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Chapter 1: Background and Motivation 

1.1 Introduction 

Colloidal Quantum Dots (CQDs) are a type of disordered semiconductor nanomaterial with 

properties that is unique to their kind.1,2 Their optoelectronic properties can be tuned in many ways, 

from the semiconductor properties, such as the bulk band gap and doping, to nanoparticle 

properties, like size, shape, and surface chemistry. This tunability of CQDs makes them desirable 

when compared to conventional bulk semiconductors. Moreover, improvement in solution 

synthesis allows us to make ink-like colloidal suspensions, and optoelectronic devices can 

therefore be fabricated using ink-coating methods. This also makes CQDs similar to a polymer, 

not just to be more cost-effective, but also enables the creation of devices on soft surfaces that is 

impossible for conventional materials.3 In summary, these unique properties make colloidal 

quantum dots an exciting field to explore and have great potential to advance many technologies 

in the real world. 

My work in the field of colloidal quantum dots focuses on one kind of material only, HgTe. HgTe 

is described as having a negative band gap, which makes it a semimetal in the bulk form.4,5 HgTe 

CQDs can tune their band gap through quantum confinement across the entire infrared spectrum 

using size control, making them advantageous for infrared imaging. This is particularly important 

as, traditionally, infrared technology has been expensive despite numerous improvement efforts.  

This is because commercial infrared photodetectors are based on single crystals of InGaAs, 

InAsSb, and HgCdTe, which need molecular beam epitaxy (MBE) to grow.6,7 Also, as they are not 

compatible with traditional silicon technologies, they need a delicate flip-bonding process to bind 

them to the silicon readout circuit making this process expensive to be widely adopted.  

Mercury chalcogenide quantum dots have been widely considered a potential material for making 
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next-generation infrared detectors. The PGS lab is a pioneer in researching mercury chalcogenide 

CQDs and has demonstrated the performance of short-wave infrared (1-2 μm) and mid-wave 

infrared (3-5 μm) photovoltaic devices approaching commercial devices.8,9 By manipulating the 

surface chemistry, such as ligand exchange and core-shell growth, one could expect these devices 

to outperform their semiconductor counterparts. Together with the ease of synthesis and solution 

processing, we could make superior infrared devices at less than 1% of the cost. 

Making these claims above, it is necessary for these HgTe CQDs to have good optical and 

electronic properties. Still, before that, the synthesis must be well-controlled, enabling uniform 

size-controlled quantum dots. This thesis is built on the previous research on both synthesis, optical 

and electrical properties of HgTe CQDs. I hope that my contribution will enable future researchers 

in this field to make better dots and devices. 

In Chapter 2, I will discuss the improvement in the synthesis by controlling the reactivity of the 

precursors, thus enabling a better shape and size control of quantum dots. I will also discuss the 

implications of the shape of quantum dots on the intraband spin-orbit splitting though 

spectroelectrochemistry measurements of these shape-controlled HgTe CQD films.  

In Chapter 3, I will discuss the improvement of the size control that enables a CQD film to be 

made with the highest mobility to date. One exciting aspect of this is how it affects the transport 

of carriers inside this CQD film and gives a more detailed description of a different transport model 

for these uniform films of quantum dots. Later in this chapter, I will also discuss another limiting 

factor of device performance, the 1/f noise, and shows how mobility improvement could also 

facilitate a reduction of 1/f noise.   

In Chapter 4, I will discuss intraband transition and report on its optical properties. The 

temperature dependence of this intraband transition is attributed to the presence of a second 
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conduction band in the 14 band 𝑘𝑘 ∙ 𝑝𝑝  model. Lastly, this intraband transition can be used for 

infrared light detection of up to 14 μm in the longwave infrared.  

In Chapter 5, I will discuss some of my thought on some motivating field of research and potential 

future directions, with comments on their practicality. 

1.2 Theory of CQD systems 

Quantum dots are semiconductors in which the electrons and holes are confined to length scales 

on the nanometer range, which leads to the bands splitting into discrete energy levels, with defined 

angular momentum for spherical boundaries This gives two unique properties which do not exist 

in the bulk. First, the band gap of CQDs does not just depends on the bulk band gap of the material, 

but on the length of the confinement, such that they can be tuned by the size of the nanoparticle. 

Second, instead of a continuous band, the energy levels of the CQDs are discrete, which makes 

intraband transitions within each band available. This intraband property is discussed as part of 

my thesis. 

The physics of quantum dots are simple, particle in a box system. i.e., when an infinite potential 

well of length gap 𝐿𝐿 confines the electrons and holes in 1 dimension, the energy levels of the 

confinement take on discrete values given as 𝐸𝐸𝑛𝑛 =  𝑛𝑛
2ℎ2

8𝑚𝑚∗𝐿𝐿2
. In reality, with dots close to spherical, 

the quantization is described by particle in a sphere model with the principal 𝑛𝑛 and orbital quantum 

number 𝑙𝑙, and the solutions being the spherical Bessel functions. Thus, the states are described as 

𝑛𝑛𝑛𝑛, similar to atomic orbitals. 

Another approach to thinking about colloidal quantum dots starts with the bulk material. For a 

bulk semiconductor with band structure shown in Fig. 1-1, the energy of the carriers can be 

described by their wavevector, 𝑘𝑘.10 In parabolic approximation, 𝐸𝐸 =  ħ
2𝑘𝑘2

2𝑚𝑚∗ , where 𝑚𝑚∗ being the 
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effective mass of the carriers in this band. By reducing the dimension of the bulk semiconductor 

to a sphere, 𝑘𝑘 will take discrete values depending on the radius 𝑟𝑟. The quantum number 𝑛𝑛𝑛𝑛 defines 

the energy levels of 𝑘𝑘, which is shown in Fig. 1-1. 

 

Fig. 1-1. Correspondence of the bulk semiconductor bands and the quantized quantum dot energy 

levels.  The quantum dot states are labeled by the quantum number 𝑛𝑛𝑛𝑛 which also defines the 

wavevector 𝑘𝑘. 

1Fig. 1-1. Correspondence of the bulk semiconductor bands and the quantized quantum dot energy levels. 

Free carriers in quantum dots are created by changing the Fermi level through chemical or 

electrical controls called doping, or by creating an exciton through thermal activation or optical 

absorption. For the CQDs to form an electrical device, the carriers in one dot need to move to other 

dots to be eventually measured as a current. Since the potential energy confines the dots at the 

surface, this is possible only by carrier tunneling through the barrier into neighboring dots.11 One 
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important study of the CQDs in this thesis is the carrier transport through the film. Carrier transport 

not only reveals the fundamental physics of how electrons move in disordered systems like a film 

of quantum dots. It is also important for device applications as the time of carrier extraction need 

to be faster than the excitation lifetime for optimal device performances. 

1.3 The metal-insulator transition 

The question of whether a material is metallic or insulating at absolute zero temperature has been 

studied for decades.12 To understand this, a simple model for the metallic insulator transition was 

first described by Mott for a crystalline array of hydrogen-like atoms with one electron per site.13,14 

Mott predicted that a critical density of free electrons and holes is necessary for the system to be 

metallic, and a continuous increase in the number of free carriers from zero is not possible before 

this critical concentration. If the electron density in the system is below this critical density, the 

material is an insulator. In that case, its transport will be described as ‘hopping’, where the 

electrons are in localized states bound to each atomic site except for a limited probability of 

tunneling to nearby sites. If the temperature is lowered further, the hopping is favored to more 

distant sites and follows a variable range hopping model.  

For metallic electrical transport to happen, once an electron leaves its atom and becomes free, it 

leaves a positive hole which attracts the departing electron with a force of  𝑒𝑒2 𝜀𝜀𝑟𝑟2⁄ , where 𝜀𝜀 is the 

dielectric constant. Therefore, at absolute zero, metallic conductivity is impossible unless there is 

sufficient screening of this force for the electrons to be free. With screening into consideration, we 

can derive the Coulomb potential energy of an electron, 

−
𝑒𝑒2

4𝜋𝜋𝜋𝜋𝜀𝜀0𝑟𝑟
 exp (−𝑞𝑞𝑞𝑞) 

𝑞𝑞 is the screening constant of the electron, given by the Thomas-Fermi approximation. 
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𝑞𝑞 =  �4𝑚𝑚∗𝑒𝑒2𝑛𝑛1/3/4𝜋𝜋𝜋𝜋𝜀𝜀0ħ2= �4𝑛𝑛1/3/𝛼𝛼𝐻𝐻 . 

𝛼𝛼𝐻𝐻 =  ħ24𝜋𝜋𝜋𝜋𝜀𝜀0 𝑚𝑚∗𝑒𝑒2⁄  is the effective Bohr radius of the electron, and 𝑚𝑚∗ the reduced mass. 

Thus, 𝑞𝑞 is related to the electron density, where a high number of electrons provides the screening 

needed for an electron to be free. The Metal-Insulator Transition (MIT) is proposed to occur when 

the screening takes place when 𝑞𝑞 =  1
𝛼𝛼𝐻𝐻

, giving the Mott critical concentration 𝑛𝑛 as 𝑛𝑛1/3𝛼𝛼𝐻𝐻 = 1/4. 

On a log scale, this criterion has been verified for a wide range of disordered materials, where the 

doped semiconductor reaches metallicity at the critical carrier density, as shown in Fig. 1-2. 

 

 

Fig. 1-2. The Mott criterion (𝑛𝑛𝑐𝑐
1/3𝛼𝛼𝐻𝐻 = 0.26) is shown as the red line, where the critical density 

of individual material is shown as black dots. The metallic regime is shown as the right of the line. 

Not all materials follow the Mott criterion, as the Mott criterion cannot predict the MIT of 

GeSb2Te4. The figure is adapted from Ref. 12 

2Fig. 1-2. The Mott criterion for various materials 
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Although the Mott criterion is valid for a range of materials, a more comprehensive model that 

predicts the MIT needs to consider the correlation effects and disorder. Three energies are required 

to take into consideration for the electrons in the system, the Fermi Energy, the Coulomb Energy, 

and the Energy of Mobility Edge for the Anderson transition.12,15 

The first criterion (Mott) requires the energy at the Fermi level to overcome the Coulomb Energy 

due to electron-electron repulsion at zero Kelvin.13 

𝐸𝐸𝐹𝐹 =  
ħ2(3𝜋𝜋2𝑛𝑛)2/3

2𝑚𝑚∗ > 𝐸𝐸𝐶𝐶 =  
𝑒𝑒2

4𝜋𝜋𝜀𝜀0𝜀𝜀
𝑛𝑛1/3 

Not surprisingly, since it is still a balance between the delocalizing quantum kinetic energy and 

the localizing Coulomb interaction, this gives a result very similar to the previous discussion.  

Rearranging the formula gives a similar prediction to the Mott’s critical concentration as 𝑛𝑛1/3𝛼𝛼𝐻𝐻 >

 2
(3𝜋𝜋2)2/3 ~ 0.2.  

When introducing correlation, there is a distinct possibility of having an insulator at integer filling 

of the states of each site even for a perfectly ordered system. This happens when the on-site 

repulsive interaction, due to two electrons occupying a single site, is larger than the coupling 

energy which projects the electron over its neighbors.  This is called the Mott insulator.  A minimal 

model of the Mott insulator is the Hubbard model with only two ingredients, a kinetic energy term, 

t, allowing for tunneling of electrons between lattice sites and a potential term, U, reflecting on-

site interaction.  For a low enough value of t/U, this model predicts the Mott insulator at n=1 when 

every site is occupied by one electron, and it predicts metallic behavior for other fillings, and for 

sufficient ratios of t/U.  The system can be metallic when it is close to n=0 or n=2 with small values 

of t/U. 

However, if there is disorder, the system will always be an insulator for low state-filling and close 
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to complete state-filling.  This is due to disorder-induced localization (Anderson).  Anderson 

localization exists if the randomness of the energy levels is large enough to separate delocalized 

states and localized states.15 The boundary is called the mobility edge. If the Fermi energy is lower 

than the boundary, all the states are localized and the system is an insulator, while if the Fermi 

energy is higher than the boundary, some states are delocalized, and the system is metallic. 

Therefore, the metal-to-insulator transition occurs when the energy that separates the localized 

states from the delocalized states is larger than the Fermi Energy of the electrons. This is best 

visualized in Fig. 1-3. 
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Fig. 1-3. The shaded region denotes the localized states due to disorder in the system. 

As long as the Fermi energy 𝐸𝐸𝐹𝐹  lies within the localized states (shaded regions) the system is 

insulating (left). When the mobility edge passes the Fermi energy (center) the ‘Anderson-like’ 

transition to metallic behavior (right) occurs. Note that Coulomb energy is always less than the 

Fermi energy, however the material can still be insulating due to disorder. The figure is adapted 

from Ref. 12. 

3Fig. 1-3. Metal-Insulator Transition due to Anderson localization 

While the discussion above provides a qualitative, or semi-quantitative, description of the metal-

insulator transition in disordered semiconductors, taking into account colloidal nanoparticles adds 

a layer of complexity since colloidal quantum dots are different from bulk-disordered materials in 

at least three aspects.16  

1. CQD solids often do not form good lattices and have no symmetry, such that a wavevector 

cannot be well defined over a wide range of dots. 
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2. The disorder comes from the distribution of sizes of the CQDs, which is different from 

impurities as they also affect the spatial overlap of wavefunctions. 

3. The size and shape of the CQDs also affect the coupling between quantum dots, i.e., the 

conductance channel is restricted to pass through the surface of the dots instead of a bulk 

matrix.  

A model discussing transport in quantum dots can start from two nanoparticle spheres, as shown 

in Fig. 1-4.  This is in the same spirit as the above discussion of nearest neighbor Mott criterium, 

and the Mott-Ioffe-Regel limit which considers that the mean free path equal to the interparticle 

distance is the limiting case of a metallic conductor.  

 

4Fig. 1-4. Schematic for conductance of metallic sphere 

 

 

Fig. 1-4:  Two NCs touching away from prominent facets are shown. In this case, electrons tunnel 

through the contact which is depicted in the inset. The radius of the contact is 𝜌𝜌𝑏𝑏 , where b is the 

decay length of an electron in the medium surrounding NCs. Figure adapted from Ref. 16. 
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For a dot with a barrier height 𝑊𝑊  at the surface, the tunneling distance is defined as 𝑏𝑏 =

 ħ √2𝑚𝑚∗𝑊𝑊⁄  . For most CQDs, 𝑏𝑏 will be of the order of a few angstroms. The effective area of the 

conductance channel between two dots is given by 𝜋𝜋𝜌𝜌2, where 𝜌𝜌 is taken to be such that the gap 

between the dot surfaces is below the tunneling distance 𝑏𝑏. 𝜌𝜌 is estimated by 𝜌𝜌 = �𝑑𝑑𝑑𝑑/2 , where 

𝑑𝑑 is the diameter of the dot. (Fig. 1-4) 

The conductance of two metallic spheres with electrons of momentum ħ𝑘𝑘𝐹𝐹 in the ballistic regime 

is then taken as17 

𝐺𝐺 =  
𝑒𝑒2

𝜋𝜋ħ
𝑘𝑘𝐹𝐹2

4𝜋𝜋 𝜋𝜋𝜌𝜌
2𝑒𝑒−𝑙𝑙/𝑏𝑏 

where 𝑙𝑙 is the distance separating the dots. This can be understood by the number of channels being 

the product of the Fermi surface and the effective area, and with each channel contributing a unit 

of quantum conductance,  𝑒𝑒2 𝜋𝜋ħ⁄ , reduced by the tunneling probability 𝑒𝑒−𝑙𝑙/𝑏𝑏 .  

The proposed metal-insulator transition occurs when the average conductance 𝐺𝐺 between two dots 

is equal to the quantum conductance.11,18,19 The energy barrier for transport is 𝐸𝐸 =  𝑒𝑒2 𝐶𝐶⁄ , where 

𝐶𝐶 is the capacitance of the two dots. The 𝑅𝑅𝑅𝑅 constant of the dots needs to be smaller than the 

coherence time 𝜏𝜏 of the electron for nearest neighbor coherence to be established. Thus, as 𝐸𝐸 =

 𝑒𝑒2 𝐶𝐶⁄ =  ℎ 𝜏𝜏⁄  ~ ℎ 𝑅𝑅𝑅𝑅⁄ . This implies that conductance 𝐺𝐺 = 1
𝑅𝑅

 ~ 𝑒𝑒2/ℎ is required for electron to 

maintain its coherence during the time of transport. Thus, the metal insulator transition is assigned 

to arise when the nearest neighbor conductance exceeds the quantum conductance.  By substituting  

𝐺𝐺 =  𝑒𝑒2 𝜋𝜋ħ⁄ , we can solve the equation for 𝑘𝑘𝐹𝐹 which gives. 

𝑘𝑘𝐹𝐹𝜌𝜌𝑒𝑒−𝑙𝑙/2𝑏𝑏 = 2 

Using the 𝑘𝑘𝐹𝐹 from the electron gas model 𝑘𝑘𝐹𝐹 = (3𝜋𝜋2𝑛𝑛)1/3, we get the following, 

𝑛𝑛𝑐𝑐 =  
8

3𝜋𝜋2𝜌𝜌3 𝑒𝑒
3𝑙𝑙/2𝑏𝑏  
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Typically, 𝜌𝜌 = 0.25 𝑑𝑑 where 𝑑𝑑 is the diameter of a dot.20  

Taking 𝑙𝑙 ~ 5𝑏𝑏 = 0.5 nm and a dot with diameter of 15 nm, we get the critical carrier density 

𝑛𝑛𝑐𝑐~ 104  𝑒𝑒− /dot, which can lead to arguments that MIT will only be possible for metallic 

nanoparticles. Yet, the previous discussion of Mott and Anderson localization does not a priori 

justify this restriction. The difference is that, in contrast to the prior discussion of the Mott model, 

the Fermi wavevector defined here is within the metallic particle and does not arise from the 

coupling between the particles. This model is therefore applicable to very highly doped 

semiconductor quantum dots, but it does not clearly relevant for the quantum dots with low carrier 

number.  

Interestingly, some of the best quantum dots right now reach mobility of up to 10 cm2/Vs.21–23 𝐺𝐺 

is related to the mobility by 𝜇𝜇 = 𝐺𝐺/𝑒𝑒𝑒𝑒𝑒𝑒, so that 𝐺𝐺
(𝑒𝑒2 𝜋𝜋ħ⁄ )

=  𝜇𝜇𝜇𝜇𝜇𝜇
𝑒𝑒
𝜋𝜋ℏ.  With one electron per dot, n~ 

1/d3,  𝐺𝐺
(𝑒𝑒2 𝜋𝜋ħ⁄ )

~ 𝜇𝜇
𝜇𝜇𝑞𝑞

  where 𝜇𝜇𝑞𝑞 = ℎ
2𝑒𝑒𝑑𝑑2

 and therefore 𝜇𝜇𝑞𝑞  is a “quantum” mobility which is the 

minimum value needed to achieve metallic behavior.  This value is 1100 cm2/Vs for 15 nm 

particles, which is much higher than 10cm2/Vs, but also much smaller than the mobilities reported 

for crystalline HgCdTe.   

Due to variation in quantum dots, we also need to consider the energy variation of the states ∆𝐸𝐸 

and the reorganization energy of the dot matrix 𝜆𝜆. This is a second criterion for quantum dot 

conductance, with the Fermi energy of the electrons needing to be larger than both ∆𝐸𝐸 and 𝜆𝜆. ∆𝐸𝐸 

can be improved through better synthetic control and size selective precipitation, and 𝜆𝜆  may 

become the more limiting factor. 24 

With HgTe dots of 15 nm diameter, a previous experiment indicated a nearest neighbor coupling 

energy of 1.6 meV with one electron filling in the 1Se state.  This implies a full band width of 12 

× 1.6 meV = 19.3meV. The reorganization energy 𝜆𝜆 is estimated to be 4.2 meV.  There is therefore 
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a range of filling that is possible for 𝐸𝐸𝐹𝐹  > λ. Furthermore, the Fermi energy scales in proportion to 

the coupling, which was observed to be rather independent of size, while the reorganization energy 

λ scales as 1/𝑟𝑟2. Thus, much that can be gained by making larger dots. In addition, λ can be 

improved by better packing which reduces the dielectric constant. 

In summary, a perfect lattice, with partial electron filling and only electron-electron repulsion, can 

exhibit metallic behavior (Mott metal-insulator model). A perfect lattice with polaronic 

interactions, such as the reorganization energy, needs inter-site tunneling larger than the polaronic 

well energy to present metallic behavior.  A disordered lattice always has localized states, but it 

may also have delocalized states if the Fermi energy is raised above the mobility edge, and this 

requires a coupling stronger than the disorder.  With the coupling energy previously achieved with 

HgTe quantum dots, the measured mobility was still ~100 times below the minimum needed for 

delocalization across neighboring dots. It may then be plausible that reduction of the static and 

dynamic disorder, and the localization energy, will significantly increase the mobility and possibly 

lead to delocalization and metallic transport at zero kelvin. 
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Chapter 2: Shape Controlled HgTe Colloidal Quantum Dots and 

Reduced Spin-Orbit Splitting in the Tetrahedral Shape 

In this chapter, I will explain the improvement in synthetic control than enables a lot of the 

studies in this thesis. Following on the non-aggregated synthesis developed by Shen et al. in 

2017, I have demonstrated that shape and size distribution of HgTe CQDs can be controlled 

using the reactivity of the precursors, where using highly reactive species such as TMSTe and a 

higher temperature preferably forms dots that are spherical in shape, whereas less reactive 

species and lower temperatures forms more faceted CQDs. 

The rest of this chapter will discuss the implication of the shape and sizes through spectro-

electrochemistry studies, whereby gating the film using an electrolyte enables one to measure the 

spectrum at different doping levels. This study shows that the tetrahedral-shaped CQDs have a 

reduced spin-orbit splitting when compared to more spherical dots, thus causing a narrowing in 

the intraband transition. Such narrowing in transition could be beneficial in both intraband 

photodetection and LEDs, as it leads to a narrower spectrum and potentially higher mobility. 

Most of this chapter is adapted from ref. 29, with some unpublished data. 
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2.1 Introduction 

Colloidal quantum dots (CQDs) have been an active field of research as they afford tunable 

optoelectronic properties1,2, by changing size3, shape4–6 and surface ligands7. Many investigations 

have focused on CQDs with visible and near-infrared energy gap, motivated by visible 

fluorescence, photodetection and solar cell applications.1,2 The development of the CQD synthesis 

of smaller gap materials, such as the HgTe CQDs8,9 , has enabled devices extending to mid-IR 

with promising performance, including reaching background limited noise for photovoltaic 

detectors.10 HgTe CQDs were initially synthesized in polar solvent11,12, but the synthesis in organic 

solvent, as developed by Keuleyan et. al.,8 has been the most extensively used in device 

developments.  In this synthesis, HgCl2 in oleylamine is reacted with trioctylphosphine telluride 

(TOPTe). Typically, the TEM spectroscopy shows that CQDs are strongly faceted or tetrahedral 

but significantly aggregated. The absorption spectra nevertheless show a strong first absorption 

peak than can still be observed for mid-infrared CQDs. Although devices made with such 

aggregated dots have good performances, further improving device performance requires methods 

such as ligand exchange to increase mobility, surface modifications to control doping, and shell 

growth to reduce nonradiative losses.  However, such surface manipulations are hindered with 

aggregated dots because the CQD surfaces are in large part not accessible. In order to address this 

problem, Shen et al. 9 developed an alternative synthesis that yields non-aggregated HgTe.  This 

modified method starts with a more than 2-fold excess of HgCl2 in oleylamine, uses the more 

reactive bis(trimethylsilyl)telluride (TMSTe), and is done in the absence of TOP.  The reaction 

results in dispersed HgTe CQDs with rather spherical, or cubooctahedral shapes, that enabled 

studies of surface modification for increasing the electrical mobility in thin films.13 These CQDs 

are rather well monodispersed, with ~10% size distribution, but show a broad yet strongly 
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structured intraband absorption.  The study of these spectra highlighted a very significant spin-

orbit splitting of the second electronic state of P symmetry.14 The interband spectra also show that 

the absorption edge is much softer than for the aggregated faceted HgTe CQDs.  Although this 

broadening was not understood, it directly affects the photodetection spectra and it is bound to 

increase noise for a given cut-off wavelength detector. 

