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Chapter 1: Overview

Beginning in the early 1980s and extending to the present, colloidal nanocrystals(NC) have
become an important class of materials with great potential for applications ranging from medicine
to electronic and optoelectronic devices. Nanocrystals naturally form short-range order solids,
limited by their dispersity, solubility, solvent evaporation, particle-substrate interactions, and
particle-particle interactions. People work hard on understanding and overcoming those problems
to achieve superlattices or superstructure with nanocrystals. Besides, the design of surface ligands
has been developed a lot from long hydrocarbon chains to short cross-linking ligands and metal
chalcogenide complexes in the last 40 years. Transport in nanocrystal films has also been
investigated a lot such as doping, spin-dependent transport, and transport mechanism. Since
narrow size distributions, rational shape-engineering, compositional modulation, electronic doping,
and tailored surface chemistries are now feasible for a widening range of these materials, the

performance of NC-based devices has become competitive to other state-of-the-art materials.

Semiconductor NCs, for example, hold unique promise for near- and mid-infrared technologies,
where very few semiconductor materials are available. Mercury chalcogenide colloidal quantum
dots(QD) are of interest as solution based materials in the mid-IR spectral range. Aggregated HgTe
QDs are typically undoped or lightly p-doped with size-dependent bandgaps and have shown
promise as mid-IR detectors, as proved by Keuleyan et al in 2011. In contrast to aggregated HgTe,
non-aggregated mercury chalcogenide QDs are usually stably n-doped in ambient conditions,
which allowed the realizations of QDs intraband photodetectors. These materials have made great
progress in mid-IR detection in the last few years including background limited photovoltaic (PV)
devices, and are expected to lead to the simplified fabrication of high resolution mid-infrared

cameras, Plasmon resonance enhanced PV devices and multi-spectral detectors. The performances



of some NC-based mid-IR devices have already been comparable with the current commercial
epitaxial devices. The precise engineering of the electronic interactions and wave functions with
nanomaterials is a promising avenue for further improvement, which is the main project of my
Ph.D. project. This thesis focuses on a deeper understanding of electrical transport in nanoparticle

solids when carriers must travel via the nanocrystal states.

In chapter 2, I use electrochemistry to provide the measurement of the Fermi level and the absolute
measurements of the filled and empty state energies with the application of a voltage. This work
helps to obtain the energy structure and doping level of those mercury chalcogenide QDs. | also
build a spectroelectrochemistry set-up to investigate the fine conduction band in the HgTe/Se

quantum dot, and apply this method to the CdSe quantum well.

In chapter 3, | present the work on HgTe/Se QD films which show high mobility for charges
transported through discrete QD states. A hybrid surface passivation process efficiently eliminates
surface states, provides tunable air-stable doping, and enables hysteresis-free filling of QD states
evidenced by strong conductance modulation. The Hall effect in this experiment may require more

thinking although I try to give a reasonable explanation.

In Chapter 4, | show the size polydispersity effect on HgSe colloidal quantum dot. The results
show mobility quite exponentially dependent on size dispersion, indicating the dispersion causes
effect related to the activation energy. This effect could be from the monodispersed quantum dots
narrowing the energy difference between sites, which causes the reduction in the barrier height for
transport. This is well explained by my simulation. 1 also discuss the size distribution effect on the

intraband and its effect on photoconductor property.



In chapter 5, | discuss the magnetic transport properties on HgTe QDs. A positive-quadratic
magnetoresistance is observed which can be several 100% at low temperature and scales like x (1-
X) where X is the fractional occupation of the 1Se state. There is also a negative magnetoresistance
of 1-20% from 300 K to 10 K which is rather independent of the fractional occupation, and which

follows a negative exponential dependence with the magnetic field.

In chapter 6, | take HgTe QD as an example, showing that the high carrier mobility is generally

beneficial for QD device applications.



Chapter 2: Reversible Electrochemistry of Mercury Chalcogenide

Quantum Dots Films

In this chapter, I explain how electrochemistry method is used to determine the absolute positions
of the energy levels of QDs of Hg (S, Se, Te), which are of interest as mid-infrared materials. The
bulk valence bands are then determined to be at -5.85 eV, -5.50 eV, -4.92 eV and -4.77 eV (£0.05
eV) for zinc-blend HgS, HgSe, non-aggregated and aggregated HgTe, respectively and they are in
the same order as the anions p-orbital energies. The conduction bands are conversely at -5.20 eV,
-5.50 eV, -4.92 eV and -4.77 eV. The stable ambient n-doping of non-aggregated Hg (S, Se, Te)
quantum dots arises because the conduction band is sufficiently lower than the measured
environment Fermi level of ~ -4.7 eV to allow for n-doping in the QDs even with significant
electron confinement. The position of the Fermi level and the quantum dots states are sensitive to
different surface treatments, providing an avenue to control doping. At the end of this chapter,
electrochemical gating is further used to determine the carrier mobility in the films of the three
different systems as a function of QD size. Non-aggregated Hg (S, Se, Te) shows increasing
mobility with increasing particle sizes while aggregated HgTe shows a non-monotonous behavior,

which is attributed to some degree of aggregation of HgTe QDs.

Spectra-electrochemistry is also used for the more detailed level assignment of nanocrystals and

results are compared with photoinduced transient spectroscopy.

This chapter includes the published result from reference [9, 11, 12, 56] as well as some

unpublished data.



2.1 Introduction

QDs of zinc-blend mercury chalcogenides, Hg (S, Se, Te)!, are of interest as solution based
materials in the mid-IR spectral range. Aggregated HgTe QDs are typically undoped or weakly p-
type with size-dependent bandgaps and have shown promise as mid-IR detectors®. Recent
advances include background limited photovoltaic devices™*, the simplified fabrication of high
resolution mid-infrared cameras®, plasmon resonance enhanced PV devices® and multi-spectral
detectors’®. In contrast to aggregated HgTe, non-aggregated mercury chalcogenides QDs are
stably n-doped in ambient conditions’!!, which allowed the realizations of QDs intraband

photodetectors!®!1314

. One explanation for the markedly different doping of the mercury
chalcogenides has been the relative positions of the environmental Fermi level and the energy
levels of the dots’. It has also been observed that exposure of the QDs to various conditions could
strongly change the doping level as determined by the strength of the intraband transitions '*13:13,
This has been proposed to arise through a displacement of the QD states with respect to the
environment Fermi level®. In general, small infrared gaps place strong requirements on the control
of the Fermi level around the QDs since this determines the doping which strongly affects the
photodetector properties. Therefore, it is important to assess the absolute energy of the states of

the QDs, their sensitivity to the surface condition!®!”

and the origin of the Fermi level, to ultimately
control doping in these QD films.

Electrochemistry is a powerful technique. It provides the measurement of the Fermi level and
reversible electrochemistry allows the absolute measurements of the filled and empty state energies
with the application of a voltage'®. With a bi-potentiostat, it gives the conduction as a function of

the density of states of the QD films'®. Therefore, a single cyclic voltammetry experiment can

readily provide information that could otherwise be obtained by the combination of



photoemission?’, inverse photoemission and field effect transistor (FET) gating. While reversible
electrochemistry is limited by the chemical stability of the materials, irreversible electrochemistry
can also be used to learn about chemical processes and decomposition at QD surfaces?'2*. Another
distinction is that the environment must be an electrolyte, allowing for ionic conduction.

This chapter presents results from an extensive study of the reversible electrochemistry of films of
the three mercury chalcogenides QDs. The redox potentials of the QD states, the absolute position
of the bulk bands, the doping, the origin of the Fermi level, and the mobility as a function of QD

size are determined.



2.2 Typical electrochemistry results

Figure 2-1 shows the picture of the electrochemistry cell and schematic of electrochemistry set-
up. There are four electrodes in the setup: two Pt working electrodes, one reference electrode, and
one Pt counter electrode. During the measurement, the bipotentiostat (DY2300 series Digi-Ivy)
applies a small bias (5mV) to the working electrodes and measures the currents of the two working
electrodes (11, I2) as a function of potential. (I1+]2) is the charging current of the film while (I; -
Ib)/2 is the conduction current. The conductance (G) is G= (I1-12)/(2*bias). The scanning rate is 50
mV/s. The bi-potentiostat also records the rest potential (= Fermi level) before and after the cyclic
voltammetry. The temperature is monitored by a chromel-alumel thermocouple (HH12B OMEGA).
An Ag/AgCl reference electrode is used in the cell. The potential difference between the Ag/AgCl
reference electrode and a standard calomel electrode (SCE) is measured before and after the
experiment using a voltmeter in an identical solution but at room temperature. Unless stated
otherwise, the sample is immersed in an electrochemical cell filled with 0.1M tetrabutylammonium
perchlorate in propylene carbonate, under nitrogen bubbling, and cooled in an ethanol/dry ice bath
(203 K). As in prior electrochemical studies, cooling is used to minimize the Faradaic current due
to the reaction of impurities®*. We note that no precautions were taken to guarantee an anhydrous

electrolyte, and H>O is the expected dominant contamination.
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Figure 2-1. Electrochemistry set-up. (A) picture of the electrochemistry cell. (B) Schematic of
electrochemistry set-up.

Figure 2-2(A~D) shows the typical results from a cyclic voltammetry experiment for CQD films
of HgS (average diameter 5 nm), HgSe (average diameter 6.8 nm), aggregated HgTe (average
diameter 7.1 nm) and non-aggregated HgTe (average diameter 9.6 nm). HgS'’, HgSe, aggregated
HgTe? and non-aggregated HgTe!' QDs are prepared following reported methods. For
electrochemical measurements, we use thin films of dodecanethiol capped QDs (< 100 nm), drop-
cast on interdigitated electrodes. Ligand exchange is done using 2% HCI (v/v) and 2%
ethanedithiol (EDT) (v/v) in isopropyl alcohol (IPA) for 30 secs in ambient conditions, rinsing
with IPA and drying with N, as reported previously®. As described later, different film treatments
produce different results. For example, when the films are treated with pure IPA in air, the
mobilities are much smaller. The redox potentials also differ by up to 0.2V from sample to sample
of the same quantum dot sizes and the doping level is variable, which may be caused by the
uncontrolled amounts of ligands left as well as the variable extent of oxidation. In this chapter,
unless otherwise mentioned, we use the EAT/HCI/IPA treatment in air as it affords repeatable redox

positions (within 0.05V) and rest potentials, as well as good film conductance.



The reversibility of the electrochemistry is evident in Fig.2-2(A~D). This is consistent with simple
charge transfer to an electroactive film'®. Extending the scan range in the oxidation and reduction
directions leads to increasing Faradaic currents as electrons or holes are consumed in irreversible
chemical reactions. For reversible electrochemistry involving only charge flowing back and forth
into the QD state, the potential must stay in the range of the electrochemical stability, with no
reactions. To estimate stability limits, we use (HgX)n+2e —Hg(HgX)s.1+X> for the reduction
decomposition potential, Eyge , and (HgX)n—(HgX)n1X+Hg*+2e” for the oxidation
decomposition potential E, 4, 2*'°. These can be determined using standard aqueous redox

potentials and standard energy of formation AGPy x, such that E. .. = 2 /x2- T AGP ng/ 2F

_ 10
and E; gor = Eyg2*/ng

— AGf ygx/2F where F is the Faraday constant. The region of stability is
[-0.99V, +0.85V] for HgS, [-1.17V, +0.76V] for HgSe and [-1.3V, +0.75V] for HgTe, with
potentials referenced to SCE. The oxidation limit in our experiments can therefore be explained
by the oxidation decomposition, around +0.8V/SCE for all three systems. However, the reduction

limit is experimentally much more positive than -1V/SCE, and this may be due to other reactions

not considered above or impurities.
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Figure 2-2: Typical electrochemistry results combined with optical absorption and TEM.
(A~D) Cyclic voltammetry of films of HgS (5 nm), HgSe (6.8 nm), non-aggregated HgTe (9.6 nm),
and aggregated HgTe (7.1 nm) QDs, respectively. The blue lines are the charging currents, the
black lines are the conductance, and the red arrow indicates the rest potential. Small arrows
indicate the scan directions, with the reduction being towards negative potential and oxidation
towards positive potentials. (E~H) Infrared absorption of films of the same HgS, HgSe, non-
aggregated and aggregated HgTe QDs films, respectively. (I~L) TEM images of the same colloid
dispersions. The scale bars are 20nm and 50nm. HgS has a size distribution of 13%, HgSe ~ 9%,
non-aggregated HgTe is ~9% and aggregated HgTe is ~10%. Partial of the plots are adapted from

reference 9.

Fig.2-2(A, B) show that both HgS and HgSe show n-type conductivity with reversible charging

current waves but no p-type conductivity. At positive potentials, the conductivity remains in the

10



noise and there is no reversible charging current when the potential scan is reversed. Therefore, if
holes are injected, the QDs undergo some irreversible process on the time scale of the cyclic
voltammetry and p-type conductivity is not achieved. This is consistent with the position of the
valence band determined later, and the oxidation decomposition limit determined above. On the n-
side, the two reversible reduction/oxidation waves are assigned to electron injection into the 1S,
and 1P, states. The filling of these states is also reflected in large increases in the conductance.
The features in the charging and conduction currents can both be used to determine the redox
potentials of 1S, and 1P.. As previously reported for HgSe QD'?, there is a striking conductance
minimum between 1S, and 1P, state shown in Fig2-2B, indicative of a small or zero density of
states between 1Sc and 1P.. Fig2-2(A, C) now shows a similar feature for HgS and non-aggregated
HgTe, respectively. For HgSe, there is also a clear minimum between 1P, and higher states, while
there is an inflection point for HgS. We believe that this reflects the broader size distribution of
HgS QDs, as judged by the transmission electron microscopy (TEM) pictures of the samples in

Fig2-2(1, J).

In contrast to HgS and HgSe, HgTe QD film exhibit both n-type and p-type charging and
conductivity, as previously reported?’ and shown in Fig2-2(C, D). The charging current shows an
electrochemical gap between a clearly resolved peak on the reduction side assigned to electron
injection into 1S, and a wave on the oxidation side assigned to hole injection. The n-type change
in non-aggregated HgTe is very similar to HgS and HgSe. Unlike HgS, HgSe, and non-
aggregated HgTe, an electrochemical signature of 1P, is not readily observed for aggregated
HgTe. This may be due to a smaller energy separation and different level positions in the non-

spherical HgTe QDs?*. For aggregated HgTe, the charging current at positive and negative
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potentials is quite reversible. The log of the conductance has a V-shape with potential over 5
orders of magnitude. This can be explained by the Nernst equation with the conductance being
proportional to the number of carriers. Considering only two states, 1Se and 1Sy, each possibly
occupied by two electrons, the conductance in the low doping regime is,

ElSe] 42 eV—E;sh)

G~ é 1, exp [ HpeXP T]’ where V is the applied potential, kg is the

Boltzmann constant, T is the temperature, pi and pyare electron and hole mobility, Vi is the
volume per nanocrystal. The log scale shows instead a Nernst slope of 42+2 mV/decade,
consistent with the temperature of 203 K In(10) kgT/e= 40 mV/decade. There are also no clear

electrochemical features associated with filling of specific hole states for both HgTe QDs, likely

because the hole states are much closer to one another due to the high hole mass.

The difference in doping between the four systems is apparent in Figure 2-2. The Fermi level of
the films is directly determined by electrochemistry by simply measuring the rest potential of the
films in the open circuit condition. As shown in Fig. 2-2(A~D), the rest potential is similar for all
four films, but the QD states positions vary strongly. For HgS, HgSe, and non-aggregated HgTe
QD films, Fig.2-2(A~C) shows that the rest potential is more negative than some of the QD states
films and therefore the films are n-doped. For the HgSe QDs of 6.8 nm, the Fermi level is in the
1P, wave, and therefore 1S. is filled while 1P. is partially filled. For the HgS QDs of 5 nm and
non-aggregated HgTe QDs of 9.6 nm, only 1S. is partially filled.

For the aggregated HgTe CQD film, Fig.2-2D shows that the Fermi level is in the electrochemical
gap but slightly towards the positive side rather than at the minimum of conductance. he
aggregated HgTe film is therefore very weakly p-doped. In Fig.2-2D, the conductance at the rest

potential is about 10* times smaller than at the maximum, and therefore the hole doping is of the
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order of 10* per QD, which is consistent with the lack of evidence of doping in the linear
absorption spectrum.

One interesting feature observed in non-aggregated HgTe spectroscopy is the splitting of the
intraband (~1300 cm™) as showed in Fig.2-2G. This is due to the spin-orbital coupling which

would be explained in the Chapter 2.5.1 spectroelectrochemistry section.
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2.3 Determination of the energy of the states

2.3.1 Electrochemistry charging energy correction

To determine the 1S. and 1P, states electrochemical potentials, we use the reducing charging
current and fit the waves to Gaussians and assign the first peak to 1S and the second one to 1P..
To calculate N(V) from the data, we calculate the total charging charge after subtraction of the
capacitive component and normalize to a value of N(V)=1 at the peak of the 1S. state charging.
This procedure works well as long as the 1S, state wave 1s well defined, and it provides N(V) for
the whole potential range in Figure 2-3(A, B). The procedure is checked by looking at the second
peak in the charging wave, which should be at the half filling of the 1P. state, and it is indeed
occurring around 5 electrons per dots, as shown in Fig. 2-3(A, B).

Fig. 2-3(C, D) show the significant discrepancy between the 1S.-1P. energy difference determined
by the peaks in the cyclic voltammetry and the 1S.-1P. optical transition energy. However, after
correcting the optical data for the exciton binding energy and the electrochemical data for the
charging energy, Fig.2-3(C, D) show that they match well for all measured sizes of HgS and HgSe
QDs.

The charging energy correction increases linearly with charge and it therefore also contributes
significantly to the broadening of the redox 1S. and 1P. waves. In Fig.2-3A, applying the
correction for the charging energy of 5 nm HgS dots reduces the FWHM of the 1S, charging peak

from 0.142 eV to 0.078 eV which is closer to the expected Nernstian width of ~3.8kzT ~0.068 eV

1 eE/kpT
kpT (1+eE/kBT)2

(peak ) . Similarly, the width of the 8.7 nm HgSe (Fig.2-3B) 1S, charging peak

also reduces from 0.131 eV to 0.108 eV. The width of the 1P, charging peak, which is significantly

larger than the 1S. state, is also very significantly reduced after the correction due to the charging
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energy, from 0.563 eV to 0.212 eV for the 5 nm HgS and from 0.478 eV to 0.188 eV for the 8.7

nm HgSe respectively.
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Figure 2-3: Electrochemistry charging energy correction (A, B) charging current as a function
of potential before (black curve) and after (red curve) the charging energy correction for 5 nm HgS
and 8.7 nm HgSe dots respectively and the number of electrons per dot obtained by integrated the
charging current (blue curve).(C, D) The experimental value of the energy separation between 1S,
and 1P, state determined by electrochemistry as a function of the optical transition energy (back
dots), highlighting the significant differences. The electrochemically derived energy separation
after the charging energy correction is also shown as a function of the optically derived energy
separation after correction for the exciton binding energy (blue dots), bringing the two
determinations in good agreement. The figure is adapted from reference 9.

We emphasize that the choices for € and the simple charging energy of a metallic sphere are
simplistic. In contrast to monolayer protected metal colloids in solution in a high electrolyte

concentration?®, where the charging energy is well accounted for by the capacitance across the
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monolayer and dominated by the Helmholtz layer on the ligand shell, the QDs studied here are in
a complicated environment, as a film, surrounded by other QDs, with a thin ligand layer, and in a
concentrated electrolyte. Injected charges are screened by the neighboring dots, ions on a portion
of their surface as well as the diffuse layer. The charging energy in QD films is therefore difficult
to model, including the effects of ions, ligands, particle, and void size, and film structure®.
Nevertheless, the good agreement between the optical and electrochemical determination of Esp,
after corrections for the exciton binding energy and the charging energy, gives some confidence

in our procedure.

Other simple approximations could be favored. As one example, instead of the isolated metal
sphere in a uniform dielectric constant, we could have chosen the isolated sphere capacitor as the

model for the charging energy. The charging energy of a metallic sphere capacitor is E,. =

N(V)e?d
4meegr(r+d)

where d is the dielectric layer. The bulky tetrabutylammonium ions (ionic radius ~ 0.45
nm), should minimize specific interaction with the dots, such that the Helmholtz layer is away
from the surface by the ion radius. With the addition of the ethanedithiol ligand layer (flat dithiol

estimated at ~ 0.2 nm), a distance of d ~ 0.65nm can be estimated for the dielectric thickness. A

dielectric constant of ~ 2 is estimated based on alkanes. This distance is similar to the Debye
. . , k .
length for the diffuse layer is Ap = % = 0.7nm, where N4 is the Avogadro constant and /
A

is the 1onic strength of the electrolyte used in this work. With a 0.65nm Helmholtz layer thickness
and a dielectric constant of 2 for the intermediate material, a metallic sphere capacitor would have
a charging energy of 60mV per electron for a 2.5 nm radius QD. This is twice as large as the value
used in the text and likely overestimates the charging energy because the surface available for the

electrolyte is only a fraction of the QD surface. In the end, we justify our choice of the charging
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energy by the quality of the agreement of two independent measures of energies, electrochemical

and optical, in Fig. 2-3.

2.3.2 Determination of the energy of the states
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Figure 2-4. Electronic states (A-D) Positions of the electronic states measured by
electrochemistry (black for 1S, blue for 1P.) and after correction by the charging energy (red for
1Sc and pink for 1Pc) as well as the intraband 1Se-1Pe (Iength of black arrow) and interband 1Sx-
1S (Iength of blue arrow) transition value measured by spectroscopy and corrected for the exciton
binding energies. The first three plots are adapted from reference 9.

Figure 2-4 gives the value of the peak of the 1S, reduction waves for HgS, HgSe, and HgTe QDs
as a function of size. It is readily apparent that the 1S, states of the HgSe QDs have the most
positive potentials and are therefore the easiest to reduce, closely followed by HgS, with both being
much more easily reduced than HgTe. In order to relate the reduction potential, E€€"¢™  to the
state energy, E, one needs to correct for the charging energy, E,, where E¢"¢™ = F + E 202 [,
arises from the polarization of the material created by the electron as well as the electrostatic

interaction with other electrons. As discussed in Chapter 2.3.1, for E., we use the approximation

N(V)e?

of an isolated metallic sphere in a homogeneous medium with dielectric constant e, E. = pr—
0
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where N(v) 1s the number of doped electrons already in the sphere at a certain potential V.
N(V)=1 for the first electron in 1S, which is taken as the peak of the Gaussian fitting the 1S,
reduction wave. For the environment dielectric constant, we use € =20, motivated by the dielectric
constant of the chalcogenides, £, ~20 for HgS, HgSe and HgTe, and between the high dielectric
constant of propylene carbonate (PC) ep. =64 and the low dielectric constant of ~ 2 for the ligands.

This value for € gives a charging energy per electron in 1S, of E¢;se ~ 30meV for particles of 2.5
nm radius, scaling as % The correction due to charging is therefore quite small for 1S.. Fig.2-4

shows the corrected 1S. energies for the four systems as a function of size.

In order to establish consistency between the optical and electrochemical measurements, we show
the potential at the peak of the 1P, current wave in Fig.2-4. Because this state is highly charged,
N(V) =5 at half-filling, the 1P, state energy after the charging energy correction is much more
displaced upwards in Fig.2-4, As discussed in Chapter 2.3.1. This value of N(V) is verified by
integrating the charging current and normalizing it to N(V)=1 at the 1S, peak, giving indeed N(V)~
5 at the 1P peak. This electrochemical determination of the 1S.-1P. energy difference after
charging energy correction, Esp, can then be compared with the independently measured optical
1Se-1P. transition energy. It is also necessary to add to the optical transition energy the exciton

binding energy in order to get the optically derived value of Esp. For the Coulomb interaction

for the wave functions in

between a hole in 1S and an electron in 1P, we use —1.6 *
4meqpEoT

an infinite spherical box.?* The optically derived value of Esp is indicated by the length of the
black arrow pointing from 1S, to 1P. in Fig.2-4. There is a rather good agreement between the
corrected electrochemical and optical data and this highlights the importance of the corrections.

For HgTe and HgSe, Fig. 2-4 also provides the measured 1S.-1Sy interband transition energies.
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The interband energy is corrected by —1.8 * to account for the 1Se-1Sh exciton binding

Amegpeor
energy’’. For n-doped QDs, the interband energy is measured after exposure of the solutions to
S* which has been shown to partially un-dope the QDs!'®!”. Projecting from 1S, gives an estimate
of 1Sy which could not be determined from the electrochemical data. Fig.2-4 shows again a rather
good agreement between the electrochemically derived energy differences and the optical
transitions. For both HgSe and HgTe, Fig.2-4 shows a rather flat 1S, state energy dependence,
which is consistent with the massive hole band. Extrapolating the 1Sy energy at infinite size gives
valence band positions at 0.05 V/SCE, 0.2 V/SCE and 0.82 V/SCE for aggregated HgTe, non-
aggregated HgTe and HgSe, respectively. One could obviously see the reason for different doping

of aggregated and non-aggregated HgTe is due to the about 0.15 eV shift of the band position.
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Figure 2-5: Energy scale comparison between theory and experiment. Confinement energy of
the 1S, state as a function of the energy difference between 1Se and 1P, calculated with the two-
band k - p model for two different values for the Kane parameter E, with 20eV (black line) and
9eV (black dashed line). The experimental 1S. energy derived from electrochemistry and
corrected for the charging energy is graphed as a function of Es p obtained by spectroscopy
corrected by removing the exciton binding energy. The only free parameter is the bottom of the
conduction band, E¢» shown on the y-axis for zero Es, p. The figure is adapted from reference 9.

We also use a simple two-band k - p model as an alternative means of extracting the bulk band

position. For the conduction band dispersion as a function of the wave vector k, k-p gives E =
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27,2 2
LB E)) + JYEE, + 2L We use k=n/R for 1S. and k=4.49/R for 1P.. For HgS QDs, we

2\ m, 2my

choose the energy gap E, =0.65¢V !”. A previous reference®! calculated a Kane parameter E, of
9eV, which is much smaller than ~20eV typical of II-VI and III-V semiconductors**!”. The
uncertainty on E, leads to a poor determination of the band energy when trying to directly fit the
1S. energy. However, the ratio of Espand Esc, (energy separation between 1S, state and bottom
of the conduction band E.») is only weakly sensitive to E,'°, as shown in Fig.2-5. Combining the
optically derived Esp and the 1S. state position measured by the electrochemistry and corrected
for the charging energy, we then obtain E, =0.52V10.03V (SCE) for HgS as shown in Fig.2-5.
For HgSe, we use E;=-0.20eV * and obtain £.,=0.82V+0.01V (SCE) as shown in Fig.2-5, with
the errors determined from the fits. This is rather consistent with the position of Eisn previously

evaluated in Fig.2-4, as expected for this zero-gap material.

