave- infrared wavelengths, and developed insights into the underlying nonradiative

mechanisms.
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CHAPTER 1

INTRODUCTION

1.1 Infrared quantum dots

Colloidal quantum dots (QDs) are semiconductor nanoparticles that are a few nanometers

in size. From a commercial perspective, the two most attractive properties of QDs are their

size-tuneable optical properties, and their solution processibility [13]. In contrast to bulk

semiconductors that need to be fabricated by expensive vapor-phase lithography, QDs can

be synthesized by a simple solution-phase chemical synthesis. This solution processibility

leads to much lower costs, with added benefits such as large-scale fabrication, and preparing

flexible devices [13].

By a simple tweaking of the synthetic conditions, the energy levels of the QDs can be

modified. This ’color tuning’ enables generation of materials with precise emission properties.

The most popular commercial application of QDs is as phosphors in TVs, due to the much

better color purity of QDs compared to OLEDs. A comprehensive review of the QD field

can be found in the reviews elsewhere [13, 14].

In contrast to QDs emitting in the visible wavelengths, which are the most widely studied

systems in the field, QDs emitting in the infrared are far less studied. The infrared spectrum

comprises of three windows: the near-infrared (NIR, 780nm - 2.5µm), midwave-infrared

(MWIR, 2.5µm - 8µm), longwave-infrared (LWIR, 8µm - 15µm) and far-infrared (FIR, 15µm

- 1mm). The NIR is further subdivided into regions called NIR-I (780nm - 1µm) and NIR-

II (1.3µm - 2.5µm). The NIR-II region is also called the shortwave infrared (SWIR). The

chief applications of infrared QDs are as detectors and emitters. SWIR detectors have

applications in low-visibility imaging, spectroscopy and gas sensing [15], and MWIR detectors

have applications in gas sensing, thermal detection and spectroscopy [16, 17]. MWIR and

SWIR emitters have applications in gas sensing and spectroscopy. SWIR emitters also
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have application in bioimaging, as fluorophores at this wavelength range undergo much less

scattering in tissue as compared to visible wavelengths [9, 4].

A chief benefit of infrared QDs over their visible counterparts is the lack of alterna-

tive materials showing high performance. While organic semiconductors offer a low-cost

alternative to inorganic materials as visible emitters, organic molecules display very poor

performance in the infrared wavelengths. The PLQY of organic semiconductors is several

orders of magnitude lower than QDs (See Fig. 1.4 in Ref. [18]), making them unfeasible for

fabricating infrared detectors and emitters. As a result, the only alternative materials are

bulk semiconductors. The fabrication requirement for bulk semiconductor crystals makes

the detectors extremely expensive. For instance, the state-of-the art mid-infrared detec-

tors are made from mercury cadmium telluride alloys (MCT), which requires fabrication

by molecule-beam epitaxy and flip-chip bonding. The solution-processibility of QDs brings

down the material drastically, and can lead to much lower costs of the infrared detectors.

This will open infrared detection for use in consumer markets such as self-driving cars, which

were previously impractical due to the prohibitive cost.

1.2 Nonradiative mechanisms

Despite their advantages, the PLQY of QDs has been very low [19]. In contrast to the gold-

standard CdSe/CdS QDs that have PLQY of ∼100% at visible wavelengths, the brightest

PLQY of infrared QDs are ∼40% in the SWIR [5], and only ∼0.1% in the MWIR [20]. The

low emission efficiency makes MWIR QDs noncompetitive against thermal light sources.

The low PLQY of the MWIR QDs also results in poorer mid-infrared detectors. The fast

nonradiative decay responsible for the low PLQY results in a higher dark current due to

thermal recombination [19]. In order to slow the recombination, the detectors have to be

cooled to cryogenic temperatures, which makes the cameras bulky and expensive. Hence, in

order to obtain high-performance low-cost MWIR detectors and emitters, it is necessary to
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overcome the fast nonradiative relaxation in these materials [19].

To design strategies to slow the nonradiative relaxation, it is essential to understand the

mechanisms governing the relaxation. The most common nonradiative mechanism in QDs

in surface trapping, where an undercoordinated surface atom leads to a defect state with

energy lying within the bandgap [21]. After photoexcitation, the either the electron or hole

can relax to this defect state, and remaining essentially non-emissive. Surface trapping is

also called Shockey-Reed-Hall (SRH) recombination, and it plays a dominant role in bulk

semiconductors. In QDs with bandgap in the visible and near-infrared, surface trapping is

the dominant relaxation mechanism [21].

For QDs emitting in the infrared, two other relaxation mechanisms are observed. One

mechanism is a near-field Forster resonance energy transfer (FRET) to ligand vibrations on

the QD surface, which was first proposed by Guyot-Sionnest and coworkers [22]. Due to

the nanometer- separation between the QD center and the ligands, and due to the strong

absorption of ligands in the infrared, this mechanism plays a dominant role in QDs emitting in

the SWIR and MWIR. A third mechanism that might play an important role is nonradiative

decay to lattice phonons [23, 24, 25, 26]. Phonon vibrations in QDs have an energy of ∼100-

300 cm−1. After photoexcitation, the QD exciton can relax via coupling to a high-order

multiphonon transition, either by a direct quantum-mechanical coupling, or by a radiative

Forster energy transfer. Though this involves a high-order (>∼10) nonlinear phonon process,

the rate could be enhanced due to the higher anharmonicity of phonon modes on the QDs

surface [27]. It is important to determine the underlying nonradiative mechanism, as it will

dictate the strategy to employ to overcome it.

Surface trapping can be overcome by suitable coordination of the defect states on the

QD surface. This can be achieved either by coordinating the QDs with suitable ligands, or

by growth of an epitaxial type-I shell [21]. The shell is said to have a type-I alignment when

the conduction band of the shell is at a higher energy than the core, and the valence band
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is at a lower energy than the core. This leads to confinement of the electron and hole to

the core of the core/shell QD, and creation of a tunneling barrier between the exciton and

the surface defect state. Growth of an epitaxial shell is the most common way to obtain

bright QDs, and this has led to development of visible-emitting CdSe/CdS QDs with PLQYs

approach 100% [28]. Growing a shell has its limitations however. The shell material should

be lattice-matched to the core to minimize strain upon epitaxial growth. Introduction of

lattice strain has been shown to lead to a decrease in PLQY at large shell thicknesses [29].

Another challenge with growth of a shell is that it introduces an insulating barrier between

the core QD and the environment, and leads to a poor mobility in QD devices [19]. For

obtaining better-performing mid-IR QD detectors and emitters, shell growth should either

be minimized, or limited to a small thickness.

FRET to ligands can be overcome by passivation of QDs by ligands that have minimal

absorption at the QD emission frequency, or by growth of a type-I shell to separate the QD

emitter and the ligand absorbers [22, 30]. If the nonradiative mechanism is dominated by

relaxation to lattice phonons, little can be done to overcome it, as it is intrinsic to the QD

material. Use of QD materials with a low phonon frequency, a low electron-phonon coupling

and low anharmonicity could possibly lower the multiphonon relaxation rate.

The most common strategy to experimentally determine the relaxation mechanism is

through a measurement of the temperature-dependence of the nonradiative rate γnr. Surface

trapping shows an activated Arrhenius-type exponential behavior with temperature [31]:

γnr ∝ e
−Eb
kBT (1.1)

where Eb is the activation barrier. This should manifest as a linear trend in a log-linear

plot between the nonradiative rate and 1
T .

Under the limit of low electron-phonon coupling and low anharmonicity, multiphonon

relaxation shows an exponential dependence on the temperature and the phonon order ’n’
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[32]:

γnr ∼ Tn

n =
ωQD

ω0

(1.2)

where ωQD and ω0 are the emission frequencies of the QD and phonon mode respectively.

This should show as a linear trend in a log-log plot between the nonradiative rate and T.

It should also show as a linear trend in a log-linear plot between the nonradiative rate and

ωQD.

In contrast to the temperature dependence of surface trapping and multiphonon relax-

ation, FRET to ligands is temperature independent. Hence, measurement of the temperature-

dependent PLQY will help determine the nonradiative relaxation.

Another method to determine the relaxation mechanism is through the different effects

of the shell thickness on the PLQY. For surface trapping γnr ∼ e
−t
t0 [33], where t is the shell

thickness, and t0 is a measure of the tunneling barrier arising from the shell. For ligand

FRET γnr ∼ R−4 [22] where R is the total core/shell QD radius, and for multiphonon

relaxation the nonradiative rate is independent of shell thickness. Thus, measurement of

the nonradiative rate as a function of shell thickness will help determine the relaxation

mechanism.

A comprehensive description of different nonradiative mechanisms and their impact on

QD devices can be found in the PhD thesis of Dr. Christopher Melnychuk [18].

1.3 Shell growth for mercury chalcogenide QDs

Since the early years of development of quantum dots (QDs), growth of a semiconductor shell

around the QD has been the go-to method for enhancing the photoluminescence quantum

yield (PLQY) [34, 29]. For QDs emitting at visible wavelengths, the dominant nonradiative
5



mechanism is surface trapping. By growing a shell with a type-I shell material, a tunneling

barrier is introduced between the exciton and the trap states, leading to a drastic improve-

ment in PLQY with even a relatively thin shell (∼3 monolayers) [34, 29].

For HgSe and HgTe QDs emitting in the mid-infrared (∼5 µm wavelength), which are

the most promising candidates as mid-infrared active materials [35, 7, 17], only a small

increase in the PLQY is observed upon growth of a thin shell [20, 36]. The PL also shows a

negligible temperature dependence, which suggests that surface trapping might be playing

an insignificant role in these systems [20]. Measurement of PLQY of HgTe QDs suggest that

FRET to surface ligands might play a dominant role in QDs emitting at infrared wavelengths.

When the measured PLQY of HgTe QDs as a function of size was compared to the calculated

PLQY by a FRET to oleylamine ligands, a good agreement was observed [7]. The FRET

mechanism was also supported by measurements of intraband lifetime in optically excited

CdSe- based core/shell QDs [30]. The measured intraband lifetime showed a good agreement

with the calculated FRET rate, where a significant lengthening was observed only on growth

of a thick shell (∼10 monolayers).

These works provide the motivation for growing a thick shell on HgSe and HgTe QDs.

Despite several attempts to grow a thick type-I shell around HgSe and HgTe QDs, growth

of only a thin shell (<∼3 monolayers) has been achieved [20, 36, 37]. In addition, there has

been no conclusive demonstration of the nonradiative mechanism, and the PLQY has been

low in the SWIR (<∼40% at 1.5µm [5]) and MWIR (<∼0.1% at 5µm [20]). In my PhD

research, I have developed strategies for the growth of a thick type-I shell around HgSe QDs,

to obtain bright emission at 5 µm through the intraband transition [38], and at 1.7µm - 2µm

through the interband transition [39]. My work demonstrated ligand-FRET as the dominant

nonradiative mechanism in these wavelength ranges. By growth of the thick shell, we have

achieved the synthesis of QDs with PLQY of 2% at 5 µm and 63% at 1.7 µm, which are the

brightest reports to-date.
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CHAPTER 2

DESIGN OF THICK SHELL QUANTUM DOTS

In contrast to visible-emitting QDs like CdSe, growth of a type-I shell on HgSe QDs has

unique challenges. The most feasible shell candidates for HgSe cores are CdSe and CdS,

due to their type-I band alignment, crystal structure match (zincblende), and low lattice

mismatch ( 4% for CdS and 0% for CdSe). However, there is a large difference between

the growth temperatures for HgSe cores, and CdS or CdSe shell. While HgSe QDs are

typically grown at temperatures around 100°C - with Ostwald ripening being observed at

higher temperatures - CdS and CdSe QDs are typically grown at temperatures in excess of

200°C [40, 41, 42, 43, 44, 45, 46, 47, 48, 49].

To avoid ripening of the cores during the shell growth, previous reports have used low

temperatures (<100°C) for growth of a CdS or CdSe shell on HgSe QDs [20, 36, 37]. The

shell was either grown at room temperature by a biphasic cALD procedure [20, 37], or at

100°C using highly reactive Cd- and S- precursors [36]. These procedures were successful

in growing a shell upto 3 monolayers. In the case of cALD growth, further half- cycles

did not lead to a thicker shell [20], and in the case of hot-injection at 100°C, homogeneous

nucleation of the shell material was observed [36]. When a CdSe shell was grown at 200°C

using Cd(oleate)2 and TOPSe, a tetrahedral shell was observed, with an insignificant effect

on the intraband PLQY [20]. These reports show that homogeneous nucleation and faceted

/ irregular shell growth are the greatest challenges for growth of a thick shell on HgSe QDs.

It is typically assumed that QDs grow by a LaMer growth mechanism, where the growth

rate is controlled by diffusion of precursors to the QD surface, and the kinetics of QD

growth independent of the QD size [50, 51]. However, an early report by Mulvaney and

coworkers on growth of CdSe/CdS QDs suggest a deviation from the LaMer model [42]. Most

protocols for shell growth employ a SILAR (Selective Ion Layer Adsorption and Reaction)

protocol [52], where the cationic and anionic precursors are alternatively added, with a
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certain reaction time between additions to ensure complete reaction of the precursor. This

protocol is based on the reasoning that each half-reaction will lead to a saturation of the

QD surface, and no unreacted precursor should remain in solution when the other reagent is

added. Homogeneous nucleation can thus be avoided, in principle, if the precursor amounts

are precisely calculated and the reaction time is long enough. However, Mulvaney and

coworkers observe that the shell saturates upto a particular size, which depended on the

growth temperature. After reaching this size, further precursor addition led to homogeneous

nucleation of the shell material. This could not be prevented even upon increasing the

reaction time [42]. The shell did not grow thicker unless the reaction temperature was

increased. These observations suggest the importance of reaction kinetics for shell growth

on QDs: the rate of monomer deposition on the QD surface is size-dependent. When the

QD size is large enough, the activation barrier for growth is too large at that temperature,

which leads to homogeneous nucleation upon addition of further precursors [42].

This hypothesis is supported by the fact that all successful protocols for growth of a thick

CdS or CdSe shell on CdSe [40, 41, 42, 43, 44], PbS [45], PbSe [46, 47], ZnSe [48] and InP

[49] QDs use high reaction temperatures in the 240-300°C range. When the temperature is

high enough, homogeneous nuclei become unstable, and deposit on the larger core/shell QDs

by Ostwald ripening. Under these conditions, both the cationic and anionic reagents can be

injected simultaneously without observing homogeneous nucleation, such as the CdSe/CdS

growth protocol by Bawendi and coworkers [43]. These observations show the necessity of

a high temperature for avoiding homogeneous nucleation during growth of a thick shell on

HgSe QDs.

Apart from avoiding homogeneous nucleation, a high reaction temperature also leads to a

spherical shell morphology, instead of faceting or an irregular shell growth. This is observed

in HgSe/CdSe and HgTe QDs, where a tetrahedral morphology is observed [20, 53]. In order

to obtain a spherical growth and avoid faceting, it is necessary to perform shell growth under
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a kinetic regime. This can be achieved when the reaction temperature is significantly higher

than the minimum temperature required for decomposition of the shell growth reagents.

Using the above design principles, we have achieved a spherical shell growth without ho-

mogeneous nucleation, by using highly reactive shell precursors, at high growth temperatures

[38, 39]. The upper limit of the temperature is set by the onset of alloying at the core/shell

interface. HgSe/CdSe and HgSe/CdS QDs show interfacial alloying at temperatures above

around 250°C [20] . To prevent interfacial alloying, we have set 220°C as the upper limit for

the shell growth. For synthesis of HgSe/CdS QDs, we have used Cd(DEDTC)2 as a highly

reactive single-source CdS precursor at 220°C (Chapter 3), and for HgSe/CdSe QDs, we have

used Cd(acetate)2 and Se/OAm as highly reactive CdSe precursors at 200-220°C (Chapter

4).

Before performing the thick shell growth at these elevated temperatures, it is necessary

to grow a thin shell on HgSe QDs at temperatures <100°C to impart thermal stability and

avoid core ripening [20]. Although this could be done at room temperature using cALD

[20, 37], we avoided it due to its limited scalability and tedious procedure. In Chapters

3 and 4, we have developed the synthesis of a thin CdS and CdSe shell on HgSe QDs at

90-100°C by a hot-injection procedure [38, 39]. This reaction was simple, and could easily

be scaled upto 80mg of HgSe QDs.

9



CHAPTER 3

NONRADIATIVE MECHANISMS IN THE MID-INFRARED

This section has been adapted from Kamath et. al. [38]

3.1 Introduction

The control of intraband carrier relaxation in semiconductor quantum dots (QDs) is a long-

standing topic of interest due to its central role in QD optoelectronic technologies [54, 14, 55].

In applications utilizing the interband emission of light, such conventional QD lasers and

LEDs, fast intraband relaxation is desired. In contrast, other applications such as solar

energy harvesting utilizing hot-carrier extraction and carrier multiplication, are significantly

aided when intraband relaxation is slow [56, 57, 58]. Slow intraband relaxation is also re-

quired when intraband transitions, typically between the two lowest quantized conduction

levels 1Se and 1Pe, are utilized directly for light emission and detection such as in infrared

optoelectronics [35, 19, 1, 59, 60, 61]. It is therefore of broad practical importance to under-

stand and control intraband relaxation rates.

Due to the large energy spacing between QD conduction states, it was initially believed

that electronic relaxation should be very slow due to the low expected rate of multiphonon

emission across such gaps. This is known as the “phonon bottleneck” effect [62]. Electronic

phonon bottlenecks are rarely observed in practice, however, because electrons can undergo

sub-picosecond relaxation by coupling to a valence hole in a process known as Auger cooling

[56, 63, 64, 65, 66]. Experiments which inhibit Auger cooling, either by hole localization [30,

22, 67] or by n-doping [1, 68], accomplish slower relaxation rates which are often attributed to

Forster-like near-field energy transfer involving surface ligand vibrations [1, 30, 22, 7, 8]. This

usually produces intraband lifetimes of tens to hundreds of picoseconds [1, 22, 67, 68]. Prior

to the present work, the longest reported intraband lifetime at 5 µm (2000 cm−1) was 1.5
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ns in a thick-shell CdSe/ZnS/ZnSe/CdSe QD heterostructure passivated by hole-extracting

ligands [30].

Recent atomistic simulations [23] using a semiclassical electron-phonon coupling frame-

work [24] predict that a ∼1 ns lifetime is the fundamental upper limit due to phonon pro-

cesses intrinsic to all nanocrystals. Fully quantum-mechanical models, however, imply that

much longer microsecond lifetimes are attainable when electron-phonon coupling and lat-

tice anharmonicity are small, as in II-VI semiconductors [25, 26]. Furthermore, molecular

dynamics simulations and neutron scattering experiments have suggested the presence of

strong surface-derived anharmonicities which could fundamentally limit intraband lifetimes

to sub-nanosecond levels [27, 69]. There is consequently a substantial uncertainty regarding

the basic limits on maximum achievable intraband lifetimes. A natural experimental test

would be to examine the intraband lifetime in a strongly confined QD where Auger cooling,

nonradiative energy transfer, and other non-phonon relaxation mechanisms are minimized.

As a first step to address this issue, we report here the synthesis and spectroscopy of

thick shell n-type HgSe/CdS core/shell QDs. HgSe QDs are a convenient system for studies

of intraband electronic relaxation due to their air-stable n-doping [35, 70], intraband pho-

toluminescence and absence of Auger electron cooling [1]. They are also investigated for

mid-infrared optoelectronics due to suppressed multicarrier Auger recombination [1], solu-

tion processability and greatly reduced material costs relative to epitaxial materials [35, 71].

Prior studies focused on HgSe QDs with no shell or thin shells [1, 36, 37, 20], and the in-

traband photoluminescence quantum yields (PLQYs) remained around 0.1% [20], indicating

sub-nanosecond intraband nonradiative lifetimes [1]. When growing core/shell nanocrystals,

high temperatures are usually needed to promote a compact shell growth. Established pro-

cedures for growing thick CdE (E=S/Se) shells on CdSe [40, 41, 42, 43, 44], PbS [45], PbSe

[46, 47], ZnSe [48] and InP [49] QDs demand temperatures in the 240°C - 300°C temperature

range. This substantially exceeds the alloying temperature for HgSe/CdS [20] and motivates
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the development of a new synthetic protocol. Although HgSe/CdS can be grown by colloidal

atomic layer deposition (cALD), such procedures are prone to substantial homogeneous nu-

cleation of CdS nanocrystals after a few shell layers [37, 20].

In this work, the synthesis of thick-shell HgSe/CdS QDs under milder conditions is ac-

complished via a two-step growth procedure utilizing highly reactive single-source precursors

[72, 73, 74]. We demonstrate increasing intraband lifetimes and PLQYs with increasing shell

thickness, resulting in the highest photoluminescence efficiencies and longest intraband life-

times reported to date at 2000 cm−1 (5 µm).