In this work, we improved the size control of the spherical CQDs and we explored shape control 

to attempt to sharpen the absorption edge.  Since the dispersed spherical CQDs are synthesized 

with excess mercury and a reactive tellurium source, we started with the synthesis of such spherical 

small and dispersed HgTe CQDs and then investigated the effect of additional growth steps.  

Reasoning empirically that the strong faceting seen with the aggregated CQDs takes place when 

using TOPTe as a reagent, we studied the subsequent additions of either TMSTe or TOPTe.  

Spectroelectrochemistry and Transmission electron microscopy (TEM) are used to assess size, 

shape and interband and intraband spectra.   
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Fig. 2-1. a). Spherical Dots synthesized using the 0.05 mmol: 0.05 mmol TMSTe:TMSTe protocol 

at 86oC. b.) Same as a) but the reaction temperature is 92oC.  c). Tetrahedral Dots synthesized 

using the 0.025 mmol: 0.075 mmol TMSTe:TOPTe protocol at 86oC. d.) Same as c) but the 

reaction temperature is 92oC. Inset: synthetic protocol for both tetrahedron and spherical dots at 

the two sizes respectively. e-h). The size distribution histogram for the particles shown in a-d). 

respectively.  

 

 

5Fig. 2-1. TEM of spherical and tetrahedral HgTe CQDs 
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2.2 Narrower size distribution of HgTe spherical CQDs.  

In this work we describe HgTe CQDs such as those shown in (Fig. 2-1.a, b.) as “spherical”, even 

though it is noted that the shape deviates from a sphere due to crystal truncation. Such spherical 

HgTe CQDs are obtained with a minor modification of the Shen synthesis.9 A typical single step 

synthetic procedure involves dissolving HgCl2 (0.2 mmol) in purified oleylamine (OAm) at 100oC 

while stirring on a hotplate under inert atmosphere, then, TMSTe (0.1 mmol), first diluted in 

oleylamine, is quickly injected into the Hg precursor. The ratio of Hg:Te = 2:1 is crucial for the 

dots being non-aggregated. We then explored adding multiple injection steps to achieve some 

degree of shape control while also providing better size uniformity, similar to other reports on PbS 

CQDs.15   For example, splitting the single injection in two steps with a first rapid injection of 

TMSTe (0.05 mmol) and a second slow injection of TMSTe of also 0.05 mmol, maintaining the 

final 2:1 ratio of Hg to Te, leads to spherical dots with better size distribution.  Fig. 2-1.a,b shows 

TEM images for two reactions at 86oC and 92oC along with the size distribution. (Fig. 2-1 e,f)  

However, while the multiple injection has worked very well for PbS15, we found that further 

splitting the injections did not improve the size distribution further for the HgTe CQDs but instead 

resulted in more facetted CQDs.  

2.3 Tetrahedral and dispersed HgTe CQDs.  

 The CQDs shown in Fig. 2-1.c,d are described as “tetrahedral” while it is noted that they are not 

perfectly tetrahedral and may have differing degrees of truncation of the branches.  This shape is 

obtained by splitting the addition of the total tellurium (0.1mmol) into multiple steps. A first 

injection consists of 0.025 mmol of TMSTe diluted in oleylamine to initiate the formation of 

smaller spherical CQDs.  After 1 min of reaction, 0.075 mmol of TOPTe is diluted in oleyamine 

and injected dropwise, keeping the final 2:1 ratio of tellurium to Hg.  This leads to the dispersed 
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dots with a tetrahedral shape.  Fig. 2-1.c,d follow the same protocol except that the reaction 

temperatures are 86oC and 92 oC respectively.  

Fig. 2-1 shows that, starting from spherical CQDs, the two growth protocols result in distinct 

shapes of the HgTe CQDs. The higher the amount of TOPTe added during the growth, the more 

tetrahedral the shape, whereas less added TOPTe leads to more spherical dots, which demonstrates 

the importance of TOPTe in controlling the faceting of the dots.16–18 We propose that the shape 

change arises from the general propensity for faceting when growth is slow.  We believe this 

kinetics difference is partly due to the coordination of the TOP ligand to the surface of the dots 

during synthesis, slowing down the HgTe growth.19 The kinetic argument is supported by further 

experiments which also lead to facetted CQDs without using TOPTe. For example, four injections 

of lower concentration TMSTe (0.025mmol each) lead to more facetted particles, although not as 

nicely tetrahedral as when using TOPTe, as shown in Fig. 2-3. 

6Fig.2-2. Nuclei of the tetrahedral quantum dots 

 
Fig. 2-2. a). Nuclei of the tetrahedral quantum dots synthesis with 0.025 mmol TMSTe after 1 min 

at 92oC b.) Tetrahedral Dots synthesized using the 0.025 mmol: 0.075 mmol TMSTe:TOPTe 

protocol at 86oC.  

a) b) 
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Shape control is well known for other CQDs such as CdSe where quasi-spherical6, tetrahedral20, 

nanorods4,21,22 and platelets23 can be synthesized and this is typically attributed to a combination 

of ligands and kinetic effects. HgTe is only forming in the zinc blend structure, but it is likely that 

HgTe will be amenable to further shape control in the future.   
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Fig. 2-3. a). TEM of HgTe QD of 1st injection of 0.025 mmol TMSTe after 40 sec at 90oC. b). 

2nd injection of 0.025 mmol TMSTe into a). with the same reaction condition. c). 3rd injection. d). 

4th injection of TMSTe. e). Size distribution of the HgTe QDs for a-d). f). % Standard Deviation 

of the dots with respect to size. g). Photoluminescence spectra of the HgTe QD synthesized in a-

d). 
 

7Fig.2-3. Growth of HgTe from multiple injection 

a) 

d) c

b) 
e) 

f) g) 
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Figure. 2-4. a-b). Absorption spectra of spherical HgTe QDs with absorption edges at 2527 cm-1 

and 3220 cm-1.  The spectra are fitted to a sum of four Gaussians (e1, e2, e3, e4) and a background 

function. c-d). Absorption spectra of faceted HgTe QDs with absorption edges at 2434 cm-1 and 

3179 cm-1 and similar fits.  In all figures, the data is shown with the violet line and the fitted data 

is shown in black. 

8Fig. 2-4. Absorption spectrum of spherical and tetrahedral CQDs 
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A particularly interesting and potentially useful finding in this work is that the shape, spherical or 

tetrahedral, strikingly affects the absorption spectra.  As far as we know, spherical and tetrahedral 

CQD are not known to exhibit very different absorption spectra.  Indeed, CdTe or CdSe CQDs can 

be synthesized as tetrahedral zinc-blend or as quasi-spherical wurtzite but the absorption spectra 

vary only in subtle manners.20,24 Fig. 2-4 shows the absorption spectra of two pairs of the HgTe 

CQDs with similar absorption edge energy.  An obvious difference is a much stronger first exciton 

for the tetrahedral CQDs and a sharper absorption edge than for the spherical CQDs.   

The absorption spectra are further analyzed by fitting a sum of gaussians and a background 

function describing the higher energy absorption. We tentatively assign the first transition as 1Sh-

1Se.  Comparing the spherical and tetrahedral CQDs with the same 1Sh-1Se energies, and assuming 

the shape of the faceted QDs to be regular tetrahedron, their calculated volume is slightly smaller 

than for the spherical ones, as shown in Table 2-1. At first glance, this might appear in 

contradiction with the typical notion that smaller dots should have a larger confinement energy.  

We also observe that the next transitions are closer for the tetrahedral shape.  Assigning the second 

transition to 1Ph-1Se and the third transition to 1Sh-1Pe as justified further below, the tetrahedral 

CQDs show a noticeably lower energy for the third transition.  This is tentatively attributed to a 

lesser confinement of the Pe orbitals, with the explanation that they can extend further in the 

tetrahedral shape.  
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Regarding the improved sharpness of the absorption edge in tetrahedral CQDs, this arises from the 

relative strengths of the 1st and 2nd transition as shown in Table 2-1. For the spherical CQDs, the 

1st transition is weaker than the 2nd transition (about 40%-70%).  In contrast, for the tetrahedral 

CQDs, the 1st transition is stronger that the 2nd transition (about 110-120%). 

The fitted Gaussian for the 1st transition of the faceted dots is also slightly narrower compared to 

the spherical counter parts by ~ 10%.  PL spectra of the tetrahedral dots show a correspondingly 

narrower FWHM as shown in Fig. 2-5. 

9Fig. 2-5. Photoluminescence spectrum of HgTe CQDs 

 

 

 
Fig. 2-5. Photoluminescene spectrum of spherical (blue) and tetrahedral (red) HgTe CQDs. The 

FWHM is measured by fitting a gaussian function and extracted from the fitting.  
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Table 1 Spherical QD 

edge (2527) 

Faceted QD 

edge (2434) 

 Spherical QD 

edge (3220) 

Faceted QD edge 

(3179) 

e1 peak position 2527 cm-1 2434 cm-1 3220 cm-1 3179 cm-1 

e1 peak amplitude 0.312 0.533 0.440 0.511 

e1 FWHM 579 cm-1 438 cm-1 632 cm-1 574 cm-1 

e2 peak position 3027 cm-1 2769 cm-1  3911 cm-1 3620 cm-1 

e2 peak amplitude 0.688 0.467 0.560 0.489 

e2 FWHM 771 cm-1 483 cm-1 741 cm-1 686 cm-1 

e3 peak position 3965 cm-1 3474 cm-1 5089 cm-1 4719 cm-1 

e3 peak amplitude 0.604 0.567 

 

0.726 0.682 

e3 FWHM 935 cm-1 1313 cm-1 1440 cm-1 1390 cm-1 

e4 peak position 5464 cm-1 4971 cm-1 > 6500 cm-1 6393 cm-1 

e4 peak amplitude 0.455 0.482 NA 0.732 

Volume 

 (nm3) 

356.82 344.62  150.53 136.43 

 

Table. 2-1. Peak position, amplitude and FWHM for the fitted absorption spectra.  All transitions 

amplitudes are normalized using e1 + e2 = 1. The 4th peak for the spherical dots with band edge at 

3220 cm-1 is outside the range of the absorption spectrum, thus not available. The volume for the 

tetrahedral dots were calculated as regular tetrahedra, with average measured edge length 14.3 nm 

and 10.5 nm from TEM. The volume for the spherical dots is calculated using average radii of 4.4 

nm and 3.35 nm.  

1Table. 2-1. Peak position, amplitude and FWHM for the fitted absorption spectra. 
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Fig. 2-6. a-d). Spectroelectrochemistry of spherical HgTe QDs with absorption edges at 2527 cm-

1 and 3220 cm-1, and tetrahedral dots with edges at 2434 cm-1 and 3179 cm-1. The potential is 

measured against an Ag reference electrode, with voltage from -0.1 V (violet) to -0.3 V (red). The 

positions of the intraband (i1, i2, i3) and interband (e1, e2) transitions are indicated. 

 

10Fig. 2-6. Spectroelectrochemistry of Spherical and Tetrahedral HgTe 

 

 



30  

2.4 Fine structure of the HgTe CQDs 

Further information was sought by performing spectroelectrochemistry where the absorbance of 

CQD films is measured in an electrochemical cell. Fig. 2-6 shows the difference spectra as a 

function of reducing potentials and displays the increasing intraband absorption and the bleached 

interband absorption as electrons are added to the CQDs.13,14 The samples are made from the 

previous CQD samples and drop cast as a CQD film on the flat end of a polished stainless-steel 

rod. The films are cross-linked with an ethanedithiol/HCl solution, and the rod is inserted into an 

electrochemical cell, with an Ag reference and Au counter electrode. The face of the rod is pressed 

gently against a CaF2 or NaCl window, leaving a thin layer of electrolyte. Two solvents (dimethyl 

sulfoxide, DMSO and acetonitrile) and electrolyte (tetrabutylammonium perchlorate) are used, in 

order to minimize the solvent absorption features overlapping with the intraband peaks. The bias 

potential is applied using a bipotentiostat with the cell placed inside an FTIR spectrometer. The 

background spectrum of the QD film is taken at +0.1 V vs Ag/AgCl, where the films are typically 

undoped as evaluated by the Faradaic current. The difference spectra are taken as a function of 

potential from -0.1 V to -0.3 V. (Fig. 2-6).25 

 

The spectra are each fitted with 5 gaussians and shown in Fig. 2-6 with peak positions tabulated 

in Table 2-2. An example for the fit is shown in Fig. 2-7. The interband region shows two 

simultaneous bleaches corresponding to the first two transitions in the absorption spectrum. We 

note that the position of the bleached transitions are red shifted compared to the absorption in 

Fig. 2-7, and attribute this to the preferred reduction of the larger dots, which can shift the 

spectra within the inhomogeneous width. This is also shown in Fig 2-7a, with a smaller red shift 

about 100 cm-1 as the potential becomes more negative, as smaller dots are being reduced. 
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Keeping the first transition as 1Sh-1Se, the simultaneous bleach of the second transition confirms 

that the same electron state is involved, supporting the 2Sh-1Se assignment. 

 This second transition appears rather similar to the case of CdSe where it is assigned to the 2S3/2-

1Se.3,26  It is noted that the second transition is only at about 500cm-1 (60meV) higher energy than 

the first one, and that it may therefore not be originating from the light hole band which is expected 

to be deeper for HgTe (150meV).27 

 

 

 

 

 
Table 2-2. Peak position of the intraband and interband transition shown in Fig. 2-7 
2Table 2-2. Peak position of the intraband and interband transition shown in Fig. 2-7 

 

Table 2-2 Spherical QD 
edge (2527) 

Faceted QD 
edge (2434) 

 Spherical QD 
edge (3220) 

Faceted QD 
edge (3179) 

I1 peak position 1256 cm-1 1105 cm-1 1459 cm-1 1277 cm-1 

i2 peak position 1511 cm-1 NA  1811 cm-1 1577 cm-1 

i3 peak position 1675 cm-1 1478 cm-1 2190 cm-1 1858 cm-1 

e1 peak position 2174 cm-1 2470 cm-1 3192 cm-1 3137 cm-1 

e2 peak position 2828 cm-1 2878 cm-1 3819 cm-1 3663 cm-1 
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Fig. 2-7. a). Fitted spectroelectrochemical spectrum for the spherical HgTe QDs synthesized at 

92oC b.) Fitted spectrum for the spherical HgTe QDs synthesized at 87oC. c). Fitted spectrum for 

the tetrahedral HgTe QDs synthesized at 92oC. d). Fitted spectrum for the tetrahedral HgTe QDs 

synthesized at 87oC. 
11Fig. 2-7. Fitted Spectroelectrochemical spectrum of HgTe CQDs 

 

The intraband spectra show further interesting features. There can be up to three peaks which are 

all assigned to the 1Se-1Pe transitions. The position and strength of the three peaks is mostly 

c) d) 

b) a) 
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constant with increasing bias, suggesting that more than two electrons doping for the 1Se was not 

reached within the bias range shown.  Noting that the films become increasingly unstable when 

more negative potentials are applied, measurements at more reducing potentials will need to be 

done at low temperature in future work.  

The intraband for the tetrahedral and spherical CQDs are different in significant ways. All three 

intraband transitions for the tetrahedral CQDs are lower in energy compared to the spherical CQDs 

with similar band-edge, while the splittings are also smaller. To understand the intraband 1Se-1Pe 

splittings, Delerue and Allan developed a tight-binding model14,27 and showed the important role 

of spin-orbit coupling.  They further showed that high symmetry spheres should show two 

transitions due to spin-orbit coupling, whereas cuboctahedrons would show 3 transitions. For the 

spherical case, the intraband spectra are rather similar to those previously reported14 although the 

3 peaks are better resolved here due to the improved size distribution. The three peaks are attributed 

to a cuboctahedron rather than purely spherical shape. In contrast, a perfect tetrahedron is predicted 

to have no splitting.28 The qualitative argument is that the tetrahedral shape breaks rotational 

symmetry and eliminates spin-orbit splitting.  The data roughly follow the prediction noting, 

however, that the splitting is reduced but not eliminated in our tetrahedral CQDs. At this stage, 

this could be assigned to the imperfect particle shape. This is supported by noting that that the 

larger dots, which are closer to tetrahedra, do show that the intraband transitions merge nicely 

together, leaving nearly a single peak as seen by comparing Fig. 2-6a and Fig. 2-6c. 

We also note that the intraband transition energy is overall lower for the tetrahedral dots even 

though the intraband edge is at the same position. This support the previous notion that the 1P 

orbitals are less confined in the tetrahedral shape potential.  
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2.5 Conclusion 

In summary, a synthetic protocol allows to control the shape the HgTe CQDs between spherical 

and tetrahedral while keeping them well dispersed. The more monodispersed spherical HgTe 

CQDs will be beneficial in further studies of transport in CQD films, where hopping or 

delocalization have been discussed. The tetrahedral shape arises in the presence of 

trioctylphosphine and with lower growth temperature.  Given that TOPTe is a less reactive source 

of tellurium compared to TMSTe, the shape control is primarily attributed to the reduced reaction 

rate, although a specific effect of TOP is not ruled out. The interband spectroscopy shows that the 

tetrahedral shape should be advantageous in future photodetection studies since it provides a 

sharper absorption edge.  Spectroelectrochemistry of n-doped CQDs allows to assign the first 

transitions and to study the intraband transitions. The decrease in intraband energy in tetrahedral 

CQDs compared with spherical dots having the same interband energy provides evidence for the 

weaker confinement potential experienced by the P orbitals in a tetrahedron. The intraband 

spectroscopy further highlights that the spin-orbit splitting of the 1Pe orbital is reduced in the 

tetrahedral shape.   

 

 

 

 

2.6 Methods 

Materials. HgCl2 (≥98%), iodine (99.99%), 1,2-ethanedithiol (≥98.0% (GC)), HCl (ACS reagent, 

37%), tetrabutylammonium perchlorate (for electrochemical analysis, ≥ 99.0%), DMSO (99%), 

Acetonitrile (99.9%), iso-propanol (99%), ethanol (99%) and anhydrous solvents 
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(tetrachloroethylene, hexane, methanol) were all purchased form Sigma-Aldrich and used as 

received. Oleylamine (technical grade, 70%) was purchased from Sigma-Aldrich and directly 

transferred to the nitrogen glove box before opening. The purified oleylamine was dried under 

dynamic vacuum at 120 °C for 2−3 h and stored in a nitrogen glovebox. Bis- 

(trimethylsilyl)telluride (98%) was purchased from Acros and stored frozen in a nitrogen 

glovebox.  

HgTe Synthesis. The standard synthetic protocol of HgTe CQDs is based on a previously reported 

method in ref 9. A portion of 54 mg HgCl2 (0.2 mmol) and 8 mL oleylamine (OAm) is heated to 

100oC under nitrogen till all HgCl2 solids have dissolved. The solution is then put under nitrogen 

and cooled to the desired temperature for nanocrystal growth (85-95 °C, with larger nanocrystals 

obtained at higher temperature). Meanwhile, a solution of 7μL or 21 μL of bis- 

(trimethylsilyl)telluride (TMS2Te, 0.025 mmol or 0.075 mmol) in 500 μL OAm , and 75 μL or 25 

μL of 1 M trioctylphosphine telluride (TOPTe, 0.075 mmol or 0.025 mmol)  in  500 μL OAm are 

prepared in a N2 glovebox. The TMS2Te solution is injected into the HgCl2 solution and heated at 

the injection temperature for exactly 1 min.  Then, the solution of TOPTe is added dropwise over 

a period of 30 sec, followed by further reaction of 4.5 min. The reaction is quickly cooled by 

injection of 8 mL of anhydrous tetrachloroethylene (TCE) and cooled to room temperature under 

ambient conditions. This reaction is robust with respect to scaling in reaction content. After the 

reaction, the QDs are isolated by twice the addition of ethanol nonsolvent and subsequent 

centrifugation. The QDs are further washed with chlorobenzene with 0.1 M 

didodecyldimethylammonium bromide (DDAB), 0.1 M trioctylphosphine oxide and 0.1 M of 

dodecanethiol to increase QD stability, and subsequent precipitation with isopropanol and 

centrifugation. The resulting QDs are dispersed in chlorobenzene for optical measurements.  

about:blank
about:blank
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Optical Absorption. Infrared spectra were collected with a Thermo Nexus 670 FTIR in 

transmission mode with the film prepared on a ZnSe prism and the absorption measured in total 

internal reflection.  

Transmission Electron Microscopy (TEM). TEM images were obtained on a FEI Technai Spirit 

or F30 microscopes at 300 kV. 

Size Distribution Measurement. TEM images were analyzed manually, and its statistic is 

summarized histrogram and fitted with a gaussian function. The volume is calculated using the 

mean radius/apex to base distance assuming they are perfect spheres and tetrahedrons. 

Photoluminescence (PL). Samples were prepared as drop-cast films on an aluminum substrate, if 

necessary, treated with ammonium sulfide to de-dope the QDs. The aluminum plate was pre-

treated with (3-Mercaptopropyl) trimethoxysilane  to increase the adhesiveness of dots with the 

surface. The film is then dried at 40oC and treated with ethanedithiol/HCl solution. 

The films are photoexcited by an 808 nm diode laser chopped at 100 kHz. The PL is measured 

with a step-scan FTIR with an MCT detector and a lock-in amplifier. The PL intensity at different 

wavelengths is normalized by taking the ratio of the signal from a blackbody source to the 

calculated blackbody spectrum at its temperature.  

Spectroelectrochemistry. HgTe QD solutions in TCE are drop cast then crosslinked using 

ethanedithiol/HCl solution on a polished stainless streel surface. An Ag wire serving as a pseudo 

reference electrode and an Au counter electrode is placed in the electrochemical cell near the 

working electrode. The spectroelectrochemical cell is assembled and filled with 0.1 M 

tetrabutylammonium perchlorate (TBAP) in either DMSO or acetonitrile, to avoid overlap of the 

intraband and solvent peaks. The sample electrode is then pressed gently against the KBr or NaCl2 

window to minimize the infrared absorption from the electrolyte. Then the cell is placed in an 
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FTIR (Nicolet Magna IR 550). After flushing with N2 for 30 min, infrared spectra are measured in 

reflectance mode. We first characterize the cyclic voltammetry with a potentiostat. Then, we set 

the potential +0.1 V to take the background. Then the difference absorption spectrum is taken at 

potentials from -0.1V to -0.3V, as the difference. A new background was taken before each 

measurement. We note that, with potentials more negative than -0.5V, the film became 

permanently altered, unable to return to its initial state even after un-doping electrochemically.  

  



38  

2.7 Appendix 

HgTe synthesis with 0.050 mmol TMSTe injection with 2 multiple injections 

Figure. 2-8. a). TEM of HgTe QD of 1st injection of 0.05 mmol TMSTe after 40 sec at 90oC. b). 

2nd injection of 0.05 mmol TMSTe into a). with the same reaction condition c). Size distribution 

of the HgTe QDs for a-d). 
 
12Fig. 2-9. TEM image and size distribution of HgTe CQDs 

 
 
 
 

a) 

b)

c). 

b)
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Chapter 3: Electrical Properties of HgTe QDs with High Carrier 

Mobility 

In Chapter 2, I used electrochemical spectroscopy to measure the intraband and interband 

spectrum of quantum dot films. One improvement is the development of the synthetic protocol 

using different ratios of TMSTe and TOPTe to improve the size distribution of HgTe CQDs. 

This leads naturally to a desire to perform more detailed studies on the carrier transport 

properties on the better size distributed CQDs. Fundamentally, the transport mechanisms in 

disordered system like CQD films are not yet well studied. Prior research have showed ‘band-like’ 

transport of CQDs which means that the mobility increases as temperature decreases, and it raised 

questions about delocalization and hopping mechanism inside the CQD films. However, the 

mobility may still be limited by the size distribution, and the transport at lower temperature is still 

subject to debate. 