2.3.3 The absolute bulk band positions for Hg (S, Se, Te)
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Figure 2-6: The absolute bulk band positions for Hg (S, Se, Te). Energies of the valence band
(gray volume) and conduction band (red volume) for aggregated HgTe, HgSe and HgS. The yellow
dashed line shows the range of the Fermi level measured by electrochemistry in the experimental
conditions described in the text. The figure is adapted from reference 9.
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Overall, using Esce= -4.68+0.02eV /vacuum?*, Fig.2-6 proposes the experimental values for the
absolute bulk band positions for the three mercury chalcogenides (aggregated HgTe value used in
the figure). It shows that HgTe/HgSe is strongly Type II, while HgSe/HgS is type 1.

The valence band is at E,» = -5.85eV, -5.50eV and -4.77eV for HgS, HgSe and aggregated HgTe,
respectively, with an estimated accuracy of £0.05V. The energies of the valence bands increase
in the order S, Se, Te, and this follows the trend of the anion p-orbital energies®. The measurements
place HgSe 0.35 eV higher than HgS, and aggregated HgTe 1.08 eV higher than HgS. Calculations
by Wei and Zunger place HgSe 0.23 eV higher than HgS, and HgTe 0.69 eV higher than HgS®.
The discrepancies are larger than the experimental error bars and this may reflect surface effects.
The valence band of HgTe is calculated to be 0.36 eV higher than CdTe® and HgTe/CdTe
heterostructures are known to be type I. Our value for aggregated HgTe (-4.77eV) may then be
consistent with the value for CdTe (-5.0eV) determined spectro-electrochemically with diamine
ligands®. However, photoemission measurements in air give the -4.74 eV for CdTe with thiol
ligands?®. The differences may highlight effects of environment and ligands. Therefore, we
emphasize that the values reported here are for the specific experimental conditions, after the
EdT/HCI/TPA treatment and in the PC electrolyte.

Fig.2-6 also shows that HgS and HgSe have quite oxidizing valence bands and this is in accord
with the absence of p-type conductivity, given the oxidation decomposition potential discussed

earlier.
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2.3.4 Fermi level of the QDs films

It was previously proposed’-!'? that the self-doping of HgS and HgSe QDs doping arises from the
relative position of the Fermi level of the environment and the nanocrystal states, similar to a
gating effect. However, it may be argued that, as in bulk materials, the doping must be an effect
of chemical composition, the result of aliovalent dopants or a stoichiometry imbalance®’. Such
doping mechanism is observed for nanocrystals such as in CuxS2.2x ** and Al:ZnO 3°. The two
situations are distinguishable by electrochemistry. In the case of gating, the charging current is
minimal and it only transfers charges in the QD states. In the case of chemical doping, the current
must be large since it must also neutralize all donors or acceptors.

Fig.2-2 shows that the rest potential is similar (within ~ 0.05 V), for all three mercury chalcogenide
QD films in the same electrolyte and after the same EAdT/HCI/IPA treatment. Both the QD films
and clean Pt or Au electrode show a similar rest potential which indicates that the rest potential is
set by the solution. Adding equimolar ferrocenium tetrafluoroborate and ferrocene changes the rest
potential to the Ferrocenium/Ferrocene redox potential at ~+0.3V/SCE, as expected. The rest
potential was the same in different electrolytes (LiClO4/PC, LiClOs/Formamide,
TBAP/Formamide, Tetrabutylammonium Chloride/ Formamide). The fact that different salts do
not affect the rest potential indicates that the rest potential is set by a common impurity in the salts
or the solvents, which is most likely water. The cyclic voltammetry in Fig.2-2 also indicates that
there is very little charging current besides the one necessary to charge the dots. The impedance
around the rest potential, measured by summing forward and backward charging currents and
dividing by the voltage, is also large, ~ 10 MQ. Therefore, there is no evidence for significant
redox reaction around the Fermi level, which confirms that the Fermi level of the as-prepared QD

films in Fig.2-2, is set by the environment'’.
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Chemical doping can however arise from a high density of redox active surface sites, typically
called traps, on the QD such that the Fermi level is at equilibrium with the dominant surface redox
reaction. We tested this by measuring the rest potential as a function of CI” for an aqueous
electrolyte at room temperature. We found that the rest potential is not affected at low CI
concentration, as expected from the previous results since the addition of KCI, does not affect the
Fermi level of aqueous solutions. However, at concentrations above 102 M, the rest potential starts
to follow the Nernst equation with 30mV/decade. This is consistent with Hg®/Hg>Cl, now setting
the Fermi level. Cyclic voltammetry around the rest potential at high Cl™ concentrations shows a
strong Faradaic current corresponding to a low impedance of ~100 kQ as shown in Figure 2-7.
Thus, when the CQDs films are exposed to a high aqueous CI” concentration, there is a chemical
modification of the dot surface with an equilibrium between Hg® and insoluble surface mercury

chlorides which then sets the rest potential.
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Figure 2-7: Faradaic current around Fermi level for the aggregated HgTe film in different
electrolyte. Faradaic current of HgTe film in 0.1M TBAP/PC, 1M KCI/H,0 and 0.5M Na,S/ H>0,

respectively. Blue arrows show the Fermi level. The impedance at the rest potentials are 10 M),
100 kQ and 5 kQ, respectively. The figure is adapted from reference 9.
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Figure 2-8: Fermi level of QDs in the presence of CI" and S* . (A) Fermi level of aggregated
HgTe CQD film (Black square) and Ag/AgCl electrodes (red square) as a function of Cl
concentration, in an aqueous electrolyte. The blue and green dashed lines are Nernst values for
Hg,Clo/Hg and AgCl/Ag* electrodes at room temperature respectively. (B)Fermi level of HgSe
(black), aggregated HgTe(red) and HgS (blue) QD film and Ag>S/Ag electrode dependence on S*
concentration in electrolyte. Solid black lines and dashed black lines are the Nernst values for
HgS/Hg and Ag>S/Ag***! electrodes at room temperature respectively. The figure is adapted from

reference 9.
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Figure 2-9. Fermi level shift in the aggregated HgTe
band. Fermi level (red arrow) shift in electrochemistry
with different treatment like EdT/HCI/IPA, the film
exposed to air 12hrs and adding HCI after being
exposed to air. The figure is adapted from reference 9.

A similar effect is observed in high concentration of S*, also in aqueous solutions at room

temperature. This is done in a glovebox under nitrogen to avoid oxidation of the sulfide. The rest

potentials start around 0.1V/SCE at low S* concentration and for all HgTe, HgSe and HgS QD
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films the rest potential decreases with the slope ~ 30mV per decade as showed in Figure 2-8 as
expected for Hg/HgS. The extrapolation to 1M [S*] is also similar to the reported standard
potential for Hg/HgS of -0.672V/SCE*. The cyclic voltammetry shows a strong Faradaic current
corresponding to a very low impedance of a few k(2. Therefore, under high sulfide concentration,
there is a chemical modification of the dot surface with an equilibrium between Hg® and insoluble
surface mercury sulfides which sets the rest potential.

A third and practical example of chemical doping is the formation of Hg/HgO after prolonged
exposure to air. Films of HgTe QDs in air for a day or longer show gradual increases in the dark
conductivity, by several orders of magnitude for small size QDs. Electrochemistry shows that this
is accompanied by a positive shift of the rest potential to ~ 0.25V/SCE, as showed in Figure 2-9,
close to the Hg/HgO redox potential of +0.28V/SCE at pH7 **. By scanning the electrochemical
potential, we verified a smaller negative shift of the QD states, which shows that the QDs become
strongly p-doped after air exposure. Low dark conductivity and mid-gap rest-potential can be
partially recovered upon reducing potential under inert (N2) conditions. Partial recovery is also

observed after exposure to the EAT/HCI/IPA solution which dissolves the oxide.

2.3.5 Effect of surface treatment on the doping level

Controlling doping in QDs is of great importance. Prior work!®!” showed that treating HgSe and
HgS QDs solution with S* could decrease n-doping while Hg** or Cd** would increase n-doping.

It was suggested, but not verified, that this arises because surface modification shifts the energy of
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the QDs with respect to the environment Fermi level. A wider range of chemicals has also been

1. The effect was also observed in films but to a lesser extent, and

shown to tune the doping leve
it was seen by shifts of the redox potentials'® as well as variations of the intensity of the intraband
transition. Figure 2-10 show directly that the 1S, state of HgSe QDs shifts negative by ~0.1-0.2V
when films have been dipped into dilute (NH,),S (dissolved in methanol), followed by rinsing
with [PA. The rest potential changes little, being still determined by the environment. From the
position of the rest potential and 1S, state, we determine that the S* treatment changes the 1S.
doping from ~ 1 e to ~ 0 for 5.7 nm HgSe dots, and from 3 e to 2 e” for 8.7 nm HgSe dots. Dipping
the films into a cadmium acetate solution moves the 1S, state back in the positive direction, such
that one recovers a good fraction of the starting doping level. This is consistent with spectroscopic

observation that the strength of the intraband transition decreases by 70% for 5.7nm HgS film after

S* un-doping and recovers strongly after Cd*" exposure.
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Figure 2-10. band shift with surface treatment on HgSe QDs. (A, B) Conductance and rest
potential of films of two sizes of HgSe CQDs with different treatments, sequential from bottom to
top. The figure is adapted from reference 9.
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We note that the optical measurements are performed dry under nitrogen such that the doping level
is likely not the same as in solution. The effects of exposure to S* and Cd*" have been previously
assigned to adsorption of these ions and the dipoles or double layer polarization to counter-ions,
and we support this explanation. Similar effects were also reported with CdSe QDs*. The zeta
potential measurements in non-polar solvents can also report on the relative doping but not the

absolute values, as showed in the Figure 2-11. Since the Debye length is large in non-polar solvent,
we use the Hiickel relation for electrophoretic mobility u, and zeta potential, { = J—go Ue, Where
& 1s the dielectric constant of the dispersion medium (6.4 for BZC at 20 °C.) and 7 is dynamic
viscosity of the dispersion medium (1.36*107 Pa-s for BZC at 20 °C). Considering N elementary
charges per dot, the electrophoretic mobility is u, = 62’% # where a is the hydrodynamic radius

Ne

of the particle. The zeta potential is then proportional to the charge per dot, { = when ( is

6TErEQQ
less than 100mV ~ 4kgT **. As shown in Fig.2-11, the 8.7 nm HgSe dots in BZC have a distribution
of zeta potential centered at -49mV. This is close to the value expected for 2 electrons per dot using
the measured 10.5-nm-hydrodynamic diameter. After sulfide-treatment, { ~-25mV which is
consistent with N=1. Subsequent mercury-treatment gives a distribution of up to four zeta
potentials -78mV (N=3), -50mV (N=2), -25mV (N=1) and 0OmV(N=0). Over time, this evolves to
a single peak at -51mV (N=2). These results follow qualitatively the trend of the electrochemical

and optical determination of doping level of the films.

However, we found that HgTe QDs also show negative zeta potentials, therefore uncorrelated with
their un-doped character. Non-zero zeta potentials have been observed previously for un-doped

QDs*, because the zeta potential rather reflects the relative electron affinity of the solvent and
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solute. Therefore, we propose that the changes of zeta potential in non-polar solvents can report
on the relative doping but not the absolute values. We note that the negative charge of the three
types of QDs in BZC allows efficient deposition of films on the positive electrode when a dc
voltage is applied, as previously demonstrated with other QDs*.

As previously recognized, the sensitivity of the doping to the surface treatment is an opportunity

for future uses of the materials!%'313-17,
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Figure 2-11. Zeta potential of HgSe. Zeta potential of 8.7nm HgSe with different surface
treatment. The measured hydrodynamic diameter is ~10.5nm with 1.8nm standard deviation. The
figure is adapted from reference 9.
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2.4 Electrical Mobility

The electrical mobility is an important parameter in the discussion of materials for photodetectors.
Using a bipotentiostat, we extract the mobility. The mobility is given by u = o /ne, where o is
the conductivity, 7 is the carrier density and e is the elementary charge. » is directly measured from
the charging current after subtracting the double layer charging current, as described in the method.

For the interdigitated electrodes of spacing d=5um and finger width dp=10um, we calculate the

t(v) .
o _ G(d+dg)d 1 . . e . ogq_ dol _ dG d(Jy,’ idt)
mobility as p = —f;(? e The differential mobility is u® = e ar (d+dy)d/ —

where G is the measured conductance, V is the potential. Figure 2-12 shows the differential
mobility of mercury chalcogenide QD films at different potential. The differential mobility
typically starts in the noise. It reaches a maximum on the rising edge of the 1S. state filling,
becomes zero at the peak of the charging wave, and turns negative as the conductance decreases
with further charge injection. For HgSe and HgSe, this pattern repeats for the 1P, state. For HgTe,
the electron and hole mobilities are similar.

HgTe 7.1nm _HgTe 9.6nm
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Figure 2-12. Differential mobility. Differential mobility of HgS (5.5 nm), HgSe (6.8 nm),
aggregated HgTe (7.1 nm) and non-aggregated HgTe (9.6 nm), respectively. The first maximum
of the differential mobility associated with the 1S, states is indicated by a vertical arrow and it
appears around 0.5 e per dot. HgS and HgSe QD films have similar mobility while the mobility

of the aggregated HgTe QDs film is 2 orders larger. The first three plots are adapted from reference
9.
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Figure 2-13. Size dependent mobility of mercury chalcogenide QDs. Size dependent
differential mobility maximum, measured on the rising edge of the 1Se state filling, for aggregated
HgTe (black square), non-aggregated HgTe (green dot), HgSe (blue dot) and HgS (red dot). Partof
the figure is adapted from reference 9.

Figure 2-13 shows the size dependent mobility for the three materials. The results for aggregated
HgTe and HgSe are consistent with prior reports®”!°, but with a much more extensive range of
sizes. The most striking effect is the roughly two orders of magnitude higher mobility of
aggregated HgTe QD films compared to non-aggregated HgTe, HgSe and HgS. The electron

mobility of the aggregated HgTe films is not monotonous with particle size, with a fortuitous
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optimum for dots in the 2-5 pm band gap range with the best photodetector performance so far.
We think that this mostly reflects a beneficial role of aggregation, as reported previously in the

experiments on mid-IR HgTe QDs detectors®*.

As shown in Fig.2-2(I-L), the aggregation of the
HgTe QDs is seen in TEM images of films made from dilute suspensions, while similar
concentration of HgS, HgSe and non-aggregated HgTe shows well-separated dots. In solutions,
dynamic light scattering measurements show that the aggregated HgTe QDs form clusters varying
from 20nm to 100 nm depending on dots size, while the others show individual particles. We note

that future efforts to improve HgTe QDs photodetectors will naturally aim for non-aggregated

HgTe QDs but with negative effects on mobilities as discussed in the Chapter 6.

The second significant observation is that, for all separated Hg (S, Se, Te) QD films, the mobility
increases with increasing size. The mobility for QD solids has been reported to be decreasing*’ or
increasing with increasing sizes*®*°. Assuming a hopping mechanism, which is consistent with
the low mobility observed here, the mobility is given by u= ed?/ (6T ksT), Where d is the interdot
center to center separation ~ diameter, and T, is the hopping time*°. The measured mobilities for
separated Hg (S, Se, Te) QDs increase more strongly than d°, suggesting that the hopping time
shortens for larger particles. The hopping time is itself the inverse of the electron transfer rate,
affected exponentially by several factors. Even for fixed interdot distance, there are competing
factors. The barrier height should decrease for smaller particles, and this was given as the primary
reason why a reverse size dependence was observed for PbS nanoparticles*”:'. On the other hand,
the energetic disorder and the charging energy, which both contribute to the hoping activation
energy decreases at larger size®. With the higher conduction band for HgS determined earlier, the

barrier height should be larger for HgS CDs than for HgSe QDs. This would lead to a higher
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mobility for HgS than HgSe, while the opposite is observed. This suggests that the barrier height
is not a dominant effect and that the main effect could be the activation energy. We tested this
conjecture by comparing the mobility of HgSe dots with similar average radius but different size
dispersion. The mobility of 9.0nm+2.1nm HgSe sample (size dispersion~23% and FWHM of 1S,
~0.17eV) is 5%10% cm?/Vs while the 9.24-0.09nm sample (size dispersion~ 10% and FWHM of
1Se ~0.07eV) is 2*10* cm?/Vs. This result agrees qualitatively with the simulations by Xu et a/
on the effect of size polydispersity on electron mobility”!. Comparing HgSe and HgS QDs the
lower mobility with HgS QDs may then be a reflection of their wider size dispersion. In these
systems, we therefore propose that the activation energy dominates the mobility trend, which
explains the increase of the mobility with increasing sizes. More detailed discussion on size

polydispersity effect on mobility would be discussed in Chapter 4.

We note that the discussion above assumes a hopping model. Shabaev et al proposed an alternate

model*?

based on the opposite starting point of ballistic charge motion with increased scattering
induced by disorder. Measurements of the temperature dependent mobility will provide additional

information to test models. We would show temperature dependent mobility measurement in the

later chapters.
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2.5 Spectroelectrochemistry

2.5.1 HgTe system

Fig.2-2G shows that there is a splitting in the intraband of separated HgTe QDs, due to the
degenerate of 1P, state caused by the spin-orbital coupling. To understand the observed splitting
of the 1P, state in HgTe QDs, the intraband absorbance using a well-established tight-binding
model has been modeled by our collaborators, Christophe Delerue and Guy Allan?>®3, As shown
in Figure 2-14, for highly symmetric particle shapes, spheres (Fig. 2-14a) and octahedra (Fig. 2-
14b), the intraband absorbance is split into two peaks due to spin-orbit coupling. The effect of
lower symmetry confinement potentials accounts for the additional splitting of the higher energy
peak. For asymmetric particle shapes, oblate ellipsoids (Fig. 2-14c) and truncated cubes (Fig. 2-

14d) with unequal truncations.

To experimentally see this detailed state structure, spectroelectrochemistry is used. By using
spectroelectrochemistry, we can observe changes in the absorbance of a QD sample at a range of
controlled doping densities*®2"54%°_In this technique, the absorbance of a QD film is measured
under a series of potentials applied in an electrochemical cell. Thus, we can manipulate the Fermi
level of a QD film and observe the intraband absorbance and excitonic bleach across a range of

doping levels.
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Figure 2-14. 1P, state splitting based on tight-binding model. This figure shows predicted
intraband peaks for different shapes of HgTe QDs with the same volume. (a) sphere and (b)
octahedron, exhibit two peaks while structures with lower symmetry, (c) oblate ellipsoid and (d)
unevenly truncated cube, exhibit three peaks. 1S state half filled (blue), 1Se state fully filled (red).
The figure is adapted from reference 12.

A batch of small HgTe QDs (~ 6 nm in diameter) are used, such that the intraband absorbance fell
in the transparency window of the solvent (propylene carbonate, PC) and electrolyte
(tetrabutylammonium perchlorate, TBAP). A film was prepared by drop-casting a concentrated
QD solution onto a glass substrate with interdigitated gold electrodes. To make the sample
sufficiently conductive, the QDs were cross-linked with ethanedithiol through an on-film ligand
exchange.?’ The resulting QD film was placed in a cell with electrolyte solution (PC/TBAP) and

pressed against a KBr window to minimize solvent absorbance. A bias was applied to the film
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using a bipotentiostat with electrochemical potentials monitored with a Ag/AgCl wire
pseudoreference. This cell was placed in an FTIR spectrometer, and the absorbance of the film
was measured in reflectance mode across a series of applied biases. The spectrum of the intrinsic
HgTe QD film at 0 V was taken as a background, and the change in absorbance at a given bias

was measured (Figure 2-15).

Several features change in the absorbance of the HgTe QDs under negative bias. In the interband
region of the spectrum, two bleach features appear which correspond closely to the position of the
first two excitonic features in the absorbance spectrum of the as-synthesized QDs (Fig.2-15c).
Additionally, an induced absorbance appears below the first excitonic bleach. At lower energies,
we see an induced absorbance with three closely-spaced peaks that matches the intraband
absorbance seen in chemically doped QDs. The peak spacing and relative oscillator strength of the
three peaks do not change with increasing bias. This suggests that under our experimental
conditions we only observe the effects of doping up to two electrons per QD because additional
intraband absorbance features should emerge at high bias upon doping of the 1P level?’. This
further confirms that the three intraband transitions observed in HgTe QDs occur from the first
conduction band state (1S¢) to a series of closely-spaced excited states. Moreover, the consistent
intraband lineshape across the applied bias indicates that electron-electron interactions in QDs
doped with two electrons do not have a significant effect on the state energies or transition

probability.

As the bias becomes more negative and the electron doping increases, the magnitude of the

excitonic bleach and intraband absorbance increases and then plateaus when the 1Se state is filled
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with two electrons. The change in absorbance as a function of bias can be modeled to determine
the QD band positions. When the Fermi level is aligned with the 1S, state, the state has a 50%
probability of being filled with electrons according to Fermi-Dirac statistics. Assuming that the
induced absorbance or bleach is directly proportional to the electron occupation, the point at which
the Fermi level aligns with the state should be at the midpoint of intensity increase for the peak in
question. Here, the midpoint for each of the observed transitions is approximately -0.4 V, and the
point at which the absorbance plateaus, corresponding to full occupation of the 1S, state, is
between -0.6 V (Fig. 2-15d) and -0.65 V (Fig. 2-15e). Using cyclic voltammetry, we confirmed
that the 1S state contains one electron at approximately -0.4 V and two electrons at approximately

-0.65 V.
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Figure 2-15. 6 nm HgTe QDs spectroelectrochemistry. (a) Illustration of the change in the
Fermi level (Er) with applied negative bias and its effect on interband absorbance (blue arrow) and
intraband absorbance (orange arrows) of a QD film. (b) Difference spectra for a film of EDT-
crosslinked HgTe QDs under a series of biases. As a negative bias is applied, an intraband
absorbance appears and the first two excitonic features are bleached. (c) The bleach in
spectroelectrochemistry matches the energy of the first two excitonic features in a solution
absorbance measurement of the as-synthesized HgTe QDs. (e) The change in absorbance for 3
intraband transitions (i1-i3) and two excitonic bleaches (el, e2) as a function of applied bias and
their corresponding sigmoidal fits, with the position of each transition marked in (d) with the

corresponding color. The figure is adapted from reference 12.
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Figure 2-16. High resolution TEM images of HgTe QDs. (a-c) Green outline indicates edges,
highlighting non-uniform shapes. (d-e) Green arrows indicate plane defects. (All scale bars: 5 nm)
The figure is adapted from reference 12.

The prediction of the intraband absorbance splitting into three peaks closely mimics experimental
results. Thus, the 1P level is split primarily by strong spin-orbit coupling and additionally split by
asymmetry that breaks the degeneracy of the x, y, and z axes. Based on close examination of high
resolution TEM images performed by our collaborator Dr. Margaret H Hudson, HgTe QDs are
reasonably modeled as a low-symmetry near-sphere like a truncated cube (Figure 2-16). The TEM
images also reveal planar defects which could account for the reduction of symmetry in the

confinement potential.
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2.5.2 HgSe system

Since the splitting in the HgTe QD 1P. is caused primarily by strong spin-orbit coupling, one could
predict HgSe QD would have the similar splitting but much smaller energy difference due to the
Se lighter than Te.

We again use the spectroelectrochemistry to explore the detailed band structure of HgSe QD. HgSe
QD (~6nm in diameter) solid was prepared on Au interdigitated electrodes (IDE), and cross-linked
with a 2%(v/v) solution of EDT//IPA, then rinsed with IPA. The IDE is on glass with spacing d =
20pm and finger width do = 10 um. The spectroelectrochemical cell is assembled and filled with
0.1M anhydrous tetrabutylammonium perchlorate/ propylene carbonate in glovebox. The sample
electrode is pressed lightly against the KBr window of the cell to minimize the infrared absorption
from the electrolyte. Then the cell is put in the Fourier transform infrared spectrometer (Thermo
Nicolet iS50 Advanced FTIR with near-, far-, and mid-IR). Spectra are measured in reflectance.
We first characterize the cyclic voltammetry and the film conductance by a bi-potentiostat. Then,
we set the potential at the conductance dip where the doping is ~2e/dot in the HgSe QDs (1Se state

fully filled). This spectrum is taken as the background.

One could see multi features in the absorption spectra (Figure 2-17) with electrochemical gating.
With positive potentials (remove electrons in the conduction band) as showed in Fig.2-17a, there
is one bleached feature ~2600 cm™ from 1S.-1P. transition and an induced feature ~6000 cm™
from 1Sh-1S. transition. The obvious asymmetry of the bleached feature ~2600 cm™ at small
positive potential, indicate the detailed energy structure in the 1P, state. | assign this to the spin-
orbital splitting causing an energy difference of ~500 cm™ between 1P¢*? and 1P¢*? as shown in

Fig.2-17c. The induced absorption feature in spectra~6000 cm™ also shows multi-peaks. This
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could be explained by the heavy hole and light hole energy difference ~0.275 eV at 0 K in the
valance band of HgSe bulk material. At room temperature, the gap should naturally be smaller.

Here, we find the difference between 1Sy™ and 1Sh" is ~0.15 eV.
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Figure 2-17. Spectroelectrochemistry of 6 nm HgSe. The background spectrum is measured at
the potential at the conductance dip (0.1V) where the doping ~2e/dot in the HgSe QDs (1Se state
fully filled). (a) & (b) relative absorption spectra at different potential. (¢) & (d) Multi-Gaussian
fit of selected spectra at +0.6 V and -1V, respectively. (e) & (f) Amplitude of the Gaussians
associated with each transition versus the potential applied. The lines are Nernst functions

1 -
1+exp[(E—Eq)/AE] guides to the eyes.
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The spectra are more complex with more negative potential, inducing more electron to the
conduction band, as shown in Fig.2-17b. The first bleached feature ~7500 cm™* saturated around -
0.4 V where the 1Pe state is almost fully filled which is informed by the conductance curve. This
feature includes the 1Sp™ to 1P and 1P¢*2 transition. The 1Si" to 1P¢'2 and 1P¢>? transition also
appeared at the same time in the bluer range. The second bleached feature ~5800 cm™ appeared
with more negative potential while 1D state start being filled, indicating the bleach of 1Se to 1De
transition. The induced feature shows 1P to 1D. transition ~3000 cm™ and the 1D to higher states

~2200 cm™. Fig.2-17(e, f) show the amplitudes of each transition change with different potential.

The lines are Nernst functions T ] guides to the eyes. Eo=0.1eV, AE=0.3eV for the

+exp[(E—Ey)/AE

solid line. Eq=-0.4eV, AE=0.2¢eV for the solid line.

2.5.3 Other nanocrystal system

The spectroelectrochemistry is also very useful in other nanocrystal system, taking CdSe colloidal
quantum wells (CQWs) as an example®. Typical static absorption spectra of CdSe CQWs are
shown in Fig.2-18a. CdSe CQWs are transparent in the NIR and show excitonic absorptions at
visible wavelengths determined by their two-dimensional electronic structure. The excitonic
wavelengths are diagnostic of the CQW thickness, here shown for 3.5 to 6.5 ML samples. Upon
absorption of an above-bandgap photon, the CQWs display three bleaching features, shown in
Fig.2-18b, which represent heavy-hole (HH), light-hole (LH), and spin—orbit (SO) hole transitions
to the first electronic shelf (E1)*’. At the same time, and displayed in Fig.2-18c, spectrally narrow

absorption features emerge in the NIR spectral window. The energetic position of the NIR
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absorption features depends on the CQW thickness: identical photoinduced absorptions were

observed in other CQW samples with the same thickness.