3.2 Synthesis of thick-shell HgSe/CdS core/shell QDs

All syntheses were performed on 4.8 ± 0.5 nm diameter HgSe QD cores to obtain intra-

band photoluminescence peaked near 2000 cm−1, the spectral region of interest for mid-

infrared photodetectors and light sources. The HgSe/CdS synthesis begins with an initial

CdS growth at 80°C utilizing cadmium bis(phenyldithiocarbamate) (Cd(PDTC)2), a highly

reactive single-source precursor previously used for the low-temperature growth of CdSe/CdS

nanobelts [75]. Through a kinetics study, we found that Cd(PDTC)2 decomposes to CdS at

temperatures above 60°C, and that the optimal temperature for shell growth is 80°C (See

Section 3.6.10). This single-step synthesis avoids complications associated with multi-step

room-temperature cALD [37, 20] and it has the added advantage of easy scalability. After

growth of a 0.6 nm thick CdS layer, the QDs exhibited thermal stability (Fig. 3.6) such that

thicker CdS shells could be subsequently grown using cadmium bis(diethyldithiocarbamate)

(Cd(DEDTC)2) at 220°C. This temperature was found to provide a good balance between

minimizing interfacial core/shell alloying and promoting quasi-spherical shell growth (See

Section 3.6.9) [20].

HgSe QDs display the cubic zincblende structure [35], while CdS may grow along either

cubic zincblende or hexagonal wurtzite structures depending on the synthetic conditions [72].
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The growth of a wurtzite shell on a zincblende core produces polypods [47, 76, 77, 78] which

can promote fast nonradiative relaxation [47]. It is therefore necessary to grow the CdS

shell along a zincblende structure, and we accomplish this through an appropriate choice of

ligands. Growth of CdS has been previously reported to occur along a zincblende structure

when cadmium carboxylates are used as ligands [79]. Indeed, during syntheses with only

Cd(DEDTC)2 and amine ligands, we observe a significant wurtzite shell component, and the

CdS shell begins to develop tetrapodal arms (Fig. 3.9(C,D)) [74]. We find that cadmium

oleate works as a good ligand to promote CdS growth along a zincblende structure (Fig.

3.9(I,K)), allowing growth of a thick and uniform shell (Fig. 3.1, Fig. 3.9(E,F)). We note

that the cadmium oleate should contain no residual oleic acid, as even slight amounts lead

to QDs with poor intraband photoluminescence.

Transmission electron microscopy (TEM) images indicate that the nanocrystal diameter

grows from 4.8 nm to 15.3 nm during 30 minutes of CdS growth using Cd(DEDTC)2 (Fig.

3.1A – D). At diameters above 12 nm, they begin growing as bullet shapes. The average

diameter was measured from the TEM images as a geometric mean of the short diameters

and long axis (See Section 3.8.3). The pXRD in Fig. 3.1E indicates that thick CdS shell

growth occurs predominantly in a zincblende structure. Wurtzite peaks along the (100),

(101) and (103) planes (at 25°, 29° and 48° respectively) are observed, which accounts for

25% of the total signal (Fig. 3.13). The absorption spectra (Fig. 3.1F) show the onset of

a strong visible absorption due to the CdS shell, while the HgSe interband and intraband

absorptions at 6000 cm−1 and 2500 cm−1 are retained (Fig. 3.7). This demonstrates that

the integrity of the cores is maintained after the shell growth.

Under these synthetic conditions, we observe that the nanocrystal size measured by

TEM is larger than predicted by the precursor amount added. We also observe a red tail

in the visible absorption beyond the CdS band edge, whose intensity varies with synthetic

conditions. We believe that during the initial stages of the thick-shell HgSe/CdS synthesis,
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Figure 3.1: (A-D) TEM images of HgSe/CdS QDs with a core diameter of (A) (4.8 ± 0.6)
nm and core/shell diameter of (B) (6.0 ± 1.2) nm, (C) (11.5 ± 1.4) nm, (D) (15.3 ± 2.7) nm.
(E) powder XRD spectra of (black) 4.8 nm HgSe and (red) 19 nm HgSe/CdS QDs. Solid
bars indicate the XRD peaks of bulk zincblende HgSe and CdS respectively. (F) Absorption
spectra of HgSe and HgSe/CdS QDs with the indicated shell thicknesses, normalized to HgSe
core absorption at 808 nm.

a fraction of the thin shell HgSe/CdS QDs dissolve and deposit upon the remaining QDs as

a HgCdSSe shell. This would explain the red tail and larger core/shell sizes than calculated

from the amounts of precursors added. A batch-to-batch variability is observed in the extent

of dissolution, and it also depends on the heating rate. The benefit, however, is the promotion

of compact thick shell growth. We attribute this to reduced strain at the core/shell interface,

with a possible gradient-alloying. We observe no noticeable effect on the intraband and

interband absorptions (see Section 3.8.1 for more details).
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3.3 Measurement and chemical control of 1Se occupancy

Although HgSe QDs are n-type under ambient conditions with electrons in 1Se [1, 70], CdS

shell growth tends to remove the natural doping. One must therefore n-dope the HgSe/CdS

QDs after synthesis to turn on the 1Se – 1Pe intraband transition. Several methods are

commonly employed to dope QDs including incorporation of aliovalent impurities [80, 81, 82],

surface oxidation [83, 84], changing surface dipole through ligand exchange [35, 85, 86], charge

injection through electrochemistry [87, 88, 89, 90, 91, 92] or redox agents [93, 94, 95]. Here

we employ a surface dipole modification which, as depicted in Fig. 3.2A, shifts the absolute

positions of the QD energy levels relative to a fixed environmental Fermi level. We denote

the QDs with 0, 1 and 2 electrons in the 1Se state as 1Se(0), 1Se(1) and 1Se(2) respectively.

Since the 1Se occupancy (doping) affects absorption and photoluminescence, it is necessary

to control and characterize the doping.

The doping of HgSe/CdS QDs after synthesis is sensitive to the quantities of cadmium

oleate ligand and CdS precursor utilized during the shell growth. Cadmium oleate promotes

n-doping, attributed to the introduction of a positive surface species and inward-pointing

surface dipole (Fig. 3.2A-B). The Cd(DEDTC)2 precursor evolves H2S during the reaction

[73, 96] and likely deposits S2− on the QD surface, which reduces the n-doping. To control

the doping, we developed a procedure in which we first oxidize the HgSe/CdS QDs by

treatment with ammonium sulfide at 40°C to achieve a 1Se occupancy (Ne) of ∼0 (See

Section 3.6.8). The QDs are subsequently treated with cadmium acetate at 180°C, and

the doping level can be tuned by changing the cadmium acetate amount (Fig. 3.2D). At

low dopings, the intraband absorption is shadowed by the surface ligand absorption (Fig.

3.11(D)). To obtain quantitative optical measurement of the doping, we used a solution of

molecular iodine in TCE as a temporary oxidizing agent that does not change the ligand

absorption [97]. A subtractive procedure then eliminated the ligand absorption, giving a
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clean intraband absorption required for optical doping determination (Fig. 3.11). The

interband and intraband absorptions are linearly related as would be expected from a transfer

of oscillator strength, as shown in Fig. 3.2C (see Fig. 3.19 for comparison of oscillator

strengths). From a linear fit to the intraband – interband trend, we determine the Ne of any

QD sample from the ratio of the intraband peak absorbance to the y-intercept.

Figure 3.2: Control of the 1Se occupancy (Ne) of HgSe/CdS QDs. (A) Cartoon of surface
dipole n-doping mechanism in HgSe/CdS QDs. The ambient Fermi level is indicated by the
dashed blue line. (B) FTIR spectra of HgSe/CdS QDs (red) after synthesis, and (blue) after
treatment with cadmium acetate. Absorptions from the ligands are subtracted for clarity.
(C) Plot of intraband vs interband absorption of HgSe/CdS QDs with different doping levels.
Inset shows the FTIR spectra (after subtraction of ligand absorption) of HgSe/CdS QDs after
titrating with I2. (D) Average 1Se occupancy (Ne) as function of the surface equivalents of
cadmium acetate added (see Section 3.6.8).
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3.4 Photoluminescence and nonradiative relaxation

Photoluminescence spectra of the QDs were recorded in solution by excitation with an 808

nm laser. Photoexcitation of 1Se(0) QDs can only lead to interband emission. On the other

hand, photoexcitation of the 1Se(1) and 1Se(2) HgSe/CdS QDs can lead to formation of a

hole in either the valence band or the conduction band. Due to fast hole cooling, likely by

hole Auger cooling [56] in n-doped HgSe QDs, the hole relaxes to the 1Se state within a few

picoseconds [1]. This leads to only intraband emission in n-doped 1Se(1) and 1Se(2) QDs,

irrespective of whether the photoexcitation is from the valence or conduction band (Kasha’s

rule) [98].

As shown in Fig. 3.3, the absorption and photoluminescence (PL) spectral peaks of

HgSe/CdS QDs show a negligible redshift compared to HgSe QDs, supporting the strong

type-I core/shell band alignment. The PL quantum efficiencies (PLQE), defined here as

the global fraction of interband or intraband photons emitted per photon absorbed, do not

directly inform on the nonradiative relaxation because they depend on the doping level. We

therefore determine the contributions from 1Se(0), 1Se(1) and 1Se(2) populations to the

PLQE, and normalize by the relative populations to determine the absolute PL quantum

yields (PLQYs) of the three species. The interband emission is expected to primarily arise

from 1Se(0) QDs as noted earlier, while to a first approximation the intraband emission

should be proportional to the sum of 1Se(1) and 1Se(2) populations.

Intraband and interband PLQE data at different ensemble Ne are shown for 4.8 nm

diameter HgSe (Fig. 3.4A) and for similar HgSe with 3.4 nm CdS shell thickness (Fig.

3.4B). Ne at a fixed Fermi level is determined by Fermi-Dirac statistics, while the fraction

of QDs with 0, 1 or 2 electrons in the 1Se state is expected to follow a binomial distribution

if there is no significant electronic correlation (See Section 3.8.4). The interband emissions

in Fig. 3.4 are well-fit by the 1Se(0) occupancy, which is consistent with Kasha’s rule. The
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Figure 3.3: Absorption (solid lines) and PL (dashed lines) spectra of (red) (4.8 ± 0.6) nm
HgSe and (blue) (10.2 ± 1.6) nm HgSe/CdS with Ne = 0.5. The ligand absorptions have
been subtracted for clarity. The inset shows a comparison of intraband PL spectra with the
HgSe PL scaled 10×.

fitting gives interband PLQYs of (9.5 ± 1.0) × 10−3 and (3.6 ± 0.1) × 10−2 for HgSe and

HgSe/CdS respectively. Likewise, the intraband PLQE for HgSe fits well to a sum of 1Se(1)

and 1Se(2) populations with a PLQY of (3.8± 0.5)× 10−4 for both species.

In contrast, the intraband PLQE of HgSe/CdS cannot be fit as well by assuming a

constant intraband PLQY (Fig. 3.4B, dashed blue). The decreasing intraband PLQY of

HgSe/CdS with the doping (Fig. 3.4B, inset) suggests the presence of a nonradiative pathway

that changes with the doping. This interpretation is qualitatively supported by PL lifetime

measurements on HgSe/CdS QDs which show a faster intraband decay at higher doping

levels (Fig. 3.14). One possible mechanism is the presence of defect states in the CdS shell

close to the 1Se of HgSe which would be occupied upon surface dipole-induced energy level

shifting (Fig. 3.2A). Indeed, bulk CdS is known to exhibit deep electronic defect states

which can be infrared active [2, 3, 99]. The filling of these defect states could introduce a

nonradiative pathway either by hole-trapping or resonant energy transfer (Fig. 3.20).

To minimize the doping-dependent nonradiative effects and investigate the underlying

relaxation mechanisms, we further examined the influence of CdS shell thickness for QDs
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with Ne < 0.2. These data are shown in Fig. 3.5. Growth of a thick shell leads to a weak

increase in the interband PLQY, with the exception of the thin shell HgSe/CdS QDs (Fig.

3.5A, 0.6 nm shell thickness). These QDs display a relatively poor interband PLQY of 0.5%

due to the low temperature shell synthesis, which increases to >2% on annealing at 220°C

(Fig. 3.6(B)). The weak increase of interband PLQY with shell thickness is qualitatively

similar to prior works which reported saturation of interband HgSe/CdS PLQY at moderate

shell thicknesses [37, 20]. In contrast, the intraband PLQY exhibits a 30-fold increase over

the same shell thickness range (Fig. 3.5A).

The intraband radiative lifetime τR of HgSe QDs can be calculated from Eq. 2.1 [100,

101, 102, 103] where p is the transition dipole moment, ω is the angular frequency, ϵ0 is the

vacuum permittivity, and ϵ1 and ϵ2 are respectively the real optical dielectric constants of

the nanoparticle and the solvent:

1

τR
=

ω3p2

3πϵ0ℏc3
×√

ϵ2

(
3ϵ2

ϵ1 + 2ϵ2

)2
(3.1)

Due to the strong type-I core/shell band alignment, the emission frequency and transition

dipole do not change upon shell growth (Fig. 3.3). Using material parameters discussed in

Section 3.8.2, the intraband radiative lifetime τR for HgSe QDs emitting at 2050 cm−1 (5

microns) is calculated to be 900 ± 300 ns. Growth of a CdS shell changes the dielectric

screening, leading to a radiative lifetime of 700 ± 160 ns for thick shell HgSe/CdS QDs. The

PLQY is given by

PLQY =
τ−1
R

τ−1
R + τ−1

NR

(3.2)

and the total nonradiative rates τ−1
NR calculated from the measured PLQY are then
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Figure 3.4: PLQE vs Ne for (A) (4.8 ± 0.6) nm HgSe QDs and (B) (11.6 ± 1.6) nm HgSe/CdS
QDs. The red curves are fits from the 1Se(0) binomial population. The two samples (pink
points) with the lowest dopings for HgSe in (A) have a low interband PL due to the poor
surface passivation, and are excluded from the fit. The blue curve in (A) is fit assuming
same PLQYs for 1Se(1) and 1Se(2) populations. The data in (B) fits poorly to a constant
PLQY (dashed blue). The insets show the PLQY calculated by normalizing the PLQE to
1Se(0) population (for interband) and sum of 1Se(1) and 1Se(2) populations (for intraband).

expected to vary from 700 ps in the HgSe core to 15 ns in HgSe/CdS with 15 nm diameter

(See Section 3.8.2). This increasing trend is clearly supported by transient PL measurements,

although they exhibit multiexponential behavior, as shown in Fig. 3.5B. The lifetime data

for the HgSe cores are similar to those reported previously [1], with two relaxation times of

26 ± 1 ps and 1030 ± 35 ps. About 90% of the time-integrated PL comes from the 1030

ps decay, and the overall transient behavior is consistent with typical PLQYs of the HgSe

cores. Shell growth leads to a 25-fold lengthening of the fast lifetime component, while the

expected lengthening of the slow lifetime component is not resolved on the timescale of these
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measurements. Overall, the PL data indicate that thick CdS shells substantially lengthen

average intraband nonradiative lifetimes into the nanosecond regime.

The intraband lifetime derived from the PLQY is at least an order of magnitude longer

than the ∼1 ns phonon-mediated lifetime limit predicted by semiclassical simulations [24].

The near-field energy transfer mechanism [30, 22] predicts that the non-radiative rate should

scale with the total nanocrystal radius R as R−4, while phonon-mediated relaxation should be

independent of shell thickness and relaxation associated with surface anharmonicity should

be strongly reduced even at small type-I shell thicknesses. The data of Fig. 3.5A suggest

that energy transfer remains the dominant nonradiative mechanism, and that anharmonicity

or intrinsic phonon effects are relatively small. The PLQY trend with shell thickness in

HgSe/CdS displays a fair agreement with a generic quartic fit, shown in Fig. 3.5A, and the

deviations at thicker shells are possibly due to irregular shell growth or strain defects. While

the rate of surface trapping should be slow at the shell thicknesses considered here due to the

exponential dependence on the tunneling barrier, it is possible that stacking faults arising

from lattice strain can allow the carriers to reach the surface [104]. We empirically observe

that the intraband PLQY is relatively insensitive to the surface ligand coverage, suggesting

that surface trapping is not significant, but we cannot rule out a trapping mechanism with

the current data.

It is generally reported that the interband emission of thick shell CdSe/CdS is dimmer

than for intermediate shells, possibly due to defects in the thick CdS shell. It is known that

bulk crystalline CdS are photoresponsive in the near- and shortwave-infrared via absorption

associated with deep traps [2, 3], and the photoresponse can depend sensitively on the

CdS growth conditions [99]. Such traps in CdS might also have a negative impact on the

photoluminescence quantum yields of both interband and intraband transitions of the HgSe

core. For example, electron trapping by states in the shell could prevent bright interband

and intraband emission (Fig. 3.20). Further progress in intraband emission will likely benefit
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Figure 3.5: (A) (red squares) 1Se(0) interband and (black circles) 1Se(1) intraband PLQY
of HgSe/CdS QDs with different shell thicknesses. Except the cores (with Ne ∼ 1), all
samples had Ne < 0.2. The intraband PLQY data are fit to an R4 function (black dotted
line), physically motivated by the expected trend from Forster-type nonradiative relaxation
to surface vibrations. (B) Intraband PL lifetime traces for HgSe (Ne ∼ 2) and HgSe/CdS
QDs (Ne < 0.5). All traces fit well to biexponentials, while the long lifetimes for the thickest
samples are too long to determine.

from improved shell growth or a focus on shell materials that are defect-free.

The 2 ± 1% intraband PLQY achieved with thick-shell HgSe/CdS QDs makes them the

brightest reported solution-phase chromophores in the 2000 cm−1 (5 microns) region at room

temperature. This PLQY is also close to the room-temperature record of ∼4% observed in

epitaxial III-V superlattices [105, 106]. The ability to engineer QDs with slow nonradiative

relaxation is important for mid-infrared photodetectors, where background noise is funda-

mentally limited by the nonradiative relaxation of thermal carriers [19]. Long lifetimes and

high quantum yields should also support mid-infrared emission or lasing by enabling longer
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gain lifetimes, lower oscillation thresholds, and smaller saturation intensities [107]. Our re-

sults indicate that decoupling the QD excitation from the infrared absorbing environment

remains crucial for achieving long intraband lifetimes.

3.5 Conclusions

Infrared nonradiative decay is ubiquitous in solution phase chromophores and inorganic

colloidal quantum dots provide an avenue towards brighter emitters. Here we focused on the

intraband chromophores provided by n-doped HgSe quantum dots emitting at 5 microns. To

obtain brighter photoluminescence and test the fundamental limitations imposed by phonon

relaxation, we synthesized thick CdS shells on HgSe QDs. Control of the CdS growth in the

zincblende crystal structure allows formation of compact shells up to thicknesses exceeding 7

nm, with total nanocrystal sizes approaching 20 nm. Although the doping disappears upon

shell growth, we developed a procedure to regain and control the doping by a post-synthetic

treatment with cadmium acetate. The photoluminescence quantum yields were then studied

as functions of doping and shell thickness. At low n-doping levels, the HgSe/CdS QDs display

the highest intraband PL quantum yields, up to 2% for the thickest shells, corresponding

to intraband nonradiative lifetimes estimated in excess of 10 ns. Such lifetimes suggest

that phonon-mediated relaxation is at least an order of magnitude slower than predicted by

semiclassical electron-phonon relaxation calculations [23, 24]. The quantum yields reported

in this study are the largest of all colloidal nanomaterials, interband or intraband, at 5

microns.
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3.6 Syntheses and surface modifications

3.6.1 Chemicals

Ammonium hydroxide (NH4OH, 28-30% in water), carbon disulfide (CS2, 99.9%), cadmium

chloride (CdCl2, 99.99%), cadmium oxide (CdO, 99.9%), oleic acid (90%), cadmium nitrate

tetrahydrate (99.997%), 1-dodecanethiol (DDT, 98%), oleylamine (OAm, 70%), hexadecane

(99%), dodecylamine (98%), hexadecylamine (90%), 1-octadecene (ODE, 90%), cadmium

acetate hydrate (Cd(OAc)2, 99.99%), iodine (I2, 99.99%), tetrachloroethylene (TCE, 99%)

and ammonium sulfide ((NH4)2S, 40-40% in water) were purchased from Sigma-Aldrich.

Mercury (II) chloride (HgCl2, 99.999%), aniline (99%), didodecyldimethylammonium bro-

mide (DDAB, 98%) and formamide (FA, 99%) were purchased from Alfa Aesar. Isopropanol

(IPA, 99.9%) was purchased from Fisher, methyl acetate (99%) was purchased from Acros

Organics, cadmium bis(diethyldithiocarbamate) (Cd(DEDTC)2) (96%) was purchased from

Gelest, and bis(trimethylsilyl)selenide (TMSSe) was purchased from Wonik Materials North

America. All chemicals were used without further purification.

3.6.2 Precursors and stock solutions

Synthesis of Cd(PDTC)2: Cadmium bis(phenyldithiocarbamate) was synthesized following

reported literature with minor changes [108, 75]. For synthesis of the precursor ammonium

phenyldithiocarbamate (NH4PDTC) [108], 50 mL NH4OH, 50 mL acetone and 20.1 mL ani-

line (220 mmol) were added to a 3-neck flask under nitrogen bubbling at room temperature.