From the perspective of making detectors, high mobility enables more efficient carrier extraction 

and higher responsivity by increasing the current from the photogenerated charges. The effect of 

mobility on detectivity is less straightforward, as high carrier mobility could also contribute to a 

nosier device.  Therefore, a fundamental understanding of the noise structure of HgTe CQD films 

would be necessary to reduce the noise in photodetection. 

In this chapter, I separate the measurements of the device into two parts. In Part I, I present the 

measurement of mobility and conductance of the high mobility HgTe film and the transport 

properties of this film with different variables including temperature, electric field, and channel 

length. In Part II, I discuss the noise structure of the HgTe film and relationship of noise and 

conductivity. 
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PART I 

3.1 Introduction 

Colloidal Quantum Dots have shown many potentials in optoelectronics, including photodetection, 

light-emitting diodes, and field effect transistors, through the tunability of their optical and 

electronic properties.1,2 The performance of these optoelectronic devices requires good electrical 

transport of the carriers inside the CQD films, which requires a high enough electron mobility to 

collect all carriers.  At present, 10 cm2/Vs is considered such a high mobility.3,4 High electron 

mobility in a film of CQDs can be achieved through means of ligand exchange, surface passivation, 

lowering size dispersion, and doping control.3,5 An electron mobility greater than 10 cm2/Vs has 

been observed in systems such as PbSe and CdSe, comparable to the best organic 

semiconductors.6,7 A negative temperature dependence of the mobility has also been observed for 

these high mobility CQDs at room temperature, demonstrating ‘band-like’ transport behavior.4,7 

The question remains whether CQDs can exhibit metallic transport, i.e. have a finite conductance 

at T = 0 K. So far, the only report on finite mobility at 0 Kelvin is through sintered, highly doped 

ZnO nanocrystals.8,9  CQDs films for which transport is state-resolved have never been observed 

to have high mobility at low temperatures, though there is discussion of some delocalization at 

these temperatures.10  

Bulk HgTe is a zero-band gap semimetal, therefore the energy gap of HgTe CQDs can be tuned 

across the entire infrared spectrum. The solution processability also provides a cheap alternative 

to the conventional infrared photodetectors, which is currently limited by high manufacturing cost 

arising from the requirement of molecular beam epitaxy (MBE) and flip-bonding. HgTe CQD 

photodetectors have shown good detectivity both in short-wave (1-2 um) and mid-wave (3-5 um) 

region, reaching background limited infrared performance (BLIP) at low temperature. Thus, 
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improving the electrical transport properties will be important to further improve HgTe CQD 

infrared detectors. 

The questions are to find the conditions where nanoparticle films would reach metallic behavior 

at low temperatures, and how to measure this delocalization across quantum dots? Here, focusing 

on HgTe CQDs following the work by Lan et al., who recorded an electron mobility of 8 cm2/Vs 

measured using a hybrid ligand transfer to reduce the interdot distance.10 HgTe CQDs have the 

benefit of having distinctively defined 1Se and 1Pe states, to identify state-resolved transport, and 

should benefit from the improvement in synthesis and a size distribution below 10%. Moreover, 

controlling the electronic doping level is relatively simple if not yet fully controlled.11,12 

Summarizing the prior state of the art, films of HgTe CQDs of ~ 14 nm diameters have shown 

‘band-like’ transport above 80 K with high electronic mobility of ~ 10cm2/Vs, but the mobility at 

lower temperatures dropped to less than 0.1 cm2/Vs. These results were explained by thermally 

activated electron hopping between dots, but also provided some evidence on the delocalization of 

electron between 2-3 dots. This work reports on the detailed transport properties of more 

monodispersed HgTe CQDs using similar processing, and it also studies the effect of the electric 

field on the electron transport at low temperatures.  
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3.2 Motivation 

Generally, electronic systems can be characterized into metals and insulators. A system is 

classified as metallic if it shows an increase in carrier mobility as temperature decreases down to 

0 K.  In ordered systems which have a band structure, the electronic states are delocalized, and 

metallic behavior happens when a band is partially filled, unless strong electron correlations lead 

to a Mott insulator.3,4,13  In a band conductor, the conductivity typically increases with decreasing 

temperature, as less and less phonons collide with the electrons, such that the electron mean-free 

path increase. Amorphous metals also exist, with metallic behavior down to the lowest 

temperatures.  Tunneling across junction can also be ohmic without any activation, down to the 

lowest temperatures.  The behavior of poor metals and amorphous metals is framed in the context 

of the electronic mean-free path. The Mott-Ioffe-Regel limit is when the electronic mean-free 

path is longer than the interatomic distance, and this is considered sufficient to have metallic 

behavior. The wavefunction may then be delocalized, due to coherence between sites or atoms. 

The delocalization of the electronic wavefunction may however not be permanent, as collisions 

with phonons can de-phase the states.  As temperature is increased, the fluctuation of the 

delocalized state becomes larger, and one recovers something like the band-like behavior.  

For insulators, the transport is always thermally activated with conductance increasing with 

temperature.  Applying a large electric field can lead to space charge limited transport or the 

extraction of charges from deep states, and this complicates the temperature dependence.  

Nevertheless, in the limit of zero electric field, an insulator has zero conductivity at zero 

temperature. 

The question addressed here is, for semiconductor nanocrystals (quantum dots) films, which have 

some electrical properties similar to those of bulk semiconductors, what is the necessary criterion 
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for electrical transport to be metallic or insulating. 

Before quantum dots, metal nanoparticles such as silver or gold nanocrystals of the size of 4-5 

nm have shown metallic transport, staying ohmic and with steady electrical conductivity as 

temperature is brought close to 0K.14–16 However, quantum dots have never shown such metallic 

behavior, where the first synthesized CdSe CQDs was not even ohmic at room temperature.17 By 

exchanging long ligands with a shorter chain amine, an ohmic conductivity was finally observed 

with electron mobility of the order ~ 10-2 cm2/Vs.18,19 However, the transport of the CdSe film 

behaves like an insulator, with the electron mobility decreasing with decreasing temperature.19,20 

Through the past decades, various ligand exchange techniques to reduce interdot distance and 

methods to improve interdot coupling, improved the mobility greater than 10 cm2/Vs to this 

day.6,11 However, it is still far from reaching metallic transport, despite showing “band-like” 

behavior which refers to an increase of carrier mobility with decreasing temperatures, over some 

temperature range. 4,7,12 

One major difference between quantum dots and metallic nanoparticles arises from the density 

of states between the two systems. Metallic NCs have a high density of states which are filled 

with electrons, with a number of electrons effectively determined by the number of atoms. Thus, 

though the probability for any electron in a single state to hop between the nanoparticles may be 

low, a metallic transport can be observed due the high density of possible channels between them. 

The conductance across the metal nanoparticles can reach the quantum conductance, and this is 

a threshold for establishing coherence between two particles, which is the Mott-Ioffe-Regel limit.  

In a simple square lattice, the square resistance becomes the quantum resistance as well. The 

conductivity defined by the thickness of the film is 𝜎𝜎 =  𝑒𝑒2 ℎ𝑑𝑑⁄ , where 𝑑𝑑 is the particle size, 

which is also the particle center to center distance. 
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For quantum dots which have only two spin-orbital states for electronic transport, for example 1Se, 

the situation is quite different.  As they can be doped around 0 ~ 1 electrons, the number of channels 

between the dots is low, therefore metallic conductivity if the electronic transmission is of order 

unity, and therefore the coupling between dots is large and energy difference is small, in effect if 

coherence is near perfect.  This can only be interpreted as the time for electron to tunnel through 

the dots to become extremely short. For example, quantum dots such as CdSe, HgSe and HgTe 

have such a single defined 1Se state with a defined spin, there is only a single channel for the 

electrons to hop through the quantum dots. CQDs with 4x-degenerate 1Se states such as PbSe can 

have up to 16 channels, which is still quite small compared to metal nanocrystals.11,17,21,22 

Therefore, we cannot expect metallic transport to arise in quantum dot systems easily, unlike the 

metal nanoparticles, and one needs to work harder to reduce the size disorder and increase the 

coupling between particles.  

3.3 Theory on Metallic Transport 

To estimate the minimum mobility required for the quantum dots to show a metallic conductance, 

we start with the Mott-Ioffe-Regel theory for amorphous metals.23,24 To observe metallicity, it is 

required that the mean free path of the electrons to be comparable to the interatomic distance. For 

a system of quantum dots, the mean free path must be equal to the distance between the quantum 

dots.  

Considering the Drude model of metallic transport 

𝜇𝜇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 =  
𝑒𝑒𝜏𝜏0
𝑚𝑚∗  

where 𝜏𝜏0 is the average scattering time of electrons.  

The metallicity limit can be reached if the scattering time exceeds the coherence of the electrons 

between dots, i.e. 
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𝜏𝜏0 >  
𝐽𝐽
ħ =  

� ħ2
2𝑚𝑚∗𝑑𝑑2�

ħ =  
ħ

2𝑚𝑚∗𝑑𝑑2 

where 𝐽𝐽 is the coupling energy between the quantum dots. The value of  𝐽𝐽 = ħ2

2𝑚𝑚∗𝑑𝑑2
 is derived from 

a tight-binding linear band structure and is used only to provide an estimate. This gives the carrier 

mobility of dots needed to reach metallic transport.  

𝜇𝜇 >
𝑒𝑒𝑑𝑑2

2ħ  

With on average 1 electron per dot, this also implies that the interdot resistance reaching a value 

of the order of the quantum resistance, consistent with the prior discussion. 

𝑅𝑅𝑁𝑁𝑁𝑁 =
1
𝜎𝜎𝜎𝜎 =

1
𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 =

2ℏ
𝑒𝑒2𝑛𝑛𝑑𝑑3 =  

2ℏ
𝑒𝑒2  

Taking HgTe dots with diameter of 15 nm, this gives 𝜇𝜇 = 1700 cm2/Vs. The best mobility recorded 

so far is ~ 7 cm2/Vs, less than 200 times lower than needed.  Thus, while the discussion is only 

semi-quantitative, it highlights the fact that a mobility of 10cm2/Vs is still, in principle, very far 

from the value needed to reach metallic transport.  

To reach higher mobility, it will be necessary to both improve the dot-to-dot coupling energy and 

to reduce disorder between dots. This can be done by better size dispersion, increasing the size of 

quantum dots, and reduce the interdot distance. 

1. Size Dispersion (𝛿𝛿𝛿𝛿/𝑟𝑟) 

The size dispersion has a direct relation with the distribution of energy levels.  We can model the 

tunneling probability of the electrons from one dot to another as electrons tunneling through a 

barrier with height 𝑉𝑉.  

𝑃𝑃 =  𝑒𝑒−2(2𝑚𝑚𝑚𝑚/ħ2)1/2𝑙𝑙 =  𝑒𝑒−𝛽𝛽𝛽𝛽 

where 𝑙𝑙 is the barrier width, 𝛽𝛽 can be viewed as the attenuation of the electron wavefunction out 
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of the dots. 

If the electron transport process is thermally activated with some barrier, we expect 𝑃𝑃 =

 𝑒𝑒−𝛽𝛽𝛽𝛽−
𝐸𝐸𝑎𝑎
𝑘𝑘𝐵𝐵𝑇𝑇, where 𝐸𝐸𝑎𝑎  is the activation energy for the electron transfer. 𝐸𝐸𝑎𝑎  constitutes two 

components. The activation energy arises from the disorder of the energy levels ∆𝐺𝐺 as the energy 

levels of 1Se states are different due to variation in size, and from the reorganization energy 𝜆𝜆 

due to the charge reorganizing between the quantum dots. Thus, we expect that reducing the size 

dispersion will reduce the energy disorder ∆𝐺𝐺 between quantum dots. 

Currently, HgTe CQDs are dominated by the energy disorder ∆𝐺𝐺. For example, dots around the 

size of 10 nm are estimated to have ∆𝐺𝐺 = 17 meV where 𝜆𝜆 = 7 meV.  

Size of CQDs have an indirect relation with the energy disorder. This can be understood from two 

aspects. First, increasing the size of quantum dots reduces the effect of energy variation for the 

same size distribution of dots within the film. Since the energy level of the quantum dots scales 

with ~ 1
𝑟𝑟2

, the effect on the change in energy levels is related to the size variation is proportional 

to ~ 1
𝑟𝑟
𝛿𝛿𝛿𝛿. Thus, 𝛿𝛿𝛿𝛿 contribute less to the change in energy as the radius increases. Secondly, for 

charge transfer between the quantum dots, one crucial energy barrier is the charging energy due to 

the electron-electron repulsion. This charging energy is related to the dielectric constant of the dot 

matrix, and proportional to ~ 1
𝑟𝑟
,  thus larger dots reduce the energy needed for the charge to 

reorganize. 

2. Interdot Distance (𝑙𝑙) 

The interdot distance can be understood as the length of the barrier between the wavefunctions 

between the two dots. It is expected that the interdot distance is dominated by the length of surface 

ligands, thus replacing long chain ligands with shorter one could improve the carrier mobility for 
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the same dots. Indeed, research has shown that replacing long chain amine ligands with short chain 

thiol ligands improve mobility by three orders of magnitude, and further replacing them with 

inorganic/hybrid ligands allows mobility of up to 7 cm2/Vs. Right now, the interdot separation for 

the inorganic ligands is around 0.5 nm, close to the diameter of atoms. The zeta-potential measured 

from DLS (Dynamic Light Scattering) have shown that the surface is largely stabilized by 

electrostatic charge. One would doubt if further shortening of the interdot distance is possible 

without the dots sintering and thus losing the quantum confinement within a single dot, causing a 

broadening of the energy levels of the electron states, and losing the state-resolved requirement. 
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3.4 Improved Synthesis of High Size Dispersion CQDs 

The synthesis of non-aggregated HgTe CQDs was first developed by Shen et al., though the size 

dispersion of these CQDs was moderate, with mobility of these dots at the order of 10-2 cm2/Vs.25 

Following the hybrid ligand exchange protocol of HgTe developed by Lan et al., the mobility 

improved by two orders of magnitude and reaches 7 cm2/Vs. However, to enable the study of the 

HgTe QDs at high conductance, we modified the synthetic protocol by Zhang et al. and the hybrid 

ligand exchange protocol developed by Lan et al.11,26–28 A more uniform size distribution has 

been found previously by using a two-step injection method of first TMSTe followed by TOPTe 

into a solution of HgCl2 dissolved in oleylamine. To further increase the size uniformity, we 

changed the standard HgCl2 precursor to a more reactive 1:2 mixture of Hg(OAc)2: HgCl2. This 

ratio of Hg (OAc)2: HgCl2 is chosen as it is the most reactive precursor that produces a stable dot 

solution. A further increase in Hg(OAc)2 results in aggregation during the nucleation phase and 

thus is unable to separate. A 6% size dispersion can be reached with a sharp intraband absorption 

feature. 

After the synthesis, the solution is cleaned once and transferred to a polar solution of DMF, 

following the method by Chen et al. To remove the impurities and increase size uniformity in the 

polar solution, we redispersed the precipitate of HgTe in DMSO. Instead of directly using the polar 

solution for drop-casting, we add 10 ul of 2-mercaptoethanol and re-precipitate it with Toluene. 

The final solution is dispersed in DMSO and drop-casted on the FET at 70oC to prevent 

aggregation during solvent evaporation. A polymer layer of polyvinyl butyral (PVB) is cast on the 

dot film and dried under nitrogen at 70oC overnight to ensure stable doping during the 

measurements.  

The absorption spectrum, TEM image and size dispersion are shown in the Appendix. 
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3.5 Transport of HgTe CQDs at High Temperatures 

1. Mobility measurement  

The mobility is measured using a bottom-gated field-effect transistor (FET). The current is 

measured with a HgTe CQD film drop-casted across the gold source (S) and drain (D) electrodes 

with different gap lengths. The length of the FET channel was set to three values, 10 μm, 5 μm, 

and 2 μm to investigate the effect of the channel length upon the CQD film, where the bias voltage 

is applied depending on the length of the FET channel, as such, the electric field is normalized 

cross with respect to the length of the channel. The width of the FET channel is set to 500 μm, 250 

μm and 100 μm, making the length-to-width ratio constant. This ensures that the conductance of 

the HgTe film is directly comparable across the three devices.  

The highest mobility that has been previously measured is the 13.1 nm HgTe films with hybrid 

ligand exchange, Chen et al. reported mobility up to 7 cm2/Vs. In this study, with a modified 

synthesis that produces a slight increase in dot size of 14.2 nm, and a different film processing, the 

mobility measured directly from the FET at 70 K is close to 30 cm2/Vs for a gap length of 10 μm, 

and over 62 cm2/Vs for gap length of 2 μm, shown in Fig. 3-1a).  Despite the 70°C annealing, the 

FET still maintains state-resolved transport.  We also note that the mobility shows a strong channel 

length dependence, increasing with narrower channels. This contrasts with the result reported by 

Lan et al., where the author reported that gap length has no significant impact on device 

performance. A possibility is that the HgTe film in the present experiment have a greater 

delocalization, which will be discussed further below. 

Fig. 3-1b) shows the plot of FET mobility at temperature ranges from 4 K to 298 K across devices 

of the three gap lengths. As previously reported, the mobility above 60 K or 70 K, depending on 

the sample, shows a ‘bank-like’ transport of negative 𝜕𝜕𝜕𝜕/𝜕𝜕𝜕𝜕 . The transport at these high 
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temperatures is theorized as following activated hopping of electrons across dots, which follows 

the Marcus electron transfer model.  

Fig. 3-1b). also shows the best fit of the Marcus model above 70 K, assuming a reorganization 

energy of 𝜆𝜆 = 4.2 meV.  
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Fig. 3-1 a). The conductance curve of FETs (at 70 K) with different gap sizes shows gap-dependent 

conductance.  The differential mobility of 1Se electrons is shown as the dash lines. Black: 10 μm, Red: 

5 μm, Navy: 2 μm. b). Differential mobility measured from 4K to 298K, with different gap lengths. The 

solid dots are differential mobility measured from the conductance curve on the FET, where dashed 

lines are the theoretical behavior based on the Marcus Model. (See Table 3-1) c). Mobility of the 

electrons at different bias voltage, showing a divergence at low temperatures. Solid: 1 V, Cross: 2 V, 

Open: 4 V. d). Measured conductance (Black Line) and differential mobility (Red Dot) with different 

bias voltages at 4 K. Both measurements show a voltage bias-dependent behavior at low temperature.  
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13Fig. 3-1. Conductance curve and mobility measurement 

2. The Marcus Model 

A hopping model of electron between quantum dots can be described by the Marcus Theory:29,30 

𝜇𝜇(𝑇𝑇) =
2𝜋𝜋
6  

𝑒𝑒(𝑑𝑑 + 𝑙𝑙)
ħ

2 𝐽𝐽2

�4𝜋𝜋𝜋𝜋(𝑘𝑘𝐵𝐵𝑇𝑇)3
𝑒𝑒𝑒𝑒𝑒𝑒�

−(𝜆𝜆 + ∆𝐺𝐺)
4𝜆𝜆𝑘𝑘𝐵𝐵𝑇𝑇

� 

where 𝑑𝑑 is taken to be the dot diameter of 15 nm, 𝑙𝑙 is the dot-to dot distance taken to be 0.5 nm, 

the key parameters are 𝐽𝐽 the electronic transfer integral or coupling energy,  𝜆𝜆 the reorganization 

energy, and ∆𝐺𝐺 is energy disorder. 

The reorganization energy is the change in polarization of the material due to charge transfer. 

One estimate of this energy is using the electron-electron repulsion, assuming the dots are an 

isolated sphere embedded in a uniform matrix of dielectric constant 𝜀𝜀. This is given by 

𝐸𝐸𝑐𝑐0 =  
𝑒𝑒2

4𝜋𝜋𝜋𝜋𝜀𝜀0𝑟𝑟
 

With a dot of 𝑟𝑟 =  𝑑𝑑
2

= 7.5 nm, the surrounding matrix with a dielectric constant 𝜀𝜀 = 7.3, using 

optical constant estimated from previous studies of HgTe CQDs exchanged after hybrid ligands. 

This estimate gives 𝐸𝐸𝑐𝑐0 = 26.3 meV. However, this has no effect of dot-dot distance. A better 

estimate is to introduce the capacitance of a conductive sphere in a conductive shell with the 

insulating gap 𝑙𝑙. In this case,  

𝐸𝐸𝑐𝑐 =  
𝑙𝑙

𝑙𝑙 + 𝑟𝑟 𝐸𝐸𝑐𝑐0 =  
𝑒𝑒2𝑙𝑙

4𝜋𝜋𝜋𝜋𝜀𝜀0𝑟𝑟(𝑙𝑙 + 𝑟𝑟) 

 using 𝑙𝑙 of 0.5 nm, the estimated charging energy would be given as 𝐸𝐸𝑐𝑐  = 1.64 meV. 

Prodanovic et al have proposed another estimate of this reorganization energy given by30 
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𝜆𝜆 =  
𝑒𝑒2

4𝜋𝜋𝜀𝜀0
�

1
𝑟𝑟 −

1
2(𝑟𝑟 + 𝑙𝑙)� �

1
𝜀𝜀 −

1
𝜀𝜀𝑠𝑠𝑠𝑠
� 

the difference is the introduction of the static dielectric constant 𝜀𝜀𝑠𝑠𝑠𝑠 into the equation, where 𝜀𝜀 

is the optical dielectric constant in the infrared region. The estimation of 𝜀𝜀𝑠𝑠𝑠𝑠 for the film of CQDs 

may take hints from the dielectric constant from bulk HgTe. The static dielectric constant of 

bulk HgTe 𝜀𝜀𝑠𝑠𝑠𝑠 = 21 and the optical dielectric constant 𝜀𝜀 = 15.6. Therefore, taking CQDs films 

as less dense HgTe, we scale the 𝜀𝜀𝑠𝑠𝑠𝑠 by the same ratio, thus taking the value of 𝜀𝜀 = 9.8. With 

similar assumptions of 𝑟𝑟 and 𝑙𝑙, the estimated reorganization energy is approximately 𝜆𝜆 ~ 4.2 

meV. The discrepancy of the estimates depends on how polarizable the dot matrix is, as more 

polarizable matrix result in smaller 𝜆𝜆. 

Since 𝜆𝜆  can be estimated, the only fitting parameters are the coupling energy 𝐽𝐽  and energy 

disorder ∆𝐺𝐺. These two parameters are then extracted from the experimental data through fitting 

the mobility measurement above 70 K, and they are given in Table 3-1. 
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Table 3-1: Fitting Parameters for the Marcus Model and Mobility Measurements 

Gap Length Mobility (70K) J λ ∆𝐺𝐺 

10 μm 30.3 cm2/Vs 2.1 meV 4.2 meV 7.9 meV 

5 μm 46.4 cm2/Vs 2.2 meV 4.2 meV 7.3 meV 

2 μm 62.5 cm2/Vs 2.5 meV 4.2 meV 7.0 meV 

3Table 3-1: Fitting Parameters for the Marcus Model and Mobility Measurements 

 

From the fit to the Marcus Model, as the electrode gap gets shorter, 𝐽𝐽 increases and 𝛥𝛥𝛥𝛥 

decreases. Given that the drop-cast is done on three devices built on the same FET, such a 

variation cannot be easily explained.  Instead, it is suggested that it reflects a microscopic non-

uniformity inside the device. As the HgTe CQDs form delocalized domains in the film with a 

variation in size, and the delocalization get closer to the gap length, more of the transport is 

through the regions with the largest domains, and thus leading to a larger mobility. However, the 

exact size of such delocalized domains would need to be characterized through more 

experiments.  

It should be noted that the fitting of the Marcus Electron Transfer Model extends only to 

approximately 70 K, where the measured FET mobility does not approach zero, as the theory 

would suggest.  