Two additional experiments support that the NIR-photoinduced absorptions arise from
intersubband transitions. First, the kinetics of the visible bleaching feature and the NIR-induced
absorption were directly compared for the same samples at similar pump fluence. As shown in
Fig.2-18d, the kinetic traces of these features overlap for each of the samples measured, which
provides evidence that the NIR-photoinduced absorption occurs when excitons are present in the
nanostructures. The photoinduced spectra were done by Dr Benjamin Diroll. Second,
spectroelectrochemical results demonstrate that NIR absorption features are obtained for CQW
films when electrochemically charged. Solid thin films of CQWs are prepared by drop-casting
followed by soaking for 1 min in a 5 mgmL™ methanolic solution of benzoic acid. Similar to
earlier reports on electrochromic quantum dots®®, negative applied biases lead to filling of the CdSe
CQW conduction band with electrons, which reveals intersubband absorption features of electrons
(Fig.2-18e). The conductivity of the CQW films also increases as electrons fill the conduction
band. As plotted in Fig.2-18e, the NIR-induced absorption features observed in
spectroelectrochemical experiments are nearly identical in energy to those observed after

photoexcitation.
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Figure 2-18. Thickness-dependent static and time-resolved optical properties of CdSe CQWs.
(a) The 295K static absorption spectra covering visible and NIR energies of CdSe CQW
ensembles with atomically defined thicknesses, as labeled in the panel. Data were collected in two
separate measurements for the visible and NIR (merged at 800 nm). (b) Visible- and (¢) NIR-probe
transient absorption spectra of the same samples with 400 nm excitation at 10ps delay. (d)
Transient absorption dynamics of the first excitonic bleach feature (shown as solid lines) and the
NIR-induced absorption feature (shown as open circles) for each of the samples at comparable
fluence. (e) Static change in absorption spectra (AA) of electrochemically pumped CQW samples
under applied bias (vs. SCE listed on the plot) in an electrolyte. (f) Fitted energy of the
photoinduced (closed red triangles) and electrochemically induced (open black circles) NIR
absorption feature vs. the thickness (in monolayers of CdSe units). The error bars represent the
full-width at half-maximum of the features. The figure is adapted from reference 56.
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2.6 Conclusion

In summary, this chapter provides the investigation of the absolute energy positions of the three
chalcogenide materials, the position of the quantum dot states, and an explanation of their very
different doping and mobilities.

This electrochemical study of films of HgS, HgSe, and HgTe QDs focused on reversible conditions
and it provided information on the doping level, the redox potential of the QD states as a function
of size, the band positions of the bulk materials, and the mobility of carriers in the films. The
conduction bands are measured at -5.20 eV for HgS, -5.50eV for HgSe, -4.92eV for non-
aggregated HgTe and -4.77 eV for aggregated HgTe. The stable ambient n-doping of Hg (S, Se)
QDs and large separated HgTe CQDs arises because the 1Se state is lower than the measured
environment Fermi level of ~ -4.7 eV even with significant electron confinement. Taking into
account the zero-gap of HgTe and HgSe but the 0.65 eV gap of HgS (zinc blend form), the energies
of the valence bands increase in the order S, Se, Te as expected from the order of the anion p-
orbital energies. The tuning of the redox potential of the QD states with size is clearly observed
and the charging energy is an important contribution to the redox potential, especially for 1P,
which is multiply charged.

The origin of the position of the Fermi level is also investigated. In particular, it settles whether it
is due to the solution environment or to surface species/stoichiometry effects, with both situations
demonstrated in different conditions. For films treated by EAT/HCI/IPA, the Fermi level is set by
the environment. However, under high concentrations of CI” or Sulfide or after prolonged exposure
to ambient air, the films are modified and the Fermi level becomes set by the Hg/Hg>Cl», Hg/HgS

and Hg/HgO redox equilibria respectively. Matching the Fermi level with the known redox
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potential of surface species provides a perspective on the influence of the surface for QDs. The
modification of the surface is also shown to directly shift the energy of the QD states and change
doping in qualitative accord with optical observations. For example, brief sulfide exposure or
oxidation in the air over long enough exposure (one day), shifts HgTe towards p-doping for HgTe
while HgSe and HgS become less n-doped, while brief exposure to hydrochlorides or metal ions
reverse the effect. Dynamic light scattering measurements are consistent with TEM images. For
the HgSe colloids, the negative zeta potential is consistent with the doping observed, but the
negative zeta potential for undoped HgTe is not. Therefore, the zeta-potential is not an indicator of
carrier doping even in non-polar solvents.

Electrochemical gating was used to determine the mobilities for all three films over a range of
sizes. For non-aggregated Hg (S, Se, Te) the mobility increases with increasing size. After the
ethanedithiol ligand exchange, they have small mobility for the 1S, state, around 10~ cm?/Vs. In
contrast, aggregated HgTe QD films have much higher mobility, ~ 10 cm?/Vs for mid-IR QDs,
with a non-monotonous dependence on the size of the dots, and this is attributed to the partial
aggregation of the non-spherical HgTe QDs in solution.

Finally, we use spectroelectrochemistry to investigate the detailed band structure with different
states filling. The spectroelectrochemistry helps to figure out the splitting in the 1P, state in HgSe
and HgTe QD, and intersubband energy of CdSe CQWs which is comparable with the

photoinduced measurement.

45



2.7 Methods

Colloidal Atomic Layer Deposition: The QDs in solution are exposed to sulfide, by adding 1 mL
formamide, 50 pL oleylamine and 150 pL of 0.1 M (NH4)2S to ImL of QD solution in BZC, and
stirring the emulsion for 5 min. Then the solution is washed twice with formamide. The CQDs are

exposed to mercury, using ImL mercury precursor solution (prepared by dissolving 0.05mmol

HgClzin 10ml oleylamine, 10ml trichloroethylene and 0.5ml trioctylphosphine at 120°C ) and ImL
of QD solution in BZC, following the same steps as above.
Dynamic light scattering and Zeta-potential measurement: A Malvern Zetasizer Nano ZS is
used to measure the QDs size and Zeta-potential in BZC solution at 20 °C by dynamic light
scattering (DLS).
Film preparation: QD films are made by drop-casting from BZC (or other nonpolar sovlent)
solution onto interdigitated electrodes (commercial CHE Instruments 012126 IDA electrode or
other homemade electrode based on the measurements) or a ZnSe window for electrochemistry
and spectroscopy respectively, and dried in air at ambient temperature. The film thickness is kept
below 100 nm, to facilitate a homogenous electrochemical response of the film.
Effect of ions in aqueous electrolyte: Different Cl” concentrations are prepared by dissolving
different amounts of KCI in H>O. Different S*" concentrations in aqueous medium are prepared in
a glovebox under Argon by dissolving different amount of Na>S in a pH=12.6 buffer and
monitoring the pH. The total concentration of sulfide is determined by the amount of Na,S added
according to,

[NayS] = [Sltotar = [H2S] + [HS™] + [S*7],
where K; = 9.12 * 1078, K, = 1.2 x 10715 are the ionization constant for H»S 3. Then the actual

2- . . . 2— [H+] [H+]2
S* concentration is obtained as [S*7] = [S]otar/ (1 + 7 + 77)-
2 182
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Spectroscopy: Infrared spectra are measured in the attenuated total internal reflection (ATR),
using a Fourier transform infrared spectrometer (Nicolet Magna IR550). Samples are drop-cast
on a double sided polished ZnSe plate with 45° polished beveled edges. The plate dimensions are
36mm x 8mm x 2.5mm.

Spectroelectrochemistry: Nanocrystal films were prepared on Au interdigitated electrodes
(IDE), and cross-linked with short ligands to increase the conductivity (usually 2%(v/v) solution
of EDT//IPA). The IDE is on glass with spacing d = 20um and finger width dg = 10 um. The
spectroelectrochemical cell is assembled and filled with 0.1M anhydrous tetrabutylammonium
perchlorate/ propylene carbonate in glovebox. The sample electrode is pressed lightly against the
KBr window of the cell to minimize the infrared absorption from the electrolyte. Then the cell is
put in the Fourier transform infrared spectrometer (usually Thermo Nicolet iS50 Advanced FTIR
with near-, far-, and mid-IR). Spectra are measured in reflectance. The cyclic voltammetry and
the film conductance would be characterized first by a bi-potentiostat. A proper potential would

be set, whose spectrum is taken as the background, before measuring the difference spectra.
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Chapter 3: State-Resolved Transport on QDs with High Carrier
Mobility

In Chapter 2, I used electrochemistry to measure carrier mobility in HgX (X=S, Se, Te) quantum
dot films. This leads naturally to desiring to perform more detailed studies on the carrier transport
properties. On the fundamental side, the transport mechanisms in disordered system like QD solids
is not well understood. For example, the mobility for QD solids has been reported to be decreasing
or increasing with increasing sizes, and this has not been well explained yet. An open fundamental
question is whether solids of artificial atoms like the CQDs could become good conductors with
effectively ballistic transport at least across several CQDs. On the application side, improving
transport should benefit QD technologies, For example, improving charge mobility in quantum dot
films would improve the performance of photodetectors, solar cells, and LEDs. However, these
applications also require preserving well-defined quantum dot electronic states and optical
transitions.

In this chapter, I present HgSe and HgTe QD films which show high charge mobility for carriers
transported through discrete QD states. A novel hybrid surface passivation process developed by
the collaboration with Prof. Dmitri Talapin’s group, efficiently eliminates surface states, provides
tunable air-stable n- and p-doping, and enables hysteresis-free filling of QD states evidenced by
strong conductance modulation. QD films dried at room temperature without any post treatments
exhibit mobility up to u~8 cm*V-'s™! at low carrier density with similar drift and Hall mobilities at
all temperatures.

This chapter includes the published result from reference 46, 47, 61, as well as some unpublished

data.
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3.1 HgTe QD system

3.1.1 Introduction

Electron transport in solution-cast QD films ranges from low-mobility values, p < 102 cm?Vv-1s?,
up to ~ 20 cm?v-is? that is on par with the best organic and other solution-processed
semiconductors.’ A negative temperature dependence du/dT < 0, defined as bandlike, has been
observed in the high mobility QD films near room temperature.*’ The nature of the states involved
in high-mobility transport, however, remains uncertain. The highest mobility has been achieved
with annealed systems, 58 but even minor sintering of individual QDs is expected to perturb QD
discrete density of electronic states. A high concentration of free carriers also promotes high
mobility,® but free carriers trigger Auger recombination which is detrimental for QD optoelectronic
devices.® To date, fully delocalized transport, with finite conductance at zero temperature, has been
approached only with highly doped and sintered ZnO nanocrystals.*® On the other hand, when QD
solids showed signatures of state-resolved transport through S and P quantum-confined states,**+*?
the mobility was very low, p < 0.1 cm?V1s'® and transport was purely by activated electron
hopping.** While coherent transport and the emergence of minibands in ordered coupled QD solids
are theoretically possible, > even the arrays of epitaxially-necked QDs have shown surprisingly
low mobility (~0.1 cm?V-1s1) and the QD density of state was not resolved.®” Therefore, it
remains an open challenge to achieve high mobility while retaining QD states.*® This is also the
most interesting direction to improve emerging applications of CQDs for optical detection,
emission, lasers and sensing.! In this chapter, we describes a system that achieves simultaneously
high mobility and bandlike transport through discrete QD states. The transport properties of
surface-engineered HgTe QD solids are examined with Field-Effect Transistor (FET), Hall- and

Seebeck measurements, and discussed along several possible models.
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3.1.2 HgTe CQDs Characterization

Bulk HgTe is a semimetal with zero band gap, such that HgTe QDs provide a solution-processable
semiconductor with an optical gap tunable across the entire infrared region.'®?° HgTe QDs are
developed for infrared photodetectors,® and their electronic structure has been studied
experimentally'®?! and computationally??. Figure 3-1A shows ensemble absorption spectra with
resolved excitonic transitions for HgTe QDs with diameter 12.5 = 1.0 nm. We optimized the
synthesis,? and achieved size distributions less than 10% std. dev. which translates to sub-60 meV

full width at half maximum of the first excitonic.

Depending on the surface chemistry, HgTe QDs can be intrinsic or doped. The addition of
electrons to the 1Se state (n-type doping) bleaches the interband h-1Se excitonic transitions and

causes the appearance of new intraband 1Se-1Pe absorption peaks (Fig.3-1A).2
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Figure 3-1. HgTe Quantum Dots. (A) Absorption spectra of undoped and n-type doped 12.5 +
1.0 nm HgTe QDs. The blue, green and red lines are the Gaussian fittings, and the black dashed
line a fit to the experimental data shown in grey. The inset shows the electronic structure and
optical transitions for HgTe QDs. (B) Small-Angle X-ray Scattering shows similar colloidal
stability of oleylamine-capped HgTe QDs in hexane and the same QDs dispersed in DMF after the
ligand-exchange. Inset shows a photograph of stable colloidal solution of HgTe QDs dispersed in
DMF following the solution ligand exchange process. (C) TEM image of ligand-exchanged 12.5
+ 1.0 nm HgTe QDs used for charge transport studies. The high-resolution TEM image in the inset
shows good crystallinity and small separations between ligand-exchanged HgTe QDs. This figure
is adapted from ref 47.
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A solution-phase ligand exchange was applied, forming stable nanoinks in DMF (Methods).?
Small-Angle X-ray scattering (SAXS, Fig.3-1B) and electron microscopy (Fig.3-1C) confirmed
that the size and shape of HgTe QDs were preserved after the ligand exchange. For transport
studies, HgTe QD films were spin-cast at room temperature, with no additional heat treatments.
Electron microscopy and Small-Angle X-ray Scattering (SAXS) done by Dr Margaret H Hudson,
and Vladislav Kamysbayev showed that the films consist of randomly-packed QDs (Figure 3-2)
with a high packing density ~68%, including HgCl> in the ligand shell a very short dot-to-dot
separation | =3-4 A. The solution and film-deposited QDs also show similar emission spectra

(Figure 3-3).

Figure 3-2. SEM images. High-resolution SEM images (top view and view at 45 deg. angle) of a
film of ligand-exchanged 13.1 £ 1.1 nm HgTe QDs used for charge transport studies. This figure
is adapted from ref 47.

56



In DMF solution
B In film

—~
B —~
= L >
i) A —
Af— - ~

2 @
= r o
2 <
) (5}
2t £
£ 109
a o
<

N '\ w/\ﬂl \/IV"“A A VA..,A\!"\_[l‘vm ,\}\’ A \

— :
2000 3000 4000 5000 6000 7000
Wavenumber (cm™)

Figure 3-3. Absorption and PL studies of 10.9 £ 1.0 nm HgTe QDs. The red line shows an
absorbance spectrum for a solution of oleylamine-capped QDs in tetrachloroethylene, dedoped by
treatment with molecular iodine. Photoluminescence spectra were measured for the same QDs
after ligand exchange into DMF with HgCl,, 2-Mercaptoethanol, n-butylamine, and n-
butylammonium chloride. Solution PL spectra were measured in DMF. For film-PL studies, the
DMF-dispersed HgTe QDs were spincast on Si wafer. The photoexcitation was performed by
using an 808 nm continuous laser modulated at 100 kHz. This figure is adapted from ref 47.

3.1.3 HgTe QD Transport Property Measurement

To characterize the transport property of HgTe QD solid, several different methods are used,

including FET, electrochemistry, Hall effect and Seebeck measurement.

1. Sates Filling Resolved by FET

A bottom-gate geometry (Figure 3-4) was applied in thin film FETs (Methods). The length of the
FET channel was varied from 3 um to 3 mm without any significant impact on the device

performance demonstrating the long-range uniformity of QD layers.
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Figure 3-4. Schematic of FET. Schematic of a solid state QD FET and a cross-sectional SEM
image of an FET channel showing randomly-packed HgTe QDs. The scale bar is 100 nm.

The well-resolved conductance peaks in the n-type region of the HgTe QD FETS, are observed in

a wide temperature range (Figure 3-5).1%2
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Figure 3-5. Temperature-dependent transfer characteristics for a HgTe QD transistor. Plots
of Ips versus Ves at Vps = 0.1 V for an ambipolar FET assembled from 10.0 = 1.1 nm HgTe QDs
(L =10 pm, W = 400 pm). At low temperatures, there is large noise close to the intrinsic states.
Consequently, the currents were not presented, for Vs less than 7 V, at temperatures below 30 K.
This figure is adapted from ref 47.
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Figure 3-6. The output and transfer characteristics of HgTe QD FETSs. (A) Output and (B)
transfer characteristics at Vps = 0.2 V for an ambipolar FET assembled from 10 £ 1.1 nm HgTe
QDs (L =10 pm, W =400 pum). This figure is adapted from ref 47.

The output and transfer characteristics of HgTe QD FETs show efficient current modulation
(Figure 3-6). The hysteresis-free transfer characteristics imply a highly reversible QD

charging/discharging process where no noticeable surface states are involved in charge injection

and transport.

We also verified that in all measurements FET channel current exceeded the gate leakage current
by several orders of magnitude as shown in Figure 3-7, the transfer curve for a FET device with
~60 nm-thick film of 13.8 + 1.1 nm HgTe QDs, measured at 79 K. The first conductance peak is

attributed to the half-filling of the 1Se electronic state.
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Figure 3-7. The transfer characteristic of a solid-state FET using 13.8 + 1.1 nm HgTe QDs.
(A) Drain current (Ibs-Ves) and gate current (les-Ves) vs gate voltage characteristics of FET
device with ~60 nm-thick film of 13.8 + 1.1 nm HgTe QDs, measured at 79 K. Both forward and
reverse scans were presented. The hysteresis-free Ips-Ves curve, together with 3-4 orders of
magnitude lower lgs, compared to Ips, supports a highly reversible charging/discharging process
during the measurements. (B) The transfer characteristic (recorded at 79 K) of a solid-state FET
using 13.8 + 1.1 nm HgTe QDs, demonstrating sequential filling of s- and p-orbitals of HgTe QDs.
The splitting of the p-orbital results in an unsymmetrical p-state filling curve, in agreement with
the intra-band optical absorption spectrum shown in the inset. This figure is adapted from ref 47.

Using the FET gate dielectric capacitance and dense two-dimensional QD packing, we estimate
Vs required to add one electron per QD in the FET channel, V¢ = 8.4 V. We assumed that all
injected carriers were accumulated within the first layer of the QD film. This QD array can be
regarded as a 2-dimensional (2-D) lattice system. In the case of 2-D packing, the packing density
n is assumed to be ~90.6% corresponding to hexagonal packing). The equation for estimated V¢

for every electron:

2
Ve = VG _ Vth _ % _ Sxnxe/(mrxR*) (3_1)

£Si0, XggXS/d
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Where V; is the gate bias, V;;, is the threshold voltage, R is the radius of the HgTe QDs, e is the
elementary charge 1.6 X 107'% C, &5;0,= 3.9 is the dielectric constant of SiO», &, is the vacuum
permittivity 8.85 x 10712 F/m, S is the area of the device and d the thickness of the SiO;
dielectric layer (300 nm). For HgTe QDs with a diameter of 13.8 nm, by applying the above
equation, the calculated V¢ is calculated to be 8.4 V. If we take into account the size distribution,
i.e.,, 13.8 £ 1.1 nm, V¢ is in the range of 7.2~9.9 V. This is in good agreement with the measured
17 V range of the 1Se peak corresponding to 2 electrons per QD. The next peak spansa 57 V range,
which is consistent with 6 electrons needed to fill the 1Pe states. The 1Pe peak is structured and
this matches the fine structure of the intraband absorption of HgTe QDs (Figure 3-7B, inset), a
result of the lifted degeneracy of the 1Pe-states of HgTe QDs due to strong spin-orbit coupling.?
The relation of the conduction peaks and valleys to the filling of QD states is supported by the
expected scaling V¢ oc d~2 — higher gate bias is required to achieve the same charge/dot in FETs

made of smaller HgTe QDs (Figures 3-8 and 3-9).
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Figure 3-8. The transfer characteristics of FETs made of HgTe QDs of different sizes. (A-C)
linear and (D-F) logarithmic scales to better show the conductivity modulation related to quantum
state filling. This figure is adapted from ref 47.
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Figure 3-9. Plot of 1/V® as a function of the diameter of the HgTe QDs. V¢ defines the effective
gate bias required to fill one electron per QD. Ve is then estimated using the equation V¢ =
Vvattey — Vin)/2,where Vy,qy, COrresponds to Vg at the conductance valley between S- and P-
state current in the transfer curves and V,;, the threshold voltage extracted from the transfer curves.
The linear relationship for 1/Ve vs. Diameter? suggests that indeed it is the two-dimensional
packing density of the QDs that defines the gate bias required to populate each electron of the QDs.
This figure is adapted from ref 47.
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The assignment of the FET conductance peak to 1Se is further confirmed by

spectroelectrochemistry?! (Figure 3-10).
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Figure 3-10. Spectroelectrochemistry. Top: The change of the Fermi level (Er) with applied
negative bias and its effect on the intensity of the interband (I, Il, I11) and intraband (i) optical
transitions are shown in Figure 3-1A. Bottom: The absorption difference spectra for a film of
electrochemically biased ligand-exchanged 7.6 £ 0.8 nm HgTe QDs vs. reference Ag/AgCl
electrode at 203 K. When a negative (reducing) bias is applied, the intraband absorbance (i)
appears and the excitonic transitions (I, 11, 111) are bleached. This figure is adapted from ref 47.

We think that a combination of high monodispersity of QDs, low state degeneracy, favorable
surface chemistry with no intervening surface states, Ohmic contacts between QDs and Au
electrodes, and QD sizes large enough to confine most gate-injected charges to the first monolayer
of QDs, are the reasons why the conductance peaks are well resolved in our QD films. In a solid-
state FET, the gate field extends into the semiconductor channel for the depth defined by the
Thomas-Fermi screening length, which is comparable to QD diameter. In FETs made of larger

QDs, major charges are distributed within a single QD layer adjacent to the gate dielectric,
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resulting in sharp conduction minima. At lower temperatures, the FET features sharpen (Figure

3-11) pointing to a low density of electronic states between 1Se- and 1Pe-orbitals of HgTe QDs.

=
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Figure 3-11. State filling studies of HgTe QDs with 15.1 £ 1.3 nm size using about a
monolayer-thick QD film as the FET channel. The FET transfer curve measured at 78K shows
a well-resolved gap between 1Se and 1Pe quantum states. In contrast to optical absorption spectra
which typically experience difficulty with resolving sharp excitonic features for large QDs, the
solid-state FETs show more pronounced separation between 1Se and 1Pe states in large QDs for
which the gate field does not penetrate beyond single QD layer. The FET devices with channel
thickness close to one QD layer show 1Se-1Pe and h1-1Se gaps equally sharp. This figure is
adapted from ref 47.

The clear appearance of 1Se and 1Pe QD states in the conductivity data indicate that electrons
move through a network of well-defined quantum-confined states. We rule out even mild sintering
because bulk HgTe is a semimetal, and QD sintering would lead to a large broadening of the state
distribution and loss of optical, electrochemical, and FET characteristics. To further strengthen

this point, o(T) at the intrinsic doping point follows an Arrhenius activation energy which matches
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half the optical band gap of individual QDs corrected by the exciton binding energy (Figures 3-

12).
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Figure 3-12. Bandgap calculation from the temperature-dependent transfer curves. (A) Plots
of Ip versus Vgs at Vps = 1 V for the device with 10 nm HgTe QD solid. Note that VVps was applied
at 1 V instead of 0.1 V such that the interband minima current can be extracted reliably at lower
temperatures. (B) The interband minima currents as a function as temperature show an Arrhenius
activation energy ~92 meV, suggesting an electronic bandgap ~184 meV. When corrected by an
exciton binding energy of 26 meV using the equation E, = —1.8 e?/(4meg,r), an optical bandgap
~158 meV is achieved, which is in good agreement with the photocurrent onset from a
photoconductor, shown in the inset based on the same batch of HgTe QDs. This figure is adapted
from ref 47.

2. FET Drift Mobility
The other observation is the two orders magnitude improvement in electron mobility compared to
any previous reports for QD devices showing state-resolved transport. FET mobility (upgt),
extracted in the linear regime, was calculated by fitting the experimental data to the following

equation:
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L dlp
— =D 3-2
HFET = ey ave (3-2)

where L, W, C;, Vb, Ip, and Vg are the channel length, channel width, capacitance per unit area,
drain voltage, drain current, and gate voltage, respectively. For thin films (~20-30 nm), the sharp
increase in conductance at low charge injection levels (for both electron and hole) suggests an
electronically clean bandgap, i.e., free of in-gap states. Interestingly, the use of thicker QD films
(~60-80 nm) improves further the electron mobility. We understand that the improvement might
come from improved continuity of the film and the more favorable dielectric environment in a
thicker film. Note that there is a large hysteresis at room temperature, which decreases as the

temperature decreases. At temperatures below 250 K, the hysteresis is negligible (Figure 3-5).

Figure 3-13 shows the electron FET mobility (u££T) measured for a film of 13.1 = 1.1 nm HgTe
QDs at a doping level of ~0.5 e/QD (~3.3-10° cm™) from 5 K to 250 K. For these dots, the mobility
peaks at 8 cm?Vlst at 77 K. At higher temperatures, there is a “bandlike” behavior with
dubET /AT < 0. At lower temperatures, the mobility decreases with no apparent plateau, but it is
still larger than 1 cm?V-is™ at 9 K. Dividing the film conductivity (c) at n ~ 1 &/QD by the surface

charge density provides mobility which is very similar to u5£7 at n ~ 0.5 /QD (Figure 3-13).

We also noted that in FET at low temperatures electrons move more efficiently through 1Se states,
while the transport through 1Pe-type states gets suppressed, which becomes particularly obvious
at low temperatures. This effect is counter-intuitive for the hopping conduction because 1Pe-states
have higher degeneracy compared to 1Se-states. Besides, electrons moving through 1Pe states
should experience lower activation barriers compared to 1Se electrons. Electrochemically-gated
films show higher conductance for 1Pe but that is at a higher temperature. One possible explanation

for the reduced conductivity of Pe states at lower temperatures compared to 1Se is the greater
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energy disorder (reduced degeneracy) for 1Pe compared to 1Se as evidenced by the breadth of the
intraband absorption. Another possible explanation is that the wavefunction of the lower energy
1Se state has a greater weight near the dot surface due to the inverted band structure of HgTe.??
We may also speculate that in high-mobility HgTe QD samples electron delocalization extends
over multiple QDs and spherically-symmetric 1Se states can form coherent domains even in
disordered glassy QD films, while the angular components of 1Pe orbitals are much more sensitive
to a positional disorder of individual QDs. Such an effect has been previously observed in indium-
gallium-zinc oxide and some other amorphous semiconductors.? Relatively weak coupling of the
1Pe- and 1De- type orbitals may also explain why no mobility edge was observed in heavily-doped

QD solids.
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Figure 3-13. Comparison between the FET differential mobility and the mobility extracted
from film conductivity and carrier density. The absolute mobility is extracted using the equation
u = a/(ne) , where g, n, e are the conductivity, the carrier density, and the elementary charge
1.6 X 1071°C, respectively. The carrier density is extracted from the 3-D packing density (~68%)
and the doping level of the HgTe QDs derived from the transfer curves at 77 K. An electron doping
density of 0.55 e/dot is used based on the relationship between the gate bias and the size of HgTe
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QDs. The doping level is assumed to be constant during the temperature range as investigated.
This figure is adapted from ref 47.