13.3 mL CS2 (220 mmol) was added dropwise with vigorous stirring. The solution developed

a red color after 5 minutes, and a pale-yellow crystalline product slowly crystallized and

precipitated over the next 90 minutes. The product was collected by vacuum filtration and

washed with 120 mL cold ethanol. The NH4PDTC was dried under vacuum for 3 hours and

stored in a freezer to prevent decomposition. 11.2 g of product was obtained.
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For synthesis of Cd(PDTC)2 [75], 1.25 g NH4PDTC was dissolved in 100 mL water in an

Erlenmeyer flask. The solution was partially cloudy. 615 mg CdCl2 was dissolved in 80 mL

water and added dropwise to the flask over 30 minutes, leading to immediate precipitation

of Cd(PDTC)2 as a pale yellow powder. The product was collected by vacuum filtration,

and washed with 25 mL cold ethanol. The precipitate was ground with a mortar and pestle,

dried under a Schlenk line and stored in a dessicator.

Synthesis of Cd(oleate)2: Cadmium oleate was synthesized using a reported procedure

[109]. It was necessary to ensure that the cadmium oleate contained no free oleic acid (as

characterized by FTIR), as this resulted in QDs with poor intraband PLQY.

Synthesis of Cd(DDT)2: Cadmium dodecanethiolate was synthesized adapting reported

literature [110]. 1.55 g of cadmium nitrate (5 mmol) was dissolved in 25 ml methanol. In

an Erlenmeyer flask, 12 mL triethylamine, 12 mL methanol and 2.01 g dodecanethiol were

added. The cadmium nitrate solution was added to the flask dropwise with stirring to obtain

a white precipitate. The product was collected by vacuum filtration, and washed three times

with methanol. The precipitate was ground with a mortar and pestle, dried in a Schlenk

line vacuum, and then stored under ambient conditions.

Cd(PDTC)2 solution: A 0.1M solution of cadmium bis(phenyldithiocarbamate) in 20%

OAm-hexadecane was prepared by adding 134mg (0.3mmol) of Cd(PDTC)2 to 0.6mL oley-

lamine and 2.4mL hexadecane. The mixture was vortexed for 15 minutes at room tem-

perature to dissolve. Saturated amine solution: Prepared by mixing a 2:2:1 mass ratio of

hexadecane-dodecylamine-hexadecylamine. The mixture was designed from the report by

X Peng and coworkers [72], but using longer chain molecules to increase the boiling point.

The mixture was solid at room temperature, and had to be melted by warming to ∼40°C

before use. 20% oleylamine-hexadecane solution: 2 mL of oleylamine was mixed with 8 mL

hexadecane.

Cadmium oleate solution: A 0.024M solution was prepared by adding 162mg (0.24mmol)
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of Cd(oleate)2 to 10mL of saturated amine solution. The solution was vortexed at room

temperature till the Cd(oleate)2 fully dissolved.

Cadmium dodecanethiolate solution: A 0.024M solution was prepared by adding 123mg

(0.24mmol) of Cd(DDT)2 to 10mL of saturated amine solution. The solution was heated

in air to ∼100°C till the Cd(DDT)2 fully dissolved. The reagent formed a fine gel-like

precipitate on cooling, but the precipitated powder was small enough to measure the reagent

quantitatively.

Cd(DEDTC)2 precursor solution: A 0.02M CdS precursor solution was prepared by

adding 2mL of 0.024M Cd(oleate)2 solution (or Cd(DDT)2 solution) to 10mL of 0.024M cad-

mium bis(diethyldithiocarbamate) solution (98mg Cd(DEDTC)2 in 10mL saturated amine

solution). The mixture was sonicated at room temperature to dissolve, and was warmed to

∼40°C before loading to a syringe pump.

Cd(acetate)2 doping solution: A 0.05M solution of cadmium acetate was prepared by

adding 13mg (0.05mmol) cadmium acetate dihydrate to 0.9mL hexadecane and 0.1mL oley-

lamine in a test tube. The mixture was heated in air to around ∼100°C to dissolve the

cadmium acetate. The solution formed a gel on cooling, but it could be dissolved on gentle

warming. I2 solution for doping modification: A 0.02M solution of I2 in TCE was prepared

by adding 10mg I2 to 2mL TCE and sonicating for 15 mins in a glass vial. A 0.004M solution

was prepared by adding 0.4mL of this solution to 1.6mL TCE in another vial.

3.6.3 HgSe core QD synthesis

HgSe core QDs were synthesized following the procedure by Melnychuk et. al [1]. Briefly,

108mg of HgCl2 was added to a 3-neck flask with 10mL oleylamine. The flask was equipped

with a stir bar, rubber sleeve stoppers with a thermocouple attached, and connected to a

Schlenk line manifold. Three vacuum (p∼1 torr) – Argon flush cycles were performed at

room temperature, and the flask was heated at 100°C for 45 minutes. The temperature was
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then set to 900C. A TMSSe solution (50µL in 0.95mL oleylamine) was prepared in a N2-

purged glovebox and injected swiftly into the flask. The temperature dropped to 88°C and

was kept at this temperature for 2 minutes. The flask was then cooled to room temperature

using compressed air, and 10mL octane was added.

Purification of the QDs was done in air. On cooling, the solution was centrifuged to obtain

the excess unreacted Hg- complex as a grey pellet. The supernatant containing the HgSe

QDs was collected and precipitated by addition of ethanol, and centrifuged. The precipitate

was dispersed in 0.1mL oleylamine and 4mL TCE. The solution might appear foamy at this

stage due to presence of excess Hg2+ species in solution. A second purification was done by

addition of 0.8mL of 0.1M DDAB/TCE and precipitated with IPA. After centrifugation, the

precipitate was dispersed in 0.1mL oleylamine and 2mL TCE and stored as a stock solution

in the freezer. Concentration of the HgSe stock solution was determined by measuring

the absorbance at 700 nm using the cross-section of HgSe as 3.5×10−18 cm2 per Hg atom

(calculated from the reported cross-section at 415 nm [1] and the measured HgSe absorption

spectrum). Around 30mg of HgSe QDs were obtained from the reaction, giving a yield of

∼50% with respect to the Selenium added.

3.6.4 Thin shell HgSe/CdS QD synthesis by cALD

HgSe/CdS QDs were synthesized by cALD adapting the work by Shen et. al [20] with

notable changes. The reaction was done in a scintillation vial heated at 50-55°C, since this

helped prevent the formation of an emulsion. No difference was observed between syntheses

in air or in glovebox, so the reaction was done in air. The reaction was performed in dark

to prevent photo-oxidation of sulfide to sulfates.

The (NH4)2S stock solution was prepared by adding 1 mL of ammonium sulfide solution

(40% in water) to 4 mL of formamide (FA) in the glovebox in a scintillation vial. The vial

was capped with a rubber stopper and brought to the fume hood.
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15mg of purified HgSe QDs was added to a scintillation vial with 4 mL of TCE, 0.4 mL

OAm and equipped with a stir bar. 4 mL of formamide (FA) was added, and the vial was

heated to 50-55°C with gentle stirring for 10 mins. The FA layer was discarded (to remove

residual Hg2+). For the first Cd layer, 4 mL FA was added with 30 mg cadmium acetate,

and stirred at 50-55°C for 10 mins. The FA layer was then discarded, 4 mL FA was added

and stirred for 2 mins. The FA layer was discarded to remove excess Cd2+ and the washing

was performed a second time. The washings are an essential part of the procedure to prevent

independent nucleation of CdS.

For the first S- layer, 4 mL FA was added, and 0.5 mL of the (NH4)2S stock solution

was added dropwise. The vial was stirred at 50-55°C for 2 mins. The FA layer was then

discarded, 4 mL FA was added and stirred for 2 mins, and then discarded. The washing was

done for a second time. Three more Cd- and S- layers were similarly performed using 32

mg, 35 mg and 40 mg cadmium acetate respectively, and 0.5 mL (NH4)2S stock solution. A

fifth Cd- layer using 45 mg cadmium acetate was performed to n-dope the QDs. The stirring

was done gently to avoid formation of an emulsion. If an emulsion was formed, few drops of

isopropanol (IPA) were added to aid in the separation of the layers.

After the synthesis of the thin CdS shell, the QDs were purified twice by precipitation –

dispersion using IPA and TCE. It is important to note that the cALD reaction is sensitive

to the stirring speed. Excessive stirring leads to formation of an emulsion and incomplete

removal of excess Cd2+ and S2−, leading to independent nucleation of CdS.

3.6.5 Thin shell HgSe/CdS QD synthesis using Cd(PDTC)2

Unless otherwise noted, all syntheses of thin shell HgSe/CdS QDs were performed using this

method. Cadmium bis(phenyldithiocarbamate) (Cd(PDTC)2) was used as highly reactive

single-source precursor for deposition of a thin shell on HgSe at low temperatures, motivated

by the work by Buhro and coworkers [75].
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30mg of purified HgSe core QDs was added to a 3-neck flask, and 15mL of a 20% oley-

lamine – hexadecane solution was added. Three vacuum (p ∼ 1 torr) – argon evacuation

cycles were performed at room temperature. The temperature was then set to 80°C. When

the temperature reached 40°C, 1.17mL of 0.1M Cd(PDTC)2 solution (2 monolayers (ML)

of CdS) was injected. The solution was kept at 80°C for 5 minutes. The flask was then

cooled to 50°C and 0.82mL of 0.1M Cd(PDTC)2 solution (1 ML of CdS) was injected, and

the solution was heated at 80°C for 5 minutes. The flask was then connected to vacuum at

80°C to remove the H2S formed during the shell growth. When the pressure dropped below

1 torr, the flask was returned to Argon and cooled to room temperature.

The HgSe/CdS QDs showed more colloidal stability than the HgSe cores, and did not

require the addition of DDAB during precipitations. The HgSe/CdS QDs were purified in

air by precipitation using methyl acetate. Some oily residue was observed after synthesis

which is difficult to remove using precipitation / dissolution. 2 mL TCE was added to the

black precipitate, and the solution was stored as a stock solution in a vial in the freezer.

TEM imaging showed that the QD diameter increased from 4.8 nm to 6.1 nm after the shell

growth. No homogeneous nucleation was observed at the above reaction conditions, though

homogeneous nucleation was seen when the Cd(PDTC)2 precursor volume was doubled.

The concentration of the QDs was determined using the absorbance at 700nm using the

cross-section of HgSe, under the assumption that the shell growth leads to negligible change

in absorbance at this wavelength.

3.6.6 Testing the thermal stability of thin shell HgSe/CdS QDs

Prior to the thick CdS shell synthesis, the thin shell HgSe/CdS QDs were annealed in solution

to test for thermal stability. Thin shell HgSe/CdS QDs (containing 3 mg of HgSe cores)

was purified by precipitation with methyl acetate. 1.5 mL of saturated amine solution was

used to dissolve the QDs, and transferred to a 3-neck flask. 8.2mg Cd(oleate)2 (1.5 surface
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equivalents) was then added. Three vacuum-Ar cycles were performed, and the solution

was heated and kept at 220°C for a desired duration. The solution was cooled to room

temperature and precipitated with methyl acetate. The pellet was dispersed in 0.9mL of

TCE and 0.1mL oleylamine. The solution was heated to boil (∼110°C - 120°C) for a few

seconds to dissolve the saturated amines and passivate the QDs with oleylamine. After

cooling to room temperature, the solution was purified twice by precipitation-dispersion

using methyl acetate and TCE. The pellet after the second precipitation was dried under

vacuum before dispersing in TCE for FTIR measurements. Apart from an increase in the

n-doping, no observable change was seen in the thin HgSe/CdS QDs after annealing at 220°C

(Fig. 3.6).

Figure 3.6: (A) Absorption spectra of thin shell HgSe/CdS QDs (diameter = 6.1 nm) before
and after annealing in solution at 220°C with cadmium oleate. A small increase in the doping
is observed due to the presence of cadmium oleate in solution, but the optical spectra are
nearly unchanged, demonstrating the thermal stability of the thin shell HgSe/CdS QDs. (B)
PL spectra of thin shell HgSe/CdS QDs before and after annealing at 220°C. Due to the
low-temperature synthesis of the thin shell, the interband PLQY is relatively low at 0.6%
(black), but rises to ∼2-3% on annealing (red and blue). The intraband PL is too weak to
be resolved at this scale.
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3.6.7 Thick shell HgSe/CdS QD synthesis

A thick CdS shell was overgrown on the thin shell HgSe/CdS QDs using Cd(DEDTC)2

as a single-source precursor, with amines and Cd(oleate)2 as ligands. The Cd(oleate)2

helped prevent the growth of wurtzite arms during shell growth [74, 111], The concentra-

tion of Cd(oleate)2 is crucial, as the sulfur-containing side products from decomposition of

Cd(DEDTC)2 reacted with excess Cd(oleate)2 and led to undesired homogeneous nucleation

of CdS. We found that a 1:5 molar ratio of Cd(oleate)2 : Cd(DEDTC)2 provided a balance

to prevent growth of wurtzite arms, while avoiding homogeneous nucleation. Cadmium do-

decanethiolate (Cd(DDT)2) was observed to give similar results as cadmium oleate when

used as the ligand.

The synthesis was done in the absence of unsaturated solvents, as they led to the for-

mation of a thick oil /gel after synthesis which was difficult to separate from the QDs. We

hence employed a 2:2:1 mixture of hexadecane-dodecylamine-hexadecylamine as the solvent,

where the mixture aided in entropic dispersion of the QDs [112].

Thin shell HgSe/CdS QDs (containing 8mg of HgSe cores) was precipitated with methyl

acetate to remove leftover oleylamine. The pellet was dispersed in 4mL of warmed saturated

amine solution, and 1.35mL of 0.024M Cd(oleate)2 solution (1.5 surface equivalents) was

added. The mixture was added to a three-neck flask equipped with rubber sleeves and a

thermocouple, and connected to a Schlenk line. The 0.02M Cd(DEDTC)2 precursor solution

was kept in a plastic syringe connected to a syringe pump. Three vacuum (p ∼ 1 torr) -

Argon cycles were performed, and the solution was heated rapidly to 220°C (average heating

rate is around 50°C/min). When the temperature reached 215°C, the precursor solution was

injected at rate 0.396 mL/min for 10 mins (equivalent to 3MLs of CdS). The temperature

was maintained at 220°C and was not let to exceed 225°C. The flask developed a yellow

tinge after a few minutes, indicating the growth of CdS. Depending on the reaction scale

and heating rate, a reddish tinge might be observed, indicating dissolution of a fraction of
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the QDs and deposition of a HgCdSSe shell on the larger QDs.

After 10 mins, the injection was stopped and the syringe was removed. The solution

was cooled to 120°C and evacuated to remove the H2S formed during the reaction. Removal

of the H2S was necessary to prevent CdS homogeneous nucleation during post-synthetic n-

doping or during further CdS shell growth. For a further growth of 3MLs of CdS, the flask

was heated to 220°C and 0.02M CdS precursor injection was resumed at 0.650 mL/min for 10

mins (equivalent to 3MLs of CdS). The solution becomes cloudy with time as the dots grow

larger. After the injection is complete, the flask was then cooled to 120°C and evacuated.

The solution was then cooled to room temperature.

All purifications were done in air. On centrifuging the cooled reaction mixture, the

nanocrystals typically precipitated as a thick bulky precipitate. Remaining QDs in the

solution were precipitated using methyl acetate and centrifuged. After decanting the su-

pernatant, the precipitate was dispersed in ∼4mL TCE and 0.4mL OAm was added. The

solution was brought to a boil (∼110°C - 120°C) for a few seconds to dissolve the saturated

amine solvent, and let to cool. The solution was then purified twice by precipitation with

methyl acetate and dispersion in TCE. After the second precipitation, the pellet was dried

under vacuum, and then dispersed in TCE for measurements.

The shape of the thick shell HgSe/CdS QDs was sensitive to the reaction scale, where a

4 mg reaction scale led to more compact QDs than an 8 mg scale.

3.6.8 Doping control in HgSe/CdS QDs

The as-synthesized HgSe/CdS QDs typically showed a partial n-doping, as seen by the

prominent 1Sh – 1Se interband absorption and small 1Se – 1Pe intraband absorption. To

achieve doping control, we first completely undoped the QDs by performing a cALD with

(NH4)2S, and then treated with cadmium acetate to achieve the desired n-doping level [85].

Reaction of cadmium acetate with thick shell HgSe/CdS QDs at room temperature led to
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Figure 3.7: FTIR absorption spectra of HgSe QDs and HgSe/CdS QDs with different shell
thicknesses (corresponding to samples in Figure 3.1F in the main text). Negligible shifts in
the intraband and interband absorptions of HgSe confirms that the integrity of the core is
preserved after the thick shell growth. The data is obtained by stitching spectra using an
FTIR spectrometer (<5000 cm−1) and a dispersive NIR spectrophotometer (>5000 cm−1).

incomplete n-doping, and it was necessary to perform the surface treatment at an elevated

temperature to ensure a complete reaction.

The undoping was performed adapting a reported procedure [20]. At ambient conditions,

purified 11nm HgSe/CdS QDs (core diameter 4.8nm, HgSe mass = 6mg) was added to a

scintillation vial with 0.3 mL oleylamine and 2.7 mL octane. Separately, 0.16 mL of 40%

(NH4)2S solution (10x surface equivalents to HgSe/CdS) was mixed with 3mL formamide

(FA), and added to the HgSe/CdS solution to form a biphasic mixture. The vial was heated

at 40°C with stirring for 5 minutes. The FA layer was removed, and washed with 3 mL

of FA to remove excess (NH4)2S. The washing was repeated another time, after which the

QDs were purified twice by precipitation-dispersion using methyl acetate and TCE. After

treatment with (NH4)2S, the intraband absorption was completely bleached (Fig. 3.8).

To n-dope the QDs, the undoped HgSe/CdS QDs (containing 6 mg of HgSe cores) were
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added to a three-neck flask with 0.6 mL of oleylamine and 5.4 mL hexadecane. After adding

a calculated volume of 0.05M cadmium acetate solution (see Fig. 3.2D of main text. 1.0

mL of cadmium acetate corresponded to 1x surface saturation), the flask was connected to

a Schlenk line and three vacuum-Argon cycles were performed. The flask was then heated

to 180°C and kept at this temperature for 10 mins.

The reaction mixture was cooled to room temperature, and purified twice by precipitation

– dispersion using methyl acetate and TCE. After the second precipitation, the pellet was

dried under vacuum before dispersing in TCE for measurements.

Figure 3.8: FTIR spectra of HgSe/CdS QDs (black) as synthesized, (green) after cALD
with (NH4)2S and (red) after treatment with cadmium acetate. The doping (Ne) could be
controlled to any value between 0 and 2 electrons per QD.

3.6.9 Variations in synthesis of thick shell HgSe/CdS QDs

Synthesis at 160°C with Cd(oleate)2:

Reaction solvent was a 10% solution of OAm in ODE.

The CdS precursor solution (1.5 mg/mL CdS) was prepared by dissolving 46 mg Cd(DEDTC)2

and 74 mg Cd(oleate)2 in 20 mL 10% OAm-ODE by vortexing at room temperature.
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Thin shell HgSe/CdS QDs (6 nm diameter, synthesized by cALD) containing 3.3 mg of

HgSe cores were purified and added to a 3-neck flask with 2.5mL of 10% OAm-ODE, and

4mg of Cd(DEDTC)2 (corresponding to 1ML of CdS) was added. The flask was evacuated

at room temperature in a Schlenk line for 10 minutes, and then filled with Argon. The

flask was then heated to 140°C and kept at this temperature for 1 hour. The flask was then

heated to 160°C and the CdS precursor was injected using a syringe pump at 1.31 mL/hour.

Aliquots were taken and purified twice by precipitation with IPA and dissolution in TCE for

TEM imaging. The shell grew like tetrahedra after 4 hours of injection (Fig. 3.9(A)), but

became irregular at 19 hours (Fig. 3.9(B))

Synthesis at 220°C without Cd(oleate)2:

Reaction solvent was the saturated amine mixture: a 2:2:1 mixture of hexadecane-

dodecylamine-hexadecylamine by mass.

The CdS precursor solution (0.02M in CdS) was prepared by dissolving 164 mg Cd(DEDTC)2

in 20 mL saturated amine mixture by vortexing at room temperature.