As shown in Fig. 3-1c), it is also seen that the measured mobility has a strong dependence on the 

source-drain bias applied during the measurement. Taking the device with a gap length of 10 μm 

at 4 K as an example, the measured mobility ranges from 0.2 cm2/Vs at 𝑉𝑉𝑠𝑠𝑠𝑠  = 0.1 V, to over 32 

cm2/Vs at 𝑉𝑉𝑠𝑠𝑠𝑠  = 4 V, as shown in Fig. 3-1d). We also measured the conductivity of this device 

between 0 to 4 V bias, and it is consistent with the differential mobility measurement done using 
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the FET. Conductivity σ and mobility μ are related by 𝜇𝜇 =  𝜎𝜎𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑/𝑛𝑛𝑛𝑛, where n is the number of 

carriers per dot and Vdot is the effective unit volume of each QD. The FET indicates n between 

0.45 to 0.55 e-/dot, and this gives Vdot = 4000 nm3 ± 400 nm3. Assuming the dots are spherical 

with a diameter of 15 nm, this implies the packing fraction of the dots is between 39% to 47%, 

which is far from closed packed. This is also observed from the SEM image since a few empty 

gaps/cracks can be seen in the film.  

When the source-drain bias is held at 4V during the mobility measurement, we do not see a drop 

in mobility at all as temperature decreases, which does not fit with any activated transport theory. 

This would mean that the HgTe CQD films behave as metallic conductors at high bias. However, 

since the transport of electrons below 60 K is clearly dependent on the field applied, we 

investigated further this voltage dependence below 60 K. 

 

3.5 Transport of HgTe CQDs at Low Temperatures 

1 Efros-Shklovskii Variable Range Hopping 

At lower temperatures, the transport of the electrons in the film of HgTe CQDs is no longer ohmic. 

It is also observed that this transport deviates from the Arrhenius behavior, with a mobility that is 

always higher than predicted by the Marcus theory. This can be assigned to the variable range 

hopping (VRH) when electron can tunnel to dots further away from the nearest neighbor.20  

A simple picture can be viewed from the perspective of electrons tunneling though nearby quantum 

dots.  

Since tunneling of electrons to the nearest neighbor can be expressed as 𝑇𝑇 =  𝑒𝑒−𝛽𝛽𝛽𝛽, we need to 

consider the probability of tunneling through several dots. A constant 𝜉𝜉 =  2𝑑𝑑
𝛽𝛽𝛽𝛽

 is defined, which is 

called the ‘localization length’ in variable range hopping. Thus, for an electron tunneling through 
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one dot. 

𝑃𝑃 =  𝑒𝑒−𝛽𝛽𝛽𝛽 =  𝑒𝑒−2𝑑𝑑/𝜉𝜉  

where 𝜉𝜉 can be viewed as an exponential decay length of the electron wavefunction. Similarly, 

tunneling of the electron through n-dots can be expressed as 

𝑃𝑃𝑛𝑛 =  𝑒𝑒−2𝑛𝑛𝑛𝑛/𝜉𝜉  

Combining this probability with the activation energy ∆𝐸𝐸𝑛𝑛 for the nth dot, we can get the formula 

for the conductance between n dots.13 

𝐺𝐺 ~  𝑒𝑒−2𝑛𝑛𝑛𝑛/𝜉𝜉𝑒𝑒−∆𝐸𝐸𝑛𝑛/𝑘𝑘𝐵𝐵𝑇𝑇 

At high temperatures, we expect transport to be dominated by nearest neighbor hopping due to the 

term 𝑒𝑒−2𝑛𝑛𝑛𝑛/𝜉𝜉  being exponentially small. However, when the temperature is sufficiently low, 

𝑒𝑒−∆𝐸𝐸𝑛𝑛/𝑘𝑘𝐵𝐵𝑇𝑇 is close to zero unless for dots with identical energy levels. Thus, a longer tunneling 

range becomes more probable. 

The Efros-Shklovskii theory of variable range hopping predicts that the transport of electrons at 

low temperatures should follow 

𝐺𝐺 ∝ 𝑒𝑒𝑒𝑒𝑒𝑒 �−�𝑇𝑇∗ 𝑇𝑇⁄ � 

This VRH argument is purely a scaling argument, and it gives no prescription for the 

preexponential factor, which includes probability of tunneling through the barrier of surface 

ligands, as well as the attempt frequency of electron trying to tunnel. The argument is also limited 

to weak coupling between dots where the conductance varies by several orders of magnitude with 

temperature. Nevertheless, experimentally, HgTe CQD systems have shown transport that 

approximately follows the VRH theory at low temperatures.  

The above argument has no dependence on the bias applied, and it is valid when the field is low.   

At high bias where 𝑒𝑒𝑒𝑒 between dots becomes larger than 𝑘𝑘𝐵𝐵𝑇𝑇, the ES-VRH predicts a temperature 
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independent conductance such that  

𝐺𝐺 ∝ 𝑒𝑒𝑒𝑒𝑒𝑒 �−�𝐸𝐸∗ 𝐸𝐸⁄ � 

where 𝐸𝐸 is the external field applied. Thus, the electron transport between CQDs is largely field 

driven, where the field helps to overcome the Coulomb barrier (instead of T) between CQDs and 

creates temperature independent transport. When 𝐸𝐸 is much larger than 𝐸𝐸∗, electrons are always 

hopping to the nearest neighbors. This tends to be a conductance limit of VRH of 𝐺𝐺 ∝

𝑒𝑒𝑒𝑒𝑒𝑒((−2𝑑𝑑/𝜉𝜉). 

2. Conductance measurement 

As the conductivity and mobility shows a strong electric field dependence when measured below 

60 K, the question remains whether the transport of electrons at low temperatures follows the 

variable range hopping. Lan et al. reported that the mobility of the HgTe CQDs exhibited transport 

properties that deviates from the activated transport predicted by the Marcus Model, and more 

closely follow the Efros-Shklovskii Variable Range Hopping (VRH). The variable range hopping 

of electrons in CQDs at low temperatures have been seen in multiple systems, including CdSe, 

PbSe and HgTe. 

The ES-VRH model predicts the transport of the electrons at low temperatures, along with the field 

and temperature dependence. In the limit of weak field, the conductance of electrons follows the 

formula 𝜎𝜎 = 𝜎𝜎0𝑒𝑒𝑒𝑒𝑒𝑒(−�𝑇𝑇∗ 𝑇𝑇⁄ ). As VRH is a scaling argument, the preexponential factor 𝜎𝜎0 is 

related to the attempted frequency of tunneling through the barrier.  

Experimentally, at low field, the FET derived differential mobility measurement is too noisy. 

Therefore, the conductivity is directly extrapolated from the IV curve, using the measurement at 

70 K as a baseline, because the mobility is field independent at that temperature.  Fig. 3-2a) shows 

the IV curve of the device with 10 um gap length, with temperature from 4 K to 62 K. We note 
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that the measured IV curve is strongly non-linear at 4 K, where it resumes to ohmic at 62 K. This 

is consistent with the observation that the mobility is strongly field dependent at 4 K, whereas this 

dependence vanishes above 62 K.  

Taking the current density measured at fixed 20 mV bias voltage, we plot the conductivity against 

temperature up to 62 K, shown as red circles in Fig. 3-2b). We also show the conductivity measured 

at a fixed 2 V bias voltage as blue circles. The data demonstrates a trend towards zero conductance 

as temperature decreases, which is consistent with hopping transport. It also fits the ES-VRH 

shown as the black line in Fig 3-2b), with the T* extrapolated from the model to be around 245 K. 

It shall be noted that the datapoint at 4 K deviates from the model by a factor of 2.3. This deviation 

can be partly explained by the thermal fluctuations of the cryostat at 4 K. Given that the bias 

applied is extremely small, we also believe that Joule heating is insignificant to cause this increase 

in mobility.  A discussion on Joule heating follows further below.   

The T* is predicted by the ES-VRH model by 𝑇𝑇∗ =  𝛽𝛽𝑒𝑒2/(4𝜋𝜋𝜋𝜋𝜀𝜀0𝑘𝑘𝐵𝐵𝜉𝜉).  𝛽𝛽 is a numerical constant 

taken as 6.1 for two-dimensional transport. We used 𝜀𝜀 = 7.3 estimated using the optical dielectric 

constant of HgTe CQD films. 𝜉𝜉 is the electron localization length, using T* = 245 K, we estimate 

this localization length ~ 56.9 nm, which is about 4 dot diameters. Though this estimate is subject 

to disagreement due to the choice of 𝛽𝛽 and 𝜀𝜀 used in this model, the data affirm the validity of the 

VRH transport at low temperatures.  

 
 
14Fig. 3-2. Temperature and Field dependence of HgTe film at low temperature 
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Fig. 3-2 a). Temperature-dependent I-V curve with T ranging from 4 K to 62 K. The I-V curve 

shows a strong non-linearity below 62 K, showing non-ohmic transport. b). Conductivity of the 

CQD film versus temperature at different bias. Red: 0.02 V, Blue: 2 V. The black curve is the 
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fitted data using ES-VRH model.  c). Conductivity of HgTe CQDs plotted against inverse root of 

the electric field. From 4 K to 62 K. d). Current density versus Electric field for HgTe CQD film 

measured at different gap length.  Black: 10 μm, Red: 5 μm, Navy: 2 μm. e). Log of Current 

density versus inverse root of temperature, with electric field at 25 V/cm. f). Conductivity of 

HgTe CQDs plotted against inverse root of the electric field for different gap size. The dotted 

line corresponds to the linear fit towards the high field.  

 

 
The ES-VRH model also predicts that the conductance asymptotically approaches the 

relationship 𝜎𝜎 ∝ exp (−�𝐸𝐸∗ 𝐸𝐸⁄ ). Therefore, we plotted the inverse root of the electric field and 

conductance shown in Fig. 3-2c), which shows indeed that the conductance is reaching a limit at 

high field. The slope of this transition is extrapolated at high electric field with 𝐸𝐸∗ = 1621 V/cm. 

If electron transport follows the theory correctly, one can directly compare the relative value of 

𝑇𝑇∗ and 𝐸𝐸∗, which are related by 𝐸𝐸∗ =  𝑘𝑘𝐵𝐵𝑇𝑇∗/2𝑒𝑒𝑒𝑒. This gives a second way to estimate the 

electron localization length 𝜉𝜉, which is independent of the choice of 𝛽𝛽 and 𝜀𝜀 used. 𝜉𝜉 is calculated 

to be 65.1 nm. The close agreement of the two values shows that the choice we made in the 

previous sections is not far from the actual ones and suggests the delocalization of electrons over 

a range of 4 to 5 dots.  

We also measured the IV curve of films with gap length 5 and 2 μm. To ensure a direct 

comparison across the three-gap size, we plotted E and J, instead of I and V shown in Fig. 3-2d). 

Films with all gap length shows a strong non-linearity and is consistent with devices of a smaller 

gap showing a higher mobility.  

Fig. 3-2d) also shows that the non-linearity of the device cannot be limited by any electrode-film 

Schottky barrier. Since the existence of a barrier would mean that the contact resistance 



64  

𝑅𝑅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  ∝  1
𝑊𝑊

, for the device dominated by the contact resistance, this would imply 𝜎𝜎 ∝ 𝑊𝑊. As 

the 𝑊𝑊/𝐿𝐿 ratio is fixed for all devices, we would expect that the device with the 10 μm gap 

having the highest conductance and thus highest current density under the same applied field. In 

fact, the opposite is observed, which rules out the non-linearity limited by the contact barrier.  

Following the same reasoning as before, we also plotted the conductance-temperature 

dependence at low electric field limit of 20 V/cm in Fig. 3-2e) and conductance-electric field 

dependence at 4 K in Fig. 3-2f). The extrapolated data are shown in Table 2.   

 

Table 3-2. Parameters extracted from the plots using the ES-VRH theory 

Gap Length 𝐸𝐸∗ 

V/cm 

𝑇𝑇∗ 

K 

𝜉𝜉  (𝛽𝛽𝑒𝑒2/4𝜋𝜋𝜋𝜋𝜀𝜀0𝑘𝑘𝐵𝐵𝑇𝑇∗) 

nm 

𝜉𝜉 (𝑘𝑘𝐵𝐵𝑇𝑇∗/2𝑒𝑒𝐸𝐸∗) 

nm 

Ratio of 𝜉𝜉 

10 μm 1621 245 56.9 65.1 1.14 

5 μm 1099 207 67.4 81.2 1.20 

2 μm 725 178 78.4 105.8 1.35 

4Table 3-2. Parameters extracted from the plots using the ES-VRH theory 

 

The 𝜉𝜉 calculated shows a consistent trend of increasing localization length as gap length 

decreases, which is confirming the reasoning behind a higher mobility at smaller gap length. 

Considering the 𝜉𝜉 =  𝛽𝛽𝑒𝑒2/4𝜋𝜋𝜋𝜋𝜀𝜀0𝑘𝑘𝐵𝐵𝑇𝑇∗ estimate, as 𝜀𝜀 should not be dependent on the gap length, 

this would suggest that 𝛽𝛽 could be larger than 6.1 theorized for 2D transport and closer to 8.7 for 

1D transport (𝛽𝛽  =  13) as gap length decrease to 2 µm. As regions with the largest localization 

length would also have the highest conductance, the transport of electrons through the HgTe film 

over the gap can be seen as through many parallel channels with various conductance depending 
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on the domain size. Since the majority of electrons flows through the channel with the highest 

conductivity, the hopping may be closer to a 1D than 2D hopping. This would be the strongest 

when the gap length is closest to the localization length, and thus a higher 𝛽𝛽 is observed as gap 

length decrease. 

To attempt to visualize the size and length of electrons transport channels inside CQD films, we 

used a high voltage (10 V) pulse applied across the 2-μm device at 4 K. This should result in the 

channels of higher conductance to overheat due to the large amount of power flowing through, 

and to cause the dots to be blasted from the device.   What is observed is a gradual stepwise 

decrease in the conductance, as could be expected if discrete channels get burned out. As shown 

in the Fig. 3, at the end of a run, there are clearly a few “burned” channels in the device, with the 

width of such channels on the order of 100 nm.  

 

15Fig. 3-3. SEM image of blasted HgTe film after electric pulse 

L = 2 μm 

146 nm 

Fig. 3-3.  HgTe CQD films drop-casted between Au electrodes with a gap length of 2 

μm. Left: Before a 10 V pulse is applied; Right: After the electric pulse blasted the 

conductive channels of the CQD films. 
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Yu et al. proposed the variable range hopping conductance converge to nearest neighbor hopping 

when the external field applied is significantly larger than the critical field.20 𝐸𝐸0 = 2𝑘𝑘𝐵𝐵𝑇𝑇/𝑒𝑒𝑒𝑒 . 

Using the estimate for 𝜉𝜉  described before, we get  𝐸𝐸0  > 6000 V/cm. This is larger than the 

maximum electric field applied in our experiments. Therefore, even at high field in this experiment, 

we are not yet reaching the nearest-neighbor hopping. However, the convergence of conductance 

at high fields in Fig. 3-2c). may suggest that we are approaching a constant conductance by nearest-

neighbor hopping. 

 
3.6 Joule Heating During Measurement 

One could wonder if the temperature set in the cryostat is representative of the temperature of the 

HgTe CQD film during the measurements and if the observation of non-zero mobility as the 

sample approach 0 K may be the consequence of an imprecision on the value of said temperature. 

In the case of a short conductive channel, Joule heating may have a predominant effect due to the 

increased conductivity of the device. To address this point, COMSOL® simulations were 

conducted to estimate the heat generation in the device featuring a 2µm long channel. 

The simulated system consists of a 1 cm x 1 cm substrate with a 400µm thick silicon layer and a 

300nm thick SiO2 layer. On top of the oxide, the HgTe CQD channel is defined as a 100 µm x 2 

µm layer with 100nm thickness. The electrical power P dissipated as heat in the device was 

calculated using P=V²/R with values of the resistance R extracted from the experimental I-V curves 

and V=0.4V the maximum bias applied during voltage sweeps. The influence of the electrodes on 

heat dissipation is neglected and all the dissipated electrical power is distributed homogeneously 

over the volume of the HgTe CQD channel. To mimic the situation of a sample in contact with a 

cryostat, the back surface of the silicon substrate is defined as a thermostat with set temperature. 

We assumed ideal thermal contact at the interface between the QDs film and the substrate while 
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the boundaries of the system were defined as perfect thermal insulators. Temperature dependent 

thermal conductivities were taken from the literature for the Si layer and the SiO2 layer.31–33 To 

make sure to not overestimate the capability of our device to evacuate the generated heat, the 

thermal conductivity of the HgTe CQD layer was assumed to be very low and was arbitrarily set 

as the thermal conductivity of SiO2 divided by a factor 20, which is roughly one order of 

magnitude lower than thermal conductivities measured for other types of semiconductor 

nanocrystal films.34,35 The average temperature in the film is calculated in the stationary regime 

and no further investigation has been made to know if thermal equilibrium is reached during the 

voltage sweeps performed in the experiments. 

16Fig. 3-4. Effect of Joule heating during measurement 
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Fig. 3-4 a). Measured differential mobility with the cryostat (Navy) and simulated (Red) 

temperature after considering Joule Heating. b). Cross section of the device with dissipating 

thermal power at high biases. The sink is set at the bottom of the Silicon Wafer at T = 4 K.  
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Fig. 3-4b) shows the calculated temperature across the cross-section of the system for values of 

the dissipated electrical power and cryostat temperature corresponding to the mobility 

measurement at 4K. We observe that the calculated temperature in the CQD film is a few kelvins 

higher than the temperature of the cryostat, illustrating the fact that Joules heating can indeed have 

a noticeable influence on the temperature of the device. Running the simulation with parameters 

corresponding to each data points of Fig. 3-1 b), we obtain a new set of adjusted temperatures for 

the HgTe CQDs. Fig. 3-4 a). presents the mobility measurements performed on the 2µm device 

with adjusted temperatures obtained from the simulations, along with the experimental data 

reproduced from Fig. 3-1 b). The largest variations from the experimental curve occurs at low 

temperature and are limited to a few Kelvins, which slightly alters the shape of the curve but does 

not mitigate the results of the experiments as one can still observe non-zero mobility as the 

temperature approach 0 K. Additional simulations were also made adding a thick SiO2 layer on 

the back of the substrate resulting in an increase of the temperature by only one thousandth of a 

kelvin. 
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PART II 

3.7 Introduction 

In the experiments presented previously, I used FET to measure the carrier mobility in HgTe 

CQD films with small size distribution. Increased mobility in theory improves the performance 

of HgTe CQD devices by improving carrier extraction efficiency.  It also improves detectivity if 

the noise does not increase more than the responsivity. This naturally led to determining the 

relationship between the device conductance and noise in the device.  

In most electronic devices, 1/f noise is a major noise source, and it has been extensively studied. 

Though 1/f is undesirable for device applications, it is also a useful tool to explore the 

mechanism of carrier transport in these materials. 1/f noise can be attributed to many 

independent fluctuations inside the material, each with a single exponential decay time, but with 

an exponential distribution of time constants. Two models, McWhorter and Hooge, have been 

proposed to explain the origin of the 1/f noise.36–38 Since the current fluctuations can be 

expressed as 𝛥𝛥𝛥𝛥 =  𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒, the fluctuations in carrier number 𝛥𝛥𝛥𝛥, is described by the 

McWhorter Model. This is also the dominant source of noise in CMOS transistors, where charge 

carriers have a fixed mobility, but traps exist inside the channel of conductance. As these carriers 

flow through the channel they enter and exit these traps creating fluctuations in carrier number.  

On the other hand, the fluctuations in mobility 𝛥𝛥𝛥𝛥 is described by the Hooge model, which is 

attributed to the scattering of these carriers between phonons or impurities. Previous research on 

other CQD systems assigned the 1/f noise to mobility fluctuation. Another work on CQD FET 

assigned the 1/f noise to trap states on the oxide layer of the FET, however this effect exist only 

when the contact with the film is not optimized.39 

In following chapter, I will discuss the relationship of conductance and the measured 1/f noise 
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inside the HgTe CQD conductors, following the film preparation directly following method 

discussed in Chapter 3.  

 
3.8 Noise and Conductance Measurement 

One interesting question is the effect of the higher conductance on the noise of this device. 

Reports on the noise of both HgTe treated with EdT ligand exchange and the hybrid ligand 

exchange shows the noise spectrum dominated by the 1/f noise below 10 kHz. Therefore, it 

would be useful to investigate the effect of temperature, electric field, and channel length on the 

noise spectrum of these high mobility CQDs. To measure the noise level and the relationship to 

transport inside the CQD films, we applied a range of biases and measured the noise spectrum 

using an SR760 spectrum analyzer.  

Starting with the device with a gap length of 10 μm, where the noise of the device is measured at 

4 K with bias ranging from 0.04 V to 2 V, Fig 3-5a). shows the noise measured at 500 Hz plotted 

against the applied bias. The shot noise limit and the Johnson noise limit are also plotted as a 

comparison. It can be seen that the noise level is close to the shot noise and an order of 

magnitude above the Johnson noise. Hooge proposed an empirical formula where 𝑆𝑆𝐼𝐼/𝐼𝐼2 = 𝐴𝐴/𝑓𝑓, 

where I is the (dark) current and 𝑆𝑆𝐼𝐼 = 𝑖𝑖𝑛𝑛2, is the frequency dependent noise spectral density.40,41 

Interestingly, the devices are all dominated by the 1/f noise as shown in Fig. 4b) for all biases 

and frequencies up to 10 kHz. We do observe that noise spectrum tends to flatten out at low 

biases and high frequencies, however it is likely due to the limitation of the instrumentation 

given the measured current is low.  

At 4 K, we observe that the measured noise is significantly above the shot noise at high bias. 

However, as shown in Fig. 3-5b, at low enough bias, the noise always goes below the shot noise 

at high frequencies.   
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The noise is also measured at two other temperatures, 80 K and 298 K. At 298K, the 1/f noise at 

500 Hz is always an order of magnitude above the shot noise.  The 𝑆𝑆𝐼𝐼/𝐼𝐼2 measurements are shown 

in Fig. 3-5c)., where we plotted the noise at 500 Hz versus the bias applied. A clear slope of -1 can 

be extrapolated at temperatures 80 K and 298 K, which means the 𝑆𝑆𝐼𝐼/𝐼𝐼2  scales as 𝑉𝑉−1. This would 

be the same scaling for the shot noise, and therefore, the noise at 298K in the device scales like 

the shot noise with respect to bias but is orders of magnitude larger. Previous studies have shown 

the same noise dependence of the bias for CdSe/CdS, which signifies increased I/in at higher bias. 

The noise is lowered at higher bias.42  

The noise at 4 K shows an exponent with bias of -1 at lower biases and -1.5 at higher biases. This 

implies that the fluctuations in mobility at lower field is similar to those at high temperatures, but 

at high field, this is further suppressed by the applied electric field. This could be cause by the 

applied field between dots becomes larger to kBT at this bias. Since 𝑘𝑘𝐵𝐵𝑇𝑇 = 34 𝜇𝜇𝜇𝜇𝜇𝜇 at 4 K, with a 

dot-to-dot distance around 15 nm, this would imply the applied field between dots would exceed 

𝑘𝑘𝐵𝐵𝑇𝑇 when 𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 > 0.25 𝑉𝑉, This is indeed approximately where the transition between the two 

slopes took place.  

In addition, we also measured the noise power density 𝑆𝑆𝐼𝐼 and its dependence on the dark current. 