We studied several samples with different QD sizes, from 7.6 to 13.8 nm, that showed qualitatively
similar behavior. The peak mobility generally increased and shifted to lower temperatures with
increasing HgTe QD size (Figure 3-14). For the 7.6 £ 0.8 nm sample, there was no bandlike region

and the mobility was below 1 cm?V-s in the measured temperature range.
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Figure 3-14. Temperature-dependent FET electron mobility for the films of HgTe QDs of
different sizes and same surface ligands. (A) Linear scale and (B) Log scale. This figure is

adapted from ref 47.

3. Mobility Measurement by Electrochemistry

The high electron mobility of HgTe QD films is also observed by electrolyte-gating (Figure 3-15).

More detailed electrochemistry measurements on high mobility HgTe QD solid are discussed in

Chapter 4.
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Figure 3-15. Mobility analysis from electrochemical studies. (A) Cyclic voltammetry current
and conductance at 203 K. The voltage dependence of the conductance across the gap between the
hole states and the 1Se state is consistent with the Nernst equation. A Nernst slope of 23.0 + 0.8
V1 is achieved, which is consistent with the temperature of 203 K (mz 24.8 V1). The red
arrow indicates the Fermi level of the quantum dots in this environment. The black arrows indicate
the scan direction. (B) The mobility analysis of 10.0 = 1.0 nm HgTe QDs from electrochemistry
experiments. The maximum mobility—achieved below 1e/QD doping level—is ~1.3 cm?V-s! at
203 K. (C) Transfer curve for a solid-state HgTe QD FET prepared from the same batch of HgTe
QDs. Plots of Ip versus Vs at Vps = 0.1 V for an ambipolar FET assembled from 10.0 £ 1.1 nm
HgTe QDs (L =10 um, W = 400 um) measured at 200 K. The linear regime electron mobility is
calculated to be 2.48 cm?V1s?, in good agreement with the electrochemistry analysis. This figure
is adapted from ref 47.

The narrow bandgap of HgTe QDs is aligned with the effective Fermi level of the environment (~
-4.5 eV relative to vacuum). This allows for air stable n- and p-type doping, which is unique among
semiconductor QDs. By varying the amount of added HgCl, during the ligand exchange
(Methods), we can prepare n-type, p-type, and nearly intrinsic QD solids (details are discussed in
Chapter 4). The hybrid surface treatment enables not only excellent electron mobility but also
high hole mobility ufET ~ 1.3 cm?V-1s? (Figure 3-16). However, the transfer characteristics of p-
type QD FETs did not show discrete hole states, possibly because of the denser hole states due to
the much larger hole effective mass.?? As judged by FET threshold voltages, the doping of HgTe
QDs does not change appreciably upon cooling from 250 K down to 4 K, showing no sign of

carrier freeze-out.
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Figure 3-16. Transfer curve for a p-type transistor based on ~11 nm HgTe QDs. (A) Plots of
Ips versus Vgs at Vps = 0.2 V for an ambipolar HgTe QD FET. (B)demonstrating hole mobility
beyond 1 cm?V-1st at a temperature of 170 K. This figure is adapted from ref 47.
4. Hall Mobility

To provide complementary insights into the transport, we performed Hall measurements on HgTe
QD solids. A Hall bar geometry with a 3 mm long conduction channel allowed measuring both
Hall and FET mobility on the same QD film. The devices were measured in a Physical Property
Measurement System (PPMS) setup. For the films in the Hall effect study, both solution ligand
exchange and the deposition of the films were performed in an N> filled glove box. The films were
kept in a high vacuum at ~10°® torr for ~12 hrs to mimic as much as possible the conditions for
regular FET devices. The thickness is measured to be ~65 nm determined by SEM. The
corresponding transfer curves at different temperatures are shown in Figure 3-17. The modest
on/off ratios can be attributed to the multiple-layer stacking that compromises the effective gating

effect through the whole thickness. The sample shows drift electron mobilities that peak at 2.69

cm?V-1st at 100 K before dropping to 0.31 cm?V-1st at 10 K. The Hall mobilities were measured
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without applying gate bias. Electrical noise prevented Hall measurements when the drift mobility

was smaller than ~ 0.1 cm?V-1s?,
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Figure 3-17. Transfer curves for a 13.1 = 1.1 nm HgTe QD Hall bar device. (A) ~1 ¢/QD doping
(B) ~0.5 ¢/QD doping at the temperature range from 10 to 200 K. Transfer curves for a HgTe QD
Hall bar device with both forward and reverse scans are included. The hysteresis-free transfer
curves support a highly reversible charging/discharging process. In the meantime, the transfer
curves, before and after Hall measurements, overlap with each other, further verifying that there
was no change of the HgTe QD active layer during the Hall measurements. This figure is adapted
from ref 47.

The Hall mobilities agree well with FET mobilities in a temperature range from 100 to 10 K
(Figures 3-18B). Further cooling down induces larger device resistance that limits the constant
currents that can be used and no reliable Hall mobility could be measured. It is worth noting that,
for a doping level ~1e/dot shown in Figure 3-17A, the FET mobilities are extracted in the linear
region that is below the 1le/dot doping level while the Hall mobilities are measured close to 1e/dot
condition. FET mobilities and Hall mobilities were therefore measured under different doping
levels. We addressed this concern by purposely oxidizing the same Hall bar device, i.e., exposing
the device to air. This lowers the n-type doping, as shown in Figure 3-17B, close to 0.5 e/dot

condition. Importantly, this means that the Hall mobilities are measured in the linear mobility
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region where FET mobilities are extracted. Figure 3-17A shows the scan of the magnetic field
appliedtoa 13.1 £ 1.1 nm HgTe QD film, and the Hall voltages recorded at different temperatures.
Figure 3-17B compares uX% and u£ET, both measured at ~0.5¢/QD doping. The measurements
show that the %! /uEET the ratio is within 50% of unity across all temperatures. Interestingly,
the air exposure also improves the FET mobilities while the trend was well maintained, i.e., peak
mobility of 4.84 cm?V-1s was achieved at 100 K. The mobility remained 0.60 cm?V-s at 10 K.
The FET mobilities, once again, agree well with Hall mobilities (Figure 3-18B). This further

verifies that, indeed, for HgTe QD films, the Hall mobilities are comparable to FET mobilities.

Hall mobility (uy) and concentration (ny) were calculated from the following equations by fitting

experimental data:

ho _BI 1

pa = — |Vyl, = (3-3)

where 1, B, o, and h are the applied current, magnetic field, conductivity, and film thickness,
respectively. The Vu values, measured from four different contact configurations, were averaged
to calculate uy and ny. Note that, for the Hall bar geometries used in this work, the ratio of channel
width to channel length is small. For the comparison between FET- and Hall mobilities, the
channel width was corrected by measuring the channel width for every device using an optical

microscope.

72



6
A B = Hall mobility
10 4 e FET mobility - - m
1 ‘ -
S 5 0
g T 44
> < -
=) = :
g 0 b | E 3 3 N X +
S £1 /
® -5 = 21 ¥
14 :.;::';
-10 - ¥
T T v T T T T -4 0 . - - : . : . :
0 2000 4000 0 50 100 150 200
Time (s) T (K)

Figure 3-18. Hall effect on HgTe QD films. (A) The magnetic field (dashed line) applied to a
filmof 13.1+ 1.1 nm HgTe QDs with ~0.5 e/QD doping and the Hall voltage (solid lines) recorded
at different temperatures from 20 to 200 K. (B) The comparison of the Hall and FET mobilities
measured for the same HgTe QD film. The error bars associated with the FET mobilities originate
from the deviation of the channel widths, where the real channel width, as defined by the HgTe
QD film, set the lower limit and the photolithographically-defined source/drain-electrode-length
the upper limit. The FET mobilities were averaged between the upper and lower limits. The major
error bars associated with the Hall mobilities originate from the determination of the hall bar
resistance measured by the VVan der Paul method (relative error ~5 % estimated following the NIST
guideline) The inset shows the Hall bar capacitively coupled to a silicon back gate. This figure is
adapted from ref 47.

5. Seebeck Effect Measurements

For Seebeck coefficient measurements, a home-made substrate holder (Figure 3-20A) was used
such that the measurements could be performed by a Physical Property Measurement System
(PPMS, Quantum Design). Two parallel Au bars were patterned on a fused silica wafer with a
separation of 3 mm. HgTe QDs were deposited on the substrate such that the two Au bars were

well connected both mechanically and electrically and shown in Figure 3-20B. The films were
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left inside the glovebox overnight, which was then pumped inside a thermal evaporation chamber
overnight to get rid of residual solvents. For the temperature-dependent Seebeck coefficient
measurements, the temperatures were controlled by PPMS. At a fixed temperature, a small
constant current was applied by Keithley 2400 to one of the hotplates, resulting in a temperature
difference between the two Au bars. An Agilent 34410A Digital Multimeter was used to measure
the thermal voltages and to read the temperatures from the two thermocouples. Thermal voltages
(AV) between the two Au bars were recorded by monitoring the voltage differences between the
two Cu legs of both thermocouples. The temperature differences (AT) could be derived from the
voltage differences associated with the two T-type thermal couples. Seebeck coefficients of HgTe
QD film relative to Cu were then calculated using the equation S = -AV/AT. At the same time, the

resistances of the devices at different temperatures were also recorded by the Multimeter.

A
Hotplate

Sample po

Hotplate 2

Figure 3-19. Seebeck setup. (A) Sample holder for Seebeck coefficient measurements and (B)
the picture of a device used for thermopower measurements. This figure is adapted from ref 47.
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The temperature-dependence of Seebeck coefficient (S), S = — AV /AT, is presented in Figure 3-
20 for 13.1 £ 1.1 nm HgTe QD film with a ~ 0.5e/dot doping level. The data show a negative S,
consistent with the electron being the charge carrier and linear scaling with temperature with a

magnitude of 31 nV/K at 200 K.
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Figure 3-20. The temperature-dependent Seebeck coefficient. Seebeck coefficient measured
fora 13.1 + 1.1 nm HgTe QD solid across a temperature range from 30 to 250 K. The film was

made on a glass substrate in the same conditions as the film with doping level is expected to be ~
0.5e/dot. This figure is adapted from ref 47.
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3.1.4 HgTe QD Transport Mechanism Discussion

The fully reversible and state-resolved transport with uff7 ~ pHel > 1 cm?v-is? properties,
makes HgTe QD system convenient to discuss transport mechanisms in QD solids. In the low-
mobility samples, electrons move by thermally activated hops.'* It remains an open question of
what mechanisms can account for high mobility QD films, with a spread of viewpoints on the
ability to achieve delocalized transport through QD states.”®1"8 In crystalline and disordered
semiconductors, an insulator-to-metal transition, evidenced by a finite conductance at zero
temperature, can be observed at sufficiently high doping.?® In our case, the mobility drop at low
temperatures does not support the metallic behavior at zero temperature. However, it is transported
at finite temperature and low doping levels that are relevant for practical applications of QDs in

photodetectors and LEDs.

The bandlike regime is suggestive of some delocalization.?? Yet since the same behavior can be

mimicked by hopping we are compelled to discuss various models.*®

1. The Marcus model for non-adiabatic hopping

A hopping model is the small-polaron Marcus electron transfer model given by?5%’

_ e(d+h?2m J? —(A+AG)?
w™) = no 6 4n,1(kBT)3ex (4/1kBT

). (34)

where J is the electronic transfer integral, A is the reorganization energy, and AG is the energy
disorder. “Band-like” behavior was observed for QDs larger than 7.6 nm as shown in Figure3-21.

The fits use calculated reorganization energy A discussed below, to extract the two parameters of
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disorder energy AG and the coupling energy J. There are therefore only two adjustable parameters

used for fitting experimental data.

Table 3-1 gives the fitting parameters. As the reorganization energy A decreases with increasing
QD size, the disorder energy AG also decreases with size, as expected, and the magnitudes are
smaller than the values estimated in Supplementary Discussion 1, but generally within the same
order of magnitude. The coupling energy is relatively constant at / ~ 1 meV. The magnitude is
reasonable, consistent with small shifts of the optical spectra in film and solutions. The lack of
significant size effect on J may be a compensation between two effects: as particles become
smaller, the 1Se energy increases, lowering the barrier for tunneling and increasing coupling, while

the tunneling should also scale like an area of contact and therefore decrease.
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Figure 3-21. Marcus theory fitting for u£ET in the films of HgTe QDs with different sizes.
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Table 3-1. Parameters used in the Marcus theory fitting.

QD size Calculated 4 AG J
13.7 nm SmV 8.5mV ImV
13.1 nm 6.3mV 9mV 1.3mV
10 nm TmV 17mV l.6mV
10 nm (sample2) TmV 18.5mV 1.5mV
9.4 nm 8mV 18mV 1.8mV
7.6nm 17mV 35mV [.1mV

Estimation of QD reorganization energy: The reorganization energy is due to the polarization of

the material. An estimate, as provided by Prodanovic et al,? is

A= 47:80 (% B 2(r1+l)) (i N eist) (3-5)

where e is the elementary charge 1.6 x 1071 C, &, = 7.3 is the optical dielectric constant of the
matrix surrounding QDs, &g is its static dielectric constant. For an approximation of &g, the static
dielectric constant for bulk HgTe is 21 while the optical dielectric constant of HgTe is 15.2. We
scale &, with the same factor as bulk HgTe. &, is the vacuum permittivity 8.85 x 10712 F/m, [ is
the interdot separation and r the radius of the QDs. With a dot separation of [ = 0.5 nm and a dot
radius of r = 6.5 nm, the reorganization energy is then A~5 meV. Smaller values result if the

matrix is more polarizable.
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Estimation of QD Charging energy: another estimate for A is to use the electron-electron

repulsion®®, E., using the equation:

E,=—"—x -~  (36)

ATTEM EQT r+l

where e is the elementary charge 1.6 x 10719 C, ¢, is the dielectric constant of the matrix
surrounding QDs, &, is the vacuum permittivity 8.85 x 1012 F/m, L is the interdot separation
and r the radius of the QDs. With a dot separation of [ = 0.5 nm and a dot radius of r = 6.5 nm,

the charging energy is calculated to be 2.3 meV.

Taking HgTe QDs with d = 13.1 nm as an example, with interdot spacing | = 0.4 nm, and assuming
reorganization energy of 1 ~5 meV, the Marcus model gives AG =9 meV, and J = 1.3 meV.
Results on smaller sizes show increasing activation energy consistent with larger disorder and
reorganization energy, and the disappearance of the bandlike regime. Therefore, the Marcus model
provides a plausible model for mobility magnitude and dependence on size and temperature.
However, it seriously underestimates the mobility at low temperature. As shown in Figure 3-22B,
there is very low activation energy from 50 K to 5 K, of the order of 1.7 meV. It, therefore, seems
that the electrons easily find paths with low energy barriers. At the lowest temperatures, there is
also an increasing deviation from the Arrhenius behavior. This is expected for a system with a

range of activation energies.
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Figure 3-22. Charge transport studies of 13.1 £ 1.1 nm HgTe QD solids. (A) Temperature-
dependent FET mobility (1) compared to the Marcus theory for non-adiabatic hopping. (B) The
mobility follows Arrhenius behavior at the temperature range from 5 to 50 K with activation energy
(Ea) under 2 meV, while the Marcus theory shows large deviations from the experiment. This figure
is adapted from ref 47.

2. Efros-Shklovskii Variable-Range Hopping

Electron-electron interactions are also expected to lead to the Efros-Shklovskii Variable-Range

Hopping (ES-VRH)*?® with
u(T)~ exp [— (TES/T)l/Z] (3-7)

Since VRH is a scaling argument, it is accurate in the limit of weak coupling, where the mobility
drops by several orders of magnitude with temperature. Therefore, there is limited validity to fit
the data to the VRH model here. Besides, there is no prescription for the pre-exponential factor.
Nevertheless, since the Einstein relation suggests a T~ preexponential factor,'® we applied Eq.

(3.7) to the mobility data of 13.1 £ 1.1 nm HgTe QD solids and obtained Ts = 350 K (Figure 3-

23).
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Figure 3-23. Efros-Shklovskii Variable-Range Hopping. Best fit for the temperature-dependent
mobility of 13.1 + 1.1 nm HgTe QD using the Efros-Shklovskii variable range hopping with 7!
preexponential factor obtained from the Einstein relation. This figure is adapted from ref 47.

The electron localization length is given by & = Be?/(4meeykTgs), Where is a macroscopic
dielectric constant, g is a numerical constant (B;p~2.8 for 3D transport and S,,~6.1 for 2D
transport).2® Since in a QD FET major charge transport occurs through one layer of QDs adjacent
to the gate dielectric,? the 2D case is more relevant. This analysis, using £= 7.3 estimated by the
optical dielectric constant of HgTe QD films, which is also in agreement with the Maxwell-Garnett
theory, gives &, = 39 nm that exceeds the diameter of individual HgTe QDs, suggesting
delocalization of electrons over multiple QDs. One should be careful with taking this number as a
quantitative measure for the degree of delocalization because a larger value of £is possible, as it
is the static dielectric constant of QD films that should be used (£=20.9 for bulk HgTe would be
an upper limit), and the localization length would then be proportionally smaller. At the same time,

the recent studies suggest using £~9.6 for doped semiconductor nanocrystals,® which would
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proportionally increase the localization length. It has been argued that ¢ > d manifests an

approach to the metal-insulator transition in highly doped nanocrystalline materials.®*°
3. Other Model

Recent theoretical studies of the insulator-to-metal transition in organic and granular
semiconductors point to the importance of the domain-localization regime.?®? An alternative to a
hopping model may be a heterogeneous system with delocalized transport within locally coherent
domains of multiple QDs, separated by insulating barriers with hopping conduction. At high T, o
is controlled by delocalized transport within such domains, while at low T slow inter-domain hops

create transport bottlenecks.

Careful inspection of high-resolution SEM images (Figure 3-2) shows small cracks and variations
in local packing density of QDs, similar to sketch in Figure 3-24. Conduction in such systems
should take into account sample heterogeneity. Such models have been developed for conducting
polymers approaching the insulator-to-metal transition.®” There, the conductivity of regions with
ordered polymer chains is high, while the total resistance is also affected by the disordered regions

along the current path.

Figure 3-24. A sketch showing local variations in the packing density of individual QDs. This
may result in formation of strongly-coupled domains of finite size separated by barriers with
weaker coupling between QDs.
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Assuming that the conduction paths consist of combinations of higher- and lower-conductivity
regions, tour collaborator Prof. Dmitri Talapin fits experimental conductance data to a simple
model of series resistances for islands with dispersive band transport and conductivity oy, ,
separated by regions with hopping conductivity oy, with a temperature dependence identical to

ES-VRH or hopping conductivity in granular metals:*"*8

ou(T) = o3 (T/T*) 732 (3-8)

Ohop (T) = Ul’{opexp[_(To/T)l/Z] (3-9)

A phenomenological form
1/2
o(T)™* = AT3/2 + Bexp [(%) ] (3-10)

has been proposed for highly doped organic conductors, where metallic regions are separated by
insulating barriers with hopping conduction.® This is conceptually similar to the models used for
organic conductors, where good agreement with experimental data was observed for highly-doped

polyaniline, polypyrrole and some other materials near the insulator to metal transitions.’

Figure 3-25 shows that the three-parameter fit with Eq. (3.10) is in excellent agreement with the
experimental conductivity data for 13.1 nm HgTe QDs. If we take T, =121 K as an approximation
for Tz in ES-VRH scaling, we can estimate the localization length & = Be?/(4mesokpTys).
Using parameters discussed before, &5, = 64 nm, which can be related to the size of domains with
metallic conductivity. Excellent fits are also obtained for the other sizes as shown in Figure 3-26.

Table 3-2 shows the parameters extracted from the fits.

83



Figure 3-25. Temperature-dependent conductance of ungated 13.1 = 1.1 nm HgTe QD film
with ~0.55 ¢/QD doping level. Blue line shows the fit to a model used for heterogeneous
conductors with metallic regions separated by insulating barriers. This figure is adapted from ref
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Table 3-2. Parameters used in the heterogeneous conductor model fits in Figure 3-26

0D size A B Ty
13.7nm 0.97 x10*  0.047 90K
13.1nm 0.86x10* 0.02 169K
10nm 1.0x10™ 0.049 815K
10nm (sample2) 0.82x10* 0.031 642K
9.4nm 1.16x10* 0.04 608K
7.6nm 0.58x10* 2.62 404K

It is also not clear how spatial heterogeneity can coexist with nearly ideal Hall effect observed in
HgTe QD solids. In the organic conductor literature, a value close to unity for pfet/pFET js
supporting evidence for delocalization.®3" This is because highly doped crystalline
semiconductors always show a ratio close to unity, as opposed to disordered hopping
semiconductors which show anomalously low Hall mobility. However, delocalization is not a strict
requirement since a ratio close to unity can be observed for ions in electrolytes.® Hopping also
causes a conceptual problem since there is no velocity, therefore no Lorentz force and no Hall
effect. Holstein proposed that the magnetic field modifies the interferences for the different
pathways between several sites, such that hopping can still lead to a Hall effect albeit not
necessarily ideal.3*4% One experimental study for crystalline Ge in the impurity hopping regime
showed no measurable Hall effect and therefore did not support Holstein’s predictions.** However,
an ideal Hall mobility may still be obtained in a particular case of hopping. A proposed proof is

to consider a random walker of charge g, with a single hopping time, z, between neighboring sites
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separated by a distance d. The diffusion coefficient is D = z—i, and the drift mobility is up =

%. When an electric field, E,, is applied in the longitudinal direction, the charge distribution

spreads and also drifts at a velocity v, = upE,. In areference frame that moves at the drift velocity,
the charge distribution only spreads. Now, one adds a magnetic field B, in the z direction. In the
fixed frame, the assumption that hopping produces no Lorentz force leads to no Hall voltage along
the y direction. However, the Lorentz force is also specific of the reference frame. In the moving
frame, the magnetic field gives rise to an electric field E;,, = —v,B,. The force on the diffusing
charge cloud is now electrostatic and identical to the Lorentz force. Therefore, the compensating
voltage is consistent with an ideal Hall voltage and mobility. Since the physical result must not
depend on the reference frame, the assumption of zero Hall voltage for hopping must be incorrect.
If this is true for a unique time 7, it will also be true if the hopping time has a distribution but all
carriers explore the same range of time distribution. Then, all carriers have the same average
mobility, and Hall mobility should still be ideal. However, if some carriers have different paths,
for example, due to their energies, then the Hall mobility can be far from ideal. This situation is

seen in weakly doped amorphous semiconductors. An illustrative example is a two-carriers model,

Nyl tna Uy
nq +TL2

where the average drift mobility is up, = while the average Hall mobility is uy =

2 2
Nl “+nyl;

, such that the two values can be very different. In the QD solids discussed here, we
Nyl +nzy

then propose that the nearly ideal Hall mobility can still be interpreted in the context of hopping

on the condition that all carriers follow similar paths.

For the Seebeck effect, in organic conductors, the linear S vs. T scaling is taken as indicative of

delocalization. For example, the transition from S < T1/2 to S « T has been observed in doped

86



polyaniline and polypyrrole samples as they approached the insulator-to-metal transition.*? In
contrast, for materials conducting by hopping between localized sites, it was predicted that Mott
VRH yields S(T) « T1/3 for 2D and S oc T1/2 for 3D transport, while ES-VRH is characterized
with temperature-independent S.**%* However, a classical charge motion can also lead to a linear
S vs. T scaling, and caution that the Seebeck measurement may be not an unambiguous proof of

delocalization as the following detailed discussion by Prof. Philippe Guyot-Sionnest.

For a single moving charge type such as an electrolyte, the particle current is given by J =

L
kgT

[Vﬁ + %VT] where i is the electrochemical potential, Q is the heat carried by the moving
charge, and L is the Onsager coefficient.”® The electrochemical potential is given by the Fermi
level which depends on temperature and particle density n, and the electric potential as i = u +

qV.

-t a”) v +a”) VT 4 qWV + 2T
J="1Tlon), Mt ar) VI AWV T

this includes the contribution of the particle current from the diffusion coefficient definition -DVn,

and the contribution from the conductivity —%VV. Identification of the terms leads to the relation

2

o

q

6p.) '
on/r

For a classical non-interacting gas, u = kgzTInn so that o = nq% = nqug, Where p, is the
B

electric mobility and this recovers the Einstein relation. The particle current must be zero at

equilibrium and the Seebeck coefficient is definedas S = — %. We take Vn = 0 because of charge
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T

%) +8
neutrality. Then S = —"T%

. We further neglect the heat carried by the charge assuming it to be

a small contribution and get the simpler expression

190
S= ”)
qoT/y

This expression contains no implicit dependence on conductivity. Since n is constant, we write

G 16n> an)
qoT/,/ oW

For n(u, T) we use a density of state for 1Se such that

1
n(u,T) = JD(E)WCZE
e ksT —1

If the density of state is large around the Fermi level, one can use the Sommerfeld expansion to

getn(u, )~ [* D(E) dE + ks*T? = D' ()
Then we get

kg® % D' (W)
=-—-—————"=T (3-11
S q 3 D(w (3-11)

This is still the Mott formula but there is nothing specific about the nature of the transport. The
only requirement is that there are states that are thermally accessible at the Fermi level so that the
Sommerfeld expansion is appropriate. It is therefore proposed that the linearity of the Seebeck

coefficient with temperature cannot obviously be used to argue for delocalization.
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Aside from the transport mechanism, the high electron and hole mobilities are generally beneficial
for QD device applications. We demonstrate this point by comparing the characteristics of two
mid-IR photodetectors made of the same batch of 9.0 nm HgTe QDs with our new hybrid
mercaptoethanol-HgCl, (ME-HgCl,) ligands and with traditionally used? 1,2-ethanedithiol (EDT)
surface treatment, which would be discussed in Chapter 6. Whether it is hopping or band transport,

the mobility improvement should be similarly advantageous for many other QD devices.!
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3.1.5 Conclusion

Overall, this work demonstrates that QD solids can achieve high electron mobility without
compromising the discrete nature of electronic states. Optimized surface chemistry for HgTe QDs
enables about 100-fold mobility improvement compared with any previous QD solids showing
state-resolved transport. The band-like temperature dependence suggests some degree of carrier
delocalization, but this is also captured by the Marcus hopping model. The nearly ideal Hall effect
is also typically accepted as evidence of delocalization but consistent description of transport in
high-mobility QD solids still poses a challenge and it remains uncertain whether the mobility arises
from hopping or band transport. The benefits of the mobility improvement for QD devices are

discussed further in Chapter 6.