Thin shell HgSe/CdS QDs (6 nm diameter, synthesized by using Cd(PDTC)2) containing

4 mg of HgSe cores were purified and added to a 3-neck flask with 2 mL of saturated amine

mixture. Three vacuum – argon evacuation cycles were performed at room temperature,

with evacuation till 1 torr. The flask was then heated to 220°C. When the temperature

reached 200°C, the CdS precursor solution was injected at a rate 0.26 mL/min (3ML CdS

in 10 mins). Aliquots were taken and purified by precipitation with IPA and dissolution in

TCE for TEM imaging. The shell grew as rods after 10 mins of injection (Fig. 3.9(C)), with

arms developing at 25 mins (Fig. 3.9(D)). This corresponds to a large (103) wurtzite feature

in the SAED during transmission electron microscopy (Fig. 3.9(K))

Synthesis at 220°C with Cd(oleate)2:

Reaction solvent was the saturated amine mixture: a 2:2:1 mixture of hexadecane-

dodecylamine-hexadecylamine by mass.
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The CdS precursor solution (0.02M in CdS) was prepared by dissolving 164 mg Cd(DEDTC)2

in 20 mL saturated amine mixture by vortexing at room temperature. A 0.1M solution of

Cd(oleate)2 was prepared by adding 17 mg Cd(oleate)2 to 0.25mL of saturated amine mix-

ture and vortexing at room temperature.

Thin shell HgSe/CdS QDs (6 nm diameter, synthesized by using Cd(PDTC)2) containing

4 mg of HgSe cores were purified and added to a 3-neck flask with 2 mL of saturated

amine mixture, and 0.14 mL of cadmium oleate solution was added. Three vacuum – argon

evacuation cycles were performed at room temperature, with evacuation till 1 torr. The

flask was then heated to 220°C. When the temperature reached 220°C, the CdS precursor

solution was injected at a rate 0.26 mL/min (3ML CdS in 10 mins). A 2.4 mL aliquot was

taken at 10 mins, 0.05 mL of cadmium oleate was added and the CdS precursor was injected

at 0.25 mL/min for 13 mins. The aliquots were purified twice by precipitation with IPA

and dissolution in TCE for TEM imaging. The shell grew as uniform spheres at 10 mins of

injection (Fig. 3.9(E)), with some faceting visible at 23 mins (Fig. 3.9(F)). The addition of

cadmium oleate leads to a reduced (103) wurtzite feature in the SAED during transmission

electron microscopy (Fig. 3.9(K)).

Synthesis at 220°C with excess Cd(oleate)2:

Reaction solvent was the saturated amine mixture: a 2:2:1 mixture of hexadecane-

dodecylamine-hexadecylamine by mass.

The CdS precursor solution (0.02M in CdS) was prepared by dissolving 164 mg Cd(DEDTC)2

in 20 mL saturated amine mixture by vortexing at room temperature. A 0.1M solution of

Cd(oleate)2 was prepared by adding 135 mg Cd(oleate)2 to 2 mL of saturated amine mixture

and vortexing at room temperature.

Thin shell HgSe/CdS QDs (6 nm diameter, synthesized by using Cd(PDTC)2) containing

4 mg of HgSe cores were purified and added to a 3-neck flask with 2 mL of saturated

amine mixture, and 0.54 mL of cadmium oleate solution was added. Three vacuum – argon
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evacuation cycles were performed at room temperature, with evacuation till 1 torr. The flask

was then heated to 220°C. When the temperature reached 220°C, the CdS precursor solution

was injected at a rate 0.27 mL/min (3ML CdS in 10 mins). After 10 mins, the solution was

cooled to room temperature, divided into two parts and precipitated with IPA. One part

was purified twice by precipitation – dispersion using IPA and TCE for TEM imaging. The

other part was precipitated once with IPA, dispersed in 2.6 mL saturated amine mixture,

and moved to the 3-neck flask with 0.55 mL of 0.1M cadmium oleate. After three vacuum –

Argon cycles, the flask was heated to 220°C and the CdS precursor solution was injected at

0.139 mL/min for 10 mins. The solution was purified twice and imaged by TEM.

The QDs grew as uniform spheres till 10 mins (Fig. 3.9(G)), but homogeneous nucleation

of CdS was observed at 20 mins (Fig. 3.9(H)).

3.6.10 Kinetics of decomposition of Cd(PDTC)2

To determine to temperature for growth of a thin CdS shell on HgSe using Cd(PDTC)2,

we performed a kinetics study on the decomposition of Cd(PDTC)2. A solution of 0.1 M

Cd(PDTC)2 in 20% OAm-ODE was prepared.

Thin HgSe/CdS QDs (synthesized using Cd(PDTC)2) containing 4 mg of HgSe was

added to a 3-neck flask with 2 mL of 20% OAm-ODE solution. Three vacuum-argon cycles

were performed, and the solution was heated to 60°C. 0.33mL of Cd(PDTC)2 solution was

injected. Aliquots were taken immediately (0 mins), 2 mins, 5 mins, 10 mins and 30 mins

after injection. The aliquots were stored in a freezer to prevent further reaction.

Absorption spectra of the aliquots were recorded in a quartz cuvette by dilution in TCE,

and normalized to absorbance at 1000 nm. The kinetics study was also performed for reaction

at 80°C. As shown in Fig. 3.10, the reaction is nearly complete in less than 2 mins at 80°C

but took 10 mins at 60°C. The reaction temperature for growth of thin shell HgSe/CdS QDs

using Cd(PDTC)2 was thus set at 80°C.
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3.7 Characterizations

3.7.1 Infrared absorption and photoluminescence measurements

All measurements were done on QDs dispersed in TCE in a cell with CaF2 windows and a

path length of 0.5mm. Absorption measurements were performed on a ThermoNicolet Nexus

670 FTIR spectrometer, a Nicolet Magna 550 FTIR spectrometer and an Agilent Cary 5000

UV-vis-NIR spectrometer.

Photoluminescence spectra were recorded using a step-scan FTIR spectrometer with an

MCT detector and a gated integrator. The samples were excited with a 150mW 808 nm

diode laser, modulated at 90 kHz. A Si wafer was placed in front of the detector to block

the excitation light. The transmittance of the solution at 808nm was measured using a

Si diode detector behind the sample cell. A 3.4µm long-pass filter was placed in front of

the detector to block the 1.7 µm interband emission and preferentially measure the 5 µm

intraband emission. The PL spectrum was corrected for detector response and atmospheric

absorption following Melnychuk et. al [1]. The PL spectrum was normalized by the measured

808 nm absorbance, and was also corrected for the infrared absorption by TCE.

3.7.2 Photoluminescence lifetime measurements

Photoluminescence lifetime measurements were performed by Dr. Christopher Melnychuk.

Photoluminescence lifetime measurements were performed using the upconversion appara-

tus described by Melnychuk et. al. [1] with minor modifications. Samples were dispersed

in TCE and placed in a homemade CaF2 cuvette for the measurements. The beam from

a home-built Nd:YLF regenerative amplifier producing 6 ps, 1053 nm pulses at 1 kHz was

split into two paths by an 80:20 beamsplitter. The weak path pumped the sample after

attenuation, variable optical delay, and weak focusing by a spherical lens to a spot size of 0.5

mm at the sample. The pump optical fluence at the sample was 150 µJ/cm2. The strong

38



path was brought collinear with the intraband fluorescence by a homemade CaF2 beamsplit-

ter and parametric mixing in a KTA crystal generated light at the sum-frequency. Filters

removed the fundamental and weak second harmonic of the laser. The sum-frequency pulse

then passed through a monochromator to a silicon photomultiplier and a gated integrator

discriminated it from the background. The spectral resolution of the measurement at 2050

cm−1 was 70 cm−1 FWHM. Due to the large optical density at 1053 nm of the samples,

emission from only a thin liquid layer is detected and the time resolution is expected to be

about 8 ps.

3.7.3 Measurement of PLQY and 1Se occupancy

Absolute PL quantum efficiency measurements (PLQE) were done following previous reports

[1] using a Spectralon integrating sphere for a reference partially doped HgSe/CdS QD solu-

tion. The area under the PL spectrum of HgSe/CdS QDs (normalized to 808 nm absorption

and corrected for detector response) was taken between 1600 – 2800 cm−1 for intraband,

and 4000 – 7000 cm−1 for interband spectra. The ranges were taken as 1600 – 3000 cm−1

and 5000 – 8000 cm−1 for the HgSe cores. The PLQE per unit area was then calculated

by dividing the measured PLQE by sum of areas under the intraband and interband PL

spectra. The PLQE of other samples were calculated by recording the PL spectra and using

the PLQE per area calculated above.

The average occupancy of the 1Se state (Ne) in the HgSe/CdS QDs was determined by

undoping the QDs on treatment with I2. FTIR absorption spectra of the QDs in TCE were

measured before and after injection of I2 in TCE (0.02M or 0.004M). Difference between

subsequent spectra were used to calculate the 1Se – 1Pe intraband absorption (see Fig. 3.11

for details).

Ne was then calculated as twice the ratio of intraband peak absorbance to the maximum

intraband absorbance (Y-intercept in Fig. 3.2(C) in main text). The 1Se(0), 1Se(1) and

39



1Se(2) populations were calculated from Ne using a binomial distribution (Section 3.8.4).

The fraction of doped QDs was taken as sum of 1Se(1) and 1Se(2) populations, and undoped

fraction was 1Se(0). The intraband and interband PLQYs were calculated by normalizing

the measured PLQEs to the fraction of doped and undoped QDs respectively.

3.7.4 Particle Size Characterizations

Transmission Electron Microscopy (TEM) images were recorded using an FEI Spirit 120kV

electron microscope and an FEI Tecnai F30 300kV microscope. pXRD spectra were recorded

on QDs films on Si using a Bruker D8 Powder X-Ray Diffractometer.

3.7.5 Doping – dependent transient lifetime measurements

3.8 Calculations and analyses

3.8.1 Dissolution of thin shell HgSe/CdS QDs and deposition of HgCdSSe

shell

During the initial stages of the thick shell HgSe/CdS synthesis, a fraction of the thin shell

HgSe/CdS QDs dissolve and deposit on the remaining QDs as a HgCdSSe shell. This leads to

a red tail in the visible spectrum beyond the CdS band edge, and larger core/shell sizes than

calculated from the precursors added. A batch-to-batch variability is observed in the extent

of dissolution, and it also depends on the heating rate. Two synthetic trials are described

below that show a substantial QD dissolution (synthesis 1) and a negligible dissolution

(synthesis 2).
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Synthesis 1 and 2 were performed by the thick shell HgSe/CdS synthesis procedure men-

tioned in the Methods section. The reaction conditions were nearly identical, except that the

syntheses used different batches of thin shell HgSe/CdS QDs, and synthesis 1 used started

with a scale of 18 mg of HgSe, while synthesis 2 started with a scale of 6 mg of HgSe. As

shown in Fig. 3.15(A, B), the core/shell sizes in synthesis 1 match well with the diameter

expected from the Cd(DEDTC)2 precursor added, but the synthesis 2 leads to much larger

core/shell diameters. From the size discrepancy in synthesis 2, the fraction of dissolved QDs

can be calculated:

Calculation of fraction of dissolved QDs

Denote the initial diameter as di , the expected final diameter as dexp , measured final

diameter as dm , and initial number of nanocrystals as N. The initial volume of QDs is

N π
6d

3
i , volume of shell material added is N π

6 (d
3
exp − d3i ). The total volume of QD material

(HgSe + CdS) is then N π
6d

3
exp . Suppose a fraction x of thin shell HgSe/CdS QDs dissolve

during initial stages of the thick shell synthesis. Now the volume of core HgSe material

remaining is N π
6d

3
i (1−x) , volume of HgCdSSe shell material is N π

6 (d
3
exp−d3i (1−x)). Since

the final diameter of the QDs is: Initial QD diameter ×
(

Total QD volume
Initial QD volume

)1
3 , we have

df = di ×

(
N π

6d
3
exp

N π
6d

3
i (1− x)

)1
3

= dexp ×
(

1

1− x

)1
3 (3.3)

For synthesis 2, we have di = 6.1nm, dexp = 8.4nm, df = 11.5nm, we can calculate the

dissolved fraction, x =61%. Therefore 61% of the initial thin shell HgSe/CdS QDs dissolve

and deposit as a HgCdSSe shell on the remaining QDs.

Doing a similar calculation for the second aliquot of QDs, we have have di = 6.1nm,

dexp = 10.5nm, df = 15.3nm, we get x =68%. This shows that a majority of the dissolution
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of the QDs occurs during the initial stages of the thick shell synthesis.

The UV-Vis absorption spectra of HgSe/CdS QDs (Fig. 3.15(C)) from synthesis 2 show

a broad red tail in the shell absorption beyond the CdS band edge, consistent with presence

of an alloyed HgCdSSe shell. In contrast, the absorption spectra of samples from synthesis

1 show a sharp shell absorption edge, similar to the absorption of CdS QDs. The shell

absorbances in synthesis 2 also have a larger intensity than synthesis 1, consistent with the

larger sizes measured by TEM.

Despite the significant dissolution of QDs in synthesis 2, the FTIR spectra of HgSe/CdS

QDs from synthesis 2 is similar to those from synthesis 1 (Fig. 3.15(D)). This is expected,

since 220°C is much higher than the thermal stability window of HgSe, and the ripening dots

dissolve nearly instantaneously. Hence none of the cores of the dissolving QDs survive, and

the infrared properties of the HgSe/CdS QDs remain unaffected by the dissolution occurring

during the synthesis.

3.8.2 Radiative and nonradiative lifetimes of HgSe and HgSe/CdS QDs

The radiative lifetime τR of a nanoparticle dipole transition is [100, 101, 102, 103]

1

τR
=

ω3p2

3πϵ0ℏc3
×√

ϵ2

(
3ϵ2

ϵ1 + 2ϵ2

)2
(3.4)

Here ω is the angular frequency, c is the vacuum light speed, ℏ is the reduced Planck’s

constant, p is the transition dipole matrix element, ϵ0 is the vacuum permittivity, and

ϵ1 and ϵ2 are respectively the real optical dielectric constants of the nanoparticle and its

environment. For the intraband transition in HgSe, we calculate the dipole matrix element

as:
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p = e⟨1Se|r|1Pe⟩⟨uc,S |uc,P ⟩ (3.5)

where e is the electron charge, r is the position operator, 1Se and 1Pe are the radial

envelope functions, and uc,S and uC,P are the conduction Bloch functions at wavevectors

kS = π
R and kP = 4.49

R . A two-band Kane model gives ⟨uC,S |uC,P ⟩ ≈ 1 and spherical Bessel

envelope functions give ⟨1Se|r|1Pe⟩ = 0.306R [113]. The Kane result for the Bloch overlap

may slightly overestimate the overlap based on a comparison to tight-binding calculations on

the similar HgTe system [114] and the calculated lifetime is therefore an upper limit. Using

the material parameters in Table 3.1 and emission frequency as 2050 cm−1 for comparison

with lifetime measurements, this gives a radiative lifetime of 900 ns. Taking into account the

standard deviation uncertainty in measurement frequency (2050 ± 20) cm−1 and ϵ1 (10 ±

2), we get the core radiative lifetime (900 ± 300) ns. From this calculated radiative lifetime

and the measured intraband PLQY of 7.5 × 10−4 for HgSe QDs, the nonradiative lifetime

is 700 ps, with a one-standard deviation range of 0.40 – 1.1 ns.

Quantity Value
ϵ1: optical dielectric constant of HgSe QDs 10 ± 2[115, 116]

ϵ2: optical dielectric constant of TCE 2.25
ϵS : optical dielectric constant of CdS shell 5.3 [117]

R: Radius of HgSe core 2.4 nm
ω for emission at 2050 cm−1 3.9 × 1014 rad/s

Table 3.1: Material parameters used for calculation of radiative rate in HgSe and HgSe/CdS
QDs.

Growth of the CdS shell leads to a change in the dielectric screening and a decrease in

the radiative lifetime. To calculate of the local field factor, we performed an electrostatics

calculation of a core/shell dielectric structure analogous to a dielectric sphere [118, 119]. For

a core/shell nanocrystal with core radius of R1 and total radius of R2, the radiative rate is
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found to be:

1

τR
=

ω3p2
√
ϵ2

3πϵ0ℏc3

(R2

R1

)3

 9ϵSϵ2(
R2
R1

)3
((ϵS + 2ϵ2) (ϵ1 + 2ϵS)− 2 (ϵ2 − ϵS) (ϵ1 − ϵs))




2

(3.6)

The radiative lifetime τR as a function of core/shell diameter is plotted in Fig. 3.16. The

radiative lifetime approaches a value of 700 ns at diameters greater than 8 nm. Taking into

account the uncertainties in frequency and ϵ1, we get the core/shell lifetime to be (700 ±

160). We can therefore use this radiative lifetime for all thick shell HgSe/CdS QDs. From

this calculated lifetime and the measured intraband PLQY of 2.1 × 10−2 for thick shell

HgSe/CdS QDs, the nonradiative lifetime is 15 ns, with a one-standard deviation range of

7.7 – 28 ns.

3.8.3 Measurement of average diameter of bullet-shaped HgSe/CdS QDs

HgSe/CdS QDs develop an anisotropic bullet-shape for HgSe/CdS QDs at large shell thick-

nesses. To estimate the ‘average’ diameter, we assumed the nanocrystals to have the same

volume as an ellipsoid with two diameters as the short length of the bullet (Fig. 3.17(B))

and the third diameter as the long axis of the bullet (Fig. 3.17(A)). The volume of the

nanobullet was then approximated as π
6d

2
1d2, where d1 is the bullet diameter and d2 is the

axis length. Nanocrystals appearing as circles in the TEM (Fig. 3.17(C)) were assumed to

be bullets lying on the short face perpendicular to the axis. The diameter of the circles were

thus taken as the bullet diameter d2. The average d1 and d2 values were measured taking an

average of 36 values each, and the average diameter was calculated as daverage = (d21d2)
1
3 .
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3.8.4 Calculating the distribution of 1Se(0), 1Se(1) and 1Se(2) QDs

The average 1Se occupancy (Ne) of HgSe in the core or core/shell QDs depends on the

position of the Fermi level Ef, determined by the Fermi-Dirac distribution:

Ne = 2×

 1

e

E1Se−Ef
kBT + 1

 (3.7)

Assuming negligible electronic correlation, electrons can occupy the two spin states of 1Se

independently. The fraction of QDs with 0, 1 and 2 electrons in 1Se then follows a binomial

distribution:

1Se(0) fraction =

(
1−

(
Ne

2

))2

1Se(1) fraction = 2

(
Ne

2

)(
1−

(
Ne

2

))
1Se(2) fraction =

(
Ne

2

)2

(3.8)

A visual schematic of the distribution of QDs is shown in Fig. 3.18 for different Fermi

level positions.

3.8.5 Fitting of intraband and interband absorptions

3.8.6 Fermi level-dependent defect-assisted nonradiative relaxation in thick

shell HgSe/CdS QDs
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Figure 3.9: TEM images of thick shell HgSe/CdS QDs synthesized by different methods: (A,
B) at 160°C with cadmium oleate, (C, D) at 220°C without cadmium oleate, (E, F) at 220°C
with ∼1.5 surface equivalents of cadmium oleate, (G, H) at 220°C with excess cadmium
oleate. All scale bars are 20 nm. (I, J) SAED images of HgSe/CdS QDs synthesized at
220°C (I) with cadmium oleate and (J) without cadmium oleate. The samples correspond
to TEM images in (D) and (F) respectively; (K) radial integration of the SAED spectra
to calculate the pXRD spectra. Addition of cadmium oleate during the reaction leads to a
reduced (103) wurtzite feature in the pXRD (at 47°) and more compact shell growth.
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Figure 3.10: Absorption spectra of thin shell HgSe/CdS QDs after injection of Cd(PDTC)2
at (A) 60°C or (B) 80°C, at different times after the injection. The reaction takes 10 mins
to complete at 60°C, but finishes in less than 2 mins at 80°C. All spectra are normalized to
absorbance at 1000 nm.
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Figure 3.11: Subtraction to measure the intraband absorbance for HgSe/CdS QDs with (A)
high doping (Ne = 1.2) and (D) low doping (Ne = 0.07). (B, E): The sample is treated
with I2 / TCE solution to change the doping (black spectra). The doping decreases if the
initial doping was (B) high, and increases if it was (E) low. A subtraction was performed
to remove the ligand absorption (blue spectra), resulting in a spectrum with intraband
absorption and interband bleach. (C, F): The subtracted spectra from (B) and (E) are then
scaled (blue spectra) to match the intraband absorbance of the original HgSe/CdS QDs.
Taking a difference between the HgSe/CdS and the scaled spectra gives a sum of ligand
and interband absorbance (green spectra). Despite the low n-doping in (D), the subtraction
procedure can quantitatively give the intraband absorption (see Figure 3.12).
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Figure 3.12: Intraband absorbances of HgSe/CdS QDs from Figure 3.11, scaled to compare
the lineshapes. The intraband shapes match well, showing the robustness of the subtraction
procedure. The interband shape of the Ne = 0.07 sample deviates significantly due to
scattering artefacts during FTIR measurements.
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Figure 3.13: Scherrer analysis and Lorentzian fittings (dotted curves) for pXRD of (A) 4.8
nm HgSe and (B) 19 nm HgSe/CdS QDs. TEM images are shown in the insets, with a
scale bar of 20 nm. Vertical black lines are the ranges used for the fittings of zincblende
peaks, and the vertical red lines is the range used for fitting the (100) and (103) wurtzite
peaks. The Scherrer sizes obtained are (4.0 ± 0.5) nm for HgSe, and (11.7 ± 1.5) nm for
HgSe/CdS. The smaller Scherrer crystalline size compared to the particle size on TEM is
likely due to the presence of grain boundaries and defects in the nanocrystals. To estimate
the Wurtzite contribution in the HgSe/CdS spectrum, we assumed that the (100), (002) and
(101) peaks have equal intensity, and the peak at 26° includes intensities from wurtzite (002)
and zincblende (111) peaks. The zincblende:wurtzite ratio is then calculated as ratio of the
areas of the zincblende (111) and wurtzite (100) peaks, which is found to be 3:1. Ratio of
average area under the zincblende (220) and (311) peaks with area under the wurtzite (103)
peak is 5:1.