As shown in Fig. 3-5d, in the limit where the noise scales similarly to the shot noise with bias, we 

expect  𝑆𝑆𝐼𝐼  ∝ 𝐼𝐼. This is what is observed for this device at high temperatures. The deviation arises 

again at 4 K, where 𝑆𝑆𝐼𝐼  ∝ 𝐼𝐼1.25  at high bias applied. This indicates that the noise power density is 

greater than the shot noise, however, it is observed that in general the slope decreases as the dark 

current increase, indicating a return to conventional behavior. 
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17Fig. 3-5. Measured noise of the device with 10 micron gap 
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Fig. 3-5 a).  Measured Noise current at 500 Hz versus electric field applied for HgTe CQD 

film with 10 μm gap size.  (Black) The Shot Noise limit (Red) and Johnson Noise limit 

(Navy) are also shown in the figure. b). 1/f noise of HgTe CQD film at five different biases 

applied, from 50 Hz to 10kHz. c). The Noise power density at 500 Hz versus the voltage bias 

applied. Dash line represents the best fit with β = -1, or -1.5.  Temperature ranges from 4 K 

(Black), 80 K (Red) to 298 K (Navy). d). The Noise spectral density at 500 Hz versus the 

Dark Current. Dash line represents the best fit with γ = 1, or 1.25.  Temperature ranges from 4 

K (Black), 80 K (Red) to 298 K (Navy).  
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3.10 Noise and its dependency on the Channel Length 

The study naturally leads to the study on the dependency of the noise on the channel length. Lai et 

al. reported, in the study of CdSe CQDs on an FET, that, depending on the source of the 1/f noise, 

the 𝑆𝑆𝐼𝐼/𝐼𝐼2 can be proportional or inversely proportional to the channel length 𝐿𝐿.39 The author uses 

FET devices made with L ranging from 30 μm to 200 μm, with a fixed W/L ratio of 15, the author 

also used a fixed source-drain bias of 50 V. 

The devices used in this experiment are with channel length L of 2 μm, 5 μm, and 10 μm. This 

implied that, with the same applied source drain bias, the effective field on the quantum dots ranges 

over a factor of 5. Therefore, it is more natural to compare the noise power density of devices 

under the same applied field.  Thus, in this study, we applied a range of biases that scales with the 

channel length. When comparing the 1/f noise between devices, the applied electric field is held 

at a constant with sample variation less than 5%, 

Fig. 3-6a and Fig. 3-6b shows the noise power density divided by the square of dark current 𝑆𝑆𝐼𝐼/𝐼𝐼2, 

with frequencies ranging from 50 Hz to 10 kHz, at an applied electric field of 200 V/cm and 2000 

V/cm respectively. It can be seen in that, in both cases, the device is dominated by the 1/f noise. 

We describe 𝐸𝐸 =  200 V/cm as low field, as 𝑘𝑘𝐵𝐵𝑇𝑇  at 4 K is equivalent to a field strength of  

250 V/cm between neighboring quantum dots.  i.e., 𝑒𝑒𝑒𝑒𝑒𝑒 <  𝑘𝑘𝐵𝐵𝑇𝑇. Conversely, 𝐸𝐸 =  2000 V/cm 

is 8 times higher than the 𝑘𝑘𝐵𝐵𝑇𝑇 limit, which is described as high field. 

18Fig. 3-6. 1/f Noise and its dependency on gap length 
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Fig. 3-6 a). 1/f noise of HgTe CQD film at five different biases applied, from 50 Hz to 10kHz 

normalized to E ~ 200 V/cm. With gap size of 10 μm (Black), 5 μm (Red) and 2 μm (Navy). b). 1/f 

noise of HgTe CQD film at five different biases applied, from 50 Hz to 10kHz normalized to E ~ 

2000 V/cm. With gap size of 10 μm (Black), 5 μm (Red) and 2 μm (Navy). c). The Noise power 

density at 500 Hz versus the applied Electric Field at 4 K. Dash line represents the best fit with β = 

-1.5. With gap size of 10 μm (Black), 5 μm (Red) and 2 μm (Navy). d). The Noise spectral density 

at 500 Hz versus the Dark Current. Dash line represents the best fits.  Temperature ranges from 4 K 

(Black), 80 K (Red) to 298 K (Navy).  
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For homogeneous semiconductors, the noise can be expressed as 𝑺𝑺𝑰𝑰
𝑰𝑰𝟐𝟐

=  𝑨𝑨
𝒇𝒇
, where the constant 𝑨𝑨 

captures the scaling of the noise with the design of the conductor.41 As shown in Fig. 3-6a, in the 

limit of low electric field applied, 𝑆𝑆𝐼𝐼/𝐼𝐼2decreases as the channel length 𝐿𝐿 increase. The inset of 

Fig. 5a), shows the scaling of the constant 𝐴𝐴 ∝  1
𝐿𝐿2

. Since the device have a fixed W/L ratio, the 1
𝐿𝐿2

 

is proportional to the inverse of the device area and thus the number of CQDs inside the 

conductance channel. Therefore, this is consistent with the 1/f noise coming from the fluctuations 

mediated by the quantum dots, as increasing the number of CQDs averages the variation in carrier 

number/mobility, and thus reduce the 1/f noise from the device.  

Shown in Fig. 5b, the scaling of 𝑆𝑆𝐼𝐼/𝐼𝐼2 as channel length 𝐿𝐿 increase is different in the limit of high 

field applied, the constant A shown in the inset of Fig. 3-6b), shows a clear deviation from the 

𝐴𝐴 ∝  1
𝐿𝐿2

 scaling and closer to 𝐴𝐴 ∝  1
𝐿𝐿
. This suggests that 1/f noise in the device no longer comes 

from the dot alone but may have contributions from the dot-electrode contact. Since the contact 

only scales with the width of the channel, we expect 𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶  ∝ 1
𝑊𝑊
∝  1

𝐿𝐿
,  consistent with the scaling 

we see when the applied field is high.  

The scaling of 𝑆𝑆𝐼𝐼/𝐼𝐼2 with the channel length is shown in Table 3-3. If the noise is limited by the 

channel noise, 𝐴𝐴 ∝  1
𝐿𝐿2

, we expect the ratio of L = 5 μm/L = 10 μm and L = 2 μm/L = 10 μm to be 

4 and 25 correspondingly. Else, if the noise is limited to the noise of the contact, 𝐴𝐴 ∝  1
𝐿𝐿
, thus the 

ratio would be 2 and 5. The scaling in Table 3-3 shows the dependency of this ratio with the field 

applied. A higher applied field would decrease the ratio from 𝐴𝐴 ∝  1
𝐿𝐿2

 to 𝐴𝐴 ∝  1
𝐿𝐿
 clearly in one 

direction. It would imply that the channel noise of the device is suppressed as field applied 

increase, where the device would be more limited by the change in mobility at the contact surface. 

A similar trend discussed before can be seen in Fig. 5c, where  𝑆𝑆𝐼𝐼/𝐼𝐼2 is plotted with the applied 
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electric field with the three devices. We separate the discussion of the device noise according to 

the electric field strength relative to kBT, as  𝑒𝑒𝑒𝑒𝑒𝑒 < 𝑘𝑘𝐵𝐵𝑇𝑇, or 𝑒𝑒𝑒𝑒𝑒𝑒 > 𝑘𝑘𝐵𝐵𝑇𝑇. In all three devices we 

have seen a different behavior in the two regions, as  𝑆𝑆𝐼𝐼
𝐼𝐼2
∝  𝐸𝐸−1.5 when 𝑒𝑒𝑒𝑒𝑒𝑒 > 𝑘𝑘𝐵𝐵𝑇𝑇, and 𝑆𝑆𝐼𝐼

𝐼𝐼2
∝  𝐸𝐸−1 

when 𝑒𝑒𝑒𝑒𝑒𝑒 < 𝑘𝑘𝐵𝐵𝑇𝑇. The crossover of the 1/f noise in the two regions signifies that the contribution 

of noise at the two regimes  

Fig. 3-6d). shows the trend of the noise power density 𝑆𝑆𝐼𝐼 with the different dark current applied. 

𝑆𝑆𝐼𝐼  shows different dependency 𝑆𝑆𝐼𝐼  ∝  𝐼𝐼𝛾𝛾 , where 𝛾𝛾  = 1.25, 1.16 and 1.09 respectively. Thus, 𝑆𝑆𝐼𝐼 

always scales larger than the dark current.  

 

Table 3-3. 𝑺𝑺𝑰𝑰/𝑰𝑰𝟐𝟐 for different gap size normalized to the same electric field. The ratio of 𝑺𝑺𝑰𝑰/𝑰𝑰𝟐𝟐 

for different gap size are also shown.  

5Table 3-3. S_I/I^2 for different gap size normalized to the same electric field. 

 

 

E (V/cm) L = 10 μm L = 5 μm L = 2 μm Ratio  Ratio 
 

𝑆𝑆𝐼𝐼/𝐼𝐼2 (1/Hz) 𝑆𝑆𝐼𝐼/𝐼𝐼2 (1/Hz) 𝑆𝑆𝐼𝐼/𝐼𝐼2 (1/Hz) (L = 5/L = 10) (L = 2/L = 10) 

200±10 3.76E-13 1.73E-12 8.42E-12 4.59 22.39 

400±4 1.58E-13 6.56E-13 -- 4.15 -- 

500±10 1.17E-13 4.50E-13 1.95E-12 3.85 16.69 

800±6 5.84E-14 2.00E-13 -- 3.43 -- 

1000±10 4.12E-14 1.37E-13 6.12E-13 3.33 14.85 

1250±5 3.04E-14 -- 4.09E-13 -- 13.46 

1600±12 2.08E-14 5.72E-14 -- 2.75 -- 

2000±15 1.54E-14 3.82E-14 1.87E-13 2.48 12.18 
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19Fig. 3-7 Plot of the Hooge constant versus the interdot conductance 

Lastly, to compare the 1/f noise level of our HgTe with other nanocrystal systems, we used an 

Fig. 3-7. Plot of the Hooge constant 𝛼𝛼𝐻𝐻 versus the interdot conductance 𝐺𝐺/𝐺𝐺𝑜𝑜. The measurement of 

the device at 4 K are shown as black (10 μm), red (5 μm) and blue (2 μm) hexagons. Measurement of 

the 10 μm device at 80 K are shown as crossed black hexagon and ones at 298 K are shown as half-

filled black hexagon. Data from the 2014 HgTe data are shown as brown-colored dots. Gold 

Nanoparticles are shown as gold-colored circles. Bulk Au measurement are shown as gold-colored 

squares. Two dashed lines with gradient of -1 are added to the figure to guide the trend, the intercept 

of the two lines is 4 × 10−4 (red) and 2 × 10−6 (gold).  
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effective nanocrystal Hooge constant defined such that 𝛼𝛼𝐻𝐻 =  𝑆𝑆𝐼𝐼
𝐼𝐼2
𝑁𝑁𝑛𝑛𝑛𝑛𝑓𝑓, where 𝑁𝑁𝑛𝑛𝑛𝑛 is the number of 

nanocrystals in the conductor, and 𝑓𝑓 is the frequency during the measurement. 𝛼𝛼𝐻𝐻 is the Hooge 

unitless constant independent of the device structure and size of the dots. We also calculated the 

interdot conductance 𝐺𝐺𝑁𝑁𝑁𝑁 =  𝜎𝜎𝜎𝜎, where 𝑑𝑑 is the dot-to-dot distance. 𝐺𝐺𝑁𝑁𝑁𝑁  is normalized to 𝐺𝐺0 =

2𝑒𝑒2/ℎ, the quantum conductance, such that 𝐺𝐺𝑁𝑁𝑁𝑁/𝐺𝐺0 is also unitless. The plot of 𝛼𝛼𝐻𝐻 versus 𝐺𝐺𝑁𝑁𝑁𝑁/𝐺𝐺0 

is shown in Fig. 3-7). The previous literature data from Au NCS and Bulk Au is also shown for 

comparison.42 

We note that, the measurements at 80 K and 298 K show that the HgTe CQD film have an order 

of magnitude more noise when compared to the Au nanoparticles of similar conductance, while 

they are in a similar trend as other HgTe CQDs shown in Fig. 3-7. As the conductance is ohmic at 

high temperatures, the data points are nearly purely vertical and do not follow the previous 

published trend. However, the transport of electrons at 4 K shows a large variation over two orders 

of magnitude depending on the bias applied during measurement. Interestingly, the overall trend 

fits on to a single line with gradient of -1 at lower electric field applied. This indicates that the 

higher interdot conductance suppress the 1/f noise inside the film, consistent to other nanoparticles. 

From the trend line, we can extrapolate a constant such 𝛼𝛼𝐻𝐻𝐺𝐺 𝐺𝐺𝑜𝑜⁄   = 4 × 10−4. This is two orders 

of magnitude compared to the measurement from gold nanoparticles 𝛼𝛼𝐻𝐻𝐺𝐺 𝐺𝐺𝑜𝑜⁄  =  2 × 10−6 , 

which indicates further room for improvement in noise. At high biases, the Hooge constant 𝛼𝛼𝐻𝐻 at 

the smallest gap length is comparable to Au nanoparticles.  

It is interesting to note that the transport of electrons at 4 K and 80 K at high biases have drastically 

different noise level, even though both have similar conductivity. This would mean that the field 

driven nearest-neighbor hopping at 4 K have much lower noise compared to the activated hopping 

at 80 K. The reasoning behind this may be explored further by from perspective of electron transfer 
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theories.  

3.11 Noise and its dependency on the film quality 

As previously reported, one important contribution to the 1/f noise is the film quality, and only 

“good film” should be studied.42 Depending on the number of defects and cracks in the CQD film, 

we also observe that the 1/f noise can be 100 to 1000 times larger. The different films are shown 

in Fig. 3-8a-c, where we tested the 1/f noise over film with 3 different conditions, a ‘good’ film 

which is used for all measurements previously discussed, and two ‘poor’ films where defects are 

seen either in the film or at the edge around the contact.  Fig. 3-8d shows the 𝑺𝑺𝑰𝑰/𝑰𝑰𝟐𝟐 of the device 

against various biases applied. 

Both devices with defects in the film show a significantly increased noise levels compared to ‘good’ 

films.  This is especially the case when higher biases are applied. The trend of 𝑺𝑺𝑰𝑰/𝑰𝑰𝟐𝟐 scaling as 

𝑽𝑽−𝜷𝜷 where 𝜷𝜷 > 1 breaks down, where typically the 𝑺𝑺𝑰𝑰/𝑰𝑰𝟐𝟐 becomes a constant in the case of holes 

inside the film or start to increase again in the case where cracks exist on the edge of the electrodes.  

Therefore, one keeps in mind the possibility that much of the discussion of the 1/f noise above 

may reflect only the best film quality obtained, and that this may not be a rigorous lower limit of 

the 1/f noise.     
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20Fig. 3-8. 1/f Noise and its dependency on film quality 

  

Fig. 3-8.  HgTe CQD films drop-casted between Au electrodes with a gap length of 2 μm. a): 

Drop-casted film with no cracks. b): Drop-casted film with defects in the film. c): Drop-casted 

film with cracks on one side of the Au electrode. d). 𝑆𝑆𝐼𝐼/𝐼𝐼2 measured against biased applied 

across the three different devices. Black: The ‘good’ device used in all measurement discussed 

in this chapter. Blue: ‘poor’ devices with holes inside the film. Red: ‘poor’ devices with cracks 

on one side of the electrodes. 
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3.12 Methods 

Materials. HgCl2 (≥98%), HgBr2 (97%), 1,2-ethanedithiol (≥98.0% (GC)), HCl (ACS reagent, 

37%), 2-Mercaptoethanol (≥99.0%), butylamine (99.5%), isopropanol (≥99.7%, FG), and 

anhydrous solvents (octane, toluene, chlorobenzene, and methanol) were purchased from Sigma 

Aldrich and used as received. Anhydrous N,N-Dimethylformamide (DMF, 99.8%) and HgCl2 

(98+%) were purchased from Alfa Aesar and used as received. Oleylamine was purified 

following our reported procedures. Bis(trimethylsilyl)telluride (98%) was purchased from Acros 

and stored inside the freezer in a nitrogen glovebox. N-type Si wafers (Res. ≤0.005 ohm.cm) 

with 300-nm-thick thermal oxide were purchased from WaferPro.  

HgTe Synthesis. The synthesis of HgTe CQDs is modified upon a previously reported method. A 

solution of 36 mg HgCl2 (0.133 mmol), 21 mg Hg(OAc)2 (0.067 mmol) and 4 mL oleylamine 

(OAm) is heated to 90oC temperature inside a nitrogen glovebox until all Hg compounds have 

dissolved. The solution is then rapidly heated up to the desired temperature for nanocrystal growth 

(110 °C, with larger nanocrystals obtained at higher temperature). Meanwhile, a solution of 10 μL 

of bis-(trimethylsilyl) telluride (TMS2Te, 0.035 mmol) in 500 μL of anhydrous toluene. The 

toluene must be fully transparent after adding the TMS2Te to ensure no small nuclei of Te is 

formed. This TMS2Te solution is rapidly injected into the Hg compound solution and heated at the 

injection temperature for exactly 1 min. Another solution of 65 μL of TOPTe is dissolved in 500 

μL of oleylamine preheated to 100oC. After the 1 min reaction of TMS2Te, this TOPTe solution is 

also injected into the reaction mixture dropwise slowly over 5 minutes. The solution is immediately 

quenched with 4 ml of cold Toluene.  

The QDs are redispersed in Toluene, and subsequently precipitated again with isopropanol and 

centrifugation. The resulting QDs are dispersed in Octane before ligand transfer. For the high-
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mobility HgTe QDs, the oleylamine capped in Octane are mixed with 5 mL of DMF with 0.025 

mM HgCl2, 140 μL of 2-mercaptoethanol, and 400 μL of butylamine in a glovebox. Shaking 

resulted in the transfer of HgTe QDs from Octane to DMF phase. The solution of dots is cleaned 

twice with Octane. The solution is then precipitated with antisolvent toluene and centrifugation 

at 4000 rpm for 1 min, the final precipitate is redispersed in a small amount of DMSO. 

Device Fabrication. The FET is made with three pairs of evaporated gold electrodes with 

width/gap-length pair of 10 μm/500 μm; 5 μm/250 μm; 2 μm/100 μm. The underlying substrate 

is made with doped Si wafer with 300 nm of thermally grown SiO2. The device is first heated to 

70oC and treated with 1% HCl/H2O. The hybrid ligand exchange HgTe CQD is dropcasted onto 

the FET and quickly dried by removing excess solvent from the surface using Kimwipe. After 

the dropcasted HgTe film is dried on the hotplate for 1 hour under nitrogen, a layer of polyvinyl 

butyrol is spincoated on the surface of the FET, and device is further dried under nitrogen 

overnight. The device is then used for measurement.  

Mobility Measurement. The differential mobility of the HgTe film is measured using the slope 

of the FET transport curves. The maximum biases applied in the device is around 2 V, the gate 

voltage we applied is between -15 V to 15 V. As the FET is in the linear regime, the formula for 

the mobility is given as, 𝜇𝜇 =  𝜕𝜕𝐼𝐼𝑑𝑑𝑑𝑑 𝜕𝜕𝑉𝑉𝑔𝑔⁄

𝑉𝑉𝑑𝑑𝑑𝑑
 𝐿𝐿
𝑊𝑊𝐶𝐶𝑖𝑖

 where Ids is the drain−source current, Vg is the gate 

potential, Vds is the source-drain bias voltage, Ci is the capacitance of the 300 nm SiO2 gate 

dielectric, L is the channel length, and W is the channel width. 

Optical Absorption. Infrared spectra were collected with a Thermo Nexus 670 FTIR in 

transmission mode with the film prepared on a ZnSe prism and the absorption measured in total 

internal reflection.  

Transmission Electron Microscopy (TEM). TEM images were obtained on a FEI Tecnai Spirit 
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or F30 microscopes at 300 kV. 

Size Distribution Measurement.  CQD sizes are analyzed manually from the TEM images, and 

the size histogram is fitted with a gaussian function. The volume is calculated using the mean 

radius/apex to base distance as the diameter of a perfect sphere. 

 
21Fig. 3-9. Absorption Spectrum and the TEM of the high mobility dots 

3.13 Appendix 
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Fig. 3-9.  a). Absorption Spectrum of the HgTe CQD film, after cleaning 2 times with 

oleylamine ligands (Red) and after hybrid-ligand transfer (Blue) b): FET image of the HgTe 

CQDs synthesized as discussed in Section 3.12. 
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Chapter 4: Intraband Transition of HgTe Nanocrystals for Long-

Wave Infrared Detection at 12 Microns 

In Chapter 3, I studied the charge carrier mobility and the conductance of highly monodispersity 

sample of HgTe.  

The improvement in the transport properties and the lowering of the 1/f noise make HgTe a 

promising material for infrared detection. Traditionally, infrared photodetection with HgTe uses 

the interband transition, mostly due to HgTe film have an air-stable intrinsic doping level in the 

mid-wave and long-wave infrared range. However, the synthesis of large monodispersed HgTe 

presented allows for controlled n-type doping up to 2 electrons per dot. This enables the 

intraband transitions to be studied and used in the detection of long-wave infrared light. 

Recently, intraband detectors have been made using HgSe CQDs. The greatest advantage of 

HgSe is the ease of doping due to the naturally populated 1Se states. However, the synthesis of 

HgSe is not as well controlled as HgTe resulting in poor monodispersity. This causes the 

mobility of HgSe even after ligand exchange to be an order of magnitude lower than that of 

HgTe, resulted in HgSe intraband photodetectors having lower detectivity when compared to 

interband HgTe of the same wavelength. Therefore, study of the intraband transition of HgTe 

will be beneficial both for understanding its optical properties as well as the making good 

intraband photodetectors.  

In this chapter, I will discuss improvements in synthesis that leads to a stable n-doping of HgTe 

CQDs with intraband transition in the long-wave infrared range. Its optical properties are 

characterized, and the temperature dependence of this transition explained using a 14-band 

model. Finally, I use this film of HgTe to demonstrate a device detectivity over 107 Jones at 11 

μm. The highest value to date for a long-wave CQD photodetector. 
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4.1 Introduction 

Infrared optoelectronic devices uses mostly crystalline materials, such as InGaAs or HgCdTe and 

epitaxial superlattices with intersubband transitions.1,2 Colloidal quantum dots (CQDs) proves to 

have potential in the field as they have optoelectronic properties that can be readily tuned by 

controlling the nanocrystal size, shape, and surface passivation.3–6 Most research on these materials 

has focused on their interband transitions, which occur between the quantum confined states 

derived from the bulk valence and conduction bands. However, intraband photodetectors could be 

advantageous due to its independence on the band gap. 5 The intraband transitions, which are 

transitions between the quantum confined states within one band have no such restriction. This is 

potentially advantageous especially in the mid-wave (3-5 microns) and long-wave (8-12 microns) 

infrared, where there are very few bulk semiconductors with small enough bandgaps.7  

CQD intraband photodetectors have started to be explored in the mid-wave infrared (MWIR) with 

quantum dots that include HgSe, HgS, Ag2Se and PbS.7–12  HgSe is the most studied because it 

shows ambient n-doping. Ag2Se is the main example of a wider gap and low toxicity material that 

also shows stable ambient n-doping and is being investigated as a intraband photodetector.8,13 

Lead-chalcogenides CQDs do not satisfy the low toxicity requirement but stable n-doping has been 

recently achieved.14,15 This has led to the study of the intraband transition of PbS quantum dots 

close to the long-wave infrared (LWIR) range, and to the demonstration of photoconductive 

devices up to 8 microns.15,16 The cubic lead chalcogenides have a 4-fold degeneracy of the band 

gap. As a result, an intraband detector needs n-type doped CQDs with 8 electrons per dot in order 

to achieve the maximum intraband absorption as well as the minimum dark current.  

A previous demonstration of  LWIR detection with CQDs used the interband transition of rather 

large CQDs, between 15-20 nm HgTe CQDs, and it showed photoconduction up to 12 microns.16 
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The same coverage could, in principle, be obtained with the intraband absorption of smaller HgTe 

CQDs, around 12-15 nm, which can be stably n-doped in ambient condition.17 The potential 

advantage over PbS is that the absorption of the intraband transition is maximized with only 2 

electrons doping due to the 2-fold spin degeneracy of the 1Se state. Moreover, the multiple 

degeneracy (2 x 4 = 8) of the 1Se state in PbS might contribute to a broadened lineshape compared 

to the 2-fold degeneracy in HgTe.18 Additionally, in HgTe CQDs, there is a sizable spin-orbit 

splitting of the 1Se-1Pe transition, such that a distinct lower energy transition emerges which is 

assigned to 1Se-1Pe1/2.19 It is singly degenerate, except for spin, and could therefore be quite 

narrow, limited by size distribution and thermal broadening, which makes it a good candidate for 

LWIR photodetection. This work reports on the absorption coefficient, linewidth, and temperature 

dependence of this intraband transition of the quasi-spherical HgTe quantum dots, and it explores 

its use in a thin photoconductive device. 