3.1.6 Method
1. Materials

HgCl2 (>98%), iodine (99.99%), 1,2-ethanedithiol (>98.0% (GC)), HCI (ACS reagent, 37%), 2-
Mercaptoethanol (>99.0%), butylamine (99.5%), isopropanol (=99.7%, FG), tetrabutylammonium
perchlorate (for electrochemical analysis, >99.0%) and anhydrous solvents (hexane, toluene,
tetrachloroethylene, propylene carbonate, and methanol) were purchased from Sigma Aldrich and
used as received. Anhydrous N,N-Dimethylformamide (DMF, 99.8%) and HgCl, (98+%) were
purchased from Alfa Aesar and used as received. Note that the HgCI, from Alfa Aesar was solely
used for solution-phase ligand exchange. Oleylamine was purified following our reported
procedures. Bis(trimethylsilyltelluride (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
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oxide were purchased from WaferPro. Ultra-thin Si (25.4 mm in diamter, 73.5 pum in thickness)

wafers were purchased from University Wafer.

2. Synthesis of n-butylammonium chloride

N-butylammonium chloride was prepared by using the reaction between HCI and butylamine with
a 1:1 molar ratio. The reaction was performed in an ice bath. The product was first dried by using

a rotary evaporator, which was further dried in a vacuum oven at 60 °C before use.

3. QD synthesis and ligand exchange

HgTe quantum dots (QDs) were synthesized based on a previously reported method.>? For the
solution-phase ligand exchange, in a typical process, 0.5 mmol butylammonium chloride, 0.5
mmol mercury(II) chloride, 140 pL 2-Mercaptoethanol and 400 pL n-butylamine were dissolved
in 5 mL DMF, forming the hybrid ligand solution. 400 pL HgTe QDs in hexane was then added
into the hybrid ligand solution. Slight shaking resulted in the transfer of HgTe QDs from hexane
to DMF phase. A one-minute vortexing process was applied to promote the solution-phase ligand
exchange. HgTe QDs were precipitated by adding toluene as the anti-solvent, followed by
centrifugation at 4,000 r.p.m. for 30 s. After discarding the supernatant, 40 uL DMF was used to
dissolve the HgTe QD solids, yielding colloidally-stable HgTe QDs in DMF that were ready for
film deposition. The doping of HgTe QDs can be readily tuned by changing the amount of HgCl..
The narrow size distribution has been verified by Small- Angle X-ray Scattering (Figure 3-27),
with corresponding absorption spectra shown in Figure 3-28. The ligand-exchanged HgTe QDs

showed negative {-potential (Figure 3-29).
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Figure 3-27. Size distribution analysis of ligand-exchanged HgTe QDs with different sizes
used for state filling and transport studies. This figure is adapted from ref 47.
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Figure 3-28. Solution absorption spectra of HgTe QDs dispersed in tetrachloroethylene with

different sizes used for state filling and transport studies. The sharp peaks near 3000 cm™
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correspond to the oleylamine ligands. Redshifts in the interband and intraband absorption were
observed as the size increases, in agreement with a decrease of quantum confinement. This figure
is adapted from ref 47.
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Figure 3-29. (A) {-potential and (B) Dynamic Light Scattering analysis of DMF-dispersed
HgTe QDs. A negative potential of -17 mV is observed, suggesting the electrostatic contribution
to colloidal stabilization. DLS data suggest that the size of HgTe QDs is ~12 nm, in a good
agreement with SAXS data (13.1 + 1.1 nm). This figure is adapted from ref 47.

4. Electrode fabrication process

The substrates (either Silica wafers or fused silica wafers) were cleaned by piranha solution at 270 °C
for 45 minutes before use. After DI-water rinsing, the substrates were dried by N> blow. A layer
of hexamethyldisilazane (HMDS) was first deposited by spincoating at 3,000 r.p.m for 45 s
followed by mild baking at 115 °C for 3 minutes. LOR3 A lift-off resists (MicroChem) were then
deposited at 3,000 r.p.m for 45 s followed by mild baking at 185 °C for 5 minutes. Finally, S1813
photoresist (MicroChem) was deposited at 3,000 r.p.m for 45 s followed by a mild bake at 115 °C

for 2 minutes. The patterns were then defined by using Heidelberg MLA150 Direct Write
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Lithographer. The substrates were then developed in Microposit MF CD-26 Developer. The
electrode deposition was performed by using an AJA ATC-Orion 8E e-beam evaporation system.
5-nm Ti adhesion layer was first deposited followed by 100-nm Au. Lift-off was finally performed
in Remover PG (MicroChem). The substrates were then thoroughly washed by acetone, 2-propanol,
and DI-water, sequentially. N2 blow was used to dry the substrates. The substrates were finally cut
into desired small chips, depending on the targets, by using Disco DAD3240 Automatic Dicing

Saw.

5. Solid-state FET fabrication and measurements

Silicon wafers with dry thermal oxide (n** Si/300 nm SiO,, WaferPro LLC) were used as the
substrates. Source and drain electrodes were defined by a photolithography process as discussed
above. The deposition of HgTe films was performed inside the glovebox. Before the deposition,
the FET substrates were cleaned by O plasma for 10 mins. In a typical spin-casting process, 10
pL DMF-dispersed HgTe QD solution was first dropped on the substrates and uniform films were
achieved by spincasting at 2,000 r.p.m for 1 min. The films were kept inside the glovebox
overnight to facilitate a slow drying process before any measurements. The devices were then
loaded in a Janis cryogenic probe station coupled with a semiconductor analyzer (B1500A,
Agilent), followed by ~12 hrs vacuum pumping (~10° Torr) before the measurements. It is
observed that the pumping process leads to improved mobility. We understand that the vacuum
pumping process helps to get rid of the residual solvents and volatile ligands, which leads to much

denser films and finally delivers improved transport properties.
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6. Electrochemically-gated FETs and mobility analysis

The high electron mobility of HgTe CQD films is confirmed by the electrolyte-gating approach.
The electrochemistry experiments were performed using a bipotentiostat system (DY2300 series
Digi-lvy), following previous report 3. The QD films are prepared by spin coating from DMF
solution on the Au interdigitated electrode in a manner identical to the samples above. To minimize
the Faradaic currents from solution impurities, the cell is cooled to 203 K using an alcohol/dry ice
bath. Figure S13A shows the conduction and charging current for the sample, with well resolved
peaks for the 1Se state and the 1Pe state, together with evidence for conduction from holes. The
voltage dependence of the conductance across the gap between the hole states and the 1Se state is

consistent with the Nernst equation. A Nernst slope of 23.0 + 0.8 V! is achieved, which is

e

_* - -1 . .
In(10) kT 24.8 V7). The sample in this measurement

consistent with the temperature of 203 K (

was n-doped as determined by the open-circuit potential, indicating between 1 and 2 electrons in
the 1Se state. . The maximum mobility—achieved below 1e/dot doping level—is around 1.3 cm?V-
st at 203 K, which is close to FET analysis based on the same batch of HgTe QDs in a similar
temperature range. The similarity between the mobility measured by FET and liquid gating is
comforting, and at the same time indicates that, for QD solids, the electrolyte does not introduce

major scattering of the electrons.

7. Spectroelectrochemical studies

Spectroelectrochemistry experiments were performed by using a bipotentiostat system (DY2300

series Digi-lvy) coupled with a Fourier-transform infrared spectroscopy (FTIR) setup. The
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undoped spectrum, at an applied bias of 0.2 V, is taken as the background. Spectra at more negative

potentials (i.e., at different charging levels) are taken with respect to the undoped case.

8. Low-temperature FET measurements

Some low temperature-dependent measurements were carried out using a micro-probe station.
Special care was taken to validate the actual sample temperature. Varnish (VGE-7031, Lake Shore)
was used to facilitate good thermal contact between the devices and the substrate holder. The
devices were further tightened by a few screws. The temperatures were verified by using a
calibrated silicon diode (DT-670-SD, Lake Shore Cryotronics Inc.) that was loaded in the same
manner with the FET devices. The lowest trusted temperature was verified to be ~13 K. For the
low temperature FET and Hall effect measurements, we also used a physical property
measurement system (PPMS, Quantum Design) under He-filled inert atmosphere. Hall and Van
der Pauw resistivity measurements were performed using a Keithley multimeter (Keithley 2636)
controlled by a LabVIEW interface. FET measurements were performed using a semiconductor
analyzer (B1500A, Agilent). For devices measured using Physical Property Measurement System
(PPMS, Quantum Design), the vacuum pumping processes were performed before the
measurements. Due to the improved thermal contact in the He-filled atmosphere, the lowest sample

temperature that could be trusted is 4 K.

9. Hall effect measurements and data analysis

The Hall mobilities were measured using a hall bar device architecture. This allows us to probe

Hall- and FET mobilities simultaneously. The devices were measured in a Physical Property
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Measurement System (PPMS) setup. For the films in the Hall effect study, both solution ligand
exchange and the deposition of the films were performed in a N> filled glove box. The films were
kept in high vacuum at ~10® torr for ~12 hrs to mimic as much as possible the conditions for

regular FET devices.

10. Seebeck effect measurements

For Seebeck coefficient measurements, a home-made substrate holder was used such that the
measurements could be performed by a Physical Property Measurement System (PPMS, Quantum
Design). Two parallel Au bars were patterned on a fused silica wafer with a separation of 3 mm.
HgTe QDs were deposited on the substrate such that the two Au bars were well connected both
mechanically and electrically. The films were left inside the glovebox overnight, which was then
pumped inside a thermal evaporation chamber overnight to get rid of residual solvents. For the
temperature-dependent Seebeck coefficient measurements, the temperatures were controlled by
PPMS. At a fixed temperature, a small constant current was applied by Keithley 2400 to one of
the hotplates, resulting in a temperature difference between the two Au bars. An Agilent 34410A
Digital Multimeter was used to measure the thermal voltages and to read the temperatures from
the two thermocouples. Thermal voltages (AV) between the two Au bars were recorded by
monitoring the voltage differences between the two Cu legs of both thermocouples. The
temperature differences (AT) could be derived from the voltage differences associated with the
two T-type thermal couples. Seebeck coefficients of HgTe QD film relative to Cu were then
calculated using the equation S = -AV/AT. At the same time, the resistances of the devices at
different temperatures were also recorded by the Multimeter. The temperature-dependent

conductance was derived from the measured resistance.
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11. Photodetection measurement

The photoconduction devices were made of 4 pairs of interdigitated evaporated gold fingers of
width 20 microns, gap 20 microns, and length 300 microns, and cover an area of 0.3mm by 0.16mm.
As the substrates, we used glass microscope slides or heavily doped Si wafer with 300nm thermally
grown SiO; layer, for FET measurements on the same device. HgTe QD films were spin coated
on the interdigitated electrodes. When measuring the responsivity, the devices faced the 600 °C
blackbody source with a 200 Hz chopper. The bias was applied with a 1.5V battery, the current
across the sample was amplified by a Femto DLPCA-200 current amplifier and a SR570 voltage

amplifier. The noise was measured using a SR760 spectrum analyzer.

Photocurrent spectrum was measured by A Nicolet 550 FTIR spectrometer. The internal glow bar
light source was directed to the outer port and imaged on the sample with a 5 cm focal parabolic
mirror. Scanning speed of ~0.9 cm/s was typically used (corresponding to ~0.1 msec for the

interferogram peak).

12. Ellipsometry measurement

For the ellipsometry measurement, we used the Gaertner Waferskan Ellipsometer Model L116S.
Several HgTe/hybrid ligand films with thickness varying from ~80 nm to 260nm were prepared

on the Si chips (area: 0.5 inch *0.5 inch, thickness: 1mm).

During the measurement, the HeNe 6328 Angstrom Laser provided less than 1 mW output on
sample with Imm beam diameter at 70° incidence angle. The detector and analyzer then received

the reflection and characterized the change of polarization parameters like amplitude ratio and the
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phase difference. The optical index was calculated from the polarization parameters. The
imaginary part of the refraction index was usually quite small, so we estimated the permittivity of

high mobility HgTe as ~n? (n is the real part of refraction index).

3.1.7 Appendix

1. Estimation of inhomogeneous broadening and state disorder

QD polydispersity provides a major contribution to disorder of the energy states involved in charge
transport (static disorder AG, for example). We used several methods to estimate the disorder for

the band gap, 1Se and 1Sh states.

The polydispersity results in broadening of the excitonic transitions in the optical absorption
spectra. Figure 3-30 shows the absorption spectra for samples of HgTe QDs with different size
used for transport studies fit using a sum of Gaussians and a parabolic background, and Table 3-
3 summarizes full width at half maxima of the excitonic transitions. The width of the excitonic
peaks includes both homogeneous and inhomogeneous broadening, and can therefore provide only
a rough upper limit for the size-related distribution of the band gap energies. Moreover, the relative
intensity of the first excitonic peak decreases with increasing QD size. The small contribution of

this peak to the fits for larger QDs complicates the extraction of accurate peak width.
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Figure 3-30. Solution absorbance spectra of different sizes of HgTe QDs and fits
corresponding to a sum of Gaussians and a parabolic background. This figure is adapted from

ref 47.
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Table 3-3. Analysis of the excitonic features in the absorption spectra of colloidal HgTe QD
samples used for transport studies.

QD
diameter st exciton | 1st exciton g)r(lgiton z)rilcczliton ziciiton 2)riccisiton
+ . .
(118:1(11) dev. | energy FWHM energy FWHM energy FWHM
Transition | Transition II Transition III
13.1 £ 1.1 | 1780cm™ | 470cm! 2140cm™ | 590cm! 2835cm™ | 812c¢m’!
(*) 0.221 eV | 58 meV 0.265e¢V | 73 meV 0.352eV | 101 meV
12.5+ 1.0 1950cm’! 590cm™ 2305c¢m’! 636¢cm’! 2964cm’! 800cm™!
R 0.242 eV 73 meV 0.286 eV 79 meV 0.368 eV 99 meV
109+ 1.0 2150cm™ | 565¢cm’! 2710cm™ | 754cm’! 3530cm’! 1060cm’!
) ) 0.267 eV 70 meV 0.336 eV 93 meV 0.438 eV 131 meV
934009 2630cm™ | 542 cm™ | 3195ecm™ | 780 cm™ | 4240cm™ | 1190 cm’!
) ’ 0.326 eV 67 meV 0.396 eV 97 meV 0.526 eV 148 meV
64 0.8 3290cm™ | 590 cm™ | 4060cm™ | 1060 cm™ | 5155¢cm™ | 1390 cm!
) ) 0.408 eV | 73 meV 0.503 eV 131 meV | 0.639 eV 172 meV

The energy difference between 1Sh and 1Se states can be obtained from the optical band gap by

2
using corrections for the 1Se-1Sh exciton binding energy Ej, = —1.78 4n: — and polarization
oDé&o
energy £, = — e (i L)' E = E, (optical) + 1.78 < <L L) here g¢p 1s
gy by = 4megT EM E9p ISh-1Se ¢ (Op " 4megggpr I ameyrEpy gop”’ w @D

the optical dielectric constant of HgTe (gop =15.2) and &y is optical dielectric constant of the
matrix (( the average dielectric constant of the medium around each NC, can be estimated as the
volume-weighted average of dielectric constants for the organic spacer (~2) and for the HgTe
NC(~15.2) using Maxwell Garnett equation, giving &,,~7, similar to the measured HgTe QDs
film optical dielectic constant 7.3). Table 3-4 summarized these corrections applied to studied

HgTe QD samples.
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Table 3-4. Corrections used to relate the optical band gap to the energy gap betweenl1Sh and 1Se
states for HgTe QDs.

Size (SAXS) Eg (optical) Binding energy | Polarization Eish-1se

7.6 nm 0.408eV 44.3 meV 29.4 meV 0.482 eV
9.3 nm 0.326eV 36.2 meV 24.0 meV 0.386 ¢V
10.9 nm 0.267eV 30.9 meV 20.5 meV 0.319eV
12.5 nm 0.242eV 27.0 meV 17.8meV 0.288 eV
13.1 nm 0.221eV 25.7 meV 17.1meV 0.264 eV

To resolve inhomogeneous effects from the homogeneous contributions to spectral broadening,
we estimated inhomogeneous broadening using the size distribution derived from Small-Angle X-
ray Scattering (SAXS) measurements. The standard deviation of the QD diameter was converted
to full width at half-maximum. The minimum and maximum diameters for the calculation were
computed as: dmin = Javerage - (fWwhm/2) and dmax = daverage + (fWwhm/2). These values were plugged
into an empirical sizing curve to calculate the peak energies corresponding to dmin and dmax, and
the difference between the resulting Emin and Emax yields the broadening of the excitonic peak that
can be attributed to nanocrystal polydispersity. We used empirical sizing curves for the first three
excitonic transitions of HgTe quantum dots. Next, the distribution of optical bandgaps was
corrected to account for the exciton binding energy and polarization as described above. The

results are summarized in Table 3-5.

These data can be compared to the electronic structure of HgTe QDs calculated using a two-band
k * p model with the Kane parameter E,=15.5¢V and E; = -0.32¢V.’ The HgTe band structure close
to the I'-point, calculated within this model, showed an excellent agreement with the results

obtained by more elaborate tight-binding and eight-band k * p calculations.® Based on size and size
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deviation measured form SAXS, and taking k = 27T/ g for the S-type state, one can calculate the

energy gap between 1Sh and 1Se states and the spread of energies associated with the QD size
distribution as shown in Figure 3-32 and summarized in Table 3-5. There is a good agreement
between the numbers obtained using the experimental sizing curve and the k ¢ p model. For large
QDs, the agreement between theory and experiment is nearly perfect while for sub-10nm QDs, the
k « p model somewhat overestimates the confinement energy, likely because of not accounting for
the final height of the confinement potentials, the complex structure of the valence band and spin-

orbit coupling effects.

Table 3-5. Measured and calculated band gap energies of HgTe QDs of different size. The disorder
of band gap energies was calculated for sample size distributions derived from Small-Angle X-ray
Scattering (SAXS) data.

QD size Eish-1Se AEg optical | AEish-1se | Eish-1se (k * p) | AE1sh-1se

+ std. dev. (optical, (FWHM) | (FWHM) (calculated,
(SAXS) corrected) FWHM)
7.6+£0.8 nm 0.491 eV 0.128 eV 149 meV | 0.571eV 195 meV
9.3+0.9 nm 0.393 ¢V 0.082 eV 103 meV | 0.432eV 131 meV
109 +1.0nm | 0.325eV 0.069 eV 79 meV 0.346eV 107 meV
12.5£1.0nm | 0.292 eV 0.049 eV 59 meV 0.284eV 79 meV
13.1£1.1nm 0.269 eV 0.049 eV 58 meV 0.265¢V 77 meV
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Figure 3-31. The band structure of HgTe near the I'-point, calculated using two-band k ¢ p
model. The points represent energies corresponding to QDs with sized in the middle of size

distribution, dmin = daverage‘ (fWhm/Z) and dmax = daverage + (fWhm/Z) The Wldth of QD Size
distribution was measured by SAXS. This figure is adapted from ref 47.

Due to a large difference in the effective masses of the electron and hole, the electron wavefunction
experiences much stronger quantum confinement compared to the hole wavefunction and is,
therefore, more sensitive to QD size dispersion. Figure 3-31 shows the band structure of HgTe
close to the T"-point, with energies corresponding to the average QD size, dmin = Javerage- (fwhm/2)
and dmax = daverage + (fwhm/2). These data allow us to separately estimate the disorder of 1Se and
1Sh states introduced by QD size distribution. We summarized the static disorder of 1Se and 1Sh
states in Table SD1-4. The disorder of thelSe state is almost an order of magnitude larger than the
disorder of the 1Sh states. One can also note that the state energy disorder significantly increases

with decreasing QD size.
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For the 13.1 = 1.1 nm HgTe QD sample, our analysis suggests that the energy disorder of 1Se
states participating in the charge transport is 70 meV. Taking into account that the two-band k * p
model overestimated the disorder of 13.1 nm QDs by about 25% compared to experimental result
(Table 3-5), the corresponding 1Se state disorder may is likely to be similarly overestimated,
which gives ~50 meV (fwhm) as a reasonable lower estimate for the disorder of 1Se states in a
film of 13.1 £ 1.1 nm HgTe QDs. This value is smaller than the previously reported energy disorder

in high-quality CdSe samples.’

Table 3-6. Energy disorder in HgTe QD solids caused by size polydispersity.

QD diameter | AE(1S.) AE(1Sh)
(nm) (meV) (meV)
13.1+1.1 70 8
125+1.0 70 9
109+1.0 94 13
9.3+0.9 114 17
7.6+0.8 165 30
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3.2 HgSe QD System

The hybrid ligand exchange discussed in section 3.2 allowed to raise the mobility ~ 100-fold for
HgTe CQD films reaching a new regime of conductivity in CQD solids where high mobility and
state-resolved conductivity are simultaneously achieved. I ask myself whether it is only a
coincident success in HgTe QD films or if I could apply this method to a different QD system with
similar improvement. I therefore investigated HgSe QDs. HgSe bulk is a zero-gap semimetal with
reversed I's and I's band*® similar to HgTe. However, in contrast to HgTe*, colloidal quantum
dots (CQD) of HgSe are naturally n-doped and display an intense mid-infrared absorption between
the lowest electron state labeled 1Se and the next level 1Pe>**2, Ag,Se CQDs also display an
intense mid-infrared absorption®® assigned to an intraband transition and they are attractive for
their lower toxicity®, but the photoconduction properties have been poorer®. The HgSe CQDs
offer therefore the more promising system for intraband CQD devices and this justifies further

studies of the transport properties.

In this section, I apply the hybrid ligands exchange procedure to HgSe CQDs and also get 2 orders
improvement in mobility compared to the solid state ligand exchange method which was discussed
in chapter 2. I also compare carrier density and mobility values obtained by temperature dependent

FET and Hall effect measurements to inform on the transport mechanism.
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3.2.1 HgSe QD Characterization

The CQD synthesis follows the former method*® with oleylamine(OAM) as ligand and HgCl> and
selenourea as reagents. After the reaction, the CQDs are precipitated and redispersed in hexane.
HgSe CQDs are drop cast or spin-cast directly from that solution and then cross-linked using
ethanedithiol, to make the HgSe/EDT films. Alternatively, the CQDs are transferred to DMF using
a hybrid ligand solution of amine/halogen and thiols*® 47, After precipitation and redispersion, the
DMF CQD ink is used to make the HgSe/hybrid films using room temperature drying. Fig.3-32
shows 7.5 £0.5 nm diameter HgSe QDs with oleylamine ligands and dried from hexane as well as
after the hybrid ligand exchange and cast from DMF. As with the prior work on HgTe CQD*® 47,
the HgSe/hybrid ligand CQD size remains the same but the spacing is reduced while the TEM
shows no obvious sintering or oriented attachment. The absorption spectra in Fig.3-32B shows
that the n-doping is preserved with different surface ligands. The 1Se-1P. intraband absorption
after phase transfer retains a strong peak at ~2000 cm™ showing that quantum confinement is
preserved. The absorption peak of HgSe/hybrid ligands and HgSe/EDT is red shifted by ~200 and
120 cm™ compared to HgSe/OAM while the 1Sp-1Se interband absorption increases in strength
above 5000cm™. Some of the redshift is therefore assigned to a smaller n-doping. Fig.3-32B also
shows the smallest C-H stretch absorption around 2900 cm™ for HgSe/ hybrid ligands indicating

the removal of the organic ligands in the solid.
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Figure 3-32. Characterization of HgSe QDs. (A) TEM analysis of ~7.5 £0.5 nm diameter HgSe
QDs before (left) and after solution phase ligand exchange (right). (B) Absorption spectra of
HgSe/OAM, HgSe/EDT and HgSe/hybrid films. This figure is adapted from ref 61.

3.2.2 Transport on HgSe QD Solids

Electrochemical gating and FET measurements of HgSe/hybrid and HgSe/EDT QD films are
shown in Figure 3-35. Fig.3-35A and Fig.3-35B show the schematic of the electrochemical set-
up and the FET set-up respectively. Fig.3-35C shows the cyclic voltammetry (CV) for a
HgSe/hybrid film taken at 203K while Fig.3-35D shows the FET data at 80K. The CV current
peaks in Fig.3-35C correspond to the half filling of 1Se (0.18V) and 1P. (-0.12V) with respect to
the SCE reference. The rest potential (red arrow) gives the Fermi level at ~ 0V/SCE (SCE, -4.68
eV/Vacuum). The Fermi level corresponds to an estimated doping density at ~2.5 e’/dot. Fig.3-
35C shows the film conductivity on the log scale. The peak of the conductance curve matches the
half-filling of the 1Se state [3] while the dip is at the filled 1Se-state (2e’/dot). Mobility of ~0.40
cm?/Vs is obtained at half-filling of the 1Se state. Fig.3-35D shows the FET source drain
conductivity on a linear and log scale. The FET curves are shown for both scan direction and are

essentially hysteresis free. The curves are hysteresis free and resolve the 1Se state half-filling and
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the 1Se-1Pe dip within the range of applied gate voltages. The lower magnitude of the conductivity
compared to the electrochemical data is due to the lower temperature. The FET differential
mobility gives uj = —0.3 cm?/Vs and pf, = 0.7 cm?/V's for the 1Se and 1P, states in the linear
region. In Fig.3-35E, the gate voltage difference between the dip and the 1Se peak is 39 V and this
corresponds to a change of doping of le/dot using the surface density of the dots and the 300nm
SiO> dielectric. From the gate voltage at the dip (2e/dot and -17.5 V), we then get the doping
density ~2.45 e/dot at zero gate voltage. Along with the HgTe CQD films, these HgSe films are
now the second CQD system exhibiting CQD state-resolved FET modulation along with mobility
around 1 cm?/Vs. Measurements for the HgSe/ EDT QDs are shown in Fig.3-35E and 3-35F. The
electrochemical data are similar except with a slightly larger hysteresis, a 50meV positive shift of
1S and 1Pe indicating a smaller n-doping, and a slightly more pronounced conductance dip, and a
much lower overall conductivity. The FET data in Fig.3-35F are also very similar but with much
lower mobility up = —0.002 cm?/Vs and uf = 0.009 cm?/V's for the 1S, and 1Pe states in the
linear region, taken from the linear regions highlighted in red. The higher mobility of the 1P, state
compared to 1S, in both systems is similar to prior observations with CdSe CQDs!? and also

tentatively attributed to the larger density of states for 1P,
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Figure 3-33. Transport study on HgSe CQD. (A) Schematic of the electrochemical set-up. (B)
Cyclic voltammetry curve (solid line) and conductivity (dash line) at 203 K for HgSe/Hybrid. The
solid arrow indicates the scan direction, the red dash arrow indicates the Fermi level. The inserts
indicate the states filling. (C) Cyclic voltammetry curve (solid line) and conductance (dash line)
curve at 203 K for HgSe/EDT. (D) Schematic of bottom-gate FET (E) FET Source-Drain current
for HgSe/Hybrid at 80 K (F) FET Source-Drain current for HgSe/EDT at 80 K. Films for
electrochemistry are ~100 £10 nm thick, while the FET films are ~35 £ 5 nm, as determined by
AFM. This figure is adapted from ref 61.
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Further insight in the transport mechanism is obtained by measuring the temperature dependence
of the mobility by FET. Figure 3-36 shows the FET mobilities of HgSe/hybrid and HgSe/EDT
QD films from 5 K to 300 K. As shown in Fig.3-36A, the mobility peaks at ~1 cm?/Vs at 170 K

for HgSe/hybrid QD films while the HgSe/EDT peaks at 0.0095 cm?/Vs at room temperature.