Figure 3.14: Normalized transient PL measurements (points) on 12 nm HgSe/CdS QDs
with different 1Se occupancies (Ne) by doping with cadmium acetate. The Ne ∼ 0.1 and
Ne ∼ 1.6 were fit to single exponentials, while the Ne ∼ 1.8 was fit to a biexponential. The
fitting parameters show that the average lifetime reduces with increase in doping. The noise
baseline of the transient PL measurement is at 0.01. The features in early time dynamics
suggest that intersublevel relaxation might depend on the doping level [1].
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Figure 3.15: (A) TEM images of thick shell HgSe/CdS QDs for syntheses (red) 1 and (blue)
2. Table (B) shows a negligible QD dissolution in synthesis 1 and the measured core/shell
diameters match well with the expected diameters. Synthesis 2 shows a significant QD dis-
solution and the core/shell sizes are much larger than the expected size. (C) UV-Visible
absorption spectra of HgSe/CdS QDs from (red) synthesis 1 and (blue) synthesis 2, nor-
malized to absorbance at 808 nm. The absorbance of samples from synthesis 2 are much
larger than synthesis 1. The broad absorption for samples from syntheses 2 confirm the
presence of an alloyed HgCdSSe shell. Absorption spectrum of CdS QDs (yellow) is shown
for reference. (D) FTIR spectra of HgSe/CdS QDs from syntheses 1 and 2 after 20 mins of
reaction, showing nearly identical absorption features from the HgSe cores.
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Figure 3.16: Radiative lifetime of HgSe/CdS QDs with a 4.8 nm diameter core, as a function
of core/shell diameter. At diameters larger than 8nm, the radiative lifetime saturates to a
value around 700 ns.

Figure 3.17: Determining the average diameter of bullet-shaped HgSe/CdS QDs.

52



Figure 3.18: Distribution of QDs in 1Se(0), 1Se(1) and 1Se(2) configurations in HgSe at
different Fermi level positions (dashed lines).
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Figure 3.19: Fitting of intraband and interband spectra in thick shell HgSe/CdS QDs. The
FTIR measurement is the black curve, while the red curves are fits. The intraband absorption
was fit to a sum of gaussians (blue, green) due to the conduction band spin-orbit splitting [1],
while the interband was fit to a single Gaussian. Ratio of areas of intraband and interband
absorptions is 1.3 : 1, confirming the similar oscillator strengths for the two transitions. The
fitting range for the interband absorption is shown by the vertical lines.
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Figure 3.20: Fermi level-dependent defect-assisted nonradiative relaxation in HgSe/CdS
QDs. Fermi level is denoted by the dashed blue line. Proposed mechanism of Fermi level-
dependent PLQY for thick shell HgSe/CdS QDs at (A) low Fermi levels and (B, C) high
Fermi levels. The CdS shell might have localized defect states (two levels are depicted) that
are close to the 1Se and 1Pe states of HgSe. (A) When the Fermi level is low, the defect
states are empty, and the QDs display intraband photoluminescence on excitation. (B, C)
When the Fermi level is high, the defect states get filled. When the QD is photoexcited, the
filled defect state could introduce a nonradiative decay channel either by (B) hole trapping
or by (C) near-field energy transfer (FRET). Bulk CdS is known to absorb infrared light by
transitions between defect states [2, 3]. This absorption might be too weak to measure by
FTIR, but the close proximity of the core to the shell can lead to a significant nonradiative
decay.
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CHAPTER 4

NONRADIATIVE MECHANISMS IN THE SECOND

NEAR-INFRARED (SHORTWAVE INFRARED) WINDOW

This section has been adapted from Kamath et. al. [39]

4.1 Introduction

Fluorophores in the second near-infrared (NIR-II) (1.3 µm – 2.3 µm) range have shown po-

tential for non-invasive bioimaging due to reduced autofluorescence, and significantly larger

penetration into tissue compared to visible wavelengths [9, 4, 10, 120, 121, 122]. The optimal

wavelength for in-vivo imaging is the NIR-IIb range (1.5 µm – 1.7 µm) which allows deep-

est penetration as a balance between reduced scattering and absorption by water.1 In-vivo

imaging in the NIR-II region has been demonstrated in imaging mouse brain vasculature

[123], lymph nodes [9] and tumors [4].

Several fluorophores have been developed for NIR-II bioimaging including organic molecules

[124, 125], inorganic quantum dots [9, 4, 10] and carbon nanotubes [123, 126]. Despite signif-

icant progress, organic molecules show very low PLQYs in the NIR, due to their intramolec-

ular vibrational relaxation to molecular vibrations by the energy gap law [127, 128]. The

brightest NIR fluorophores are based on inorganic quantum dots (QDs) which show QYs up

to 43% at 1.5 µm emission [5]. However, the emission is quenched drastically when the QDs

are solubilized in water, with QYs of ∼2% at 1.7 µm. Design of brighter QD fluorophores

can lead to deeper penetration for in-vivo imaging, at lower excitation powers [9].

The brightest reported QDs in the NIR-II range (1.3 µm – 2.3 µm) include QD structures

based on PbS [5, 129, 130, 6, 131], PbSe [6], Ag2S [132], InAs [4, 11], HgTe [7, 133, 134, 8]

and HgSe [37, 38]. Nonradiative relaxation in QDs via surface trapping dominate role in

visible-gap QDs, while QDs in the infrared appear to be limited by a near-field Forster energy
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transfer to ligand molecules on the QD surface [6, 22]. This is exacerbated on making the

QDs water-soluble, as water is strongly absorbing, and leads to a drastic decrease in the

PLQY [4].

The energy transfer can be suppressed by exchanging the organic ligands by less absorbing

molecules, or by growth of a thick type-I shell [38, 22, 30]. Solid-state ligand exchange has

been demonstrated in Ag2S [132] and PbS [129, 130] QD films, which show a PLQY of up

to 85% at 1.4 µm. For in-vivo imaging, the only option is the growth of a thick shell, to

suppress energy transfer to the surface ligand and solvent molecules. While thick CdS and

CdSe shells have been grown on PbS [5] and PbSe [46] QDs, no substantial improvement

in the PLQY is seen. Growth of the thick shell is also accompanied by a redshift of the

exciton and lengthening of the PL lifetime, [46] which has been attributed to the quasi-type-

II band alignment between the core and the shell [5, 46]. Similar observations have been

reported for InAs/CdSe QDs, where the PLQY does not improve with shell thickness due to

the unfavorable band alignment [4, 135]. This motivates the design of a core/shell material

system with a type-I alignment, to obtain bright fluorophores in the NIR-II region.

HgSe/CdS QDs show bright mid-infrared emission when n-doping through the intraband

transition [38]. Undoped HgSe QDs show emission in the NIR-II range. In contrast to PbS

[5], PbSe [46] and InAs [4], HgSe has a type-I band alignment with CdS and CdSe [38, 20],

which makes it a promising candidate as bright NIR-II fluorophores. CdSe is the ideal shell

candidate for obtaining bright emission in HgSe, due to the type-I band alignment and near-

zero lattice mismatch. Previous works have reported growth of a thin CdSe shell <∼ 1.5nm

thickness [37, 20], but growth of a thick spherical shell was not achieved.

In this work, we show the growth of a thick, roughly spherical CdSe shell around HgSe

QDs, up to a final QD diameter of 13 nm. These QDs exhibit a PLQY upto 63% at 1.7 µm

wavelength, which is >3 times brighter than previous reports. Our calculations show that

the QYs are consistent with a Forster energy transfer to ligands and solvent molecules, and
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demonstrate a strategy to obtain bright NIR-II fluorophores.

4.2 Synthesis of HgSe/CdSe core/shell QDs

HgSe cores were synthesized by adapting a previous report [1]. The sizes of the QDs were

characterized by Transmission electron microscopy (TEM) and Small Angle X-Ray Scattering

(SAXS). The cores had a diameter of 4.8nm – 5.2nm for emission at (1.7 µm – 2.0 µm)

wavelengths. Most reports of CdSe growth require temperatures in excess of 200°C to obtain

large sizes [46, 47]. Since HgSe QDs have a poor thermal stability above 100°C, it is necessary

to first grow a thin protective CdSe shell at a low temperature before growth of a thick

shell [38]. While previous studies report growth of thin shell HgSe/CdSe QDs using c-ALD

[37, 20], the procedure is tedious, limited to small reaction scales, and is easily susceptible

to independent nucleation.

In order to develop a robust and scalable growth of a thin CdSe shell at a low temperature,

we designed a shell growth strategy using cadmium acetate and (TMS)2Se (Fig. 4.1a).

These precursors are highly reactive, and form CdSe nanocrystals at temperatures as low as

room temperature. By subsequent addition of Cd- and Se- layers by successive ionic layer

adsorption and reaction (SILAR) at 90°C, the shell thickness could be precisely controlled

(Section 4.7.3). The synthesis was robust, and could be scaled up to 80 mg of HgSe, with

little or no observed independent nucleation up to a thickness of 3 monolayers (Section

4.7.3). After growth of 3 monolayers, the HgSe/CdSe QDs were thermally stable up to at

least 150°C, while the HgSe cores were not stable above 120°C (Section 4.7.4).

These thin shell HgSe/CdSe QDs were then used as seeds for growth of a thick CdSe shell.

Synthesis of large core/shell nanocrystals requires the use of highly reactive precursors and

a high reaction temperature, in order to maintain a spherical shape and avoid independent

nucleation [38, 47, 136, 45]. We adapted the protocol by X Peng and coworkers, where

they demonstrated growth of CdSe using cadmium carboxylates and selenium suspension in
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Figure 4.1: Synthesis of thick shell HgSe/CdSe QDs. a, Schematic of synthesis of
HgSe/CdSe quantum dots (QDs). HgSe cores were synthesized by hot injection of HgCl2
and bis(trimethylsilyl)selenide ((TMS)2Se) at 90°C. A thin CdSe shell was then overcoated
at 90°C using cadmium acetate and (TMS)2Se, by successive ion layer addition and reac-
tion (SILAR). Subsequent shell growth was performed at 150°C using cadmium acetate and
selenium power. At this temperature, around 40-60% of the QDs dissolved and overcoated
an alloyed HgCdSe shell around the remaining QDs. The final layers of CdSe were grown
at 200°C. b, X-Ray diffraction (XRD) spectra of 5.2 nm HgSe (black curve) and 15.1 nm
HgSe/CdSe (red curve) QDs, along with calculated bulk XRD spectra for zincblende HgSe
(black bars) and CdSe (red bars) with lattice constants 6.08 Å and 6.05 Å respectively. The
spectra confirm the growth of CdSe along the zincblende crystal structure like the cores, and
the near-zero lattice mismatch between core and shell. c–f, Transmission electron microscopy
(TEM) images of HgSe and HgSe/CdSe QDs with a diameter of (c) 5.2 nm, (d) 7.0 nm, (e)
10.2 nm, and (f) 13.0 nm.

oleylamine, which decomposed at a low temperature of 140°C [137].

A major challenge during growth of the CdSe shell is ripening and dissolution of QDs with

a thin CdSe shell, which leads to deposition of an alloyed HgCdSe shell on the remaining QDs

[38]. While the optical properties of the surviving HgSe cores are not affected, the alloyed

HgCdSe shell absorbs part of the excitation light during PL measurements. To minimize

ripening and dissolution of the cores (Section 4.7.7), we performed the shell growth through

a two-step temperature increase. The reaction temperature was set to 150°C for two CdSe
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monolayers, after which the temperature was increased to 200°C or higher for subsequent

shell growth (Fig. 4.1a). During the heat-up to 150°C, typically ∼40-60% of the QDs

dissolved and deposited an alloyed shell around the remaining QDs (Section 4.9.1).

Selection of the growth temperature is especially important. For obtaining thick spherical

shells without independent nucleation, it is necessary to maximize the growth temperature

[38, 136]. We observe substantial independent nucleation during growth at 180°C, which

limits growth of QDs beyond 10 nm (Fig. 4.11). However, a higher growth temperature

increases the tendency of alloying at the core/shell interface. We found the alloying temper-

ature to depend on the core size. HgSe/CdSe QDs with cores emitting at 2.0 µm showed

insignificant alloying during growth at 220°C, but cores emitting at 1.7 µm show a large

blueshift in absorption and photoluminescence when grown at the same temperature (Fig.

4.12). We thus set the growth temperature for 1.7 µm - emitting QDs as 200°C. Using our

synthetic design, we were able to obtain a final QD size of 13 nm at a growth temperature

of 200°C, and a size of 16.5 nm at 220°C (Section 4.7.7).

4.3 Absorption spectra and optical properties of HgSe

An aliquot was taken after synthesis of HgSe cores at 15 seconds. The cores showed both

interband absorption at 1.7 µm and an intraband absorption at 4.8 µm, which indicates

they are partially n-doped (Section 4.10.1). By subtracting spectra of the cores at different

dopings, we were able to calculate the average doping of the cores to be ∼1.05 electrons/QD

(Section 4.9.2).

Aliquots were taken at different stages of the CdSe shell growth. Growth of the thick

shell led to a steady increase in the CdSe absorption with a band-edge onset at 900 nm (Fig.

4.2a). X-Ray Diffraction measurements were performed on films of HgSe and HgSe/CdSe

QDs (Fig. 4.1b). The measured spectra show good agreement with simulated spectra for

zincblende HgSe and CdSe. The Scherer sizes calculated for the (220) peak at 42° were
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Figure 4.2: Absorption and photoluminescence. a, Absorption spectra of 5.2 nm HgSe cores
and HgSe/CdSe QDs with different sizes. All spectra are normalized at 1400 nm. The
increasing band-edge absorption from the CdSe shell is evident from the absorption onset
at 900 nm. b, Absorption (solid) and photoluminescence (black) (PL) spectra of HgSe and
HgSe/CdSe QDs. The absorptions have the same scale as in (a), but are vertically shifted
for clarity. The absorption and PL spectra show negligible shift on shell growth, confirming
the type-I band alignment of HgSe and CdSe.

3.7 nm and 9.3 nm respectively (Section 4.8.5), which show a fair agreement with the sizes

measured by SAXS. The HgSe/CdSe QDs were intrinsic and showed a negligible intraband

transition, regardless of whether the final layer was Cd- or Se- (Section 4.7.6). The thickest

shell sample was an anomaly, which displayed an intraband absorption with roughly ∼0.85

electrons/QD upon ending with a Cd- step (Section 4.9.2). The interband emission was much

weaker after stopping at a Se- step (Section 4.7.6), so all measurements were performed with

Cd- as the final layer.

As seen from the absorption spectrum in Fig. 4.2b, the absorption features of the HgSe

interband transition were maintained on growth of the thick CdSe shell. During growth of the

thick shell at 150°C (Fig. 4.2a, blue), there was a significant decrease in the HgSe absorption

intensity (Section 4.9.1), and a redshift of the absorption peak. This is consistent with

dissolution of nearly half of the initial HgSe QDs, and deposition of an alloyed shell around

the remaining QDs. The redshift of the absorption suggests that thin shell HgSe/CdSe QDs
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with a smaller sized core were preferentially dissolved. Subsequent growth of the CdSe shell

did not result in a change in the absorption peak wavelength or intensity. The lack of peak

shifting confirms the type-I band alignment between HgSe and CdSe. This is in contrast

to PbS, PbSe, and InAs QDs, which show a continuous redshift in the exciton peak upon

growth of a thick shell due to their quasi type-II band alignment [4, 5, 46].

4.4 Photoluminescence and lifetime measurements

Photoluminescence (PL) spectra of the HgSe/CdSe QDs were recorded using an excitation

wavelength of 808 nm and an incident power of 15 mW, using a step-scan FTIR. All spectra

were recorded in solution in tetrachloroethylene (TCE). The HgSe/CdSe QDs showed bright

interband emission with no shift in the spectra on shell growth. There was a ∼250 nm Stokes

shift in the PL (∼90 meV), which likely arises from the size distribution of the cores.

Absolute PL quantum efficiency measurements were performed using a Spectralon inte-

grating sphere, with an 808 nm excitation and a PbSe detector. We want to distinguish the

PL quantum efficiency (PLQE) from quantum yield (PLQY). When the sample has a partial

n-doping, there is an ensemble of QDs with 0, 1 and 2 electrons in the 1Se state (denoted

1Se(0), 1Se(1), and 1Se(2) respectively), each of which would have a specific PLQY. The

absolute PLQE can be measured, but the PLQY would have to be calculated from the dis-

tribution of QDs with different 1Se occupancies [38]. Only 1Se(0) QDs would be expected

to show interband emission due to Kasha’s rule. To calculate the PLQY, we estimate the

fraction of 1Se(0) QDs in the ensemble by assuming a binomial distribution, and divide the

PLQE by this fraction (Section 4.9.2).25 Since only the cores and 15.1 nm HgSe/CdSe QDs

were partially n-doped, the PLQE and PLQY were the same for QDs of the remaining sizes

(Section 4.10.1).

The HgSe cores showed a PLQY of 1.5% at 2.0 µm emission. Growth of the CdSe shell

led to a monotonous increase in the PLQY, with a value of 48% for the thickest shell with

62



Figure 4.3: Quantum yield and lifetime measurements. a, Measured photoluminescence
quantum yield (black squares) of HgSe/CdSe QDs with different shell thicknesses, calculated
quantum yield (dashed curve) modelled by Forster-energy transfer to oleylamine ligands on
the QD surface, and measured average PL lifetimes (red circles). The increase in average
lifetime with QD size shows a quantitative agreement with the PLQY measurements. Error
bars in PLQY correspond to lower and upper limits from the doping estimation. b, PL
lifetime traces (line scatter) of the same HgSe and HgSe/CdSe QDs in (a). The 15.1 nm
sample was fit to a triexponential, while the remaining samples were fit to biexponentials
(fits are overlayed).

diameter of 15.1 nm (Fig. 4.3a). A similar trend was observed for QDs with smaller cores

emitting at 1.7 µm, which showed a PLQY upto 63% (Section 4.9.5, 4.10.2). These QDs

are >3 times brighter than the brightest fluorophores with PLQY ∼20% at 1.7 µm emission

[8, 37].

To confirm that the increase in the PLQY is indeed due to a slowing of the nonradiative

rate, we measured the PL lifetimes of HgSe and HgSe/CdSe QDs in solution (Fig. 4.3b).

With the exception of the 15.1 nm diameter sample, the lifetime traces of all samples fit well

to a biexponential function. The fast component comprised of ∼25% of the intensity for the

HgSe/CdSe QDs, while it was ∼80% for the cores, which is likely due to a larger fraction of

trap states in the cores. The 15.1 nm diameter sample was fit to a triexponential with ∼30%

intensity exhibiting a very fast ∼1.4 ns decay. We attribute this to defects arising from the

independent nucleation of CdSe on the surface of the QDs (Section 4.10.1).
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We calculated the average PL lifetime to be a harmonic mean of the decay components

(Section 4.10.1, 4B). The trend of the effective PL lifetime showed quantitative agreement

with the PLQY measurements (Fig. 4.3a). From the measured lifetimes and PLQYs, we

calculated the radiative lifetime for each QD sample. The radiative lifetime was similar for

all QD samples, giving a value of 127 ns ± 30 ns. The constant radiative lifetime further

confirms the type-I alignment of HgSe with CdSe.

4.5 Nonradiative mechanism

Quantum dots in the infrared show PLQYs that are lower than their visible counterparts. To

determine the origin of the poor emission, we tabulated the PLQYs of the brightest reported

QDs at different wavelengths (Fig. 4.4a). We have plotted the PLQY of our HgSe/CdSe QDs

emitting at different frequencies (Fig. 4.4a, green stars). The QDs are ∼3 times brighter

than previous QDs in the 1.7 µm – 2.0 µm range.

Despite the vast differences in the core and shell materials, all QDs in organic solvents

(black and grey points) show a similar decreasing trend in the PLQY as the frequency is

reduced. A similar trend is observed for QDs solubilized in water (Fig. 4.4a, red squares),

which have ∼5 times lower PLQYs than their counterparts in organic solvents. This general

trend suggests that the PLQY is limited by a mechanism that depends on the emission

frequency, but is relatively insensitive to the QD material.