 

4.2 Synthesis of N-type quantum dots 

HgTe CQDs with an intraband transition in the 10-micron range require an average size in the 12-

15 nm range. The doping depends on the conditions of the reaction as well as the reactivity of the 

precursors. The synthesis using TMSTe produces naturally n-doped quantum dots,19 and in this 

work, the synthesis is adjusted to dope the HgTe CQD close to 2e- / dot to obtain the lower energy 

intraband transition between 800cm-1 and 1000cm-1.  
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22Fig. 4-1. Spectrum, TEM and mobility of the dots for the experiments. 

The synthesis follows Shen et al.19 It involves dissolving 0.2 mmol of HgCl2 in 4ml of oleylamine 

(OAm), while stirring on a hot plate under an inert atmosphere, at 90oC for 30 min to ensure that 

the solid is fully dissolved. The temperature is then raised to 110oC before injecting 0.1 mmol of 

TMSTe prediluted in 500 μl of toluene. The solution turns black immediately and is left to react 

for 5 mins before quenching by adding 5ml of TCE. The dots are then cleaned twice by 

precipitation with methanol and redissolution in chlorobenzene. Films are made by drop-casting 

in ambient conditions. The OAm ligands are removed by rinsing the films with solutions of 2% 

ethanedithiol (EDT) and 2% hydrochloric acid (HCl) dissolved in isopropanol (IPA) to make the 

CQD film conductive. The resulting film absorption at this point is shown as the blue curve Fig. 

Fig. 4-1. a). Absorption spectra of HgTe CQDs film. The blue spectrum is prepared from the 

quenched and cleaned reaction mixture and then rinsed with a solution of isopropanol and 2% 

EDT.  Red spectrum, HgBr2 is added before quenching the reaction mixture, the film is rinsed 

with a solution of isopropanol and 2% EDT/HCl. Green spectrum, same film as the red spectrum 

after rinsing with a solution of HgBr2/TBP. b). TEM image of the synthesized HgTe CQD, inset: 

radius histogram. c).  FET conductance of the HgTe film at two doping levels, 1e/dot (Blue) and 

2e/dot (Red) doping of the 1Se state. 



94  

1a. Though the starting dot in solution is n-doped, after the EdT/HCl/IPA treatment in air, there is 

little residual n-doping.  This complicates intraband device fabrication, as the EdT ligands 

exchange provides conductivity, but also partially removes the n-doping and diminishes the 

intraband absorption. Therefore, a modified synthesis and film preparation is necessary.  The first 

modification to the synthesis is to add additional Hg2+ ions during the reaction. It has been shown 

that exposing the HgTe CQD solutions or films to more Hg2+ ions increase the n-doping.20–22 This 

is explained by a decreased electronic potential energy due to presence of Hg2+ attracting negative 

ligands, forming a dipole which stabilizing the electron states in the HgTe CQD to be more n-type. 

Similarly, polar solution exchange in the presence of excess Hg2+ allows to tune the n-doping of 

the resulting inks.17,23 Therefore, we first increase the doping in the solution by adding Hg2+ in the 

reaction mixture prior to quenching. A high excess concentration,10-fold or more, leads to rapid 

and complete dissolution of the colloids, whereas a 4-fold excess or less, does not lead to rapid 

dissolution but increases the n-doping. To increase the doping, we therefore dissolve 0.2 mmol of 

HgBr2 in 500 μl of OAm and inject the solution into the reaction mixture at 110oC, 4 min after the 

start of the reaction, and the solution is quenched with TCE 1 min afterwards. The quenching 

prevents potential etching and Ostwald ripening that would eventually take place. The solution is 

then precipitated with isopropanol and redispersed in chlorobenzene, and a second precipitation 

and redispersion is used before storage in chlorobenzene. The HgTe solution is then drop-cast in 

air on a substrate to make a film of 50-100 nm. At this stage, the film doping is around 1e-/ dot 

corresponding to the red spectrum in Fig. 4-1a). 

 

In order to further increase the doping to 2e-/dot, the films are rinsed at 60oC for 1 minute with a 

solution of HgBr2 (0.01mmol) and tributylphosphine (TBP) (400 μl) dissolved in 5 ml IPA. This 
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also increases the n-doping with only minor spectral changes, and the effect is assigned to the 

adsorption of Hg2+ while the TBP is a reductant that counters oxidation in air. Once the film is 

made, if the doping is not exactly at 2e-/dot, one can modify the doping by placing the samples in 

different atmospheric conditions. Leaving the films in air slowly lowers the n-doping whereas 

leaving films under dry N2 within the infrared spectrometer compartment or under vacuum in a 

cryostat increases n-doping. This modification is weak but can serve to finely tune the doping 

before measurement. 

 

The green spectrum in Fig. 4-1a shows data for a typical sample. As the intraband transitions 

around 1000cm-1 gain strength, the interband edge transition around 1700cm-1 is bleached, while 

the higher energy transition are unaffected. Fig.4-1b shows a TEM image of the synthesized dots 

with a size histogram and standard deviation of around 8%.  The doping at 1 e-/dot and 2 e-/dot  is 

verified in Fig.4-1c which shows FET data of the samples corresponding to the synthesis and 

synthesis + HgBr2/TBP treatment.20 

 

 

4.3 Intraband optical constants of HgTe CQD film 

For mid-IR HgTe films, an index of refraction of 2.1 + 0.1i has been used to simulate the optical 

properties.24 A slightly larger value of 2.25 + 0.13i has been reported for the same type of CQDs.25 

The precise value depends on the band edge, as well as the packing and shape and therefore the 

nature of the dots. Of particular interest here is the relative strength of the imaginary index between 

interband and intraband transitions, and their associated absorption coefficients. The refractive 

index for the intraband transition of HgTe CQDs is determined by fitting transmission data of a 
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thin film of measured thickness. The CQD solution is drop-cast on a ZnSe window in a single cast 

and rinsed with EdT/HCl to obtain a fairly intrinsic sample. The ZnSe plate is used because its 

refractive index of ~2.41 is close to the refractive index of HgTe films, thus reducing the error 

from the difference in reflection of the HgTe film and the ZnSe itself. The thickness of this film is 

80nm, measured using the LEXT microscope.  

 

The position and angle of the sample are maintained during temperature dependent measurements 

to minimize potential variation due to film thickness and angle of incidence. This also means that 

changing the doping once the film is deposited cannot be done using the HgBr2/TBP method 

described in the synthesis section, since this requires moving the sample from the spectrometer. 

Therefore, the full intraband spectrum is constructed by first measuring two spectra at different 

doping levels after exposure to air and nitrogen atmospheres. Then, the 2e-/dot intraband spectrum 

is obtained by adding the difference spectrum of the two spectra until the absorbance is minimized 

between the intraband and interband transitions. The initial spectrum and the spectrum after 

waiting in a nitrogen atmosphere are shown in Fig. 4-2a). The raw spectra are processed to remove 

the vibrational features of hydrocarbons, CO2 and water vapor. The constructed 2 e-/dot spectrum 

is shown in Fig. 4-2b). The raw transmission spectrum is shown in the appendix.   

The absorption coefficient is given by 4πk/l where k is the imaginary index of refraction and l the 

wavelength. Thus, Fig. 4-2b already shows that the intraband absorbance at 850cm-1 is about 2 

times that of the interband absorbance at 2400 cm-1 and this indicates readily a ~ 5 times larger 

absorption coefficient for the intraband if this difference is purely due to absorption.  

23Fig. 4-2. Intraband absorption and the simulated refractive index 
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Fig 4-2. b) is fitted with 5 Gaussian and one parabolic/linear function  
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where 𝐻𝐻(𝜐𝜐� − 𝜐𝜐0) is the Heaviside function which equals to 1 when 𝜐𝜐� > 𝜐𝜐0. 

The parameters used to fit the spectra is given as 

 𝐴𝐴𝑖𝑖 𝜇𝜇𝑖𝑖 (cm-1) 𝜎𝜎𝑖𝑖(cm-1) 

Fig. 4-2. a). Absorbance of the HgTe CQD film measured on a ZnSe plate, with two doping levels, 

after treatment with 2% EdT/HCl (Blue) and after 30 min in N2 atmosphere (Red). b). Reconstructed 

absorbance spectrum when the intraband is fully doped and the first interband peak is bleached. The 

spectrum is then fitted with 5 gaussian and a parabolic function. c). Derived values of εr and εi. d).  

n,k values calculated from the εr and εi. 
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Gaussian 1 0.01529 842.37 58.19 

Gaussian 2 0.02002 1059.49 144.11 

Gaussian 3 0.00131 1223.54 53.75 

Gaussian 4 0.00833 2345.73 341.66 

Gaussian 5 0.00754 3409.95 323.11 

 
 𝐵𝐵0 𝜐𝜐0(cm-1) 

Parabolic 8.257 × 10-6 1418.42 

 
The resulting function is used for the calculation for 𝜀𝜀𝑟𝑟 and 𝜀𝜀𝑖𝑖. 
 
To account for possible changes in reflection, the complex dielectric constant must be determined. 

To do this, the transmission spectrum is first fitted with five Gaussian functions plus one parabolic 

function above the band gap as shown in Fig. 4-2b). The imaginary part of the dielectric constant 

is then calculated from a linear combination of five Gaussians with the same fixed positions and 

widths, and with adjustable amplitudes. The real part of the dielectric constant is calculated using 

the Kramers-Kronig relationship with the integral limited to 500cm-1 and 7000cm-1, plus a constant 

𝜀𝜀∞. Since the transmission spectrum is not very sensitive to the real index of refraction, 𝜀𝜀∞ is 

chosen such that the real refractive index 𝑛𝑛 = 2.1 at high frequency in order to match previous 

determinations.  

A simple algorithm is then used to adjust the amplitudes to best fit the experimental spectrum. 

Using the dielectric constants and a film thickness of 80 nm, the transmission spectrum of the film 

on the ZnSe plate is simulated using the transfer matrix method. The amplitudes are iteratively 

adjusted in order to minimize the square difference between the calculated and experimental 

spectra. A more detailed description of the fit and numerical algorithm is discussed in the below 

in Fig. 4-3. The calculated real and imaginary index of refraction for the film are shown in Fig. 4-

2c. The associated real and imaginary refractive index 𝑛𝑛,𝑘𝑘 are shown in Fig. 4-2d. 
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Flow Chart for the Algorithm is given as 

 

24Fig. 4-3. Flow Chart of the Simulation Algorithm 

The real and imaginary index of the dielectric constant is calculated using the following 

algorithm. 

1. From the Transmission Spectrum, fit the data with the 5 Gaussian functions with 

amplitudes 𝐴𝐴𝑖𝑖, peak position 𝜇𝜇𝑖𝑖 and width 𝜎𝜎𝑖𝑖. We take this fitted spectrum in Fig. 2b. to 

be the baseline transmission spectrum for optimization such that the spectrum noise is 

minimized. 

2. Construct the imaginary dielectric constant using 5 Gaussians with the same peak 

position 𝜇𝜇𝑗𝑗 and width 𝜎𝜎𝑗𝑗, but with a guessed initial amplitude 𝐴̃𝐴𝑗𝑗. The imaginary dielectric 

constant is chosen to be fixed at the value after the 5th Gaussian at 3400 cm-1. 

Fig. 4-3, Flow chart for the simulation algorithm for calculating the dielectric constants of the HgTe 

film. 
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3. Using the Kramers-Kronig Relations, the real dielectric constant is calculated from the 

imaginary dielectric constant by the following formula: 

𝜀𝜀𝑟𝑟(𝜔𝜔) =  
2
𝜋𝜋𝑷𝑷

�
𝜔𝜔′𝜀𝜀𝑖𝑖 (𝜔𝜔′)
𝜔𝜔′2 − 𝜔𝜔2 𝑑𝑑𝜔𝜔

′
7000

500
+ 𝑐𝑐𝑐𝑐𝑛𝑛𝑠𝑠𝑠𝑠. 

where 𝜀𝜀𝑖𝑖 (𝜔𝜔′) is the imaginary dielectric constant at wavenumbers from 500 cm-1 to 7000 

cm-1. The constant in this equation is used to address the fact that the integral is only 

between a limited range. This constant is chosen to be around ~4.4 at 7000 cm-1 such 

that, when calculating the real dielectric constant 𝑛𝑛 from the dielectric constant, 𝑛𝑛 = 2.1 

is fixed at 7000 cm-1. 

4. 𝑛𝑛 and 𝑘𝑘 values calculated at every wavenumber 𝜔𝜔 using the simulated dielectric constant. 

5. Using the 𝑛𝑛 and 𝑘𝑘 values calculated, we use the TMM simulation for the transmission of 

the 80 nm HgTe film on the ZnSe plate, taking ZnSe plate to be the background.  

6. The square difference of this spectrum is calculated.   

𝑆𝑆 =  � (𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔) − 𝑡𝑡𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝜔𝜔))2
7000

500
 

7. Step 2-6 is repeated iteratively such that we optimize the value 𝐴̃𝐴𝑗𝑗 in step 2 so 𝑆𝑆 is 

minimized.  

 

The k value in the interband absorption region is close to 0.1, similar to the previously reported 

optical constants. However, a much higher k of 0.6 is attained at the peak of the intraband transition 

around 1000cm-1. The corresponding absorption coefficient is 4πk/l = 7500 cm-1. For comparison, 

the absorption coefficient is ~ 3000 cm-1 for bulk MCT around 10 microns.7 The intraband 

absorption of the HgTe CQDs films is therefore very strong, greater than bulk MCTs despite the 
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moderate packing density of CQDs. The strength of the intraband absorption is therefore an 

interesting advantage over the interband transition. 

 

4.4 Temperature dependence of the HgTe CQD intraband transition 

The temperature dependent spectra of the HgTe CQD film are shown in Fig. 4-4a. They are 

measured using FTIR transmission of a thin film of HgTe CQDs on a ZnSe window inside a 

cryostat with front and back ZnSe windows. These windows prevent measurement below ~ 600 

cm-1, thus absorbance is not meaningful below 750 cm-1.  

 

The intraband transitions blue shift and narrows upon cooling to 80K while the spin-orbit splitting 

increases and the interband transition redshifts.  The energies of the intraband and interband 

transitions are shown in Fig. 3b.  The thermal shift, defined as the slope 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑, is positive for the 

interband transition and negative for the intraband transition.  

 

The thermal shifts of semiconductor bandgaps are typically fitted with empirical models, while 

being physically attributed to the increasing atomic motion which changes the energy of the 

bands.26  Fan introduced a 2nd order perturbation model for electron-phonon coupling to describe 

the thermal shift of wide gap semiconductors.27 With wide gaps, the lowest energy state of a band 

couples only with higher energy states within the same band, and this 2nd order intraband coupling 

leads always to a negative thermal shift, which narrows the gap at high temperatures. Keffer et al 

later showed that, with narrow gap semiconductors, interband coupling becomes possible and it 

can induce a positive thermal shift.28 Moreover, the bands themselves move in various directions 

with temperature.  
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Fig. 4-4. a). Intraband absorption of LWIR infrared HgTe QD from 80K (Blue) to 300K (Red). 

Measured on the ZnSe substrate. b).  Prediction of the intraband (Black) and interband (Blue) 

transition position using the 14-band model. Experimental data are shown as dots (1st Intraband: 

Red, 2nd Intraband: Blue, 1st Interband: Green).  c).  Conductance band structure of the 14-band 

k.p model (below) and 8-band k.p model (above), dot radius r0 = 6.6 nm. (80K: Blue, 300K: Red) 

d).  FWHM of the 1st and 2nd intraband absorption peak and extrapolating the inhomogeneous 

linewidth for the two transitions.  

 

 

25Fig. 4-4. Intraband Transition and its temperature dependence, with the prediction by the k.p model 
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For CQDs, Olkhovets et al first reported the thermal shifts of PbS and PbSe CQDs and observed 

that they were positive for large particles and negative for small particles.29 Their qualitative 

explanation followed Keffer et al. As the large particles follow the bulk band gap, their interband 

coupling dominates and leads to a positive shift. For the highly confined particles, the intraband 

coupling dominates giving a negative thermal shift. HgTe nanocrystals showed qualitatively 

similar behavior.25 The opposite thermal shift for intraband and interband transitions, seen here as 

well as in PbS and HgSe CQDs.15,30 Following Olkhovets et al, Ramiro et al qualitatively argued 

that 1Se, being the lower energy state of the conduction band, has a stronger negative thermal shift 

than 1Pe, which then explains a negative thermal shift of 1Se-1Pe.29,31,32 However, one also could 

qualitatively argue that the 1Se is closer to the valence band state than 1Pe, and that the interband 

coupling gives it a stronger positive thermal shift than 1Pe, and reach the oppositive conclusion. 

Qualitative electron-phonon coupling arguments therefore do not seem very satisfying.   

 

An alternative explanation could rely on a good and independent description of the bands and their 

temperature dependence. A first order description of the conduction band of HgTe or HgSe is a 2-

band or 8-band 𝑘𝑘 ∙ 𝑝𝑝 model. In these models, the only temperature dependent parameter is the gap 

between the Hg and Te Bloch functions at the Γ point.33 With a gap varying from -0.31eV at 0 K 

to -0.15eV at 300 K, the 8-band 𝑘𝑘 ∙ 𝑝𝑝 conduction band is shown in Fig. 4-4c. Assuming a simplistic 

infinite spherical boundary conditions, the 1Se state is at a wavevector p/R and the 1Pe state at 

4.49/R. The lower temperature pulls the band down and this reduces the interband energy since 

the massive hole state is nearly nondispersive. This 8-band model therefore describes the interband 

thermal shift of large HgTe particles well. However, it fails to reduce or invert the thermal shift 

for the small particles, and it fails to produce a negative thermal shift for the intraband transition. 
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The reason is clear in Fig. 4-4c, which shows that the conduction band at 80K is mostly shifted 

upwards at 300K. This predicts a very small positive thermal shift of the intraband transition, as 

seen in Fig. 4-4b, which is opposite to what the experimental data have shown. 

 

With the failure of the 8 band model, we explored a 14-band model recently introduced by 

Moghadam et al, who built it to explain the negative thermal shift of highly confined HgTe 

platelets, and the effects of  pressure, rather than resorting to electron-phonon coupling 

arguments.34 The model introduces a second conduction band around 2.2 eV above the band gap, 

with 𝑘𝑘 ∙ 𝑝𝑝 interactions to the first conduction and the valence band. We then used the same model 

with slight adjustment to account for the difference in dot size to better model the energy 

transitions. As shown in Fig. 4-4c, at higher k-values, the increasing interaction with the upper 

band pushes the first conduction band downward with a stronger curvature at 300K than at 80K.  

As a result, the slope between 1Se and 1Pe is smaller at 300K than at 80K which leads to a negative 

thermal shift, in the same direction as the experiment. It is this new downward curvature that gives 

the fair rendering of the thermal shifts of both the interband and intraband shown in Fig. 4-4b. The 

model is described in the Section 4-9.  Admittedly, we use a very simplistic description of the 

quantum dot states. The additional conduction band and its position will have to be supported by 

other measurements, and a theory of the quantum dot states will have to include the spin-orbit 

splitting. Nevertheless, we believe that the thermal changes of the band structure should provide a 

better explanation than qualitative electron-phonon coupling arguments, while the spectroscopic 

data can help refine the band parameters. 
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4.5 HgTe intraband homogeneous and inhomogeneous broadening 

The narrowing of the spectra in Fig. 4-4d is striking. With the FWHM of the intraband absorption 

decreasing from 130cm-1 to 110 cm-1 to 80K, this is about one third of the interband transitions 

widths for HgTe CQDs, and it may be the narrowest ensemble linewidth reported for colloidal 

quantum dot electronic transitions. The inhomogeneous linewidth should arise mostly from the 

variation in size and shape, and be temperature independent.30 With this assumption, extrapolating 

to 0 K, the inhomogeneous linewidth of 1Se-1Pe1/2 is ~100 cm-1. The TEM-derived size distribution 

standard deviation of 8% shown in Fig. 4-1b, implies a larger inhomogeneous FWHM of 167 cm-

1 using the dispersion from the 14-band model.  It is possible that the size distribution is narrower 

than the TEM size distribution, which could be broadened by the various projections of the quasi-

spherical shapes.   

The homogeneous width is typically due to dephasing by electron-phonon coupling.21,36 With 

acoustic phonons or low energy optical phonons as for HgTe, the homogeneous linewidth is 

expected to increase linearly with temperature.37–39 We can then extract some measure of the the 

homogeneous width from the temperature dependence. The convolution of a Gaussian and a 

Lorentzian gives a Voigt lineshape40 with a width given by 

𝑓𝑓𝑣𝑣~
𝑓𝑓𝐿𝐿
2 +  �

𝑓𝑓𝐿𝐿2

4 +  𝑓𝑓𝐺𝐺2  

where the Gaussian widths, fG, is taken to be 100cm-1, and the Lorentzian width is fL. The Lorenzian 

homogeneous linewidth fL is then calculated to be 70 ± 15 cm-1 at room temperature. The narrow 

width is relevant as it minimizes dark current from low energy thermal excitation and is also 

relevant for electron transport.  

Finally, the spectra show an increasing spin-orbit splitting at low temperatures. The very large 
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splitting of 400cm-1 has previously been discussed by Delerue and coworkers within a tight binding 

model,33 and it will be interesting to refine the model and explain the thermal trends. 

  

 

 

4.6 Intraband detection and HgTe CQDs 

The intraband transition is strongly absorbing, narrow, tunable within the thermal IR detection 

range of 8-12 microns and is weakly temperature dependent. We therefore explored its use as a 

LWIR photoconductor using a film prepared as discussed above. In order to maximize the device 

absorption at 10 mm, we used a ¼ wave reflector as a substrate. An FET is also present on the 

substrate and is used to measure the doping of the CQD film.  