For the HgSe/hybrid there is a weak “bandlike’ trend, where bandlike is defined as Z—? < 0 down

to 170K below which the mobility decreases. Such behavior can be understood with the Marcus

. - . 26,27 _ e_dzﬁ v? —(A+AG)2
theory of charge hopping where the mobility is expressed as p=—— Wexp ( Y )

(3-4) where V is the coupling matrix element between the separate quantum dots attributed to their
wavefunction overlap, A is the reorganization energy attributed to polarization, AG is the energy
difference attributed to disorder and size dispersion, and d is the nearest neighbor distance taken

as the center to center distance of the nanocrystals.
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Figure 3-34. FET mobility and Hall voltage. (A) FET Mobility of HgSe/hybrid(black) and
HgSe/EDT(red) as a function of temperature as well as Marcus theory fitting. (B) Hall voltage
measured at 200K of 7.5 £0.5 nm diameter HgSe/Hybrid QD film with thickness~35 = 5 nm. The
left insert graph shows the FET transport curve measured on the same device while the right insert
graph shows the schematic of Hall device with FET structure. This figure is adapted from ref 61.
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The reorganization energy is attributed to the polarization of the material and it is estimated as A =

- (1— : )( ! —i) where e is the elementary charge 1.6 x 107'° C, &, the optical

4meyg \1r 2(r+l) Eopt Est
dielectric constant of matrix surrounding QDs, & its static dielectric constant, &, the vacuum

permittivity 8.85 x 10712 F/m, [ the interdot separation, and r the radius of the QDs.

For the HgSe/hybrid QD film, we measured an optical dielectric constant of e, = 8.2 by
ellipsometry. To estimate the static dielectric constant, we scale it by the same factor as for bulk
HgSe where the static and optical dielectric constant are 25.6 and 15.9%, respectively,
givinge?”"'* = 13.2. With a dot separation = 0.5 nm and a dot radius r = 3.7 nm, we get a
reorganization energy A™PT4~11 meV while d = 2r + [ = 7.9nm. Fig.3-34A shows the
Marcus theory fit with G274 ~20 meV and V7@ ~ 1.3 meV. All these values are very

comparable to recently reported results with HgTe/hybrid CQDs*’ of similar size. Source-Drain

current of HgSe/Hybrid measured by FET at different temperatures are shown in Figure 3-35.
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Figure 3-35. FET curves of 7.5nm diameter HgTe/hybrid QD solid as a function of

temperature.

For HgSe/EDT QD film, ellipsometry gives £55 = 6.8, with the lower values assigned to a lower

packing fraction of the CQDs. With the same argument as above, we deduce ££PT = 10.9. Taking
a dot separation of [ = 1 nm and a dot radius of r = 3.7 nm, the calculated reorganization energy
is AFPT~12.5 meV, and the Marcus theory fit gives GEPT ~28 meV and VEPT ~ 0.2 meV. The
disorder energy is therefore slightly larger than for HgSe/hybrid but the coupling energy is 6.5
times smaller. This could naturally occur from the interdot separation being larger.

As in the prior work with HgTe CQDs, the Marcus hopping model captures well the mobility
magnitude and temperature dependence above 50 K for both HgSe/hybrids and HgSe/EDT, but it

underestimates strongly the low temperature mobility, as shown in Fig.3-34A. This could be
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assigned to a gradually decreasing activation energy from 50 K to 5 K. Since the deviation is
similar for strong and weak coupling, it is unlikely to be due to qualitative changes of the transport
mechanism. It can also not be explained by variable range hopping, where higher order coupling
allows tunneling beyond nearest neighbors, leading to a very steep temperature dependence.
Instead, we think that this lower activation energy at lower temperature might be more simply
explained by the disorder allowing carriers to find paths with lower and lower energy barriers at

lower temperature.

With the higher mobility HgSe/hybrid films, | could independently measure carrier concentration
and mobility with the Hall effect, noting that Hall measurements could not be carried out at the
lower temperatures due to the reduced mobility. Based on earlier work by Holstein on the small
polaron hopping model ?’, a similar Hall and drift mobility is often taken as supporting evidence
of delocalization for organic conductors®’. Following the prior work on HgTe/hybrid CQD
solids*’I therefore performed Hall measurements under He-filled inert atmosphere. The insert
graph in Fig. 3-34B shows the schematic of Hall bar with 1 pair of electrodes to apply a constant
current and 2 pairs of electrodes to monitor the Hall voltage (Vus, Vuz), with the sample being
perpendicular to the magnetic field. The electrodes are prepared on a 300 nm SiO»/n-doped Si
substrate also used as FET substrates. For the Hall measurement, the FET gate needs to be
grounded to minimize the noise. Therefore, although the FET mobility is measured on the same
samples, we can only compare the two measurements for the ungated sample. The Hall device is
measured with an constant applied current I = 16 pA, and the resistance is then determined as
R, = 3.52 + 0.18 MQ by the Van der Pauw method. When using the VVan der Pauw method to

determine the resistance, the contacts size and sample thickness must be much smaller than the
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distance between the contacts. Following the NIST guidelines®®, we estimate the relative errors
caused by the ratio of the contact size to the distance between the contacts, to be ~ 5%. As shown
in Fig.3-34B, the Hall voltage from the two channels give similar signal Vy~ —0.92 +

0.08 mV /tesla at 200K. The definition of the sign of 17y is shown in Fig 3A and it indicates that

electrons are the majority carriers. Then the Hall Mobility is uy = ;I—’; = 0.42 +0.06 cm?/Vs.

The insert in Fig.3-34B (left) shows the FET transport curve measured on the same device at 200
K, with the channel width W=1 mm and channel length L= 3 mm and V.= 6 V, and this results in
a differential mobility pr = 0.92 cm?/Vs at zero gate voltage. The Hall Mobility therefore is
about half of the FET differential drift mobility. One could also estimate the absolute mobility at

zero gate. From the FET measurement, the zero gate voltage is at ~0.45 e/dot in the 1Pe state.

3
From the conductance and the packing fraction, u2s = = = GxL I~ 12405 cm?/Vs
ne WXD 6ne

where d is the diameter of HgSe QD and 7 is the packing density. The packing fraction is estimated
as random close-packed n~53% which is consistent with the measured dielectric constant and
the Bruggeman effective medium approximation®. Therefore, there is a 50% discrepancy where
the FET mobility is larger than the Hall mobility. This is a similar but opposite discrepancy than
for HgTe CQD films at the same temperature*’ and it may reflect limitations of the measurements.
Based on earlier work by Holstein on the small polaron hopping model®, a similar Hall and drift
mobility is often taken as supporting evidence of delocalization for organic conductors®. However,
it has been proposed to still be compatible with hopping if hoping rates are rather
uniform*’. Theoretical investigations might be motivated by this second example of state to state
transport with a temperature dependence that can be explained by hopping and yet similar Hall

and drift mobility.
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The packing fraction can be estimated by the effective medium approximation®

., Ei—€ AN €m—€
Si——L 4 (1 — i) 22— =
Eit2eeff Emt2eeff

where eetf, em, €i are effective dielectric constant of CQDs, dielectric constant of medium, and
dielectric constant of the inclusions, and ¢i is the volume fraction of the inclusion. For HgSe/hybrid
solid the effective dielectric constant is estimated by the measured index of refraction of 2.85 +
0.1. The dielectric constant of bulk HgSe is ~15.9%. The medium surrounding CQDs includes
organic ligands and air and we estimate dielectric constant of medium to be 2.5. The calculated

volume fraction (packing fraction) of CQDs is 0.53+0.05.

Therefore, there appears to be a 50% discrepancy between the two mobility measurements, where

FET is larger than Hall. We can also compare the carrier densities. From the Hall measurement,

the Hall carrier density ny = lD = 1.7 4+ 0.4 X 102 m=3~0.29 + 0.07 e/dot, using a film

evy

thickness D ~ 35+5 nm as determined by AFM. FET indicates an average charge of 2.45 +0.1
electrons/dot after assigning the 1Se peak and gap dip to 1 and 2 electrons respectively. Therefore,
the FET indicates 0.45 £0.1 electrons in the 1Pe state and the two measurements are in agreement.
Overall, there is a rather good agreement between FET and Hall effect measurement for the

HgSe/hybrid, and this work confirms many of the results obtained with HgTe/hybrid CQDs*'.

3.2.3 Conclusion
In this section, we compared the transport properties of HgSe CQD films made directly from a

polar ink after solution transfer with hybrid ligands, or using the traditional casting from nonpolar
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solvent followed by solid state ligand exchange with ethanedithiol. The transport properties were
investigated by electrochemistry, FET and Hall effect. Both types of films show similar doping
and state-resolved conductivity with a conductivity peak at half filling of the 1S, state and a
conductivity dip between 1S. and 1P.. The mobility with the hybrid ligand is ~100 -fold larger
than with ethanedithiol. A peak mobility of ~ 1 cm?/Vs is obtained at 160K for 7.5 nm HgSe/hybrid.
The HgSe/hybrid also show also a weak bandlike range above 160K while Hall and FET mobility
are in agreement within a factor of 2. Yet, a Marcus hopping model fits well the temperature
dependent mobility for both systems above 50K. The higher mobility of the hybrid arises from an
order of magnitude stronger coupling, attributed to the smaller spacing between the CQDs. For
both systems, there is a strong deviation from the hopping model at low temperature and this is
tentatively attributed to carriers finding paths with lower and lower energy barriers at lower
temperature. Overall, the transport properties are very similar to the prior results with HgTe CQDs,
and HgSe provides another quantum dot solid where state resolved mobility of 1 cm?/Vs is

observed.

3.2.4 Method

1. Materials

The synthesis of the HgSe CQD follows ref [3]. 0.13 mmol HgCl> powder (Sigma-Aldrich, 99.5%)
is dissolved in 4 mL oleylamine (Sigma-Aldrich, 70%) in a 20 ml vial heated at 95°C for one hour
in the N2 glovebox. 0.2 mmol of selenourea (Aldrich, 98%) is dissolved in 1 mL of oleylamine
(Aldrich, 70%) by heating at 140 °C for 2 h under nitrogen in the glovebox, yielding a clear, light
orange solution. 0.5mL of that solution is added to the HgCl2/olyelamin solution and reacted for

16 min, then quenched with 10mL hexane. The final product is precipitated with 10mL ethanol,
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then dispersed in 2 mL hexane.

For the hybrid ligand exchange, 0.25 mmol butylammonium chloride, 100pL 2-Mercaptoethanol
and 200 pL n-butylamine are dissolved in 5 mL DMF following former reference [13], forming
the hybrid ligand solution. 0.5 mL HgSe QDs in hexane was then added into the hybrid ligand
solution. The QDs quickly transfer from hexane to DMF phase. Then the QDs are precipitated by
adding 5mL toluene and centrifuged, then re-dissolved in 100 uL of DMF. Then the films are

made by spin-coating and drying at room temperature.

2. FET

The FET differential mobility is given by up = 2252 1L \here V, =1 V is the drain-source
dVg VpsCi W

bias, C; the capacitance of 300 nm SiO>. For normal FET measurement, the CQD film is prepared
on 4 pairs of interdigitated evaporated gold fingers with gap .L=20 pum, and length 300 microns
giving W=2.4 mm for the total channel width. For the Hall device, the channel width is 1mm and

the length is 3 mm.

3. Electrochemistry

The bi-potentiostat (DY 2300 series Digi-lvy) applies a small bias (5 mV) to the working electrodes
and measures the currents of the two working electrodes. The scanning rate is 50 mV/s. An
Ag/AgCl reference electrode is used. The electrolyte is 0.1 M tetrabutylammonium perchlorate in
propylene carbonate, under nitrogen bubbling, and cooled in an ethanol/dry ice mixture cooling

bath (~203K) with the temperature monitored by a thermocouple.[9] From the conductance G and

the non-capacitive current i, the mobility is calculated as pg = W
L

t=0

, where d = 80 um is the
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interdigitated electrode spacing, do = 10 um is the finger width.

4. Hall effect measurement.

To perform Hall measurements and to compare to the FET mobility, we used a 7 electrode device.
The channel width is 1 mm while the electrode gap is 3mm with the Hall probe electrodes placed
on the tripartite point. This allows to probe Hall- and FET mobilities simultaneously. The samples
are inserted into a Physical Property Measurement System (PPMS-9, quantum design) under a

Helium inert atmosphere.

5. Ellipsometry measurement

For the ellipsometry measurement, we use the Gaertner Waferskan Ellipsometer Model L116S.
Several HgSe/hybrid and HgSe/EDT films with thickness ~170nm are prepared on the Si chips
(area: 0.5 inch *0.5 inch. The imaginary part of the refraction index is much smaller than the real

part, so we estimate the permittivity of HgSe ~n? (n is the real part of refraction index).

3.2.5 Appendix

FET simulation

In the QD FET simulation, we would simplify the QD film to several layers and each layer with a
thickness of the QD diameter. The dimension of FET film area is ~1 mm? while the
thickness(~10'nm). Therefore, we could treat every layer of QD as an infinity tablet. We could

determine the initial doping density from the non-gate fermi level. When the gate voltage is applied,
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it first causes the potential change of the first layer and tune the doping, then we could use Poisson's
equation V¢ = —g (¢ the electric potential, p the charge density, € permittivity of the medium)

to determine the local electric potential and calculate the potential on the second layer. However,
the difficulty in applying this idea in simulation is the indetermination of the potential at the first
layer and the boundary condition.

Here, we simulate in the opposite direction. We give a guess of the potential ¢,, (usually is a very

small value) of the last layer which exposes to vacuum with potential zero(noted as ¢y,.1 = 0).

One could calculate the electron numbers in 1S. and 1P. states ng(N) = ((prgHES) ,
(expT+1)
— p th _ _ : ! :
n,(N) = (exp(‘pN_EHEp)ﬂ) as well as p,, of the n™ layer (ng = 2,n,, = 6). By Poisson's equation
kgT

VZp 2N “de’\;_l_w” =—p?N, we calculated the potential of the next layer @y_,. After a few

iterations, we then get the potential distribution of all the layers and could calculate the total

j=1,2..N .
Tizsy " Ani(e

electron number change in the film. Then we could calculate the gate voltage Vg = T

depending on the capacity of the SiO» layer.

Figure 3-36 shows one example of the potential and electron distribution change with a certain
gate and the conductance dependence on gate voltage with the assumption of constant mobility. In
the simulation we assume 7.5 nm diameter HgSe QDs with initial doping ~2.35 e/dot. The FET
film is ~35 nm thick around 5 layers. Fig.3-38A&B shows the doping and the electric potential
change of every layer with Vy=-17 V and V,=-57 V applied at 200 K (layer 1 is the QD layer

connect to the S10,.
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If we use one monolayer HgSe QDs served as channel, then considering the packing density in 2D

We get gate voltage needed for every electron:

AV Q Ne 1/((7.5nm)?)e 2457
9 C i, *300mm - gg g, 1072 oo T
300 * 10~°
25 A 0.24 25 B 0.24
Pam———— ® n [ ] ®
- Total carrier /' Total carrier
20 _—t ° . ® =20F . ° .
_8 ® S, state 10.18 8 S, state 40.18
= ] ?]T) i
m —_ —
51_5 L > =15¢ >
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Figure 3-36. FET simulation. (A)&(B) simulation of doping level and the electric potential
change of every layer with Vg=-17 V applied and Vg=-57 V at 200 K. (C)&(D) Real conductance
curve (solid line) and simulated conductance curve (dash line) of ~35 nm thickness film at 200 K
and 80 K, respectively.

This value is smaller compared to the experimental data~40V per electron. If the FET gating is
efficiently tuning all doping of all the quantum dots, then for this ~35nm film, one would need
115V to tune 1e per dot. From the simulated result, we understand that all the layers are not evenly
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gated because of the screening. Here, we could see that with Vg=-17 V applied, the first layer
doping change from 2.35 e/dot to 1.88e/dot, second layer doping change from 2.35e/dot to
2.07e/dot, the third layer change from 2.35e/dot to 2.29¢/dot. There is a gradual decay in the gating
effect. This effect would result in the error in the estimation of the doping level from the FET
measurement.

For the conductance calculation, we simply assume electron only hop within the layer with

constant mobility p in all the states.

j=1,2..N

G(E) & n(B)e®[(1 - (BN®u e Y m()ln —n(ln

i=s,p

where f(E) is the Fermi-Dirac distribution f(E) = W, n(E) is the carrier density.
e

Fig.3-36C&D show simulated conductance compared to experimental result at 200 K and 80 K,
respectively. The simulated conductance dip and peak positions fit the real data well. However, the
simulation shows more sharp features than the real case due to the disorder effect. For example,
the electrons could hop to the neighboring layers, the electron-hole could recombine and there is
size distribution of QDs in the real case.
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Chapter 4: Size Distribution Effects on Mobility and Intraband Gap

Table 3-1 in Chapter 3 shows that the disorder energy AG in Marcus theory~10meV, at least one
order smaller than the standard deviation (~several hundreds of meV) in the absorption spectra.
Does this mean that the Marcus theory is a wrong explanation? To answer this question, it is better
to discuss how QD polydispersity provides a major contribution to the disorder of the energy states

involved in charge transport.

| choose HgSe CQD as a model system, because it has a rather unique air-stable n-doped property
as discussed in Chapter 2&3 and it has allowed the demonstration of CQD intraband
photodetectors in the mid-infrared spectral range. The intraband transition of doped CQD should
afford a greater flexibility in designing infrared CQDs by allowing wide bandgap semiconductors,
compared to infrared CQDs based on interband transitions which are restricted to the few
semiconductors with zero or very narrow bandgap. However, the detector sensitivity of HgSe
CQD photoconductors has been about an order of magnitude worse than with HgTe CQD

photoconductors at the same wavelength.

There are could be a number of possible reasons for this lower performance, such as insufficient
mobility, excessive dark current due to imperfect doping, and ultrafast intraband relaxation.
Chapter 3 shows that a solution ligand exchange procedure successfully improve the mobility by
2 orders over a solid state ligand exchange using ethanedithiol, achieving 1 cm?Vs. Yet, this
increased mobility did not significantly improve the photoconductivity. Therefore, the lower
performance of HgSe CQD is unlikely to be due to the lower mobility.

Regarding the dark current, HgSe CQD films do also exhibit a larger dark current and this could
be due to excess doping. There is a difficulty in controlling and locking the doping at exactly 2

electrons per dot, which have to be done when testing multiple samples. Yet, even in this condition,
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the dark current is larger than for HgTe of similar wavelength and therefore the excess dark current

is unlikely to be due to the imprescise doping.

It is also often believed that intraband relaxation is ultrafast, and a fast non-radiative relaxation
proportionally increases the dark current due to generation/recombination by detailed balance
argument. However, the photoluminescence efficiency of HgSe CQDs films, although quite low,
is not so far from that of HgTe CQD films and the intraband relaxation is actually in the 100ps to

ns timescale, not so dissimilar from HgTe CQDs at the same wavelength.

Besides the lower performance, a notable observation with HgSe CQDs is that cooling is far less
effective at decreasing the dark current compared to the interband HgTe CQD with the same
wavelength. In low mobility CQD systems, the dark current typically decreases with temperature
due to the combined effects of a reduced mobility and a decreased thermal population of carriers
across the conductivity gap. Although this was not discussed in the previous transport data by FET
and electrochemistry, it is apparent that the conductivity gap is significantly shallower for the
intraband HgSe compared to interband HgTe with the same optical gap. A possible explanation
might be the existence of states in the 1Se-1Pe gaps but these have not been observed in absorption
spectroscopy or electrochemistry. The other possible reason discussed here is that the interband

and intraband conductivity gap are affected quite differently by size distribution.

In this chapter I present the effect of size distribution on the mobility, the conductivity gap, and
the intraband photoresponse of the HgSe CQD system. The experimental results are discussed with

simple attempts to include the effect on disorder on transport activation energy and with a
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simulation. The effect of the size distribution on the conductivity gap is explored and its influence

on the photoconductor property is discussed.

This chapter includes the published result from reference 9 as well as some unpublished data.
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4.1 Effect of the size distribution on the mobility

As is well known, increasing the size distribution leads to an obvious broadening of the optical
absorption. Fig.4-1A shows the optical absorption spectra for HgSe CQD films treated with
ethanedithiol (EDT), with a size distribution varying from 6.7% to 18.5% (ratio of the standard
diveation of the distribution to the mean size) for a similar average energy of the 1Se-1P. transition
around 2000 cm™ at room temperature. Representative TEM pictures of drop cast solutions on
TEM grids, without cross linking, are shown in Fig.4-1B. Lattice ordering is apparent as the dots

become more monodispersed. Fig.4-1C shows the full width of half maximum (FWHM) of the

1Se-1Pe transition as a function of size distribution X The solid line is a fit of the form av'1 + bX2,
with a = 400 cm™1, b = 0.03, which suggests the linewidth saturating to a homogenenous width
of 400 cm™1 at room temperature. The dashed line assumes FWHM o size distribution.

With the same samples of varying size distribution, we measured the mobilities at 203K using
electrochemistry. The samples are cross linked with EDT and Fig.4-1D shows the maximum
differential mobility. | use electrochemistry rather than field effect transistor (FET) in the mobility
determination because, as discussed in a previous work, the FET mobility depends too strongly on
the native doping to provide a reliable measure when comparing different CQD samples, which
would be discussed in Chapter 6. This effect has been assigned to the vertical doping
inhomogeneity inherent to the FET geometry. Fig.4-1D shows that the mobility dependence on

size distribution is well described by an exponential relation such as ae %,

| explored two
different synthetic protocols. With Hg:Se=1:1 (mol/mol) as the ratio of reagents in the synthesis,
0=0.005 cm?Vs, p=2.1. With Hg:Se=1.3:1 (mol/mol) in synthesis a=0.082 cm?Vs and p=2.8.

This suggests that a slight excess of Hg is beneficial to the mobility, and | presume that it is because
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of the capping by oleylamine/HgCl. complexes. These complexes might serve as a protection layer
from oxidation which are still easily be replaced by the EDT ligands in the cross-linking step.
Further increasing Hg: Se ratio does not improve the mobility. The value of a may be taken to

indicate the best mobility that one could get for a narrow size with the EDT ligands at 203K.
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Figure 4-1. Size distribution effect on HgSe. (A) The 1Se-1P. exciton spectra of HgSe with
different size distribution. (B) TEM of different size distribution HgSe CQDs with 1Se-1Pe exciton
feature peaked around 2000 cm, respectively. (C) FWHM of the 1Se-1Pe transition as a function
of size distribution. The solid line is a fit of the form av'1 + bX?2. The dashed line assumes FWHM
o size distribution. (D) Mobility measured at 203 K by Echem for HgSe/EDT CQD with different
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size dispersion. Black dot are mobility of HgSe/EDT with Hg:Se=1:1 (mol/mol) in synthesis while

red dot with Hg:Se=1.3:1(mol/mol) in synthesis. The solid lines are fits with ae P2E/E as
described in the main text. The figure is adapted from reference 9.

This influence of size distribution of the mobility is intuirively expected. The exponential
dependence may be further justified by the expectation that the mobility is limited by an activation
energy, which arises in part from the energy disorder energy in CQD. Here | propose a simple
model to relate the activation energy to the energetic disorder. If a CQD is surrounded by n nearest
neighbors, the barrier height for transport, AG, is the lowest energy hop to the neighbors. One
would then expect that the average barrier height would decrease with the number of nearest

neighbors, even though the energy distribution is fixed. Taking the energy distribution to be

Gaussian with variance o , g(E) =#e’52/2"2 we calculate AG = fOOOAang(E1 +

0-2
oo n-1 . . .
AG) [fE1+AGg(E2)dE2] dE;dA. The terms in the integral account for the probability of

finding n-1 dots with an energy barrier greater than AG and one dot with an energy barrier of AG.
Increasing n dramatically lowers the average energy barrier for a given energy distribution. With
1 nearest neighbor, the average barrier height is 60% o, while, with 6 nearest neighbors, the
average barrier height reduces to 7.5% o. Such effect may, therefore, explain why the energy
disorder AG ~20 meV fitted by the Marcus theory (The question at the beginning of this chapter)
is much smaller than the FWHM of the optical exciton feature of the narrowest, 6.7%, size
distribution sample ~75 meV. It also explains how a broader size distribution increases the energy
variance as well as the average barrier height. For a given nearest neighbor number, the average
barrier height AG is proportional to the standard deviation o in the size distribution, and this
explains the exponential dependence seen in Fig.4-1D. A weakness of the model is however in the

assumption of a constant number of nearest neighbors.
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In addition to the numerical calculation above, we therefore performed a Monte Carlo simulation
that specifically includes the effect of disorder on the number of nearest neighbors. The simulation
results are shown in Figure 4-2. For the average barrier height simulation, we first build a dense
packing QD system in 1, 2, 3-dimension as shown in Fig.4-2A, respectively. The packing follows

a relaxation process.

1. Generate spherical particle size based on the certain distribution (we use Gaussian
distribution here, and the energy E depending on the particle size based on the optical
measurement. )

2. Random initial position generation for all spheres (dots) in the free space.

3. Overlap relaxation base on the Relaxation Algorithm.

4. Packing space expansion.

Relaxation Algorithm

E noted as the i sphere center vector.
r; noted as the i sphere radius.

d;j noted as the distance between the i" sphere center to the j”* sphere center.

ri+r]-
dl‘]’

RTJ noted as the repulsion from sphere i to sphere ;. RT] = E + (ﬁ] _ E)

—/

— . : 1on 5
R, noted as the total repulsion to sphere i. R, = n—iZ?;l Ry
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n; noted as the total surrounding sphere numbers around the sphere i. ( To search the surrounding
sphere, only consider the 37 X 37 X 37 area around the sphere i. If there is no overlap between

sphere i and others, move sphere i until it touches the closest neighbor.)

After the packing is densified, we count the average neighbor number of all the spheres. Here, we

”» . . .o QijTi—Ty
use the condition that sphere i and sphere j are neighbors if ———— < 2%, where r; noted as the

rit+r j
i" sphere radius and d;; noted as the distance between the i sphere center to the j* sphere center.

Then, we use the Monte Carlo method to determine the barrier height. First, we randomly generate

the initial position of one electron in the i sphere of the densely packed sphere system. Then, we

dij —T'i—Tj)

2
calculate the hopping rate w;; from the i” sphere to its neighbor j with w;; = exp(— ( +

a

E.(;:_:l)) where « is the localization length and E is the applied electric field.
B

Ej—Ei |E}'—Ei
2kgT 2kgT

Then, we choose the maximum rate w; =max(w;;), j=1...n;. and generate a random number
Trandom € [0,1]. If w; > Trqndom» the electron successfully hops and we record the energy
difference between the initial and final spheres. We calculated the average barrier height of the 1,

2, 3-dimension systems with 10* hops, and the results are shown in Fig.4-2B.

The simulation shows a similar trend as the simple Gaussian distribution calculation. As the
number of nearest neighbor increases, the average barrier height quickly decreases. The simulated
results are slightly higher than the theoretical calculation, which may reflect the limitation of the

calculation assuming a single number of nearest neighbors.
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Figure 4-2. Simulation on average barrier height for transport. (A) simulation of QD dense
packing in 1, 2, 3-dimension systems. (B) Average barrier height calculated by both ideal
theoretical Gaussian distribution case and simulated case as described by the text. The figure is
adapted from reference 9.