Guyot-Sionnest and coworkers [22] proposed a model for nonradiative relaxation involving

Forster resonance energy transfer (FRET) of the QD emission to absorption of ligands on

the QD surface. This model has been used to explain the lifetime and PLQY of QDs in the

NIR and mid-IR regions [6, 7, 38, 22, 30, 138]. In this model, the PLQY of QDs in nonpolar

solvents is calculated as follows [138] (See Section 4.9.4):
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Figure 4.4: Predictions of FRET model, and comparison of PLQYs to other reports. a,
Compilation of PLQYs of the brightest reported QDs at different emission wavelengths.
Black and grey points are QDs in organic solvents [4, 5, 6, 7, 8]. Red points are QDs
solubilized in water for in-vivo imaging [9, 4, 10, 11, 12]. Green stars are our HgSe/CdSe
QDs in nonpolar solvents. The curves are calculated PLQY by ligand-FRET to oleylamine
in TCE (black), and including solvent-FRET in water (red). Solid curve is for 6 nm diameter
QDs, and dashed curve is for 13 nm diameter QDs. b, Measured imaginary refractive index
of oleylamine and water as a function of frequency. Absorption by water is nearly 5 times
stronger than oleylamine.
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Where γNR is the nonradiative rate, γR is the radiative rate, n is the index of the solvent,

R is the QD radius, ∆R is the ligand length, ϵ′′ is the imaginary dielectric function of the

ligand absorption, fD is the normalized QD emission spectrum and ν̄ is the frequency in

wavenumbers. The PLQY can be calculated as:
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Since the nonradiative rate is proportional to the radiative rate, the PLQY is independent

of the radiative rate, and hence insensitive to the QD material. This explains the relative

insensitivity of the PLQY to the QD material. A notable exception is the series of HgTe

QDs reported by Rogach and coworkers [8], where the PLQY is higher and shows a weaker

frequency dependence than other reports.

To calculate the ligand-FRET rate for QDs in nonpolar solvents, we measured the ab-

sorption spectrum of oleylamine (Fig. 4.4b). Though the QDs reports in Fig. 4.4a have

different nonpolar ligands, the FRET rate should be similar as the ligand absorption in the

NIR-II is dominated by C-H overtones and combination bands (Section 4.9.3). We used the

reported surface coverage of oleylamine on the QD surface as 1.8 nm−2 (see Section 4.9.4)

[139], and set the emission spectra as Gaussians with standard deviation 0.1 times the emis-

sion frequency. We calculated the FRET- limited PLQY as a function of QD diameter (Fig.

4.4.3a), and as a function of frequency by setting the QD diameter at 13 nm, which is the

average size of the HgSe/CdSe QDs (Fig. 4.4a dashed black curve).

The calculations show a good agreement with our measured PLQYs. The trend of cal-

culated PLQY with frequency shows a reasonable agreement with the experimental data,

with the scatter likely due to a variation in QD diameters, emission widths, different surface

ligands, and contributions from other nonradiative processes.

Similar to ligands, FRET to solvent molecules can lead to a drastic quenching of the

PLQY in NIR-absorbing solvents. To calculate the FRET rate to solvent molecules, we can

use the solvent imaginary index ϵ′′ in Eq. (1), and perform the integral from R+∆R to

infinity. To test the effect of solvent absorption on the nonradiative rate, we synthesized

HgSe/CdSe QDs with an emission peak at 1.7 µm, and measured the PLQY in TCE (tetra-

chloroethylene), CHCl3 and octane. These solvents show an increasing absorption at the QD

emission wavelength (Fig. 4.18(c) and Fig. 4.20(a)). The PLQY shows a monotonous de-

crease with the solvent absorption, and shows good agreement with the simulation (Section
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4.9.5).

FRET to water is expected to play a major role for QDs optimized for in-vivo imaging.

Water exhibits a strong broadband absorption in the NIR-II, and leads to much poorer

PLQYs compared to TCE. When we performed the FRET calculation for 6 nm diameter

QDs, which is a typical size for water-solubilized QDs (Fig. 4.4a, solid red curve), we find a

good agreement with the reported PLQYs. Our calculation for 13 nm QDs in water predict

that the PLQY should be ∼12% at 1.7 µm emission (Fig. 4.4a, dashed red curve), which is

∼6 times brighter than the brightest fluorophores reported [9]. Growth of 20 nm QDs should

lead to a PLQY of ∼30% in water. While this is not currently possible with our synthetic

protocol, further shell growth can be achieved by using a lower-temperature shell material

like an HgCdSe alloy.

4.6 Conclusions

Quantum dots (QDs) emitting in the NIR-IIb range show great potential for in-vivo imaging,

but the PLQY of the fluorophores are quite low (∼2%). To determine the origin of the fast

nonradiative decay, we use a model of Forster resonance energy transfer (FRET) to ligands

and solvent molecules. Our calculation accounts for the ubiquitous decrease in the PLQY

of QDs as the emission frequency is decreased, and also explains the lower PLQY of QDs

solubilized in water. Previous attempts to improve the PLQY have been unsuccessful due

to the lack of a type-I core/shell system. In order slow the nonradiative decay, we developed

the synthesis of a thick CdSe shell on HgSe QDs. The type-I band alignment leads to a

negligible spectral shift with increasing shell thickness. The thick shell HgSe/CdSe QDs

show a PLQY upto 63% in the 1.7 µm – 2.0 µm range, which is ∼3 times brighter than the

previous reported fluorophores. Our work demonstrates the importance of using thick shell

QDs with a type-I band alignment for obtaining bright fluorophores.
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4.7 Syntheses

4.7.1 Chemicals

Mercury chloride (HgCl2) was purchased from Alfa Aesar (99.999%, #10808) and Sigma-

Aldrich (99.5%, #215465). Mercury bromide (HgBr2, 99%, #83353), cadmium acetate dihy-

drate (Cd(OAc)2, 98%, #20901), selenium (Se, 99.99%, #229865), oleylamine (OAm, 70%,

#909831) dodecanethiol (DDT, 98%, #471364), tetrachloroethylene (TCE, 99%, #443786),

ethanedithiol (EdT, 98%, #02390), and octane (99%, #806910) were purchased from Sigma-

Aldrich. Bis(trimethylsilyl)selenide ((TMS)2Se, 97%, #SIB1871.0) was purchased from

Gelest. Isopropanol (IPA, 99.9%, #A451-4) was purchased from Fisher. (Di-n-dodecyl)

dimethylammonium bromide (DDAB, 98%, #B22839) was purchased from Alfa Aesar. (TMS)2Se

was stored in a N2 glovebox, while the rest were stored in ambient conditions. All syntheses

were performed using the same bottle of oleylamine, as we observed variability in HgSe size

and colloidal stability between different batches of the chemical.

4.7.2 Precursors and stock solutions

0.2M (TMS)2Se solution: The solution was prepared by adding 100 µL (TMS)2Se (0.4 mmol)

to 1.9mL oleylamine in a N2 glovebox.

0.2M Cd(OAc)2 solution: 78 mg of Cd(OAc)2.2H2O (0.3 mmol) was added to 1.5 mL

oleylamine in a test tube, and heated till the solids dissolved. The solution remained clear

as it cooled to room temperature.

0.1M Cd(OAc)2 solution: 78 mg of Cd(OAc)2.2H2O was added to 3 mL oleylamine and

prepared as above.

0.1M Se suspension: 24 mg selenium powder was added to a vial, and 3 mL oleylamine

was added. The suspension was kept on the sonicator during the thick CdSe shell synthesis,

and mixed vigorously before use.
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0.1M HgBr2 solution: 36 mg of HgBr2 (0.1 mmol) was added to 1 mL oleylamine in a

test tube, and heated till the solids dissolved. The solution remained clear as it cooled to

room temperature.

0.1M DDAB solution: 231 mg of DDAB (1 mmol) was added to 5 mL TCE in a vial,

and sonicated till the solids dissolved.

2% EdT/IPA: 0.1 mL of EdT was added to 5 mL IPA in a vial.

4.7.3 Thin shell HgSe/CdSe QD synthesis

Rationale for synthetic protocol

HgSe cores were synthesized following the work of Melnychuk et. al . [1] using HgCl2

and bis(trimethylsilyl)selenide ((TMS)2Se) at 90°C – 100°C by hot-injection. A thin CdSe

shell had to be grown at a low temperature, in order to impart thermal stability to the

QDs before growth of a thicker shell. We did not observe robust and reproducible growth

while attempting previous protocols for CdSe shell growth using cALD at room temperature

[20, 37]. This motivated us to develop a protocol for growth of CdSe around 80°C – 100°C

using successive ionic layer adsorption and reaction (SILAR). We chose cadmium acetate

(Cd(OAc)2) and bis(trimethylsilyl)selenide ((TMS)2Se) as highly reactive precursors, which

formed CdSe at temperatures as low as room temperature.

Due to the labile nature of the HgSe QD surface and the tendency to aggregate after

precipitations, we designed the growth of the thin CdSe shell in the HgSe reaction mixture

without purification. Unlike typical mercury chalcogenide syntheses which use a 2:1 excess

of Hg to chalcogen [1, 140], we used a 1:1 ratio to avoid incorporation of Hg during the

CdSe growth. During our trials, we observed that growth of HgSe QDs was complete in less

than 15 seconds (Fig. 4.5), while the n-doping of the QDs increased after further reaction.

This suggests that (TMS)2Se completely reacts within 15 seconds, and the HgCl2 in solution

continues to react and n-dope the QDs through a surface dipole-dependent Fermi level [85].
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This motivated us to start the CdSe growth at 15 seconds after HgSe nucleation.

Figure 4.5: Testing kinetics of HgSe QD synthesis. FTIR absorption spectra of equal vol-
umes of cleaned HgSe aliquots at 15 seconds (black) and 2 minutes (red) after (TMS)2Se
injection. The equal absorption at 9000 cm−1 and identical intraband peak positions sug-
gests complete reactivity within 15 seconds of (TMS)2Se injection. The n-doping increases
through 2 minutes, suggesting the HgCl2 continues to react.

Calculation of Cd- and Se- precursor volumes

The Cd precursor was 0.2M Cd(OAc)2 in oleylamine, and the Se precursor was 0.2M

(TMS)2Se in oleylamine. It was critical to add equal molar amounts of Cd- and Se- precursors

to prevent independent nucleation. During synthesis of HgSe,1 we observed the formation

of ∼20 mg HgSe (0.07mmol) for addition of 0.1 mmol of (TMS)2Se and 0.2 mmol of HgCl2.

This was contrary to the observation of 100% (TMS)2Se reaction at 15 seconds (Fig. 4.5).

We reasoned that the (TMS)2Se stock has a partial reactivity of ∼70% due to decomposi-

tion over extended storage. The calculated Se- volumes was divided by 0.7 to account for

the incomplete reactivity. Precursor volumes for each Cd- and Se- cycle were calculated for
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saturation of the QDs by one monolayer of the ion. Fig. 4.6 shows the calculated volumes

for a 20mg scale of HgSe:

Figure 4.6: Calculation of Cd- and Se- precursor volumes during growth of thin shell
HgSe/CdSe QDs.

Using this protocol, we were able to observe quantitative growth of the CdSe shell, with

roughly ∼0.7 nm increase in the total QD diameter as expected. Little or no independent

nucleation with observed till 3 monolayers of CdSe. Subsequent layers led to observation of

independent nuclei with a smaller final QD size than expected (Fig. 4.7).

The volumes of injected Cd- and Se- were critical to prevent independent nucleation. If

the volumes for each cycle were doubled, substantial independent nucleation was observed.

Synthetic protocol

The following protocol yielded ∼20 mg of HgSe cores. The protocol could be scaled 4x with

no noticeable differences. HgSe core size was ∼4.8 nm.

HgCl2 (0.1 mmol, 27 mg) was added to a 3-neck flask with 5mL oleylamine. The flask

was equipped with a stir bar, rubber sleeve stoppers with a thermocouple attached, and

connected to a Schlenk line manifold. Three vacuum (p∼1 torr) – Argon flush cycles were

performed at room temperature, and the flask was heated at 100°C for ∼30-60 minutes. The

temperature was then set to 90°C. 0.5mL of 0.2M (TMS)2Se solution was injected swiftly
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Figure 4.7: Testing the limit of thin CdSe shell growth. a-d, TEM of HgSe QDs (a) and
HgSe/CdSe QDs with one (b), three (c) and five (d) monolayers of CdSe grown at 90°C.
Significant independent nucleation is observed at five monolayers. Scale bars are 20 nm.
e, Plot of total QD diameter vs CdSe monolayers grown. The size increase is linear till 3
monolayers with roughly 0.7 nm increase per monolayer as expected. The growth tapers at
5 monolayers, likely due to deposition of CdSe precursors on the independent nuclei.

into the flask, which led to the solution instantly turning black, and a stopwatch was started.

At 15 seconds, a calculated volume of 0.2M Cd(OAc)2 solution (“0Cd”) was injected over a

period of ∼15 seconds. After 5 minutes, a calculated volume of 0.2M (TMS)2Se solution

(“1Se”) was injected over a period of ∼15 seconds. Subsequent cycles were performed as

necessary, with a 2-minute reaction time for Se- cycles and 5 minute reaction time for Cd-

cycles. Aliquots were taken if necessary, using a glass syringe with a metal cannula. For

HgSe (at 15 secs from start of reaction), the aliquot was added to a test tube containing

0.1M HgBr2 – oleylamine solution (equimolar to the amount of Hg in the aliquot). This was

found necessary to maintain colloidal stability during precipitations. Aliquots were rinsed

with equal volume of octane to collect residual solution in the syringe. The reaction was

typically stopped after 3 CdSe monolayers, leading to QDs with a diameter ∼ 7 nm (denoted
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HgSe/3CdSe).

Concentration of the thin shell HgSe/CdSe stock solution was determined by measuring

the absorbance at 700 nm. Absorption at this wavelength should be dominated by the HgSe

cores, with negligible shell absorption. The concentration of HgSe was determined using the

cross-section of HgSe as 3.5×10−18 cm2 per Hg atom (calculated from the reported cross-

section at 415 nm and the measured HgSe absorption spectrum) [1]. The typical reaction

yield was ∼20-25 mg of HgSe.

The stock solution was transferred into a glass vial and stored in a freezer. The stock

solution was directly used for synthesis of a thick CdSe shell.

Aliquots were purified by two cycles of precipitation – dissolution before characterization.

All purifications were performed in air at ambient conditions. The solution was centrifuged

to precipitate larger QDs (if any). The solution was then precipitated by addition of IPA

(ethanol for HgSe) and centrifugation. The supernatant was discarded, and the precipitate

was dispersed in TCE, leading to a concentration of ∼10 mg/mL of HgSe. 0.1M DDAB/TCE

was added (0.1× volume of TCE), and the solution was precipitated by addition of IPA and

centrifugation. The supernatant was discarded, the precipitate was lightly dried by blowing

nitrogen, and then dispersed in TCE for characterization.

4.7.4 Testing the thermal stability of thin shell HgSe/CdSe QDs

The thin shell HgSe/CdSe QDs were tested for thermal stability at 150°C, which would be

the growth temperature of the thicker CdSe shell. Thermal stability was tested through PL

measurements as it is more convenient than annealing in solution.

For testing thermal stability of the cores, HgSe/Cd QDs (after the ‘0Cd’ cycle, Fig. 4.6)

were purified twice, dispersed into TCE and dropcasted into a film on an aluminum substrate.

The PL of the film was measured. The sample was annealed at 80°C for 2 minutes, and the

PL was recorded again. The annealing was performed again at 120°C for 2 minutes, and the
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PL was recorded.

For HgSe/CdSe films with different shell thicknesses, the solutions were similarly purified

twice, dispersed into TCE and dropcasted on aluminum substrates. The films were treated

with a 2% solution of EdT in IPA for removing the long chain ligands. The PL was then

recorded. Annealing was sequentially performed at 110°C and 150°C for 2 minutes each, and

PL spectra were recorded.

The data is presented in Fig. 4.8, where the samples are the same as in Fig. 4.6. The

PL spectra clearly show that the cores are not thermally stable at 120°C, while the thermal

stability of HgSe/CdSe QDs progressively increases with number of monolayers. The 3-

monolayer sample is thermally stable at 150°C, and these QDs were used as seeds for growth

of a thicker CdSe shell.

4.7.5 Thick shell HgSe/CdSe QD synthesis

Rationale for synthetic protocol

The thin shell HgSe/CdSe QDs were used as seeds for growth of a thicker shell. We adapted

the work of Xiaogang Peng and coworkers, which employed a suspension of selenium in

oleylamine, that reacted at temperatures as low as 140°C [137]. We used cadmium acetate

as the Cd- reagent, as it is much more reactive than longer carboxylates and enables a lower

growth temperature.

The growth temperature was set as 150°C for growth of two monolayers of SeCd. During

the heat-up stage, roughly ∼60% of the QDs dissolved and deposited as an alloyed HgCdSe

shell on the remaining QDs (see Section 4.9.1 for characterizations). After the first monolayer

of SeCd, the QDs were thermally stable, and no further dissolution was observed. After

growth of two SeCd layers at 150°C, the temperature was increased to 200°C for further shell

growth. The higher growth temperature was necessary to enable growth of a spherical shell.

After a final QD size of ∼13 nm, the shell started to develop a tetrahedral-like morphology
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Figure 4.8: Testing thermal stability of: a, HgSe QDs and b-d, HgSe/CdSe QDs with different
number of shell monolayers. Samples are the same as in Fig. 4.6.

with the onset of independent nucleation (see Section 4.7.7). When the growth temperature

was 220°C, the QDs remained spherical up to ∼16.5 nm, after which independent nucleation

was observed. The synthesis was ended with a Cd- cycle, as the PL was much weaker after

ending with a Se- cycle (see Section 4.7.6).

The thin shell HgSe/CdSe QDs could directly be heated to 200°C/220°C for shell growth,

but this led to a larger fraction of dissolved QDs compared to 150°C.
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Calculation of Cd- and Se- precursor volumes

The Cd precursor was 0.1M Cd(OAc)2 in oleylamine, and the Se precursor was 0.1M Se

suspension in oleylamine. Precursor volumes for each Cd- and Se- cycle were calculated

for saturation of the QDs by one monolayer of the ion. After growth of the first SeCd

monolayer, the calculation was modified to account for the ∼60% dissolution of QDs. For

example, starting with 7.0 nm diameter HgSe/CdSe QDs with 8 mg of HgSe, the expected

QD diameter after one SeCd layer is 7.7 nm, but the measured size is typically 10.5 nm, which

corresponds to a 60% dissolution of QDs. The amount of HgSe cores remaining is therefore

4.8 mg. The subsequent volumes of Se- and Cd- additions are calculated to account for this

change in size and HgSe amount.

Fig. 4.9 is an example of the volumes added for an 8mg scale of HgSe:

Figure 4.9: Calculation of Cd- and Se- precursor volumes during growth of thick shell
HgSe/CdSe QDs.

Synthetic protocol

The following protocol started with HgSe/3CdSe QDs containing 8 mg of HgSe. The fraction

of QDs dissolved during the initial heat-up step was sensitive to the reaction scale.

HgSe/3CdSe stock solution from the freezer was fully thawed. A measured volume of the
76



solution (containing 8 mg of HgSe) was added to a 3-neck flask, equipped with a stir bar,

rubber sleeves, a thermocouple, and connected to a Schlenk line. The solution was heated to

150°C. A certain fraction (typically ∼60%) of the QDs dissolved during the heat-up stage,

and deposited as an alloyed HgCdSe on the remaining QDs.

The Cd- and Se- precursor solutions were kept ready with 1 mL syringes. The Se-

suspension was kept on the sonicator, and mixed vigorously before adding the desired volume

of precursor.

On reaching the set temperature, the Se precursor was added, and left to react for 5

minutes. The Cd precursor was then added, and left to react for 2 minutes. At this stage,

the QD diameter was typically ∼10.5 nm.

One more Se- and Cd- cycle was performed. After the Cd addition, the temperature was

set to 200°C. Further Se- and Cd- cycles were performed, with a reaction time of 2 minutes

for each cycle. Aliquots were taken if necessary, using a glass syringe with a metal cannula.

Aliquots were rinsed with equal volume of TCE to collect residual solution in the syringe.

The QDs diameters increased by roughly 0.7 nm per SeCd cycle. After ∼13 nm, the QDs

start to develop a tetrahedral-like morphology with a possibility of independent nucleation

unless the reaction temperature is increased.

Aliquots were purified by two cycles of precipitation – dissolution before characterization:

All purifications were performed in air at ambient conditions. The solution was cen-

trifuged, leading to precipitation of a fraction of the QDs (which increased with the QD

size). If QDs remained in the supernatant, 0.1M DDAB/TCE was added (0.1× volume of

solution), and the solution was precipitated by addition of IPA and centrifugation. The

QDs precipitated in fractions (likely due to broad size distribution), and it was necessary

to performed several IPA additions and centrifugations to completely precipitate the QDs.

The supernatant was discarded, and the precipitate was dispersed in TCE, leading to a

concentration of ∼5 mg/mL of HgSe. 0.1M DDAB/TCE was added (0.1× volume of TCE),
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and the solution was precipitated by addition of IPA and centrifugation. Precipitation of

several fractions was observed, and the QDs were fully precipitated. The supernatant was

discarded, the precipitate was lightly dried by blowing nitrogen, and then dispersed in TCE

for characterization.