The photoresponse spectrum of the film is measured with an FTIR spectrometer in regular 

scanning mode. The spectrum shown in Fig. 4-5a is taken at 80K, showing a photoresponse in the 

8–12-micron range. It is normalized to the response of a DTGS pyroelectric detector, by dividing 

by the DTGS spectrum. This should approximately follow the absorption spectrum and spectral 

detectivity for a fast photon detector. The spectrum is compared to a simulated absorption spectrum 

calculated using the transfer matrix method and the optical constants determined at room 

temperature and extrapolated to low temperatures (See Section 4.11). The result is shown in Fig 

4-5a and is in a fair agreement except for the additional narrow features around 10-12 microns, 

which we tentatively assign to interference effects within the interdigitated electrodes.   
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26Fig. 4-5. Longwave intraband device and its characterization 

Fig. 4-5. a) Spectral Detectivity D* (Blue) and Simulated Absorption of the 80 nm HgTe film, 

using n,k value from Fig 2d.) b). Measured dark current density (Blue) and photocurrent density 

(Red). c) IQE (Blue) assuming the simulated absorption and D* (Red). d). Measured mobility 

of 1Se and 1Pe  e). Carrier /dot (Blue) derived from the dark current and expected intrinsic 

values (Red). f) Value of ητ derived from the photocurrent as a function of the carrier/dot.   
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The photoresponse is from a blackbody at 873 K of 3.46 cm2 area and placed 15 cm away. The 

photocurrent and dark current densities are shown in Fig. 4-5b.  The absorption, α, is calculated 

using the measured film thickness  𝑑𝑑   = 80nm, and the absorbed photon flux, 𝛷𝛷𝑎𝑎𝑎𝑎𝑎𝑎, is then 

calculated using the dielectric constants and frequency shifts determined above. The internal 

quantum efficiency (IQE) is then given by  𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐽𝐽𝑙𝑙/𝑒𝑒𝛷𝛷𝑎𝑎𝑎𝑎𝑎𝑎 where 𝐽𝐽𝑙𝑙 is the photocurrent and e is 

the electric charge. The IQE is 3 x 10-3 at 80K, as shown in Fig. 4-5c. No photoresponse could be 

detected above 180K. The noise is largely dominated by 1/f noise at 500Hz, and detectivity is 

quoted for 500Hz. The peak detectivity is then D* = 1.65 x 107 Jones at 80K at 12 microns, with 

a rather sharp drop-off by 14 microns. The detectivity is 3 orders of magnitude lower than 

commercial MCT detectors, but it is an improvement compared to the previous reports of intraband 

PbS at 8 microns, and interband HgTe in the 10 mm range.18,41  

 

The data are analyzed further to provide insight into the performance limitations.42 The IQE of 3 

x 10-3 is assigned to the small ratio of the drift length (𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) to channel length (L= 10 mm), and 

to the charge carrier generation efficiency, 𝜂𝜂, with 𝐼𝐼𝐼𝐼𝐼𝐼 = 𝜂𝜂 �𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓𝑡𝑡
𝐿𝐿
�.  Assuming unity efficiency 

of carrier generation, the drift length is then only 30 nm, such that the carriers barely move a few 

quantum dots across at low temperature. The carrier mobility is measured by FET using the largest 

slopes on either side of the 1Se and 1Pe states, and they are shown in Fig. 4-5d. The mobilities have 

a weak negative temperature dependence from 0.2 cm2/Vs to 0.4 cm2/Vs for 180 K and 80 K 

respectively, with the 1Se mobility slightly smaller than the 1Pe mobility.  Prior results with this 

size of HgTe CQDs and higher mobility with hybrid ligand exchange, showed also a negative 

temperature dependence in this temperature range.20  With the mobility, we estimate a carrier 

lifetime 𝜏𝜏 by 𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = 𝜇𝜇 �𝑉𝑉
𝐿𝐿
� 𝜏𝜏.  With the voltage applied 𝑉𝑉 = 0.5V, the analysis gives very short 



109  

carrier lifetime of ~ 10 ns at 80K, dropping to 100 ps at 180K.  

 

The carrier lifetime can be due to trapping, geminate recombination, and Auger relaxation.  Insight 

into the mechanism can then be obtained by relating the lifetime to the carrier density. To 

determine the carrier density, we model the dark current density as 𝐽𝐽0 =  �𝑛𝑛0𝜇𝜇𝑒𝑒 + 𝑝𝑝0𝜇𝜇𝑝𝑝�
𝑑𝑑

𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑

𝑒𝑒𝑒𝑒
𝐿𝐿2

 

where 𝑛𝑛0 and 𝑝𝑝0  are the average carrier number in 1Se and 1Pe states respectively. 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑  is the 

effective volume of the dot, including the dot and void volumes.  Given the similar mobility in 1Se 

and 1Pe, the expression is simplified to 𝐽𝐽0 = (𝑛𝑛0 + 𝑝𝑝0)𝜇𝜇 𝑑𝑑
𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑

𝑒𝑒𝑒𝑒
𝐿𝐿2

 . This equation is used to obtain 

the total carrier number 𝑛𝑛0 + 𝑝𝑝0 shown in Fig.4e.  For this calculation, the dot radius is taken to 

be 6 nm and the packing fraction is taken to be 50%. The expectation for intrinsic doping is 𝑛𝑛0 +

𝑝𝑝0 = 2�𝑁𝑁𝑣𝑣𝑁𝑁𝑐𝑐𝑒𝑒−𝐸𝐸𝑔𝑔/2𝑘𝑘𝐵𝐵𝑇𝑇  where 𝐸𝐸𝑔𝑔 is the energy gap. We use 𝑁𝑁𝑣𝑣 = 𝑁𝑁𝑐𝑐  =  2 because the 1Se state 

is two-fold degenerate like the 1Pe1/2 state while the 1Pe3/2 state is likely not thermally populated 

at 80K. The energy gap is taken as the transition energy of 1Se-1Pe1/2, from the experimental data 

in Fig. 4-4b. As shown in Fig. 4-5e, the agreement is fair, but an intrinsic system would have a ~ 

5 smaller dark current than observed ay 80K and this suggests that the system is not optimally 

intrinsic, or that the electronic gap is smaller than the 1Se-1Pe transition energy.  

 

The value of  𝜂𝜂𝜂𝜂 derived from the photocurrent data can then be compared to the carrier density 

per dot, as shown in Fig. 4-5f.  A trap-assisted relaxation would have no dependence on carrier 

density, germinate recombination would have a slope of -1, and Auger limited lifetime would have 

a slope of -2. The plot shows a possible slope change at around 10-1 carriers per dot, suggesting 

geminate recombination at 80 K and Auger relaxation at 180K.  Auger relaxation was not expected 

because a proposed benefit of intraband transitions was that Auger would be reduced due to the 
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sparse density of state, based on prior works at 5 microns with interband HgTe CQD and with ~ 

1e-/dot  doped HgSe CQDs. 43,44 The reappearance of Auger for the larger intraband HgTe CQDs 

could be due to the lifting of the 1De degeneracy by spin orbit splitting, building up a density of 

state between 1Pe and 1De. Since Auger elimination was one attractive aspect of intraband CQD 

photodetectors, this will need to be investigated further.     

 
4.7 Conclusion 

The intraband transitions of CQDs are attractive for infrared applications, since they offer a wide 

range of tunability with a priori a greater range of materials. This work expands the spectral range 

of investigation with the study of the intraband absorption of HgTe CQDs in the LWIR around 

1000cm-1 or 10 microns. Spectroscopy shows that the intraband transitions of HgTe CQD has a 5-

fold higher absorption coefficient than the interband transition, with an absorption coefficient peak 

value of 7500cm-1 which enables a strong absorption with thin films. Here we estimate a 20% 

absorption at 11 mm with a 80nm CQD film on a quarter wave reflector. Another beneficial feature 

is the smaller thermal shift of the intraband transitions. The magnitude and opposite signs of the 

interband and intraband thermal shifts were explained by a 14-band k.p model recently developed 

for HgTe. The linewidth of the intraband transition is remarkably narrow for infrared colloidal 

quantum dots with an inhomogeneous width of 100cm-1 and with a smaller homogeneous width 

of ~ 70cm-1 at room temperature. The spin orbit splitting is very large, nearly 400cm-1 for these 

LWIR quasi-spherical HgTe CQDs, and this might be of interest for future magneto-optical 

studies. The spin orbit splitting also spreads the density of conduction states and might allow Auger 

relaxation. This last point emerges indirectly from initial tests of the photoconduction properties 

which show a possible quadratic carrier density dependence of the carrier lifetime already at 180K. 

The quantitative photoconductor study shows that the lifetime is very short, about 10 ns at 80K 
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and that carriers barely travel over a few quantum dots given the moderate applied voltage and 

mobility in these films. Nevertheless, the good attributes that have been found for the intraband 

transition justify exploring this system further and possibly improving performance with higher 

mobility, longer lifetimes, shorter electrode spacings, and better control of the doping.  

 
 

4.8 Methods 

Materials. HgCl2 (≥98%), HgBr2 (97%), 1,2-ethanedithiol (≥98.0% (GC)), HCl (ACS reagent, 

37%), iso-propanol (99%), ethanol (99%) and anhydrous solvents (tetrachloroethylene, hexane, 

methanol) were all purchased from Sigma-Aldrich and used as received. Oleylamine (technical 

grade, 70%) was purchased from Sigma-Aldrich and directly transferred to the nitrogen glove box 

before opening. The purified oleylamine was dried under dynamic vacuum at 120 °C for 2−3 h 

and stored in a nitrogen glovebox. Bis- (trimethylsilyl)telluride (98%) was purchased from Acros 

and stored frozen in a nitrogen glovebox.  

HgTe Synthesis. The synthesis of HgTe CQDs is based on a previously reported method.19 A 

solution of 54 mg HgCl2 (0.2 mmol) and 8 mL oleylamine (OAm) is heated to 100oC temperature 

under nitrogen until all HgCl2 solids have dissolved. The solution is then cooled to the desired 

temperature for nanocrystal growth (85-95 °C, with larger nanocrystals obtained at higher 

temperature). Meanwhile, a solution of 28 μL of bis- (trimethylsilyl)telluride (TMS2Te, 0.025 

mmol or 0.075 mmol) in 500 μL OAm is prepared in a N2 glovebox. The TMS2Te solution is 

injected into the HgCl2 solution and heated at the injection temperature for exactly 5 min. Then, a 

solution of HgBr2 is quickly added to the reaction mixture and left stirring for 1 min. The reaction 

is quickly cooled by injection of 8 mL of anhydrous tetrachloroethylene (TCE) and cooled to room 

temperature under ambient conditions. After the reaction, the QDs are precipitated by the addition 
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of ethanol nonsolvent and subsequent centrifugation. The QDs are redispersed in chlorobenzene 

with 0.1 M didodecyldimethylammonium bromide (DDAB), 0.1 M trioctylphosphine oxide and 

0.1 M of dodecanethiol to increase QD stability, and subsequently precipitated again with 

isopropanol and centrifugation. The resulting QDs are dispersed in chlorobenzene for optical 

measurements.  

Device Fabrication. The device is built upon a silicon/silicon oxide wafer. A square 0.5 x 0.5 mm 

of Titanium is evaporated onto the silicon dioxide directly as a back reflector. Then, 10 nm of 

SiO2, 1 μm of Si, and 100 nm of SiO2 are subsequently grown by plasma enhanced chemical vapor 

deposition acting as the dielectric spacer. The top and bottom layer of SiO2 serve to insulate the 

slightly conducting CVD-grown Si. A Pt interdigitated electrode is deposited on top of the spacer. 

The film of HgTe CQD is then drop-casted with the same procedure as described before, forming 

a final photoconductive device. 

Optical Absorption. Infrared spectra were collected with a Thermo Nexus 670 FTIR in 

transmission mode with the film prepared on a ZnSe prism and the absorption measured in total 

internal reflection.  

Transmission Electron Microscopy (TEM). TEM images were obtained on a FEI Technai Spirit 

or F30 microscopes at 300 kV. 

Size Distribution Measurement.  CQD sizes are analyzed manually from the TEM images, and 

the size histogram is fitted with a gaussian function. The volume is calculated using the mean 

radius/apex to base distance as the diameter of a perfect sphere. 

 

  

about:blank
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4.9 The 𝒌𝒌 ∙ 𝒑𝒑 Modelling for HgTe CQDs 

The band structure of the HgTe CQD can be best described by the  

1. The 2-Band 𝑘𝑘 ∙ 𝑝𝑝 Model 

The 2-band 𝑘𝑘 ∙ 𝑝𝑝 model arise from the zinc-blend tetrahedral symmetry of the crystal lattice, 

where we assume the valence band arising from the anion (Te) is p-like and have 3-fold 

symmetry. The conductance band comes from the cation (Hg) behaving s-like.  

The Schrodinger Equation for a single electron of mass m inside a crystal with potential 𝑉𝑉(𝑟𝑟) 

can be expressed by 

�
p2

2𝑚𝑚 + 𝑉𝑉(𝑟𝑟)� |𝜓𝜓(𝑟𝑟)⟩ = 𝐸𝐸|𝜓𝜓(𝑟𝑟)⟩ 

In the case of being inside a crystal lattice with periodicity of 𝑎𝑎. Bloch’s theorem states that the 

potential and the electron wavefunction will follow the same periodicity, where 𝑉𝑉(𝑟𝑟) =  𝑉𝑉(𝑟𝑟 +

𝑐𝑐𝑐𝑐) and |𝜓𝜓(𝑟𝑟)⟩ =  |𝜓𝜓(𝑟𝑟 + 𝑐𝑐𝑐𝑐)⟩ , where 𝑐𝑐 is any interger. The wavefunction always takes the 

form 

|𝜓𝜓𝑛𝑛,𝑘𝑘(𝑟𝑟)� = 𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖|𝑢𝑢𝑛𝑛,𝑘𝑘(𝑟𝑟)� 

|𝑢𝑢𝑛𝑛,𝑘𝑘(𝑟𝑟)� is called the Bloch function and have the same periodicity as the crystal lattice.  

Substituting the full the wavefunction into the Schrodinger Equation, we would get the 

Hamiltonian in the basis of the Bloch functions. 

𝐻𝐻𝑘𝑘 =  
𝑝𝑝2

2𝑚𝑚 + 𝑉𝑉(𝑟𝑟) +
ħ
𝑚𝑚 𝑘𝑘 ∙ 𝑝𝑝 +

ħ2𝑘𝑘2

2𝑚𝑚  

In this formalism, 𝑝𝑝 ≠ ħ𝑘𝑘 where 𝑘𝑘 is a vector in the reciprocal lattice where 𝑝𝑝 is an operator in 

the real lattice. i.e. 𝑘𝑘 ∙ 𝑝𝑝 =  −𝑖𝑖ħ 𝑘𝑘 ∙ ∇𝑟𝑟. 

The best way to think about the Hamiltonian is through perturbation theory when 𝑘𝑘 is close to 
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the Brillouin zone center, where the unperturbed Hamiltonian being 𝐻𝐻0 =  𝑝𝑝
2

2𝑚𝑚
+ 𝑉𝑉 the energy at 

the zone center where 𝑘𝑘 = 0 , and 𝐻𝐻1,𝑘𝑘 =  ħ
𝑚𝑚
𝑘𝑘 ∙ 𝑝𝑝 + ħ2𝑘𝑘2

2𝑚𝑚
 is the perturbed term can be derived 

from the 1st and 2nd order perturbation theory.  

The simplest example that can be derived from this 𝑘𝑘 ∙ 𝑝𝑝 theory is called the two-band Kane 

model. Using HgTe semimetal as an example, the system comprises of two bands: the 

conductance band 𝑐𝑐 and the valence band 𝑣𝑣. The band gap of the two HgTe being 𝐸𝐸𝑔𝑔 . 

Using the Bloch function of the two bands as the basis of our model, we get 

𝐻𝐻 =  �
⟨𝑢𝑢𝑐𝑐|𝐻𝐻0|𝑢𝑢𝑐𝑐⟩ ⟨𝑢𝑢𝑐𝑐|𝐻𝐻0|𝑢𝑢𝑣𝑣⟩
⟨𝑢𝑢𝑣𝑣|𝐻𝐻0|𝑢𝑢𝑐𝑐⟩ ⟨𝑢𝑢𝑣𝑣|𝐻𝐻0|𝑢𝑢𝑣𝑣⟩

�+ �
⟨𝑢𝑢𝑐𝑐|𝐻𝐻1,𝑘𝑘|𝑢𝑢𝑐𝑐⟩ ⟨𝑢𝑢𝑐𝑐|𝐻𝐻1,𝑘𝑘|𝑢𝑢𝑣𝑣⟩
⟨𝑢𝑢𝑣𝑣|𝐻𝐻1,𝑘𝑘|𝑢𝑢𝑐𝑐⟩ ⟨𝑢𝑢𝑣𝑣|𝐻𝐻1,𝑘𝑘|𝑢𝑢𝑣𝑣⟩

�     

=  �
𝐸𝐸𝑔𝑔/2 0

0 −𝐸𝐸𝑔𝑔/2�+ �
⟨𝑢𝑢𝑐𝑐|𝐻𝐻1,𝑘𝑘|𝑢𝑢𝑐𝑐⟩ ⟨𝑢𝑢𝑐𝑐|𝐻𝐻1,𝑘𝑘|𝑢𝑢𝑣𝑣⟩
⟨𝑢𝑢𝑣𝑣|𝐻𝐻1,𝑘𝑘|𝑢𝑢𝑐𝑐⟩ ⟨𝑢𝑢𝑣𝑣|𝐻𝐻1,𝑘𝑘|𝑢𝑢𝑣𝑣⟩

� 

To obtain the perturbation term, we need some knowledge of the material. Consider the diagonal 

term, since ⟨𝑢𝑢𝑐𝑐|𝑢𝑢𝑣𝑣⟩  =  𝛿𝛿𝑐𝑐𝑐𝑐, the question is about the term ⟨𝑢𝑢𝑐𝑐|−iħ∇𝑟𝑟|𝑢𝑢𝑐𝑐⟩. For crystal lattice with 

inversion center, ⟨𝑢𝑢𝑐𝑐|−iħ∇𝑟𝑟|𝑢𝑢𝑐𝑐⟩  =  0 always. However, crystals of HgTe unit cell 

have  𝐹𝐹4�3𝑚𝑚  symmetry without an inversion center, corresponding to a Bloch function with 𝑇𝑇𝑑𝑑 

symmetry in the group representations where |𝑢𝑢𝑐𝑐⟩ is not antisymmetric. Therefore, to justify 

setting ⟨𝑢𝑢𝑐𝑐|−iħ∇𝑟𝑟|𝑢𝑢𝑐𝑐⟩  =  0, we require that 𝑘𝑘 → 0 at the zone center where the band is at its 

extremum, as such the ∇𝑟𝑟|𝑢𝑢𝑐𝑐⟩ is small in this model., 

⟨𝑢𝑢𝑐𝑐|𝐻𝐻1,𝑘𝑘|𝑢𝑢𝑐𝑐⟩  =  ⟨𝑢𝑢𝑣𝑣|𝐻𝐻1,𝑘𝑘|𝑢𝑢𝑣𝑣⟩  =  
ħ
𝑚𝑚𝑘𝑘 ∙ ⟨𝑢𝑢𝑐𝑐|−iħ∇𝑟𝑟|𝑢𝑢𝑐𝑐⟩  +

ħ2𝑘𝑘2

2𝑚𝑚
⟨𝑢𝑢𝑐𝑐|𝑢𝑢𝑐𝑐⟩  =

ħ2𝑘𝑘2

2𝑚𝑚  

Similarly, the off-diagonal term. 

⟨𝑢𝑢𝑐𝑐|𝐻𝐻1,𝑘𝑘|𝑢𝑢𝑣𝑣⟩  =  
ħ
𝑚𝑚𝑘𝑘 ∙ ⟨𝑢𝑢𝑐𝑐|−iħ∇𝑟𝑟|𝑢𝑢𝑣𝑣⟩  +

ħ2𝑘𝑘2

2𝑚𝑚
⟨𝑢𝑢𝑐𝑐||𝑢𝑢𝑣𝑣⟩  =  

ħ
𝑚𝑚𝑘𝑘𝑘𝑘 

where 𝑃𝑃 is defined as  ⟨𝑢𝑢𝑐𝑐|−iħ∇𝑟𝑟|𝑢𝑢𝑣𝑣⟩. P has units of same as momentum, and the magnitude 
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shows the coupling strength between the conductance band and valence band of our model.  

Thus, the two-band 𝑘𝑘 ∙ 𝑝𝑝 model is formulated. Luckily, this has an analytical solution by 

diagonalizing the Hamiltonian, we get the energy of the two bands. 

𝐸𝐸 =  
ħ2𝑘𝑘2

2𝑚𝑚 ± �𝐸𝐸𝑔𝑔
2

4 + �
ħ𝑘𝑘𝑘𝑘
𝑚𝑚 �

2

 

Sometimes in literature, the constant 𝑃𝑃 is given in the unit of energy 𝐸𝐸𝑝𝑝, where 𝐸𝐸𝑝𝑝  =  𝑃𝑃 2

2𝑚𝑚
 . 𝐸𝐸𝑝𝑝 is 

commonly called the Kane parameter or Kane energy. Overall, the 𝑘𝑘 ∙ 𝑝𝑝 model is useful when the 

band gap 𝐸𝐸𝑔𝑔  and the Kane energy 𝐸𝐸𝑝𝑝 can be determined in experiments. The extraction of 𝐸𝐸𝑝𝑝 is 

usually more challenging, and in theory can be calculated from the ab initio band structure. In 

most literature this parameter is fitted to experimental data. 

Such is the description for the band structure of bulk HgTe. For the case of a spherical HgTe 

quantum dot with radius 𝑟𝑟. 𝑘𝑘 is quantized by the boundary conditions. Therefore, for the 

intraband transition, the 1𝑆𝑆 state is taken where 𝑘𝑘 =  𝜋𝜋
𝑟𝑟
, the energy transition for this HgTe CQD 

is described as: 

∆𝐸𝐸 =  �𝐸𝐸𝑔𝑔2 +
ħ2𝜋𝜋2

2𝑚𝑚𝑟𝑟2 ∙ 4𝐸𝐸𝑝𝑝 

At room temperature, for a dot at radius of 5 nm and 𝐸𝐸𝑔𝑔  =  0.122 𝑒𝑒𝑒𝑒 and 𝐸𝐸𝑝𝑝  =  15 𝑒𝑒𝑒𝑒. It would 

predict the transition ∆𝐸𝐸  ~ 1.27 𝑒𝑒𝑒𝑒 or 10000 𝑐𝑐𝑐𝑐−1, much larger than experimentally measured. 

Therefore, though the two-band Kane model is sufficient for most semiconductors, is bad at 

predicting the actual energy levels of the HgTe quantum dots. Heavy metals such as HgTe have 

significant contribution from the spin-orbit interaction in the conductance and valence band, so a 

simple 2-band model is a poor approximation. 
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2. The 8-Band 𝑘𝑘 ∙ 𝑝𝑝 Model 

Conventionally, the modeling of the energy levels in the HgTe CQDs are done using the 8-band 

𝑘𝑘 ∙ 𝑝𝑝 model, where we take the symmetry of the bands and spin-orbit coupling interaction into 

consideration.  

The introduction of the spin-orbit interaction into the Bloch Hamiltonian is given by 

𝐻𝐻𝑠𝑠𝑠𝑠 =
ħ

(2𝑚𝑚𝑚𝑚)2
[(𝜎𝜎 × ∇𝑉𝑉) ∙ 𝑝𝑝 + (𝜎𝜎 × ∇𝑉𝑉) ∙ 𝑘𝑘] 

where 𝜎𝜎 is a vector of the Pauli Spin matrices. Since in this model 𝑘𝑘 ≪  𝑝𝑝, we can ignore the 

second term and rewrite the Hamiltonian by taking the fact that(𝜎𝜎 × ∇𝑉𝑉) ∙ 𝑝𝑝 =  (∇𝑉𝑉 × 𝑝𝑝) ∙ 𝜎𝜎 . 

𝐻𝐻 =  
𝑝𝑝2

2𝑚𝑚 + 𝑉𝑉(𝑟𝑟) +
ħ
𝑚𝑚𝑘𝑘 ∙ 𝑝𝑝 +

ħ
(2𝑚𝑚𝑚𝑚)2

(∇𝑉𝑉 × 𝑝𝑝) ∙ 𝜎𝜎 +
ħ2𝑘𝑘2

2𝑚𝑚   

As the first three term has no interaction with electron spin, a simple model can be constructed 

using the |𝐿𝐿,𝑆𝑆⟩ basis. Where the basis used in this model is given as: 

|𝑆𝑆, ↓⟩,−
𝑖𝑖
√2

|𝑋𝑋 − 𝑖𝑖𝑖𝑖, ↑⟩,−𝑖𝑖|𝑍𝑍, ↓⟩,−
𝑖𝑖
√2

|𝑋𝑋 + 𝑖𝑖𝑖𝑖, ↑⟩ 

|𝑆𝑆, ↑⟩,
𝑖𝑖
√2

|𝑋𝑋 + 𝑖𝑖𝑖𝑖, ↓⟩,−𝑖𝑖|𝑍𝑍, ↑⟩,−
𝑖𝑖
√2

|𝑋𝑋 − 𝑖𝑖𝑖𝑖, ↓⟩ 

Where all the bases are orthogonal. The |𝑆𝑆⟩ states are conventionally taken as the conduction 

band where the |𝑃𝑃⟩ =  |𝑋𝑋⟩, |𝑌𝑌⟩, |𝑍𝑍⟩ are the valence band. In the case for HgTe this is incorrect as 

it has a unique band structure with inverted conductance and valence bands. 