Tin the simulation, it is apparent that with broader size distributions, dense packing becomes
increasingly difficult, and this leads to the loss of a clear trend between size distribution and nearest
neighbor numbers in the simulation. Furthermore, experimentally, it is typical to see the self-
assembly of colloidal nanoparticles in ordered small size-selccted domains'. Particle packing

procedure does not consider these effects.

Overall, the calculated average barrier height is nicely proportional to the assumed energy
distribution, and this is consistent with the experimental mobility activation energy following the
experimental size distribution. The reduction of the measured activation energy compared to the

width of the energy distribution is also rather satisfyingly explained.
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4.2 Size inhomogeneity and intraband gap

In a photoconductor, the dark current limits the sensitivity by being a source of shot noise and 1/f
noise!®. Tuning the system to the minimal dark current is therefore optimal. However, | show
here that the interband and intraband CQD differ significantly by the lowest dark current that can
be achieved for a given optical gap and size distribution. Fig.4-3A&B shows a simple calculation

of the conductivity at 80K as a function of the Fermi energy. The lines are given by Ginterpana <

JamIfasp(1 - fAsp) + f(AS(1 = f(1S,))] dr and Ginerapana * S 9(r)[f (1S (1 -
f(1S)) +3f(1R)(1 — f(1R,))] dr where g(r) is a Gaussian distribution, and f is the Fermi
function at 80K. In this calculation, 15, has no dispersion and this is based on the fact that the
state originates from the heavy hole band. 1S, and 1P, have a strong dispersion calculated with a
simple k.p model. Although simplistic, the calculations illustrate the much stronger effect of
disorder on the intraband gap. The experimental results in Fig.4-3C show the strong effect of the
size distribution on the conductivity gap. The 6.7 % size distribution HgSe/EDT solid show a
conductivity modulation of ~30-fold at 80K while the 9.1 % one has less than a 10-fold difference.
This is in fair agreement with the model calculation in Fig.4-3B. In contrast, HgTe CQD films
with similar energy for the 1Sp-1S. gap show up to 10* modulations,?3 agreeing with the simulation
in Fig. 4-3A. Fig.4-3B also shows that the size distribution of ~ 3% would be needed to provide
performances comparable to interband. The size distribution of 3% has been achieved with
PbSe*® and it is therefore likely that the HgSe intraband photodetection will be improved with

better synthetic control.
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Figure 4-3. Size distribution effect on 0.25eV interband and intraband gaps at 80K. (A) The
1Sh-1S. gap interband conductance shows more than 10® modulations with the Fermi level in the
gap for all three size distributions. (B) In contrast, the 1Se-1Pe intraband conductance is rapidly
increasing in the gap with increasing size dispersion. The standard deviations of the Gaussian size
distribution are 10% (black lines), 5% (blue lines) and 3% (red lines). Insets: schematic effect of
size disorder. (C) FET transport curve of 6.7% (black) and 9.1% (red) size distribution HgSe/EDT
film with similar thickness and doping level at 80 K. (D) Photocurrent spectra of 13.5% (black)
and 9.1% (red) size distribution HgSe/EDT film with near 2 electrons per dot doping level at 80
K. The ~ 10-fold improved signal to noise of the narrower size distribution film is highlighted by

the inset near the peak of the photocurrent spectrum. The figure is adapted from reference 9.
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Fig.4-3D shows the Photocurrent spectra of 13.5% (black) and 9.1% (red) size distribution
HgSe/EDT films. The photocurrent spectra are measured at 80K, by A Nicolet 550 FTIR
spectrometer, with a FTIR scanning at 0.9cm/s and the central interferogram peak is about 100
microseconds. The internal glow bar light source was directed to the outer port and imaged on the
sample with a 5 cm focal parabolic mirror. Since small variations in preparation can easily and
uncontrollably shift the doping by 0.1 electron per dot, multiple films were tested and the results
are given for the films with the lowest dark current and maximum signal to noise for each samples.
With 12 V bias, the 13.5% size distribution HgSe/EDT gave a photocurrent of 5.6 nA. The
illumination source is a blackbody source at the 600 °C of 21 mm diameter placed 150mm away
and chopped at 200Hz. The light is arriving on the detector through a ZnSe window and the silicon
wafer and is partially screen by the interdigitated electrodes. The effective sample area is 0.5mm?

and the calculated responsivity is therefore calculated to be 0.13mA/W.The dark current was 545

nA, the measured noise density 1pAHzY?a factor of 2.5 larger than shot noise v2el = 0.4pAHz'/?,
and the specific detectivity is calculated to be 2.6 x 107 Jones at 5um wavelength. Improving
the size distribution readily improved the performance where the 9.1% size distribution HgSe/EDT
gave a better photocurrent of 12 nA, a smaller dark current 50 nA, and a corresponding smaller
noise density 0.16 pAHzY? resulting in a specific detectivity 3 x 108 Jones. The more
monodispersed sample therefore shows a better responsivity consistent with the improved mobility,
and a lower dark current consistent with the deeper conductivity gap, and therefore overall better
detectivity. At this stage, we could not get good photodetection with the 6.7% size distribution
HgSe/EDTbecause the slightly different synthesis preparation prevented us from adjusting the
doping close enough to 2 electrons/dots and this reflects the general difficulty that improved

performance with photoconductors requires all things being perfect®.
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4.3 Conclusion

In summary, this work investigated the effect of size distribution on transport and photodetection
with intraband HgSe CQD films. Experiments shows that improving the size distribution of HgSe
QDs exponentially benefits the mobility, and the mobility temperature dependence shows that this
is due to a lower activation energy. The lower activation energy is then attributed to the lowering
of the average barrier height, and this is observed to be in proportion to the energy distribution
resulting from the size distribution. In response to the opening question in this chapter, the average
barrier height is proportional to the energy distribution variance, but it is argued that the average
barrier height is strongly function of the number of nearest neighbors, becoming as small as 10-5%
of the energy variance in 3D solids. It is also proposed that the size distribution has a particularly
detrimental effect on the intraband photodetector because both ground and excited states are
strongly size-dispersed. As a results the density of states shows a much reduced conductivity gap
compared to the case of interband transition where the lowest state is weakly dispersive. Reducing
the size distribution will be beneficial to lower the dark current by deepening the conductivity gap.
While developing a method for precise and stable doping is a shared challenge for all small gap
CQD device application, the synthesis of more monodispersed HgSe CQDs, down to 3% standard

deviation is identified as particularly critical for intraband operation.

4.4 Method
1. HgSe QD synthesis.
The 6.7% size distribution HgSe using substituted selenourea®. In the glove box, weighed

6 mmol selenium powder (Sigma-Aldrich, 100 mesh, 99.99%) in a 20 ml glass vial. Added
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4.8 mL toluene (Sigma-Aldrich, anhydrous, 99.8%), 0.6 mL piperidine (Sigma-Aldrich,
99.5%), and 0.62 mL butyl-isocyanide (Sigma-Aldrich, 97%) to the same vial. Put the vial
on a hot plate. Set the hot plate temperature at 115 °C and stirred for 1.5 h. Weighed 0.13
mmol HgCl, powder (Sigma-Aldrich, 99.5%) along with 4 mL Oleylamine (OAm)
(Sigma-Aldrich, 70%) in a 20 ml vial heated at 95°C for one hour in the N> glove box.
Diluted 0.1 mL of substituted selenourea in 3 mL of OAm, then quickly injected into the
Hg precursor and react for 2 hours. Then the mixture was quenched by 8mL toluene. The

QDs were precipitated by an excess of ethanol then re-dissolved in 2mL hexane.

The 9.1% size distribution HgSe QDs using 1.3 mmol HgCl. was dissolved in 4ml OAM
at 95°C, then mixed with 0.5mL 0.2M selenourea/OAM for 20min under nitrogen in the
glovebox following reference?. Then the mixture was quenched by 8mL toluene. The QDs

were precipitated by an excess of ethanol then re-dissolved in 2mL hexane.

The 13.5% size distribution HgSe QDs follow the same method as the 9.1% size

distribution HgSe QDs synthesis without quench solution.

The 18.5% size distribution HgSe QDs follow the same method as the 9.1% size
distribution HgSe QDs synthesis without quench solution and magnetic bar.

FET measurement.

The voltage is applied by the National Instrument USB-6218 Multifunction 1/0 Device
with a voltage gain. The source-drain current is pre-amplified by the Stanford research

system model SR570 then collected by a LabVIEW program. For normal FET
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measurement, the CQD film is prepared on 4 pairs of interdigitated evaporated gold fingers
of width 20 microns, gap 20 microns, and length 300 microns.

Echem measurement.

A 4-electrode system is used in electrochemistry. During the measurement, the
bipotentiostat (DY2300 series Digi-lvy) applies a small bias (5 mV) to the working
electrodes and measures the currents of the two working electrodes. The scanning rate is
50 mV/s. An Ag/AgCl reference electrode is used in the cell. the sample is immersed in an
electrochemical cell filled with 0.1 M tetrabutylammonium perchlorate in propylene
carbonate, under nitrogen bubbling, and cooled in an ethanol/dry ice mixture cooling bath
(~203K) with the temperature monitored by a chromel—alumel thermocouple (HH12B
OMEGA). As in prior electrochemical studies, cooling is used to minimize the Faradaic

current due to the reaction of impurities.
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Chapter S: Magnetoresistance on HgTe CQDs

This chapter shows my work on the magnetoresistance of HgTe quantum dot films. Based on
ligands exchange procedure described in Chapter 3, the HgTe QD films exhibit a well-defined 1Se
state charging, a relatively high mobility (1-10 cm?/Vs), and similar drift and Hall mobility.
However, the delocalization was still uncertain in this system. This motivated this more detailed
study of the magnetoresistance in these systems. The magnetoresistance is measured as a function
of temperature down to 10K and fractional occupation of the first electronic state. 1 find a positive-
quadratic magnetoresistance which can be several 100% at low temperature and scales like x(1- x)
where x is the filling fraction of the state. This positive magnetoresistance is orders of magnitude
larger than the effect estimated from mobile carriers. There is also a negative magnetoresistance
of 1-20% from 300 K to 10 K which is rather independent of the fractional occupation, and which
follows a negative exponential dependence with the magnetic field. It can be empirically fit with

an effective g-factor of ~ 100.

This chapter includes the published result from reference 29 as well as some unpublished data.
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5.1 Introduction

The magnetoresistive response of a material can open a window into the dispersion and dynamics
of the charge carriers, and in opportune cases can be exploited for technological use. In metals,

magnetoresistance measurements provide a measure of the electronic coherence length?.

In magnetic impurity doped semiconductors? magnetic polaron can emerge and are investigated

experimentally®* and theoretically®®.

Quantum dots present the opportunity to tailor the energy levels and take advantage of the Zeeman
effect’. With small colloidal quantum dots doped with magnetic impurities, very large effective g-
factor can be achieved?® raising the possibility of creating magnetic polarons®® that have been

observed optically'! and which could lead to novel and enhanced magnetoresistance in CQD films.

Prior studies of magnetotransport in CQD films were in a regime of rather low mobility with
hoping times in the >1 ns range*?'*!* much slower than any possible electron coherence or spin
reorientation time. Such systems exhibited strong MR attributed to increased confinement under
large magnetic fields. They also showed sharp positive MR that was attributed to spin-blockade,
mediated by relaxation through the hyperfine interaction®®, similar to reports for weakly
conductive organic films'®. MR effects in Mn:CdSe, as well as Mn:HgS have been tentatively
attributed to the polaron formation®®. With recent progress in the processing of CQDs in polar
solvents, much shorter CQD distance can be obtained leading to improved mobility'’. As such,
HgTe CQD films have recently been shown to exhibit excellent retention of the quantum
confinement along with mobility in excess of 1 cm?/Vs'®1°, Hopping times are estimated to be in
the 1-10 ps range?, which is 1000 times shorter than in previous studies®. It is therefore

interesting to explore the MR in these new systems. In addition, the occupation of the lowest
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electronic level, 1Se, of the CQD can be tuned by a gate with a field effect transistor (FET). This

is used here to continuously tune the doping of the HgTe CQD films and explore the MR as a

function of the occupation of the 1Se state.

5.2 Experimental Result
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Figure 5-1. Magnetoresistance (MR) of FET-gated 11.5 nm diameter HgTe CQD solid. (a)
FET source-drain conductance curve modulated by the gate potential. (b, ¢, d) MR with the 1Se
filling ~2 e/dot, ~1 e/dot and ~0 e/dot with doping indicated by the inserts. All measurements are
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done at 50K. The figure is adapted from reference 29.
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The HgTe quantum dots are synthesized following??? using the long chain oleylamine as a
surfactant for steric stabilization. Average sizes from 8 nm to 15 nm diameter are studied (TEM
shown in Figure 5-5a-c). The CQD films are made following a method reported before®. The
thin films are spin-coated on a 300 nm SiO./Si FET substrate that allows to further tune the doping
by up to several electrons in the layer adjacent to the gate. The film thickness is kept to a few
monolayers (film cross-section SEM shown in Figure 5-5d) in order to have a significant effect
of gating but complete device coverage and the films are simply dried at room temperature. The
device properties are stable in air such that the samples can then be loaded in a physical property

measurement system for electrical characterization.

Figure 5-1a shows a typical source-drain transfer curve as a function of the gate voltage at 50 K
with high linear mobility 2.8+0.5 cm?/Vs at 1S, state. As previously reported, the 1S state shows
as a well-defined peak in the transconductance at all temperatures. The next peak on the n-side is
attributed to the 1Pe electrons state. The estimate of the doping from the capacitance and size of
the CQDs agrees quantitatively with the filling of the 1Se states, consistent with its two-fold
degeneracy [18]. As reported before, [19], the Hg?* amount during the solvent transfer can be used
to control the doping at 1 electron on average in 1S, corresponding to a filling fraction x =1/2.

This is verified by the conductance peak around 0 V gate potential as showed in Figure 1a. The

R(H)-R(H=0)

50K MR at Vg=0V is shown in Figure 5-1b. MR is defined as R(H=0)

where H is the applied

magnetic field. The MR initially goes quickly negative by ~ 7 % and then grows positive in a

parabolic fashion.

The MR is then measured at varying occupation of the 1Se state. Figure 5-1¢c & 1d show the MR
at Vy=+14 V for a filled 1S. state ( x =1) and at V4=-15 V for an empty 1S state. In both cases,

the parabolic growth almost disappears while the negative MR s little changed. We verified that
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the application of the gate does not introduce artificial MR by comparing samples that start with
different doping. By measuring the MR with no gate or different gate voltage but for the same
value of x, the measurement results show no obvious difference between these samples as showed

in Figure 5-2.

Figure 5-2a shows FET transconductance curve with films having about ~1e/dot or without
~0.2e/dot at Vg=0. Figure 5-2b shows the MR at 50K for 15 nm diameter HgTe with x=1/2 in the
1Se state achieved at Vg=0 (black) and for another less doped sample with x=1/2 in the 1Se state
achieved at Vg=10V (grey). The source/drain bias does not affect the MR of CQD films when the
gate is left floating which is why we strived to achieve x=1/2 with the Hg?* control. However, in
MR measurement with FET gating, one needs to limit the source/drain bias since it can induce
carrier number difference between source and drain. This is apparent in Figure 5-2c which shows
that small source/drain bias lead to no obvious positive or negative effects on MR while large bias
cause artificial effects. In the FET measurement with magnetic field, only a small source/drain

bias of ~0.1V is used.
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Figure 5-2. Measurement method effect. a) comparison between the FET gating of film samples
that are prepared with 1 e-/dot (dark) (called “surface dipole gating” due to the presence of the
surface dipole from Hg?") and ~0.2e-/dot (grey) of 15nm diameter HgTe at 50K. b) MR curves
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showing nearly identical properties c) Effect of bias on MR for FET gated sample, showing little

effect up to 3 V. The figure is adapted from reference 29.

We further investigate the MR at x =1/2, for different temperatures and two diameters ( 15 nm and

11.5 nm) of HgTe QDs as shown in Figure 5-3.
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Figure 5-3. Magnetoresistance of x=1/2 doped HgTe CQD films at different temperatures. (a,
b) normalized MR for 15 nm and 11.5 nm diameter HgTe CQD, respectively. The temperatures
are indicated by color and the lines are fits as described in the text. (c1, c2) parabolic fit of the
positive MR of 15 nm and 11.5 nm diameter HgTe CQD, respectively. (di, d2) exponential fit of
the negative MR for 15 nm and 11.5 nm diameter HgTe CQD, respectively. The figure is adapted
from reference 29.
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To analyze the MR, we separate the MR into a negative MR (NMR) p(H)~and a positive MR

(PMR) p(H)™, such that the normalized MR is expressed as

R(H)  1+4+pH)"+p(H)”
R(H=0) 1+p(H=0)*+p(H=0)"

As shown in Fig. 5-3c, at all temperatures, the PMR resembles a quadratic form p(H)* = a,H?.
a, is a parameter with a unit that is a squared mobility (m*/V?s?). The NMR is then obtained by

subtracting this parabolic fit to the PMR. Asshown in Fig. 5-3d, the temperature dependent NMR

_9gupH
part resembles a decaying exponential, p(H)™ = a_e *8T where g is an effective g-factor and

a_ is unitless. From these data sets, we find that a_ varies mildly with temperature and fractional
occupation as further discussed below, while g = 110 +8 for 15 nmdots, g = 126 +5 for 11.5nm
dot, and g ~70 for 8 nm dot.(Figure 5-6) As shown in Fig. 5-3a and 3b, the addition of these two

components then reproduces rather well the overall MR.

Exploring a wider range of filling fraction is then conveniently done by varying the gate potential
at fixed magnetic field and temperature. The source-drain current curves at different magnetic

fields for 15nm and 11.5nm diameter HgTe CQDs at 20 K and 50 K are shown in Figure 5-4.

These curves show a well resolved 1Se source-drain current peak with clear MR response.
However, when charging in the 1P, state at higher gate potential, there is no systematic MR
behavior. As previously reported®®, the conductivity in the 1P, state is also strikingly lower than

in the 1S, state, at least at the temperatures shown in Figure 5-4. This was assigned to several
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possible effects®, including the splitting of the Pe states?? which effectively lowers the density of

states, and the directional frustrations for transport along P-orbitals.

The following discussion therefore only addresses the MR with 1S.. Again, the PMR is maximum
at x =1/2. At 20 K, the x variation of a, could be well fitted by a,~a,,x(1 — x) as shown in Fig.
5-4e. At 50K, a, could still be well fitted to the same form when x < % , after which it does
deviate, possibly due to the effect of thermally populated 1Pe states, Overall, a, increases with
size, and, as shown in Fig. 5-4e, a,. strongly decreases with increasing temperature. PMR was not
observed at room temperature, but we measured the PMR at the fixed x=1/2, from 10K to 100K.

As shown in Fig. 5-4f, a,~T 3.

The analysis of the NMR shows that a_ is overall less sensitive, increasing less with increasing
size, increasing much less with decreasing temperature (Figure 5-3) and showing only a weak
although monotonous increase with filling fraction (Figure 5-1). The different signs and

temperature and size effects suggest different origins of the positive and negative MR.

We made a number of tests to verify that the MR was not an artifact of the device shape or material
(Figure 5-7). For the same CQD film preparation, we observed similar MR on a glass substrate
as on the Si/SiO> substrate at zero gate. We verified that the MR was not affected by the choice
of gold or platinum for the electrodes and also not by the size of the device. Since this study was
motivated by the high mobility achieved, we measured the MR of the same HgTe CQDs cross-
linked with Ethanedithiol. Such films are more resistive with a two orders of magnitude lower

mobility, however they showed similar PMR and NMR (Figure 5-8).
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Figure 5-4. PMR factor. (a &b) Source-drain current curve of 15 nm diameter HgTe CQD by
FET with 0.1 V bias at fixed magnetic field at 50 K and 20 K, respectively. (¢ &d) Source-drain
current curve of 11.5 nm diameter HgTe CQD by FET with 0.1 V bias at fixed magnetic field at
50 K and 20 K, respectively. The arrows indicate the conductance change in Se (blue) ans Pe
(orange) state corresponding to the increased magnetic field. e) PMR factor a, of 15 nm(square)
and 11.5 nm(circle) HgTe CQD films at 20 K and 50 K, respectively, fitting by (1- x) x times a
constant. f) PMR parameter a, (black) and NMR parameter a_(blue) of 15 nm (square) and 11.5
nm (circle) diameter HgTe CQD solid as a function of temperature. The figure is adapted from

reference 29.
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5.3 Discussion

While the similarity of the MR with films of low mobility suggests that the MR arises from local
effects acting on individual CQDs or pairs of CQDs rather than from extended interactions, we

analyze possible mechanisms for the positive and negative MR.

PMR: Explanation 1. (all equation in SI unit) A quadratic PMR naturally arises within the
classical picture of a ballistic carrier with a single relaxation time 7. As the Lorentz force causes
the electron to deviate from the linear travel direction along the electric field, it travels a shorter
distance in the direction of the electric field, and the resistance increase is quadratic for small H.

The generalization of this effect is called Kohler’s rule [23] and leads to

Ap  ne’t

1Hz_RHsz Hz_ H)2
p mn_e)_(j) ~(;) = (oH)

Here Ry = L s the Hall parameter, n is the carrier density, T is the relaxation time, e is the

" ne
2
elementary electron charge, and o = % is the conductivity.

In a system with a single mobile carrier, the Hall effect compensates for the deviation such that
the MR disappears. With two carriers, there is a net positive magnetoresistance that is quadratic

for low enough field.

01 02 2 pHoy peHop
 Gypem T a? YOy em YTk e
0= 0, N 0,
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Ap(H)* _ 0105 (U — p2)*H?
p(H=0) (01+02)* + (U101 + p20,)*H?
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In the CQD films, one might imagine the motion of carriers in a miniband made of the 1Se states.
In this case, the “electron” carrier (doping in the 1S state), and the “hole” carrier (vacancy in the
1S. state) can be considered to have the same relaxation time, such that (u; — pu)~2u. We can
also assume that u?H? « 1 since u~10* m?/Vs . Therefore, considering only the 1S, state, the

Ap(H)* _

=0 = (1 —x)x u?H? = a,H? over the range of magnetic field

expression simplifies to

accessible in the experiment. This expression captures the experimental quadratic MR and the x-
dependence. However, it predicts a strong effect of the mobility which is not supported by the
experiments. Furthermore, the magnitude is much too large for the measured mobility of ~1
cm?/Vs. Indeed, the model predicts a, ~ 108 m*/V2s? at half filling compared to the observed
value of 10 at 10K. We also note that the model of a miniband with partial filling predicts that
the mobility should switch sign on either sides of the 1Se conductance peak, while this is
inconsistent with the measured Hall mobility!® which is rather independent of the fractional
occupation. The absence of miniband behavior may suggest a mean free path shorter than the dot
spacing, and therefore a hopping conduction in these glassy structure CQD films. On the other

hand, it must also be that any miniband effect is masked by the much stronger effect observed here.

Explanation 2. Magnetic confinement. In the CQD films at cryogenic temperatures, the mobility
decreases with decreasing temperature with an activated behavior. A possible source of the PMR
is therefore an increase of the hopping activation energy that could come from the magnetic
confinement. This magnetic freeze-out was observed in narrow gap bulk semiconductors with light
effective mass such as HgCdTe?* and InSb?. For these narrow gap materials, the electrons hop in
the impurity band and the increased impurity binding energy with magnetic field can lead to

dramatic increase of the resistance. The magnetic confinement arises from the squared potential

153



62H2T2

vector term in the Hamiltonian such that V(r) = and is quadratic in the magnetic field.

2,.2
Therefore, for small MR, we propose a,~ SiTrm*-

For a 15 nm diameter CQD, the effective mass
at the 1Se state energy is 0.025me, as estimated by a K<P model of the energy dispersion, and the

e2H?r?

*

confinement potential is then ~1.25meV at 5 T. Such local mechanism would explain why

similar PMR is observed for low and high mobility films. The magnitude is about right since

e?r?
8kTm*

~ 0.028 m?/V/?s? for r = 7.5 nm and T= 20K compared to a value of 0.03 in Fig.3e.

However, this magnetic confinement model predicts a T temperature dependence of the PMR
compared to the observed T2, It also no clear why the PMR scales as (1 — x)x , unless the

conductance at these points becomes dominated by other channels.

NMR: The NMR observed for HgTe CQDs films is rather independent of the doping level, it
appears to be associated with a rather large effective g-factor, and it depends weakly or not at all
on the mobility. The weak effect of the mobility allows to rule out a negative MR that involves
coherent back scattering that leads to weak localization?®. We also rule out spin blockade effects.
The NMR is indeed opposite in sign and quite different to the case of weakly conductive organic
films®® of weakly coupled CdSe CQD? films which show an even narrower PMR, also in the 10%
range, but with a fixed and very small magnetic field range of ~ 50mT and independent of
temperature. That effect is assigned to a spin-blockade where the electron spins need to process
around the random hyperfine field, reaching the favorable spin orientation before tunneling. When
the magnetic field overcomes the hyperfine field, the electron spin orientations becomes defined,
up or down, blocking tunneling depending on the relative spin orientations. The spin-blockade

effect is possible when the exchange interaction is smaller than the hyperfine interaction and this
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requires a very weak coupling. This was used to explain why the CdSe CQD films do not show
the spin-blockade when nearest neighbor hopping is favored. Such explanation for the absence of
spin blockade may apply here in the higher mobility HgTe CQD films since nearest neighbor

hopping is the dominant situation at the investigated temperatures.

Explanation 1: magnetization. In transition metals, the conduction electrons can be affected by
scattering due to the random spin orientation of d-shell electrons. Applying a magnetic field may
partially order the spins and reduce the scattering. Fisher and Langer?’ predicted, with only short
range spin fluctuation, that the decrease in the resistance would be proportional to M2, The

magnetic field dependence of the magnetization of the 1S, state electrons of g-factor g, is given

by the Brillouin function B(x) = where Z=J gugH/kgT and J=1/2. Then

e??-1
e2z41
_2gupH

)2~ %2 and NMR ~e kBT |

1
(e~Z+e?)4

p(H)™~(M)*~(

The model does not provide an estimate for the prefactor a_ as this would depend on the
interaction between 1Se electrons with some other electron spins. It should also depend on the
number of spins as they are the source of scattering. The mechanism should also disappear for full
or empty 1Se states and give a strong dependence of x, which is not seen. It is also not likely to
be applicable to a hopping conduction regime, where the scattering is already strong enough to

localize the carriers on single sites.

Explanation 2: An alternative explanation in the hopping regime is that the Zeeman effect on the
1Se state under a magnetic can reduce the energy barriers. Indeed, if two neighboring dots have

an energy difference E, the Zeeman effect can increase the lower state energy by gugH and
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decrease the higher state energy by the same amount. Assuming that spin is not conserved upon

tunneling, the barrier becomes smaller by 2gugH. Thiswould then lead to an NMR that is simply

_2gupH
NMR= e kBT | with the coefficient a_ = 1. This is clearly larger than the experiment which

indicates a_~ 0.1. One possible reason is the assumption of the spin being flipped while only a

fraction of the hops may benefit from spin flipping. One also needs to justify the value of the g-

11018
2

_ 12643

=554+4and g = = 63 +1.5 for 15nm and 11.5nm dot,

factor. The data gives g =

respectively. This is~ 3-fold larger than the theoretical prediction for the electron g-factor in HgTe
guantum dots of the investigated size range. [28] In preliminary experiments, we looked for but
did not find optical evidence for such a g-factor. (Figure 5-9). This explanation would also imply
a saturation of the NMR but it is possible that this is masked by the stronger PMR since 1 tesla

magnetic field could give energy shift~5 meV while the site barrier® is 101-102 meV.