4.7.6 Influence of Cd- and Se- cycles on doping and PL of HgSe/CdSe QDs

To decide between ending the HgSe/CdSe synthesis with a Cd- or Se- cycle, we tested the

effect of the final cycle on the doping and the PL of the QDs. Thick shell HgSe/CdSe QDs

with a final diameter of ∼10-12 nm were synthesized at 180°C. An aliquot was taking after

a Se- cycle. Different amounts of Cd- were then added (corresponding to 1, 2 and 3 surface

equivalents of Cd), with aliquots between additions. Partial independent nucleation was

observed, but this should not affect the conclusions of these trials.

The QDs were purified twice by precipitation-dissolution, before redispersing in TCE.

The final solutions were characterized by FTIR absorption and PL spectroscopy (Fig. 4.10).

A slight decrease in the n-doping was observed after Cd- treatment, but the PL was much

stronger for the Cd- samples compared to the Se- sample. This motivated us to stop the

HgSe/CdSe syntheses at the Cd- cycle.

4.7.7 Effect of synthesis temperature on dissolution, alloying, and

morphology of HgSe/CdSe QDs

The synthesis temperature was crucial to the morphology of the HgSe/CdSe QDs. If the

temperature was too low, the onset of independent nucleation was observed at smaller QD

sizes (Fig. 4.11). If the temperature was too high, alloying at the core/shell interface was

observed, with a blueshift in the absorption and PL (Fig. 4.12). Smaller sized cores emitting

at 5800 cm−1 showed core/shell interface alloying at 220°C. We thus set the optimal synthesis

temperature as 200°C to achieve large shell thicknesses while avoiding interfacial alloying.
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Figure 4.10: Effect of Se- and Cd- half cycles on absorption and PL of ∼10-12 nm HgSe/CdSe
QDs. Testing thermal stability of: a, HgSe QDs and b-d, HgSe/CdSe QDs with different
number of shell monolayers. Samples are the same as in Fig. 4.6.

4.8 Characterizations

4.8.1 Particle size characterization by TEM and SAXS measurements

Transmission Electron Microscopy (TEM) images were recorded using an FEI Spirit 120kV

electron microscope and an FEI Tecnai F30 300kV microscope. Samples were prepared by

dropcasting the purified QD solution in TCE on a Formvar/Carbon 200 mesh grid (Ted

Pella 01801), and evaporated in a vacuum pump before performing measurements. The QD

size was determined using imageJ software, by visually estimating the boundary of ∼100

nanoparticles, measured along a single orientation for consistency.

Small Angle X-Ray Scattering (SAXS) measurements were performed using a SAXSLAB

GANESHA instrument. The sample was prepared in a Kapton capillary tube and sealed.
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Figure 4.11: Effect of synthesis temperature on the onset of independent nucleation. The
onset of independent nucleation at 180°C, was at a size around 10 nm; at 200°C it was ∼15
nm, and at 220°C it was ∼17 nm.

4.8.2 Absorption measurements

UV-NIR absorption measurements in the 300 nm – 2500 nm range were performed using an

Agilent Cary 5000 UMA Spectrophotometer. Samples were prepared in a glass cuvette with

1 cm path length, using TCE as the solvent.

FTIR absorption measurements in the 1600 nm – 10,000 nm range were performed using a

ThermoNicolet iS50 spectrometer. Samples were prepared in a cell with CaF2 windows with

0.5 mm path length, using TCE as the solvent. FTIR measurements allowed a quantitative
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Figure 4.12: Core/shell interface alloying at 220°C, for HgSe/CdSe QDs emitting at different
frequencies. The red curve shows the shell grown at 150°C, and the thicker shell samples are
grown at 220°C a-b, Absorption and PL of HgSe/CdSe QDs emitting at 5100 cm−1. There is
a small, but insignificant blueshift in the absorption and PL during subsequent stages of shell
growth at 220°C. c-d, Absorption and PL of HgSe/CdSe QDs emitting at 5800 cm−1. There
is a large blueshift in the absorption and PL on heating to 220°C, which indicates alloying
at the core/shell interface. This shows that the smaller cores have a lower temperature for
alloying at the core/shell interface.

determination of the amount of HgSe cores in aliquots.

4.8.3 Photoluminescence and PLQY measurements

PL spectra

Samples were prepared in a cell with CaF2 windows with 0.5 mm path length, using TCE

as the solvent. Photoluminescence (PL) spectra were recorded using a step-scan FTIR

spectrometer with an MCT detector and a gated integrator. The samples were excited with a
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15mW 808nm diode laser, modulated at 90 kHz. A Si wafer was placed in front of the detector

to block the excitation light. The transmittance of the solution at 808nm was measured using

a Si diode detector behind the sample cell. The spectra were corrected for the combined

optics/spectrometer/detector combined response, which was determined by measuring the

spectrum of a 1268 Kelvin blackbody at the sample position. The PL spectra were normalized

by the fraction of 808 nm light absorbed, and were also corrected for the absorption by TCE.

The PLQY could be calculated as the area under the corrected PL spectrum, by comparing

to the measured PLQY of a reference sample. Since the spectrometer sensitivity in the 4000

– 8000 cm−1 was weak, the PLQYs determined this way had an uncertainty of a factor of

∼2.

Absolute PLQY measurements

Setup and sample preparation:

Absolute PLQY measurements were performed on QD solutions in TCE in a home-built

CaF2 cuvette with a path length of ∼3mm. The concentration of the solution was adjusted

to keep the absorption of the 808 nm light between 20% - 80%, to provide adequate signal,

while avoiding reabsorption of the PL (see Fig. 4.13). The cuvette area is 0.65 cm2, smaller

than the 1.2 cm2 input port in order to minimize indirect re-absorption of incident and

emitted light in the integrating sphere.

The sample was placed in a Spectralon integrating sphere (Thorlabs IS200-4), with the

808 nm laser excitation at one port, with a PbSe detector (Thorlabs PDA20H) and Si diode

detector at perpendicular ports (see Fig. 4.13). The 808 nm laser was modulated as a square

wave at 1kHz, with average power of 15mW. PLQYs measured at 150mW excitation were

roughly ∼15% lower than 15mW excitation, likely due to localized heating at the laser spot.

Direct reflection of the excitation light into the PbSe or Si detectors is avoided as this

leads to abnormally high signals. The measurements are performed in two geometries: the ‘N’
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Figure 4.13: Schematic of PLQY measurements in a Spectralon integrating sphere. The
cuvette was oriented in two angles: the ‘N’ (normal) geometry and the ‘O’ (oblique) geometry.

geometry, where the CaF2 cuvette is normal to the excitation laser, and the light reflected off

the cuvette is sent out of the integrating sphere. In the ‘O’ geometry, the cuvette is rotated

at an angle, so that the reflected excitation light is incident on a wall of the integrating

sphere. To precisely obtain the N geometry, the cuvette is first oriented visually to make

the face parallel to the excitation light, and is rotated until the signal on the PbSe detector

is at a minimum. To obtain the O geometry, the cuvette is rotated until the signal on the

PbSe detector is relatively insensitive to the cuvette orientation. If the cuvette is further

rotated, a drastic increase in the PbSe signal is observed, which indicates direct reflection of

the excitation light to the detector. By such control of the cuvette orientation, we obtained

PLQY measurements with a relative error of only ∼3%. Measurement:

A blank TCE solution is placed in the integrating sphere in the N geometry. The signal on

the Si detector is NSi (TCE), and the signal on the PbSe detector is NPbSe(TCE). A silicon

wafer is then placed in front of the PbSe detector to block the 808 nm excitation, giving a

signal of NPbSe−B (TCE). Similarly, the signals in the O geometry are OSi (TCE), OPbSe

(TCE), and OPbSe−B (TCE) respectively. The signals NPbSe−B (TCE) and OPbSe−B
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(TCE) should be zero in principle, but a small ∼25 mV signal is observed, which sets the

lower bound for the PLQY that can be measured with this setup.

Figure 4.14: a, Effect of the absorption (at 808 nm) on the measured PLQE. At absorption
>∼ 0.8, the sample reabsorbs the PL light emitted along the excitation direction, and leads
to underestimation of the PLQE. At a very high absorption, the measured PLQE saturates
to half of the actual value. At absorption <∼0.2, the PL signal is low and comparable to the
signal from the blank TCE sample, and leads to overestimation of the PLQE. The PLQE
measurement is accurate when the absorption is between 0.2 – 0.8, denoted by the shaded
region. b, Data for PLQE vs absorption for the ‘N’ geometry.

The QD solution is then placed in the integrating sphere and measurements are per-

formed in the two geometries. PbSe is a photon detector with a close to linear response

(V/W) throughout the 800 nm – 4000 nm range, therefore the signal is taken to be directly

proportional to the photon count.

The ‘N’ and ‘O’ geometries provided two measurements of the PLQY.

For the N-geometry, the signal from the laser excitation for the clean TCE cell is:
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Excitation = NPbSe(TCE) (4.3)

This comes from the laser light scattering from the sphere and some of that light getting

to the detector.

NPbSe−B (QD) is the signal arising from emission of the sample. Taking into account

the transmittance of Si is 56% in the 1.3 µm – 5 µm range, the QD emission signal is:

Emission =
NPbSe−B(QD)

0.56
(4.4)

The QD absorption is determined by subtracting the emission signal from the PbSe signal

such that

Absorption = 1−
NPbSe(QD)− NPbSe−B(QD)

0.56

NPbSe(TCE)
(4.5)

The QD absorption is independently determined from the signal on the Si diode:

Absorption = 1− NSi(QD)

NSi(TCE)
(4.6)

The absorptions determined from both measurements were close, with a relative standard

deviation of <10%

The PLQY is then determined as:
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PLQY =
Emission

Absorption× Excitation
(4.7)

A similar calculation was done for the ‘O’ geometry. Measurements in the two indepen-

dent geometries provided PLQY values that are close, with a relative standard deviation

<3%. We used this is as the uncertainty in the absolute PLQY measurement. Additional

uncertainty could arise from a nonlinear response curve for the PbSe diode detector.

4.8.4 Photoluminescence lifetime measurements

Photoluminescence lifetime measurements were recorded using time-correlated single photon

counting for samples in a 1 mm cuvette dispersed in TCE. Samples were excited with a

Picoquant 50 ps pulsewidth laser diode operating at 976 nm and 1 MHz repetition rate. PL

was collected with a lens, directed through a silicon longpass filter, dispersed in a 0.3 m

spectrograph set to pass the PL emission maximum, and detected with a Quantum Opus

superconducting nanowire single photon detector. Single photon arrival times were collected

as a histogram for 300 s with a timing bin resolution of 200 ps.

4.8.5 X-Ray Diffraction Measurements

X-Ray Diffraction (XRD) measurements were performed using a Rigaku Miniflex Benchtop

spectrometer. Samples were dropcasted on a silicon holder. Peak fitting was performed using

the Rigaku SmartLab Studio II software. The background of the spectrum was calculated

as a polynomial, and the peaks were fit to Split pseudo-Voigt functions.

The pXRD spectra for bulk zincblende HgSe and CdSe were simulated using the software

Diamond 3.2, using lattice constants of 6.08 Å and 6.05 Å respectively.
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4.9 Calculations and analyses

4.9.1 Dissolution of thin shell HgSe/CdSe QDs and deposition of HgCdSe

shell

During the heat-up of thin shell HgSe/CdSe QDs to 150°C, we noticed the measured QD

size to be much larger than the calculated size. This was accompanied by a decrease in the

HgSe absorption (as determined by quantitative FTIR spectra of aliquots). We attributed

this to dissolution of a fraction of the HgSe/CdSe QDs, and deposition on the remaining

QDs as a HgCdSe shell. The absorption and PL of the surviving QDs were not affected by

the dissolution. Estimation of the dissolution fraction is shown below:

Figure 4.15: FTIR absorption spectra of thin shell HgSe/CdSe before (red) and after (blue)
performing one Se-Cd cycle. The HgSe absorption decreases by ∼41%.

A solution of 7.0 nm thin shell HgSe/CdSe QDs (containing 2mg of HgSe, measured

by absorption at 700 nm) was cleaned and the FTIR spectrum was recorded. A reaction

mixture of thin shell HgSe/CdSe (containing 8mg of HgSe) was heated to 150°C and one
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Se-Cd- cycle was performed (see Section 4.7.5). A quarter of the reaction mixture was taken

as an aliquot, purified twice, and an FTIR spectrum was recorded.

The ratio of absorbance at 8000 cm−1 is 0.13 / 0.22 = 0.59, which suggests that 41% of

the initial QDs are dissolved.

As an independent measure of the dissolved fraction, we calculated the discrepancy be-

tween the measured and calculated TEM size. The expected size after growth of one SeCd

cycle is 7.7 nm, while the measured size was 10.2 nm (measured by SAXS). This suggests

that the fraction of surviving QDs is
(

7.7
10.2

)3
= 0.43, which suggests that 57% of the initial

QDs are dissolved. This estimate qualitatively agrees with the decrease in the intensity of

the HgSe absorption.

4.9.2 Estimating PLQY of partially doped HgSe and HgSe/CdSe QDs

The HgSe and 15.1 nm HgSe/CdSe QDs were observed to be partially n-doped, as seen from

the intraband absorption (Fig. 4.16) and presence of both interband and intraband emission

(see Section 4.10.1). It is necessary to determine the doping fraction in order to calculate

the interband PLQY. We followed the procedure by Kamath et. al. [38] to measure the

doping. The absorption spectrum of the QD sample in TCE was first measured, after which

the PL spectrum was recorded. The doping of the sample would typically increase after

the PL measurement, likely due to photochemical processes on excitation with the 808 nm

laser. The spectra were subtracted to yield the intraband absorption and interband bleach

(Fig. 4.16, blue). This curve was used to extrapolate the HgSe absorption to determine the

intraband absorption for a fully n-doped sample.

One way is to add the blue spectrum to the HgSe absorption, till the interband edge

appears flat. This gives the lower limit on the intraband absorbance of a fully n-doped

sample (Fig. 4.16, green). Another way is to add the blue spectrum to the HgSe spectrum

till the absorbance at the interband peak (6000 cm−1) is zero. This gives the upper limit
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Figure 4.16: Estimating the doping of HgSe QDs. a, Absorption spectra of HgSe QDs in
TCE before (red) and after (black) PL measurement. The spectra are subtracted (blue)
to obtain the intraband absorption and interband bleach. b, The blue curve from (a) is
added to the HgSe spectrum till the interband edge appears to be flat (green), or gives zero
absorbance at 6000 cm−1 (purple).

to the absorbance of a fully n-doped sample (Fig. 4.16, purple). The 1Se occupancy was

then calculated to be ratio of the intraband peak absorbance of the HgSe spectrum to the

extrapolated spectrum. The lower and upper limit on the 1Se occupancy was determined to

be 0.77 and 1.3 electrons/QD respectively. The average doping was thus found to be 1.04

electrons / QD.

Assuming a binomial distribution for QDs with 0, 1 and 2 electrons in the 1Se state

(denoted 1Se(0), 1Se(1) and 1Se(2) respectively), the fraction of QDs in 1Se(0) was calculated

as [38]:

(1Se(0) fraction =

(
1−

(
Ne

2

)2
)

(4.8)

Where Ne is the average number of electrons in 1Se. Using Ne = 1.04, we get the average

1Se(0) occupancy is 23%, with lower and upper limits 12% and 38% respectively.
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For 15.1 nm HgSe/CdSe, a similar subtraction was performed. Since the doping did not

decrease after PL measurement, we used the absorption spectrum of the 13.0 nm sample,

which was completely undoped. Since the QD absorption shapes were identical (except

for the ligand absorption), we could perform a reliable subtraction using the two different

samples (Fig. 4.17). Similar to the HgSe sample, the blue curve was added to the 15.1 nm

HgSe/CdSe QD absorption to determine the lower and upper limits on the absorption of a

fully n-doped sample. The lower and upper limit on the 1Se occupancy was determined to

be 0.76 and 0.93 electrons/QD respectively. The average doping was thus found to be 0.85

electrons / QD.

Using Ne = 0.85 (Eq. S3B-1), we get the average 1Se(0) occupancy is 33%, with lower

and upper limits 29% and 38% respectively.

Figure 4.17: Estimating the doping of 15.1 nm HgSe/CdSe QDs. a, Absorption spectra of
HgSe/CdSe QDs with sizes 15.1 nm (black) and 13.0 nm (red). The spectra are subtracted
(blue) to obtain the intraband absorption and interband bleach. b, The blue curve from
(a) is added to the 15.1 nm HgSe/CdSe spectrum till the interband edge appears to be flat
(green), or gives zero absorbance at 5800 cm−1 (purple).

The PLQY was calculated by dividing the measured PLQE (see Section 4.10.1, 4.10.2)

by 0.23 (for HgSe) and 0.33 (for 15.1 nm HgSe/CdSe). The error bar limits (in Fig. 4.3a)

were set using the lower and upper limits for the 1Se(0) occupancy.
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4.9.3 Imaginary dielectric function of ligands and solvents

The absorption spectra of oleylamine, dodecanethiol, chloroform, octane and water were

measured in the 750 nm – 2500 nm range. The spectra were recorded using TCE as a

background, since the absorption is negligible in this wavelength range.

Figure 4.18: a,c, Absorption coefficient and b,d, imaginary refractive index of ligands (a,b)
and solvents (c,d). The absorption of oleylamine and dodecanethiol are similar, as they are
dominated by C-H overtone and combination bands.

For oleylamine, spectra were recorded in a 1 cm cuvette. Accurate spectra were obtained

at absorbance >∼0.01 (due to reflection from index difference of TCE and oleylamine) and

<2 (due to spectrometer sensitivity). To obtain accurate spectra, we recorded absorptions
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of 3 concentrations of oleylamine in TCE (100% OAm, 10% OAm and 1% OAm), scaled the

absorptions of the diluted samples, and stitched the overlapping areas. Spectra of different

concentrations were also recorded in the 1.6 µm - 10 µm range using an FTIR spectrometer.

For dodecanethiol, chloroform, octane and water, we recorded spectra in a 1 cm cuvette

and 1 mm cuvette (absorption scaled 10x), and stitched the overlapping areas.

The measured absorbance A for a 1 cm cell was used to calculate the absorption coefficient

α by:

α =
A ln(10)

l
= 2.303 A cm−1 (4.9)

The imaginary index of refraction ϵ′′ was calculated by:

ϵ′′ =
αnλ

2π
(4.10)

Where n is the real refractive index and λ is the vacuum wavelength. The data are

presented in Fig. 4.18.

Fig. 4.18(a,b) shows that the absorption from oleylamine and dodecanethiol are similar,

and mainly determined by the C-H overtones.

4.9.4 Calculation of FRET-limited PLQY

The rate of Forster Resonance Energy Transfer (FRET) from the QD to the ligands is well-

described in the supplementary information of Liu. Et. al. [138] and Melnychuk [18]. The

nonradiative FRET rate γNRligand
is directly proportional to the radiative rate γR, and the

ratio is calculated to be (Eq. 1.3 in Melnychuk) [18]:
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γNRligand

γR
=

3ϵ′′

32π3nν̄3

∫ R+∆R

R

dr

r4
(4.11)

Where ϵ′′ and n are the imaginary and real indices of refraction for the ligand / solvent,

ν̄ is the wavenumber, R is the total nanocrystal radius and ∆R is the thickness of the ligand

shell. Eq. S3D-1 was performed at a single frequency. For a QD with a given absorption

spectrum, the ratio of nonradiative to radiative rates can be calculated as:

γNRligand

γR
=

3

32π3n

∫ R+∆R

R

dr

r4

∫
ϵ′′fD(ν̄)dν̄

ν̄3
(4.12)

Where fD(ν̄) is the normalized QD emission spectrum (‘D’ stands for ‘donor’, using the

terminology of FRET literature).

The photoluminescence quantum yield (PLQY) could be calculated by:

PLQY =
γR

γR + γNR
=

1

1 + γNR
γR

(4.13)

The magnitude of ϵ′′ depends on the surface density of ligands on the QD surface. We

used the surface density of oleylamine ligands on a CdSe surface as 1.8 nm−2 following the

report by Owen and coworkers [139]. To determine the ϵ′′ for a surface density of 1.8 nm−2 ,

we estimated the surface density if the oleylamine ligand shell had the volume density of bulk

oleylamine. Using the density of oleylamine as 0.813 g/cm3 , molar mass as 267.5 g/mol,

and oleylamine ligand length = 1.8 nm [138], we estimated the surface coverage to be 4.3

nm−2 on a QD of diameter 13 nm. Hence, we scaled the bulk oleylamine ϵ′′ by 0.18/4.3 to

account for the reported surface coverage.
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To calculate the FRET rate to solvent molecules, Eq. S3D-2 was used, but using the ϵ′′

for the solvent absorption, and performing the integration from R+∆R to infinity.