From here, one can compute the Bloch Hamiltonian using the following: 

The Kane parameter is the interaction term between the conductance |𝑆𝑆⟩ and the valence bands 

|𝑃𝑃⟩, which we can denote as. 

𝑃𝑃 =  −ħ �𝑆𝑆� 𝑑𝑑𝑑𝑑𝑑𝑑 �𝑋𝑋� =  −ħ �𝑆𝑆� 𝑑𝑑𝑑𝑑𝑑𝑑 �𝑌𝑌� =  −ħ�𝑆𝑆� 𝑑𝑑𝑑𝑑𝑑𝑑 �𝑍𝑍� 
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By the way basis functions are constructed, all term vanishes except for the |𝑆𝑆⟩ and |𝑍𝑍⟩ 

interactions and only when the spins of the electrons match. E.g. 

 �𝑆𝑆, ↓ �−𝑖𝑖 ħ𝑚𝑚𝑘𝑘 ∙ 𝑝𝑝�𝑍𝑍, ↓� =
ħ
𝑚𝑚𝑘𝑘𝑘𝑘 

The spin-orbit parameter ∆ is the interaction of the angular momentum with the gradient of the 

potential term 𝑉𝑉. Naturally this term only exists for the |𝑃𝑃⟩ orbitals, which is defined as, 

∆ =  𝑖𝑖
3ħ

(2𝑚𝑚𝑚𝑚)2 ⟨𝑋𝑋|∇𝑉𝑉 × 𝑝𝑝|𝑌𝑌⟩ =  
3ħ2

(2𝑚𝑚𝑚𝑚)2 �𝑋𝑋�
∂V
𝜕𝜕𝜕𝜕

𝜕𝜕
𝜕𝜕𝜕𝜕 −

∂V
𝜕𝜕𝜕𝜕  𝜕𝜕𝜕𝜕𝜕𝜕 �𝑌𝑌� 

same for the |𝑌𝑌⟩, |𝑍𝑍⟩ and |𝑍𝑍⟩, |𝑋𝑋⟩ interactions. 

The final matrix, under the bases describe before, would take a block diagonal form, 

𝐻𝐻 =  �𝑀𝑀 0
0 𝑀𝑀� 

where 

𝑀𝑀 =  

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡𝐸𝐸𝑔𝑔 +

ħ2𝑘𝑘2

2𝑚𝑚 0

0 −
2∆
3 +

ħ2𝑘𝑘2

2𝑚𝑚

ħ 

𝑚𝑚𝑘𝑘𝑘𝑘           0

√2∆
3             0

ħ 

𝑚𝑚𝑘𝑘𝑘𝑘          
√2∆

3
0               0

−
∆
3 +

ħ2𝑘𝑘2

2𝑚𝑚 0

0
ħ2𝑘𝑘2

2𝑚𝑚 ⎦
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤

 

∆ is the spin-orbit coupling, and 𝐸𝐸𝑃𝑃 =  2𝑃𝑃2 𝑚𝑚�   is the Kane Parameter in the model.  
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The Band Structure of HgTe can is shown in Fig. 4-6.45  

27Fig. 4-6. Band Structure of HgTe and CdTe 

 

HgTe is commonly referred to be a negative band-gap semiconductor. This is because, as shown 

in Fig. 4-6, the s-type 𝛤𝛤6 band lies below the p-type s-type 𝛤𝛤8 band, under the conventional 

notation of having a negative 𝐸𝐸𝑔𝑔 . This is opposite for most barrier materials (e.g. CdTe) where 

the p-type valence band would be below the s-type conduction band. The spin-orbit splitting 

cause the |𝑃𝑃⟩ like bands to split into the 𝛤𝛤8 bands and 𝛤𝛤7 bands. Therefore, the conductance band 

experimentally is the positive curvature 𝛤𝛤8 band, which would be a light-hole band in other solids 

such as CdTe. 

In most literature, taking only symmetry into consideration, the 𝑘𝑘 ∙ 𝑝𝑝 model constructed with 8-

Fig. 4-6. Band Structure of HgTe and CdTe, adapted from Ref. 45 
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basis Bloch functions is denoted in the form by the total angular momentum of orbit and spin 

|𝐽𝐽,𝑚𝑚𝐽𝐽�.  

�𝛤𝛤6 (𝐽𝐽 =  
1
2), +

1
2  � ; �𝛤𝛤6 (𝐽𝐽 =  

1
2),−

1
2  � 

�𝛤𝛤7 (𝐽𝐽 =  
1
2), +

1
2  � ; �𝛤𝛤7 (𝐽𝐽 =  

1
2),−

1
2  � 

�𝛤𝛤8 (𝐽𝐽 =  
3
2), +

3
2  � ; �𝛤𝛤8  (𝐽𝐽 =  

3
2), +

1
2  � ; ; �𝛤𝛤8  (𝐽𝐽 =  

3
2),−

1
2  � ; �𝛤𝛤8 (𝐽𝐽 =  

3
2),−

3
2  � 

However, this basis function does not form a block-diagonal Hamiltonian nicely. This basis is 

more accurate as it includes the interaction of the spin-splitting and leads to a more accurate band 

structure. In the 14-band 𝑘𝑘 ∙ 𝑝𝑝 model, this will be the basis sets used in forming the Hamiltonian.  

In the Section 4.4, we discussed the modeling of the HgTe bands using this 8-band 𝑘𝑘 ∙ 𝑝𝑝 model, 

the parameters used in the simulation are the following. 

6Table 4-2: Parameters used for the 8-Band k.p model 

Table 4-2: Parameters used for the 8-Band 𝑘𝑘 ∙ 𝑝𝑝 model, the Band Gap and Kane parameters are 

taken from ref.  

𝑅𝑅 6.6 nm 

𝐸𝐸𝑔𝑔  0.303− 0.00063 ∙ 𝑇𝑇
2

(𝑇𝑇 + 11)�  eV

𝐸𝐸𝑘𝑘  15 eV 

∆ 1 eV 

The band structure calculated using the 8-Band 𝑘𝑘 ∙ 𝑝𝑝 model is shown in Fig. 4-7. 
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Band Structure of 8-band model at 300K 

28Fig. 4-7. Simulated Band Structure by the 8-Band k.p model 

Band Structure of 8-band model at 80K 

As shown in Fig. 4-2c) and Fig 4-7 a-b., the curvature of the conductance band flattens as 

temperature decrease, causing the intraband temperature shift to be opposite to the 

Fig. 4-7 a. Simulated Band Structure of the 8-band 𝑘𝑘 ∙ 𝑝𝑝 model at 300K. 

Fig. 4-7 b. Simulated Band Structure of the 8-band 𝑘𝑘 ∙ 𝑝𝑝 model at 80K. 
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experimentally measured result. 

The simulation also gives a wrong prediction of the sign of the curvature of the heavy-hole band 

(shown in Fig. 4-7 as the green curve). i.e. the curvature is slightly positive similar to a 

conduction band, but experimentally the heavy-hole band is still negative. Thus, to explain the 

band structure more accurately, a larger basis set will be necessary.  

3. The 14-band 𝑘𝑘 ∙ 𝑝𝑝 Model

The 14-band 𝑘𝑘 ∙ 𝑝𝑝 model was introduced in El Kurdi et al.,46 however this section directly 

follows the work by Moghaddam et al.,34 which an additional conductance band is introduced to 

the model around 3 eV higher than the energy gap of HgTe, having a p-like 3-fold degeneracy.  

Contrary to the 8-band 𝑘𝑘 ∙ 𝑝𝑝 model, we used the |𝐽𝐽,𝑚𝑚𝐽𝐽� basis function in this model. In addition, 

we added 6 basis function from the 2nd conductance band from the 1st conductance band above 

the band structure in Fig. 4-1.   

As the 2nd conductance band have p-like 𝛤𝛤8 and 𝛤𝛤7 symmetries. The basis function are given as, 

�𝛤𝛤8𝑐𝑐  (𝐽𝐽 =  
3
2), +

3
2  � ; �𝛤𝛤8𝑐𝑐(𝐽𝐽 =  

3
2), +

1
2  � ; ; �𝛤𝛤8𝑐𝑐  �𝐽𝐽 =  

3
2� ,−

1
2  � ; �𝛤𝛤8𝑐𝑐  �𝐽𝐽 =  

3
2� ,−

3
2  � 

�𝛤𝛤7𝑐𝑐  (𝐽𝐽 =  
1
2), +

1
2  � ; �𝛤𝛤7𝑐𝑐  (𝐽𝐽 =  

1
2),−

1
2  � 
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The resulting Hamiltonian is of the form: 

𝐻𝐻 =  

+ħ
2𝑘𝑘2

2𝑚𝑚
 𝐼𝐼𝐼𝐼14 

Where 𝐸𝐸𝑔𝑔 , 𝐸𝐸𝑔𝑔𝑔𝑔  are the 2 band gaps (conductance-valence and conductance-2nd Conductance). 𝛥𝛥, 

𝛥𝛥′ and 𝛥𝛥𝐶𝐶  are the 3  spin‐orbit  couplings, 𝑃𝑃 =  �𝐸𝐸𝑝𝑝ħ2 2𝑚𝑚⁄  , 𝑃𝑃𝐶𝐶  =  �𝐸𝐸𝑝𝑝𝑝𝑝ħ2 2𝑚𝑚⁄  and 𝑃𝑃𝑉𝑉  =

 �𝐸𝐸𝑝𝑝𝑝𝑝ħ2 2𝑚𝑚⁄  are the 3 interaction  matrix elements with the corresponding Kane parameters. 

The Hamiltonian can be viewed nicely with 4 parts, which is shown with different colors.  
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The white block matrix is a diagonal matrix stating the energy levels at the 𝛤𝛤 point, where k = 0. 

The green matrix states the interaction between the |𝑃𝑃⟩-like 2nd conduction band and |𝑃𝑃⟩-like 

valence band. The yellow and purple matrix is the interactions between the |𝑆𝑆⟩-like band and the 

|𝑃𝑃⟩-like 2nd conduction band, and interactions between the |𝑆𝑆⟩-like band and the |𝑃𝑃⟩-like valence 

band respectively.  

 

29Fig. 4-8. . 
Interactions between bands of HgTe 

These interactions are shown in Fig. 4-8., note that the blue curve is the LH band, being the 

actual conduction band measured experimentally. This is similar to the 8-Band model. Most 

difference arise from the presence of the 2nd conduction band temperature dependence of  𝐸𝐸𝑔𝑔𝑔𝑔 . 

The modeling parameters used in section 4.4 are given below.  

These numbers are different from parameter given in Moghaddam et al., which the in this paper 

the parameter are used to fit experimental data in Hudson et al.35 

 

Fig. 4-8. Interactions between bands of HgTe, adapted from Ref.  34 
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Table 4-3: Parameters used for the 14-Band 𝑘𝑘 ∙ 𝑝𝑝 model, the Band Gap and Kane parameters for 

the  

𝐸𝐸𝑝𝑝 are taken from ref. Others are fitted to the experimental data. 

𝑅𝑅 6.6 nm 

𝐸𝐸𝑔𝑔  0.305− 0.00063 ∙ 𝑇𝑇
2

(𝑇𝑇 + 11)�  eV 

𝐸𝐸𝑔𝑔𝑔𝑔  2.2 − 0.003𝑇𝑇 eV 

𝐸𝐸𝑝𝑝 20 eV 

𝐸𝐸𝑝𝑝𝑝𝑝  10 eV 

𝐸𝐸𝑝𝑝𝑝𝑝  3 eV 

𝛥𝛥 0.5 eV 

𝛥𝛥′ −2 eV 

𝛥𝛥𝐶𝐶  1 eV 

 

 

 

7Table 4-3: Parameters used for the 14-Band k.p model 
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Fitting the 14-band model to Experimental Data from Hudson et al.35 
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Fig. 4-9, Fit of the 14-band model with data from Hudson et al. Intraband transition (Blue) and 

Interband transition (Green). 

30Fig. 4-9. Fit of the 14 Band Model with intra/interband transition with data from Hudson et al. 

In contrary to Fig 4-10, the curvature of the conductance band increase around the zone edge as 

temperature decrease, causing the intraband peak to shift bluer as temperature decreases0 the, 

same direction as the experiments measured. 
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31Fig. 4-10. Simulated band structure of the 14-band k.p model 

Band Structure of 14-band model at 300K 

 

Fig. 4-10 a. Simulated band structure of the 14-band 𝑘𝑘 ∙ 𝑝𝑝 model at 300K. The conductance band 

is given as the red curve. 

Band structure of 14-band model at 80K 

 

Fig. 4-10 b. Simulated Band Structure of the 14-band 𝑘𝑘 ∙ 𝑝𝑝 model at 80K. The conductance band 

is given as the red curve. 
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4.10 Modeling of the Photoconductors 

Assuming a photoconductor device with a uniform doping level and thickness, the dark current 

of this device can be described as, 

𝐼𝐼 =  (𝑛𝑛𝑒𝑒𝜇𝜇𝑒𝑒 + 𝑛𝑛ℎ𝜇𝜇ℎ) �
𝐿𝐿𝐿𝐿𝐿𝐿
𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑

�
𝑒𝑒𝑒𝑒
𝐿𝐿2  

𝑛𝑛𝑒𝑒 𝑛𝑛ℎ are the density of electron and hole per dot,  𝜏𝜏 the carrier lifetime, 𝜇𝜇𝑒𝑒  𝜇𝜇ℎ  are the electron 

mobility and hole mobility respectively. 𝐿𝐿 is the length of the channel, 𝑊𝑊 the width of the 

channel and 𝑡𝑡 the thickness of the film. 𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑 is the volume of each dot, including the void spaces. 

Similarity, the photocurrent of this device can be described as, 

𝐼𝐼 =  𝛼𝛼𝛼𝛼𝛼𝛼𝛼𝛼 (𝜇𝜇𝑒𝑒 + 𝜇𝜇ℎ) 
𝑊𝑊
𝐿𝐿 𝑒𝑒𝑒𝑒 

𝛼𝛼 is the optical absorption of the film, 𝜂𝜂 is the probability of ionizing the exciton into separate 

electrons and holes, 𝜑𝜑 is the photon flux (1/cm2 s), and 𝜏𝜏 the carrier lifetime. 

Since 𝛼𝛼 can be simulated using the transfer matrix method using the methods in section 4.11, 𝜑𝜑 

can be estimated using the photon flux using a blackbody with a fixed temperature and solid 

angle, and  𝜇𝜇𝑒𝑒,ℎ can be measured using the in-built FET on the same device. One can 

calculated the internal quantum efficiency IQE by 

𝐼𝐼𝐼𝐼𝐼𝐼 =  
𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

𝑝𝑝ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  
𝐽𝐽𝑝𝑝ℎ/𝑒𝑒
𝛼𝛼𝛼𝛼 =  𝜂𝜂

𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐿𝐿  

𝐽𝐽𝑝𝑝ℎ is the photocurrent density normalized to the device thickness and area. 𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the drift 

length of the generated electron and hole pair. Assuming 𝜂𝜂 ~ 1, one can estimate the 𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 and 

the carrier lifetime 𝜏𝜏, given by, 

𝐿𝐿𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =  𝜇𝜇𝜇𝜇
𝑉𝑉
𝐿𝐿  

With different relaxation mechanism, 𝜏𝜏 would have different dependencies on carrier density. 
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For exciton relaxation dominated by surface trapping, 

𝜏𝜏 −1 =  𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒−1  

𝑛𝑛𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 is the density of traps per unit dot. Therefore, 𝜏𝜏 would have no dependencies on the 

electron and hole density. 

For germinate recombination relaxation, 

𝜏𝜏 −1 = (𝑛𝑛0 + 𝑝𝑝0)𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒−1  

𝑛𝑛0, 𝑝𝑝0 are the density of the electron and holes respectively. 

For Auger relaxation, 

𝜏𝜏 −1 = 6𝑛𝑛𝑖𝑖2𝜏𝜏𝑒𝑒𝑒𝑒𝑒𝑒−1  

𝑛𝑛𝑖𝑖 =  �𝑛𝑛0 𝑝𝑝0  is the average density of the electron and holes. 

Therefore, one could extrapolate the relaxation mechanism by dependency of 𝜏𝜏 on the power of 

the 𝑛𝑛𝑖𝑖. 
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4.11 Spectrum Simulation using the Transfer Matrix Method 

The simulation of the film absorption is done using the Transfer Matrix Method. The electric 

field intensity is calculated as every point in the device structure and absorption density is 

calculated from the electric field using the formula 

𝑎𝑎𝑎𝑎𝑎𝑎𝑗𝑗(𝑧𝑧) =  
|𝐸𝐸𝑓𝑓 + 𝐸𝐸𝑏𝑏|2𝐼𝐼𝐼𝐼(𝑛𝑛𝑗𝑗)𝑘𝑘𝑧𝑧

𝑅𝑅𝑅𝑅(𝑛𝑛0)  

where 𝐸𝐸𝑓𝑓 , 𝐸𝐸𝑏𝑏  are the forward and backward electric field magnitude, 𝐼𝐼𝐼𝐼(𝑛𝑛𝑗𝑗) is the imaginary 

refractive index in layer 𝑗𝑗, 𝑘𝑘𝑧𝑧 is the wavevector at point 𝑧𝑧, and 𝑅𝑅𝑅𝑅(𝑛𝑛0) is the refractive index for 

the first layer. 

The device structure used in the simulation is given as: 

 

To make the simulation accurate, the refractive index of HgTe discussed in this paper is used, 

where the 1st and 2nd intraband peak is blue-shifted by 60 cm-1 and 150 cm-1 respectively to 

account that the intraband spectrum is measured at 80K. For SiO2, the refractive index is 

extrapolated from data in Ref 4.47 Ti is assumed to be a perfect back reflector for the spectrum 

shown in Fig. 4a as the width of the reflection is very sensitive to the refractive index of Ti. 

However, as a comparison, we have also done the simulation using refractive index of Ti given 

in Ref 5.48  

 The simulated absorption of HgTe and SiO2 is shown below. 
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Fig. 4-11 a, Simulated Absorption Spectrum of 80 nm HgTe CQD film (Navy) and SiO2 film 

(Red) with SiO2 refractive index reported from ref. 47 and a perfect back reflector. 

32Fig. 4-11a. Simulated absorption spectrum of the HgTe film and SiO2 film 

It can be seen that the dip around the 10 μm in film absorption is primarily due to the SiO2 

reststrahlen effect.  

As a comparison, a simulation is also done assuming a constant real refractive index that is non-

absorbing in the infrared for SiO2 and Ti being a prefect back reflector. This confirms that the 

simulation gives a good estimate of the experimental spectrum. 
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Fig. 4-11 b, Simulated Absorption Spectrum of 80 nm HgTe CQD film with experimental SiO2 

and Ti refractive index (Orange) and spacer with no absorption and a back reflector (Navy). 

33Fig. 4-11b. Simulated absorption spectrum of the HgTe film with ideal and experimental refractive index 
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Chapter 5: Future Perspective 

In the preceding chapters, I have demonstrated improvement in the synthesis of HgTe CQDs. I 

have shown improvement in transport properties, reduced 1/f noise, and demonstrated the use 

HgTe CQD in infrared detection. In Chapter 5, I will discuss the potential research directions with 

some opinions on practicality. 

HgTe CQD is not only a good infrared material, but also a good candidate for the study of transport 

in CQDs. Improvement in the synthesis technique, doping control and ligand exchange all 

contribute to the high mobility measured in CQD systems today. Nevertheless, it remains in 

question whether true ‘delocalization’ can be reached in CQD systems since they are naturally 

disordered. As discussed in Chapter 1, it is difficult reach metallicity in quantum dots due to the 

high limit of critical carrier density. Therefore, to reduce the critical carrier density to be on the 

order of 1 𝑒𝑒−/dot, one would need to increase the coupling between dots by both reducing the 

interdot separation and increase the coupling area.  

Increasing the dot-to-dot coupling area may be achieve by using faceted dots. Experimentally the 

mobility of the faceted dots is typically higher than spherical ones which could be attributed to the 

increase in the coupling area. However, reducing the interdot distance would be more difficult but 

not impossible by using shorter inorganic ligands instead of organic ones. Increasing coupling is 

only one piece of this puzzle, where disorder will also need to be reduced for any metallicity to be 

possible. 

To test the true limit of metallicity in CQD systems, improvement in synthesis using better control 

techniques can be explored to make uniform dots. Also, one may be tempted to use size selective 

precipitation to improve the size uniformity to further enhance the mobility in CQD systems.  

Fig. 5-1 shows a preliminary study of improvement in the intraband and interband spectrum with 
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size selective precipitation. With well controlled size selection, one can improve ∆𝐸𝐸/𝐸𝐸 of the 

intraband transition by 10% with each precipitation. However, I have also encountered aggregation 

during repetitive precipitation as each cycle strips the excess Hg on the surface of these CQDs, 

thus leading to more instability. This also leads to difficulty in the hybrid ligand exchange when 

transferring these dots into polar solvents. With improved ligand stability by perhaps exchanging 

the surface oleylamine ligands with thiol ligands and replenishing the Hg content in the dot ink 

with each cycle, one may be able to reach a size uniformity not reachable by other means. This is 

a potent path that can be explored to improve the size distribution. 
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Fig. 5-1 Absorption spectrum of HgTe CQDs before (black) and after (red) size selective 

precipitation. It can be observed that the linewidth for transitions of the energy levels is reduced 

by carefully controlling the size.  
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34Fig. 5-1. Absorption Spectrum before and after size selective precipitation 

Since the mobility scales inversely with the gap size on the FET device, one natural way to 

verify the conductance is to use nanofabrication to make devices on much smaller scale. In 

Chapter 3, I have demonstrated that the transport behavior of these CQDs follows the ES-VRH 

theory well at low temperatures, and this transport and the gap length dependence could be 

explained only if electrons are localized larger than a single dot diameter, which indicate 

delocalization. This would naturally point in the direction of fabricating devices on the scale of a 

few quantum dots.  If the hypothesis is true that delocalization can be reach on the scale on 4-5 

dots, we would be able to measure a finite conductance at 0 K, thus demonstrating the possiblity 

of disordered system such as CQDs reaching the metallic limit. 

Since coupling of the states between two dots are related to the overlap of wavefunctions, it may 

be advantageous to dope the dots greater than 2 electrons, so the transport can be measured in the 

1Pe State instead of the 1Se States. As the p-orbital states are more spatially extended, this would 

increase the coupling between dots, making the limit of metallicity potentially lower. The FET 

measurement of doped HgTe have already shown the increase mobility of electrons in the 1Pe State 

when compared to the 1Se State. The FET measurement of the high mobility sample is shown in 

Fig. 5-2. 
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Fig. 5-2. FET measurement and the differential mobility of the high conductance film doped to 2 

electrons per dot at 80 K. The 1Se electron mobility is negative as it behaves like a ‘hole’ due to 

the state being totally filled.  

35Fig. 5-2. Mobility measurement of the 1Se and 1Pe state at 80 K 

Another potential research direction is to explore the state-resolved transport of HgTe core/shell 

structures. Using similar synthetic techniques as discuss in the core/shell synthesis of HgSe/CdS, 

I have found that 2 layers of CdTe Shell can be growth on HgTe CQDs with significantly 

improved thermal stability. The absorption spectrum and photoluminescence are also well 

preserved, with the HgTe/CdTe dots also able to be transferred into polar ink with improved 

mobility.  

In addition to the interest in transport properties, the viability of using HgTe CQDs to further 

improve the detectivity of long-wave infrared light is also an idea to be explored. As discussed in 

Chapter 4, I have demonstrated using the intraband transition to make long-wave devices with 
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detectivity over to 107 Jones. However, the detectivity drops rapidly at higher temperatures due 

to germinate recombination and possibly Auger recombination. Using dots with core/shell 

structure may be a natural way to resolve this problem. An alternative way to enhance the 

responsivity of these devices could use cavity or plasmonic. This may be a necessary path to take 

to make the long-wave infrared CQD photodetectors competitive to the commercial ones.  
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