Figure 4.19: a, Compilation of PLQYs of the brightest reported QDs at different emission
wavelengths (see main text for references and details). The curves are calculated PLQY
by FRET to oleylamine ligands in TCE (black), and water (red). Solid curve is for 6 nm
diameter QDs, and dashed curve is for 13 nm diameter QDs.b, Measured imaginary refractive
index of oleylamine and water at a function of frequency.

γNRsolvent

γR
=

3

32π3n

∫ ∞

R+∆R

dr

r4

∫
ϵ′′fD(ν̄)dν̄

ν̄3
(4.14)

This integral range was appropriate for QDs in both nonpolar solvents as well as water.

This is because QDs for in-vivo imaging are usually overcoated with amphiphilic ligands to

impart water solubility, without affecting the original ligand shell [9, 11]. ∆R was set to be

1.8 nm for oleylamine ligands (following Liu et. al.) [138]. The QD emission spectrum was

simulated as a Gaussian with standard deviation as 0.1 times the emission frequency, which

was a good approximation for HgSe QDs emitting at 5 µm (intraband) and 2 µm (interband).
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4.9.5 PLQY in different solvents

To experimentally validate our model of FRET to solvent molecules, we have performed

PLQY measurements of HgSe/CdSe in organic solvents with varying solvent absorption.

TCE, CHCl3 and octane were chosen as the solvents due to their ability to disperse the

oleylamine-capped QDs without affecting the ligand shell. This avoided possible aggregation

of QDs which would complicate the analyses. The solvent quenching is expected to increase

between TCE, CHCl3 and octane, as seen from the solvent absorption in Fig. 4.18(c). Since

TCE exhibits negligible absorption in the QD emission wavelength, the difference in PLQY

in TCE and the other solvents can be used to measure the FRET to solvent molecules in

CHCl3 and octane.

HgSe/CdSe QDs with a diameter of 9.5 nm and emission peak at 5700 cm−1 were synthe-

sized following the protocol in Section 4.7.5, starting with 8mg HgSe. The QDs were purified

twice by precipitation / dissolution, but using octane as the solvent instead of TCE. Half of

the QD solution (∼1.6mg cores, assuming 60% dissolution during shell growth) were finally

dispersed in ∼0.05 mL of octane to obtain a concentrated solution. The high concentration

was necessary to minimize solvent reabsorption during PL measurements.

The PL spectra was measured in a CaF2 cell with path length ∼3 mm. The solution

was evaporated using a nitrogen line before dispersing in the next solvent. The QDs were

colloidally stable, and showed no visual change between measurements. PL spectra were

recorded in octane, TCE and CHCl3 in that order. The PLQY is determined by measuring

the absolute PLQY of a dilute solution in TCE, and comparing the area under the PL

spectrum against this reference sample. The results are shown in Fig. 4.20. A steady

decreasing trend is observed in the PLQY, which shows good agreement with the simulations.

The FRET rate to solvents agrees well with the simulations, but the FRET rate to ligands

is measured to be ∼2.5 times slower than simulated (Fig. 4.20(c)). This could arise due to

the uncertainty in composition of the ligand shell. A lower ligand density, and presence of
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Figure 4.20: a, Measured PL spectra (opaque) of HgSe/CdSe QDs in different solvents,
overlayed with (translucent) transmission spectra of the solvents (arbitrary scale). b, Com-
parison of measured and simulated PLQY in different solvents. c, Comparison of measured
and simulated nonradiative rates to ligands and solvent. The measured FRET to ligands is
∼2.5 times slower than simulated, but the measured FRET to solvent shows a good agree-
ment with simulations.

smaller ligands like acetate could lead to a lower ligand FRET rate than calculated. Though

the agreement is not exact, the PLQY trend supports our FRET nonradiative model.
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Figure 4.21: TEM images of HgSe and HgSe/CdSe QDs emitting at 2.0 µm. The scale bars
are 100 nm for the top panels, and 20 nm for the bottom panels.

4.10 Additional data

4.10.1 TEM, SAXS, absorption, PL, and lifetimes of HgSe/CdSe QDs

emitting at 2.0 µm

4.10.2 TEM, SAXS, absorption, PL, and lifetimes of HgSe/CdSe QDs

emitting at 1.7 µm
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Sample TEM Size (nm) SAXS Size (nm)
HgSe 4 ± 0.8 5.2 ± 1.2

HgSe/3CdSe 6.4 ± 0.7 7.0 ± 1.1
HgSe/CdSe-1 9.6 ± 1.6 10.2 ± 1.7
HgSe/CdSe-2 13.0 ± 1.8 13.0 ± 2.1
HgSe/CdSe-3 15.3 ± 1.8 15.1 ± 3.4

Table 4.1: Sizes of HgSe and HgSe/CdSe QDs measured by SAXS and TEM. The measure-
ment of QD size by TEM were not precise at smaller sizes, and hence the SAXS sizes were
used in the main text.

Sample PLQE (150mW) PLQE (15mW) 1Se occupancy PLQY (15mW)
HgSe * 0.4% * - 1.04 1.8% *

HgSe/3CdSe 14% 18% 0 18%
HgSe/CdSe-1 20% 22% 0 22%
HgSe/CdSe-2 31% 36% 0 36%
HgSe/CdSe-3 13% 16% 0.85 48%

Table 4.2: PL quantum efficiency (PLQE) of HgSe and HgSe/CdSe QDs measured using
an integrating sphere with and 808 nm excitation, with powers 150 mW and 15 mW. The
PLQE was lower at 150 mW excitation, likely due to localized heating of the sample. The
PL signal from the HgSe sample was comparable to the PL signal from the blank sample,
so the PLQE was estimated using area under the PL spectrum. The doping of HgSe and
HgSe/CdSe-3 were determined using the absorption spectrum (see Section 4.9.2), and was
used to calculate the PLQY.

Sample TEM Size (nm) SAXS Size (nm)
HgSe/3CdSe 5.9 ± 0.8 6.3 ± 0.9
HgSe/CdSe-1 8.4 ± 1.2 9.2 ± 1.8
HgSe/CdSe-2 11.7 ± 2.3 11.7 ± 2.2
HgSe/CdSe-3 12.6 ± 2.4 13.3 ± 2.3

Table 4.3: Sizes of HgSe and HgSe/CdSe QDs measured by SAXS and TEM.

Sample PLQE (150mW) PLQE (15mW) 1Se occupancy PLQY (15mW)
HgSe/3CdSe 14% 17% 0 17%
HgSe/CdSe-1 34% 39% 0 39%
HgSe/CdSe-2 34% 43% 0 43%
HgSe/CdSe-3 44% 55% ∼0 55%

Table 4.4: PL quantum efficiency (PLQE) of HgSe and HgSe/CdSe QDs measured using an
integrating sphere with and 808 nm excitation, with powers 150 mW and 15 mW. The PLQE
was lower at 150 mW excitation, likely due to localized heating of the sample.
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Figure 4.22: Vis-NIR absorption of HgSe and HgSe/CdSe QDs.

Figure 4.23: a, Absorption spectra of HgSe and HgSe/CdSe QDs. Spectra are quantitative,
corresponding to equal masses of cores (as estimated from aliquots). Spectra are vertically
shifted to set absorbance = 0 at 3800 cm−1. b, PL spectra of HgSe and HgSe/CdSe QDs.
The HgSe and HgSe/CdSe-3 samples are partially n-doped, and show both intraband and
interband PL.
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Figure 4.24: a, PL lifetime data for HgSe and HgSe/CdSe QDs. Data are the same as in
Fig. 4.3b. The HgSe/CdSe-3 sample was fit to a triexponential, while the remaining spectra
fit well to biexponential functions. b, Fit results.

Figure 4.25: TEM images of HgSe and HgSe/CdSe QDs emitting at 1.7 µm. The scale
bars are 50 nm for the top panels, and 20 nm for the bottom panels. There was a broad
distribution of QDs seen in the HgSe and HgSe/3CdSe samples, which led to broad PL
spectra.
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Figure 4.26: Vis-NIR absorption of HgSe/CdSe QDs

Figure 4.27: a, Absorption spectra of HgSe/CdSe QDs. Spectra are quantitative, correspond-
ing to equal masses of cores (as estimated from aliquots). Spectra are vertically shifted to
set absorbance = 0 at 3800 cm−1. b, PL spectra of HgSe/CdSe QDs. The HgSe/CdSe-3
sample is partially n-doped, and show both intraband and interband PL. The spectra show
broad PL due to a broad size distribution of cores.
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Figure 4.28: a, PL lifetime data for HgSe/CdSe QDs. All spectra fit well to biexponential
functions. b, Fit results.
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CHAPTER 5

FUTURE DIRECTIONS

5.1 Overview

My work has demonstrated the dominance of ligand-FRET as the nonradiative mechanism

in QDs emitting in the midwave- and shortwave- infrared regions. We have achieved a

PLQY of 2% at 5 µm [38], and ∼60% at 1.7 µm [39] emission wavelengths. Our work

has not shown evidence of a multiphonon relaxation for QDs emitting at 5µm. With the

2% emission quantum yield obtained, the relaxation is still dominated by FRET and the

multiphonon limit was not yet attained [38]. The impact of my work has been in the direction

of demonstrating a fundamental understanding of the underlying nonradiative mechanism at

these wavelengths. Our work has led to several open questions, both in terms of fundamental

understanding, as well as practical applications. In the sections below, I discuss a few future

directions for research.

5.2 PLQY vs doping at 5 µm emission

While the thick shell HgSe/CdS QDs show a PLQY of 2% at 5 µm emission [38], this PLQY

is only observed at low dopings of <∼0.2 electrons/QD. At higher dopings, the PLQY

drastically reduces (Figure 3.4). We attribute this doping-dependent PLQY quenching to

arise from defects in the QD, which can act as trap states (Figure 3.20). These defect states

could be present either within the core, at the core/shell interface, within the shell, or at

the surface. Since this doping-dependent PLQY quenching is not observed for HgSe cores

(Fig. 3.4), we can rule out presence of these states in the cores. We had initially proposed

these defects states to lie at the core/shell interface in HgSe/CdS QDs, due to the large

lattice mismatch between HgSe and CdS (Figure 3.20) [38].However, a qualitatively similar

doping-dependent PLQY quenching is observed for HgSe/CdSe QDs (data not shown here).
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Since HgSe and CdSe show a near-perfect lattice match, and a gradient core/shell interface

is expected from our synthetic protocol, this likely rules out the presence of these defects at

the core/shell interface.

These observations suggest that the defect states are present either within the shell, or

at the QD surface. The former is more likely, since the thick shell is grown rapidly (∼5 mins

per monolayer), at a relatively low temperature (200-220°C). These conditions might lead to

shell growth in a kinetically trapped state, leading to defects near the 1Se state of HgSe. One

way to reduce these defects is by a post-synthetic annealing of the QDs at a relatively low

temperature (possibly around 100°C). This annealing should lead to reconstruction of the

shell and removal of the defect states, while avoiding ripening of the QDs. This hypothesis is

supported by anecdotal evidence: a one-year old thick shell HgSe/CdSe QD sample (stored

in a vial in the dark, at room temperature) was dispersed in TCE, and PL was recorded in

solution. At a doping of ∼0.5 electrons/QD, the QDs showed an intraband PLQE of roughly

7%. The ageing of the QDs might have led to a slow reconstruction of the shell.

Furthermore, it is not clear whether the doping-dependent PLQY quenching is observed

only for a thick CdS(/Se) shell, or it is seen for a thin shell (<∼3 monolayers) too. It is

also unclear whether this quenching is observed only in solution, or in films too. This is an

important question, because fabrication of mid-IR LEDs requires bright films of thin shell

HgSe/CdS or HgSe/CdSe QDs. Future experiments of doping-dependent PLQY of films of

HgSe/CdS or HgSe/CdSe QDs can demonstrate whether the doping-dependent quenching is

observed in films and thin-shell QDs as well.

5.3 Incorporating QDs in inorganic matrices

The most important application of bright mid-IR emitting QDs is for fabricating cost-

effective mid-IR LEDs [141]. Since a high mobility and efficient charge injection into the

cores is necessary, this limits to use of QDs with a relatively thin shell (∼3-5 monolayers). To
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overcome ligand-FRET quenching, it is necessary to perform a ligand exchange to replace

the oleylamine ligands with shorter infrared-transparent ligands. An ideal situation is to

incorporate the QDs into an all-inorganic matrix, which should show negligible absorption

at 5 µm. Some possible candidates for the matrix are metal chalcogenide glasses like As2S3

[142], or perovskites like CsPbBr3 [143]. A polar ligand exchange would first be performed

on the core/shell QDs to cap them with short metal ion ligands. These QDs would then be

dispersed into a metal-ligand precursor solution, which would decompose to a clear matrix

upon spincoating and annealing. While this has been attempted in previous works [142],

there has been no clear demonstration of a high PLQY in films emitting at 5 µm.

A major challenge in obtaining bright emission after a polar ligand exchange, is to com-

pletely remove residual solvent molecules during the annealing process. Typical polar sol-

vents (DMF, NMF, formamide etc) show a strong absorption at 5 µm due to the C=O

stretch and the broad N-H absorption due to hydrogen bonding. Presence of even a small

amount of these molecules can lead to a drastic quenching of the PLQY.

In order to obtain bright films after polar exchange and incorporating into an inorganic

matrix, it is necessary to perform routine optical characterizations of the films. This would

involve FTIR absorption measurements to ensure that QDs are not etched during the baking,

and measurement of doping, to control for a doping-dependent PLQY quenching. It is also

necessary to measure the transmission of the excitation laser to control for the film thicknesses

and QD concentration in the matrix.

The QD concentration in the matrix is expected to play an important role in the PLQY

in films, as this would affect the rate of FRET between QDs in the film. For HgSe/CdSe

QDs with a core diameter of 4.8 nm and total diameter of 7 nm, the rate of FRET between

two QDs in contact with each other, is ∼ 2100 times faster than the radiative rate (see

Appendix). This rate is much faster than the FRET rate observed for visible-emitting QDs

[144], as the FRET efficiency scales with the frequency ν as ∼ ν−3 (Eq. 4.11). Due to
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the fast QD-QD FRET rate, an exciton would sample several QDs before emission, and

would be quickly quenched if there is a subpopulation of defective QDs in the film. While

this is unlikely in QDs after a solid-state ligand exchange with EdT, presence of defective

QDs is much more likely after incorporation into an As2S3 matrix, as the annealing process

often leads to etching of the QDs, accompanied by a blueshift of the interband absorption of

HgSe. Attempts to incorporate HgSe/CdS or HgSe/CdSe QDs into an inorganic matrix will

require a careful control of the QD concentration in the film, to account for QD-QD FRET

processes.

5.4 Longwave QDs

The observation of a 2% PLQY in HgSe/CdS QDs at 5 µm shows that the multiphonon

relaxation rate is slower than ∼15 ns [38]. This leads to the question: what is the rate of

multiphonon relaxation, and what is the highest PLQY that can be attained by HgSe (or

HgTe, HgS) QDs at 5 µm? A clear test for multiphonon relaxation would be the presence

of a strong temperature-dependent PLQY (Eq. 1.2). Our experiments show that HgSe/CdS

QDs show a negligible change in intraband PL upon cooling to 77 Kelvins (data not shown

here), which suggests that they are not currently limited by the multiphonon relaxation

limit. Further improvements in the PLQY upon growth of a thicker shell, or by a ligand

exchange, might lead to reaching the multiphonon limit.

Another way to obtain multiphonon-limited QDs is by increasing the emission wave-

length. Since the phonon relaxation increases exponentially as the phonon number is re-

duced, core/shell QDs emitting at 1000 cm−1 are expected to show a much larger rate of

multiphonon relaxation. A major challenge in obtaining core/shell QDs at this size range is

the difficulty in growth of a shell on larger QDs. Since we now have a synthetic protocol for

growing a CdSe shell in the HgSe reaction mixture, this should allow for an easier growth

of a thin CdSe shell, compared to previous cALD procedures [20, 37]. This should allow for
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a subsequent growth of a thick CdSe shell, and performing temperature-dependent PLQY

measurements to observe the multiphonon limit.

5.5 Bright HgSe/CdSe QDs in water

A major application of bright fluorophores in the SWIR (NIR-II) range is to perform deep-

tissue in-vivo imaging [9, 4, 10, 120, 121, 122]. While PEG-ylated PbS/CdS QDs emitting

at 1.7 µm have enabled imaging in-vivo upto a depth of 1 mm, the PLQY of these QDs is

only 2% [9]. Brighter QDs should enable imaging at greater depths.

Our calculation of FRET to water molecules predicts that HgSe/CdSe QDs with a diam-

eter of 13 nm should lead to a PLQY of 12% at 1.7 µm emission [39]. However, we have not

experimentally measured the PLQY after water-solubilization of these QDs. Future work

will involve PEG-ylation of these QDs, and possibly growing a thicker shell, to obtain bright

fluorophores for in-vivo imaging.
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CHAPTER 6

SUMMARY AND CONCLUDING REMARKS

Quantum dots show a great potential for fabricating low-cost detectors and emitters in

the midwave- and shortwave- infrared wavelengths. Quantum dots also show potential as

fluorophores for deep in-vivo imaging in the second near-infrared window.

To overcome the fast nonradiative decay in quantum dots at these wavelengths, I have

developed the growth of a thick CdS and CdSe shell on HgSe quantum dots. Growth of the

thick shell led to a dramatic increase in the photoluminescence quantum yield, leading to

record quantum yields of 2% at 5µm and 63% at 1.7µm. The trend of the quantum yield

with shell thickness demonstrated that the dominant nonradiative mechanism is a Forster

energy transfer to ligand and solvent molecules.

My research paves the wave for developing better performing detectors and emitters in

the midwave infrared, and also provides motivation for using our thick-shell quantum dots

for deep in-vivo imaging.
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APPENDIX A

CALCULATION OF QD-QD FRET RATE

The goal is to calculate the rate of FRET-energy transfer between individual QDs in film. Let

us consider a film of HgSe/CdS QDs with a core diameter of rcore, and a total QD diameter

of rQD. For the sake of simplicity, let us assume an FCC close-packed structure, with a

QD-QD separation of dsep. In this film, each QD is surrounded by 12 nearest neighbors.

Let us assume the approximation that the FRET rate between QDs is identical to the

FRET rate between two point particles with the same separation. To calculate the FRET

rate from a QD to one of its nearest neighbors, we will follow Eq. 4.12 and perform the spatial

integral to obtain the volume of the QD absorber. The ratio of FRET rate to nonradiative

rate is then:

γFRET

γrad
=

3

128π4n

Vcore
d6sep

∫
ϵ′′(ν)fD(ν)dν

ν3
(A.1)

Where n is the refractive index, Vcore is the the volume of the core QD, Vcore = 4
3πr

3
core,

ϵ′′ is the imaginary index, fD is the normalized QD emission spectrum, and ν is the wavenum-

ber.

Let us set n = 1.6 for a HgSe/CdS film, 2*rcore = 4.8 nm, 2*rQD = 7.0 nm, dsep = 10.6

nm when QDs are coated with a 1.8 nm long oleylamine ligand.

From Fig. 1A, we can approximate the emission spectrum to be a Gaussian with peak at

2100 cm−1 and FWHM 450 cm−1, and the absorption to be a Gaussian with peak at 2450

cm−1 and FWHM 950 cm−1. From the calculated imaginary dielectric function in Fig. 1B,

we can set the peak of ϵ′′ to be 5, with a Gaussian shape as the absorption spectrum.
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Figure A.1: (A)(Solid) Normalized intraband absorption spectrum of HgSe/CdS QDs after
subtraction of ligands, and (dotted) normalized intraband PL of HgSe/CdS QDs; (B) Real
and imaginary dielectric of HgSe core QDs, calculated by Kramers-Kronig relations.

Using these values, we obtain Vcore
d6sep

=4.1 × 1016cm−3,
∫ ϵ′′(ν)fD(ν)dν

ν3
= 3.4 × 10−10cm3.

So we get γFRET
γrad

= 2080. Including 12 nearest neighbors, we get the FRET rate to be 25,000

faster than the radiative rate. Performing the calculation for subsequent nearest neighbors

will lead to a negligible change in the FRET rate.

Thus, on an average, an excited QD will interact with ∼ 25,000 before radiating, which

corresponds to a range of ∼300 nm. If the PLQY is 2%, the QD will interact with ∼500 other

QDs before radiating, which corresponds to a range of ∼80 nm. Therefore, there should be

less than 1 in 500 defective QDs in order to obtain a PLQE of 2%.

Performing the calculation for QDs in an As2S3 matrix, for a 100% QD loading we have

dsep = 7nm, giving FRET rate = 25,000 times faster than the radiative rate. When dsep

is increased, the QD loading fraction scales as d−3
sep. Thus for a 10% loading, FRET rate is

3000 times faster than radiative rate. For a 1% loading, FRET rate is 30 times faster than

radiative rate. Hence, to obtain a PLQY of ∼3%, we need a QD loading of ∼1% in order to

be insensitive to the presence of defective QDs.
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