5.4 Conclusion

In this work, we measured the MR of an interesting new system consisting of a glassy disordered
film of rather monodisperse HgTe quantum dots. With an FET structure, we measured the MR as
a function of doping in rather high mobility films (1-10 cm?/Vs), as a function of temperature down
to 10K and fractional occupation of the 1S, electronic state. We observed a positive-quadratic
magnetoresistance which can be several 100% at low temperature and scales like x (1- x) where x
is the fractional occupation of the 1S. state. This positive magnetoresistance is seven orders of
magnitude larger than the effect that could arise from ballistic carriers within the relaxation time
approximation. Instead, it is tentatively attributed to the increased confinement induced by the
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magnetic field and the increased hopping activation energy. There is also a negative
magnetoresistance of 1-20% from 300 K to 10 K which is rather independent of the fractional
occupation, and which follows a negative exponential dependence with the magnetic field. It can
be empirically fit with an effective g-factor of ~ 100 and it is tentatively attributed to the reduction
of barrier heights by the Zeeman splitting of the 1S, state. However, this requires a 1S, electron
g-factor for the HgTe QD that is about 3 times larger than predicted. Although these results are
not fully understood, they indicate that most of the magnetic effects are rather local in nature. The
quality of the materials and the ease of controlling the charge occupation will allow to extend these

studies to magnetically doped quantum dots which may have further interesting properties.

5.5 Methods

Monodisperse HgTe CQDs were prepared following reference?. A two-phase ligand exchange
process was applied to transfer the HgTe QDs from hexane to polar dimethylformamide (DMF)
where HgCly, 2-Mercaptoethanol, butylamine, and butylammonium chloride co-serve as the

hybrid ligands'®. Several different sizes HgTe dots were investigated.

Film preparation: The HgTe QD films were prepared by spin-coating on patterned Au electrode on
300nm SiO»/Si substrate. Area between the electrodes was Imm*3mm. The absorption spectra

were measured for films made with the same procedure on ZnSe windows.

MR measurement: The CQD solids were inserted into a Physical Property Measurement System

(PPMS-9, quantum design) under a helium inert atmosphere. The applied magnetic field was
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perpendicular to the films. The resistance was measured by a Keithley 2636 A Dual Channel Source

meter with the Four-point sensing.

5.6 Appendix

1. TEM of different size HgTe CQD

o

Figure 5-5. TEM of different size HgTe CQD a)b)c)TEM of 8nm, 11.5nm and 15nm
diameter HgTe CQD, respectively. d) SEM. Cross section of 11.5nm diameter HgTe CQD film

of ~2 layers used in the measurements.
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2. 8nm diameter HgTe CQD solid MR

Figure 5-6 shows the MR of 8nm diameter HgTe CQD solid at 100K and 20K. The film Thickness
~60nm (around 8 layers quantum dots). The MR could also be fitted nicely by the equation

mentioned in before with g~70.
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Figure 5-6. MR on 8nm diameter HgTe CQD solid.

3. Substrate and electrode effect on MR.

Substrate and electrode material have no obvious effect on MR. Figure 5-7 shows the MR curve
measured with two different substrate and electrode. The MR curves almost overlap, indicating

that the resistance change does not come from the substrates or electrodes and the MR is very
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repeatable. Changing the film area from 3mmx1lmm to 3mmx5um also shows no obvious effect

on MR.
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Figure 5-7. MR of 15nm diameter HgTe CQD at 10K with two different substrates
and electrodes.

4. Low mobility HgTe MR

EDT treated HgTe quantum dots films have 2 order smaller mobility compared to the polar
ligands exchanged HgTe films. The MR, however, has a similar behavior. Figure 5-8 shows
the MR at 50K of low mobility and high mobility 11.5nm HgTe CQD film with similar

thickness.
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Figure 5-8. MR on low mobility (Black curve) and high mobility (red curve) 11.5 nm
diameter HgTe CQD films at 50K.

5. Optical measurement.

Independent measurement of g would be helpful to provide a clue to understand the NMR. If g
is the total angular momentum (Landé) g-factor, when g~100, with 0.5 tesla magnetic field, one
should see the intraband absorption peak blue (red) shift by ~10cm™ for the Si2 to Paz (P12)
transition. However, the real situation could be more complex. First, considering all the possible
transition for the S-P state as shown in Figure 5-9a, the average peak position should not change
but the S-P transition should become broader. Second, since we measure an absorption of the QD
film, one should consider the convolution (Voigt) of homogenous broadening (Lorentzian) and
inhomogeneous broadening (Gaussian). Figure 5-9b shows one simulation example of Voigt

spectra before and after the homogenous broadening and adding 10cm™. The insert graph shows
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that the effect would be more obvious at the bottom of the peak. However, this is difficult to
measure by optical absorption because of the noise level. Figure 5-9¢ shows the intraband
absorption with/without external magnetic field (0.5tesla) of 11.5nm HgTe CQD. Although itisa
nicely resolved intraband spectrum by recent literature standards??, it is not possible to ascertain

any spectral changes.
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Figure 5-9. Spectra with magnetic field. a) Possible transition for S-P state. b) simulation of
Voigt spectra before and after the homogenous broadening adding 10cm. The FWHM value are
indicated in the graph. ¢) Intraband absorption with/without external magnetic field of 11.5nm
HgTe CQD.
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Chapter 6: High Carrier Mobility HgTe QD Mid-IR Photodetectors

To understand the transport mechanism in QD system, and then control it, will also benefit
applications. This chapter shows our work on improved mid-infrared photoconductors based on
colloidal HgTe quantum dots which are modified using the hybrid ligand exchange and polar phase
transfer mentioned in Chapter 3. The doping can also be controlled n and p by adjusting the HgCl>
concentration in the ligand exchange process. Photoconductive properties of the high mobility
HgTe QD device is compared with the one using prior “solid-state ligand exchange” by
ethanedithiol. The new process affords ~ 100-fold increase of the electron and hole mobility, ~100-
fold increase in responsivity and ~10-fold increase in detectivity. These photodetector
improvements are primarily attributed to the increase in mobility (u) because the optical properties
are mostly unchanged. The noise analysis gives the specific detectivity (D*) of a photoconductive
device is expected to scale as +/u. The application potential is further verified by long-term device

stability.

This chapter includes the published result from reference 27 as well as some unpublished data.
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6.1 Introduction

The mid-wave (3-5 microns) and long-wave infrared (8-12 microns) are of particular interest for
thermal imaging because they match the atmospheric windows. The dominant photon detectors in
these ranges are single crystal InSb and HgCdTe, while alternatives based on epitaxial quantum
dot infrared photodetectors (QDIP), quantum well (QWIP), and type-Il superlattices of I1I-V
semiconductors are receiving increasing attention.® However, the cost of single crystal epitaxial
growth remains high while interfacing to silicon read-out chips is also complex. Colloidal quantum
dots (CQDs) have tunable optical transitions? through manipulation of nanocrystal size, shape, and
surface. CQDs are therefore being widely investigated for photodetectors from the visible# to the
near-infrared®>’ and mid-infrared.#° The exciting promise of CQD is the facile fabrication of
photodetectors.®® For example, PbS CQDs have been extensively studied for the near-infrared
photodetectors,*"%113 and used for the first demonstration of CQD near-infrared imaging
sensors.!* HgTe CQDs allow a broader coverage of the infrared, from near- to far-IR, and are also
extensively investigated.3%14° previously reported mid-infrared video imaging devices were also
made by simply drop-casting HgTe CQDs on a silicon read-out circuit'® and using the “solid-state
ligand exchange” with ethanedithiol.*®° The images had a noise-equivalent temperature difference
(NETD) of 100mK corresponding to a detectivity of 10%° Jones for these photoconductive (PC)
device.’® This is one order of magnitude below InSb commercial cameras operated at the same
cryogenic temperatures and significant improvements are therefore needed to bring these devices

towards practical relevance.

One clear direction to improve performance is higher mobility since it should help collect
photogenerated charges except when the carrier diffusion length is limited by trapping sites.’ 18

However, the “solid-state ligand exchange” affords mobilities of only ~ 10 cm?/Vs.?® Likely
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because of the partially aggregated nature of the CQDs in the solution, success at improving further
the mobility of these HgTe CQDs has remained limited.?® Furthermore, the replacement of bulky
surface ligands with small molecules during the solid-state ligand exchange causes significant
volume contraction, cracks and voids in CQD films. A general strategy for higher mobility is to
use phase transfer in polar solvents?* and very short or ionic ligands.?#% Using a HgTe CQD
synthesis that affords spherical and non-aggregated HgTe CQDs,* % we therefore explored several
protocols using phase transfer on these HgTe CQDs. A room temperature process was then
developed that greatly boosted the mobility above 1 cm?/Vs while faithfully preserving the optical
properties and photoluminescence of the CQDs % and also allowing to fine-tune both n- and p-
type doping. This chapter reports photodetector performances afforded by this process?’. The
doping and mobility of films are measured using both electrochemical and solid-state field-effect
transistor (FET) methods. The responsivity, noise, and detectivity are measured from 300 K to 80
K. The properties are compared with those of lower mobility films prepared from identical HgTe
CQDs by the solid-state ligand exchange using ethanedithiol. Since the long-term doping stability
of polar phase-transfer-ligand-exchanged CQD films is affected by air exposure, we evaluate the

stabilization of the performance using a simple polymer coating.

6.2 Characterization of Mid-IR HgTe CQDs

For the HgTe CQD phase transfer, we start from well dispersed oleylamine capped HgTe CQDs
in hexane.?*? The CQDs are transferred to dimethyformamide (DMF) using mercaptoethanol,
HgCl», butylamine and butylammonium chloride. This strategy is termed a hybrid ligand exchange
because of the use of both organic and inorganic ligands. In this work, clean solutions of the

HgTe/hybrid ligands CQDs are then made by precipitation using toluene and redispersion in
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dimethyformamide. Films, referred to as HgTe/hybrid, are prepared by spin-coating or drop-
casting the polar solution. In order to assess the effects of increased mobility, we compare the
properties with films prepared directly from the same oleylamine-capped HgTe CQD followed by
solid state ligand exchange using ethanedithiol (EDT), referred as HgTe/EDT. Both types of films
have similar appearance, black, smooth, and reflective and their absorption spectra show no
noticeable shift of the mid-infrared band-edge absorption. (Figure 5-1) However, they differ

markedly in their optoelectronic properties.
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Figure 6-1: Absorption spectra of HgTe/hybrid and HgTe/EDT films. Room temperature
absorption spectra of HgTe/hybrid ligands(black), HgTe/EDT(red). This figure is adapted from
Ref 27.

The electronic properties are characterized by electrochemical®® and FET measurements.?® Cyclic
voltammetry(CV) and conductance measurements of the films are used to determine the energy
level position and the Fermi level with respect to a reference potential, as well as the mobility.*°
Figure 6-2 shows the CV and conductance for films of 9 nm diameter HgTe CQDs at 203 K. As
shown in Fig.6-2, decreasing the concentration of HgCl> used in the exchange solution leads to a

clean rigid shift of the cyclic voltammetry, which is due to shifting the Fermi level from n- to p-
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type. Assigning the 1Se state peak area in the CV to 2 electrons/dot, the doping switches from ~1
hole/dot without any HgCl> in the exchange solution, to ~1 electron/dot with the higher
concentration of HgCl,. The n-doping effect of added mercury ions was reported previously for
HgS and HgSe CQDs.* The sensitivity of the doping to Hg?* was assigned to a shift of the state
energies with respect to the environment Fermi level, and this was attributed to surface dipole
shifting the electrostatic potential of the CQDs. A surface dipole pointing inward (positive end on
the surface) raises the electric potential inside, stabilizing the electron. The n-type direction and

the shift of the energy levels with Hg?" are consistent with this assignment.

)
5.0E-7 : I.EF 0.01 b EF EVAC/EV
———no Hg*
MR VANN S N el ca]l cB
0.0}
] 1E-4 k wiwhy . -0.4

5.0E-7 — 165
_ —lowHe" | & p -4.48 ==-0.2
< o e
2 o0 E: ; 4,68 whm0

3
5.0E-7 0.1

o
o

s
ool 1E3 1
:Q vejve}ve Jecer

41 E-5

04 02 0.0 0.2 0. 04 02 00 . 0.4 g2t :
Potential(V/SCE) Potential(V/SCE) HQ Increasing

Figure 6-2. Electrochemistry of mid-1R HgTe with different doping. (a,b) Cyclic voltammetry
and conductance of films of 9nm diameter HgTe CQD made after phase-transfer without
HgClx(orange), 0.025 mM HgCl, /0.04 mM HgTe (black) and 0.5 mM HgCl, /0.04 mM HgTe
(olivine) at 203 K. Potentials are referenced to the saturated calomel electrode (SCE). The Fermi
level is given by the rest potential (red arrow) and the blue stripe covers the range of rest potentials
observed in the electrochemical environment. (c) Energy diagram. This figure is adapted from
Ref 27.
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The electron and hole mobility obtained by electrochemistry are given in Table 6-1 for the 9 nm

diameter HgTe/hybrid ligands films with different doping. The electron mobility is ~2 cm?/Vs,

similar to the hole mobility of ~1 cm?/Vs, and both are independent of doping.

Sample doping Electrochemistry
/mobility Hole mobility ~ Electron mobility
cm?/Vs cm?/Vs

0.6-1lelectron/dot 1.3 1.8
0.2electron/dot 0.9 1.6

Intrinsic 1.2 1.5

0.2hole/dot 1.1 2.1

1hole/dot 0.9 1.8

Field Effect Transistor
Hole mobility  Electron Mobility

cm?/\Vs
0.10
0.30
0.45
0.62
0.80

cm?/Vs
5.9

45

34

19
0.18

Table 6-1. Mobility measured by Electrochemical and FET methods. This table is adapted

from Ref 27.
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Figure 6-3. FET curve of N-type and P-type HgTe/ hybrid ligands. FET transport curves of
different doping level HgTe/hybrid films at ~80K. Strong p-doped (doping ~1h/dot) to strong n-

doped (doping ~0.6e/dot).
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Complementarily to electrochemistry analysis, FET measurements allow us to obtain the mobility
and doping of the dry films, therefore in the same conditions as the photodetector devices. Figure
6-3 shows the transfer curve of the source-drain current as a function of the gate bias, for ~90 nm
thick HgTe/ hybrid films, at 80 K. Varying HgCl> concentration in the phase transfer step also
shifts the FET transfer curves: near-intrinsic doping is achieved with 12mg HgTe processed with
0.025 mM HgCly, weakly n-doped films with 0.052 mM HgCl_, Strong n-doped films with 0.5mM
HgCl,, weakly p-doped films with 0.0125 mM HgCl> and strong p-doped films with no HgCl..
The doping follows the same trend as in the electrochemical data with respect to the HgCl> amount.
The magnitude of the doping in FET measurements is directly determined from the value of the
gate bias at the minimum conductivity, using the estimated CQD surface density and the
capacitance for 300nm SiO». For these five films the doping is ~0.6 electron/dot, ~0.2 electron/dot,
zero, ~0.2 hole/dot and 1 hole/dot, respectively. Achieving a near-intrinsic film is therefore

possible with a precise control of the HgCl> concentration in the ligand exchange step.

The linear regime FET mobility in Table 1 is determined using the slopes of the FET transfer

.. . . . dl 1 1L . .
characteristics (blue lines in Fig.4-3), calculated as u = d—;SV—C—W, where I, is the drain-source
g Vdsti

current, V; is the gate potential, Vg, is the drain-source bias, C; is the capacitance of 300nm SiO>
gate dielectric, L is the channel length and W is the channel width. Table 4-1 shows that the
electrochemical mobility is independent of doping, while the FET carrier mobility is always
maximized for the majority carriers. The effect is quite noticeable and, to our knowledge, such
relation between the mobility and doping in CQD FETs has not been reported previously. We
propose that it may be due to electron-hole recombination/scattering between the gated layer,
which is a monolayer of CQDs next to the gate dielectric, and the more remote region not affected

by the gate potential. We also noted that at similar temperatures, the maximum FET electron
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mobility is about 3 times larger than the electrochemical mobility, while the maximum FET hole
mobility is about the same as the electrochemical mobility. Prior studies on high mobility graphene
have shown that the local charges of electrolyte ions introduced additional scattering,®3* and

further comparative studies will therefore be needed to assess the origin of the differences.

The control HgTe/EDT films made using the same HgTe CQDs are also characterized by

electrochemical and FET gating studies. They have an FET mobility of (0.4 ~ 1.6) x 102 cm?/Vs

(Figure 6-4), which is about two orders of magnitude lower.
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Figure 6-4. FET of HgTe/EDT film at ~80 K. This figure is adapted from Ref 27.
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6.3 Photoresponse of Mid-IR HgTe QDs.

> w]]]] g

yyvvy

Figure 6-5. Device structure. (a) Schematic of a bottom-gate FET. (b) Photograph and SEM
image of 3 FET devices of 0.3mm x 0.16mm. This figure is adapted from Ref 27.

The FET structure (Figure 6-5) is to determine doping level of the film, figuring out the nearest
intrinsic sample. The transconductance curves are showed in Figure 6-6. The inset graphs in Fig.6-
6(a, b, ¢) zoomed in regions of FET transfer characteristics near the conductance minima. In
contrast to the electrochemical data, the minimum dark current of the doped CQD films is always
larger than for undoped samples. This arises because FET gating affects charges mostly in the
CQD layer closest to the SiO2, while electrochemical gating sets the Fermi level over the entire
thickness of the CQD film. The insets also show the current under illumination by a 600°C, 21
mm diameter blackbody source placed about 15 cm away. The current under illumination is similar
for all three doping levels, but it is the undoped sample that gives the largest relative increase

compared to the dark current.
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Figure 6-6. Figure out the intrinsic doping device with FET. (a-c) FET transfer characteristics
(at 80 K) of near-intrinsic, n-doped and p-doped HgTe/hybrid ligands films, respectively. The
insets show zoomed in regions near the conductance minima, showing the photocurrent (red) and
dark current (black). The blue lines indicate the slopes used to calculate the hole and electron
mobility. This figure is adapted from Ref 27.

The photoresponse spectra of the films are measured with an FTIR in regular scanning mode
(Figure 6-7). The spectra shown in Fig.6-7a are normalized to the response of a DTGS detector,
correcting for the effect of the scanning speed as previously reported.®® HgTe/hybrid and
HgTe/EDT have very similar spectra, band edge position, width, and temperature tuning, but with
a better signal to noise ratio for HgTe/hybrid and slightly lower hydrocarbon absorption near
3000cm™. The similar photocurrent spectra confirm the stability of the HgTe CQD during the
phase transfer exchange. Between room temperature and 80 K, the cut-off, defined as the half
point of the rising detection edge redshifts from 2500 cm™ to 2100 cm™ which is typical for HgTe
CQD of that size range. At 80K, the 10%-90% interval of the absorption edge is 750 cm™. This is
significantly wider than the 500cm™ typical with the tetrahedral aggregated HgTe CQDs studied
previously.*® The large width is consistent with the softer absorption edge of the spherical non-
aggregated HgTe CQDs and this is an issue that will have to be addressed in the future optimization

of the materials.
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The dark current of the near-intrinsic films is shown in Fig.6-7b. The dark current drops 4 orders
of magnitude from room temperature to 80K with a rather simple Arrhenius behavior of activation
energy 90 meV. The dark current is proportional to the product of the mobility and carrier

concentration I~neu. Since the films are near-intrinsic, the carrier concentration at the higher
temperature is dominated by the thermal carriers such that n ~exp(%). Assuming that the
B

mobility has a much weaker temperature dependence, the activation energy expected for an
intrinsic semiconductor with a 5 microns band edge wavelength should be ~125meV which is
larger than observed. Part of the resolution of this discrepancy may be the width of the absorption
edge which reduces the effective activation energy. Doped samples show smaller activation energy,
and this reflects the movement of the Fermi level within the gap.®’ (Figure 6-8) For the same bias,
the dark current of the intrinsic HgTe/EDT films is always smaller and this reflects the lower
mobility. Normalizing by the thickness and at the same bias, the dark current in Fig.6-7b for
HgTe/hybrid at 300 K is on average about 55 times larger than for HgTe/EDT, which is less than

the expected 100-fold increase from the mobility but of the right order.
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Figure 6-7. Photoconductive property. (a) Photoresponse spectra of HgTe/hybrid (solid lines)
and HgTe/EDT (dashed lines) films. (b) Dark current density (black dots) and photocurrent (red
dots) as a function of temperature for the two films. The dash lines are Arrhenius fits with
activation energy ~90 meV for HgTe/hybrid and 82 meV for HgTe/EDT. The HgTe/hybrid film
is 120 nm thick and the HgTe/EDT film is 260 nm thick. (c) Temporal response of the HgTe/hybrid
film to a 50 us light pulse from an 808 nm laser and to a 1us pulse (inset). (d) Detectivity as a
function of temperature for the HgTe/hybrid and HgTe/EDT films. This figure is adapted from Ref

27.
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Figure 6-8. Temperature dependent dark current of films of HgTe/hybrid with different
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exchange. This figure is adapted from Ref 27.
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line) and photon flux (dot line) of HgTe/EDT (black) and HgTe/Hybrid (red) films, respectively.
This figure is adapted from Ref 27.
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The photocurrent response of the devices to the blackbody source is also shown in Fig. 6-7b. The
photocurrent is larger for HgTe/hybrid than HgTe/EDT by a similar factor as the dark current. For
a photoconductor, the photocurrent is proportional to the product of mobility and carrier lifetime.
The ~60-fold larger photocurrent for HgTe/hybrid ligands maybe consistent with the 100-fold
higher mobility and a slightly shorter carrier lifetime. The latter statement is supported by
photoluminescence (PL) measurements that indicate similar but slightly lower PL quantum yields
of 1-10™* for HgTe/hybrid compared with 1.9-10* for HgTe/EDT (Figure 6-9). As shown in Fig.6-
7b, upon cooling from 300 K, the photocurrent initially increases with decreasing temperature,
while the dark current decreases. As discussed above, the dark current scales as n. On the other
hand, the photocurrent is proportional to the lifetime and this scales as 1/ n if it is limited by
geminate recombination instead of trapping. This explains the mirroring of the dark and
photocurrent curves on the log scale in Fig.6-7b. Further lowering the temperature below 170K,
the photocurrent decreases and this may indicate that the carrier lifetime becomes limited by traps

while the mobility and quantum efficiency of charge generation will also decrease.

For the responsivity measurement, we first measure the photocurrent (for example 0.34pA with
1.5V bias on effective area 0.03 cmx0.016 cm at 80 K) from the photoconductor device when
illuminated by a 600 °C blackbody source at d=17 cm distance and with a radius r =10.5mm

diameter. The blackbody radiation photon number per sec arriving on the sample of area A (cm?)

S f6000cm_1 2cv2
$=1500 cm~1 ghcv/kgT _q a

2
bs(¥)dv x T(CaF,) % %A, where ¥ is the frequency in cm?, ¢ is
the speed of light in cm/s, h is the Planck constant, kz Boltzmann constant, T is temperature (K).
The transmission of the cryostat CaF. window is included with T(CaF,)=90%. abs(¥) is taken

to be a function from 0 to 1 that mimics the rising photoresponse edge as shown in the figure below.

From the mid-point of the absorption edge, we take the photon energy as 2100cm™~1~0.26eV as
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the “cut-off” (2100cm™ or A, = 4.8 um at 80 K in Fig.6-7a). We then multiply the photon flux
by this cut-off photon energy to get a power. This procedure gives the responsivity around the
cut-off, since any photon of higher energy will provide the same photocurrent. Then the estimated

input power ~30.8uW/mm?, giving a responsivity 0.23A/W at 80K.
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Figure 6-10. Responsivity calculation. (a) step function. (b) Absolute spectral responsivity with

the unit A/W of high mobility HgTe QD PC (~90nm thickness, with 1.5V bias) at 80K. This figure
is adapted from Ref 27.

The spectral responsivity with the unit A/W in Figure 6-10, is obtained by dividing the measured
FTIR response spectrum by the spectrum from the DTGS detector corrected by a frequency factor
due to the slower speed of the DTGS detector, based on reference®. The spectrum is then scaled
such that the integral of the spectral responsivity and the blackbody power gives the measured
photocurrent. The spectral responsivity in Fig.6-10b gives lower value than the integrated
responsivity of 0.23A/W stated above, because it scales ~1/7 and the response edge is soft. The
responsivity is found to be linear with bias up to 10 V across the 20 um gap, resulting in R=0.23
A/W at 1.5V bias and 1.5 A/W at 10V bias for a film of 120 nm thickness. Figure 6-11 showed
the bias dependence of the responsivity (Fig.6-11a), dark current (Fig.6-11b), and detectivity

(Fig.6-11c) for films of three different thicknesses. Average thicknesses are indicated. The
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responsivity is proportional to bias, as high as 1.45A/W with 10 V. However, the dark currents

increase more at higher bias, resulting in more noise. With 1 to 3V bias, the highest D* is obtained.
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Figure 6-11: Responsivity with different bias on HgTe/hybrid films. (a) responsivity as a
function of bias. (b) dark current as a function of bias. (c) detectivity as a function of bias. This
figure is adapted from Ref 27.
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The external quantum efficiency (EQE) is related to the responsivity as such that EQE ~

5% with 1.5V bias and ~ 30% at 10V bias. The EQE of a photoconductive device depends on the
internal quantum efficiency (IQE) n, the optical absorption A4, and the gain g such that EQE =

g%. Therefore, given the small absorption of the thin film (5-10%), g x IQE reaches or

exceeds unity. To evaluate the photoconductive gain, we measured the transient response of the
detector, using a pulsed laser source and a current amplifier with a 500 kHz bandwidth. Figure
6-11c shows the photo-excited current under 1.5 V bias using an 808nm laser with 50 us pulses
at 298 K (red curve) and 80 K (blue curve) while the insert graph shows the response using a 1
us pulse close to the 0.7 us resolution of the amplifier. With the long pulse, there is a dominant
component of ~1 us, and a smaller component of ~12 us. With the short pulse, at 80 K, the rise

time and fall time are 0.9 and 2 ps, without the slow component. The microsecond response time
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2
is then compared to the calculated transit time 7, = % where L is the interdigit distance and V

is the bias. Taking a mobility of 2 cm?/Vs, and a 1.5 V bias across the 20 microns gap, 7, =1.3
us. Since the dominant time response is similar to the instrumentation response, while being also
similar to the calculated transit time, we conclude the photoconductive gain in the device must be
small and that the internal quantum efficiency is of order of magnitude unity limited by the
uncertainties of the measurement. Figure 6-12 shows the diagram of 1/f noise measurement set
up and the noise spectra of the 10 k€ carbon resistor. As a control, the normalized noise shows

no dependence on bias.
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Figure 6-12. 1/f noise measurement set up. (a) 1/f noise set up diagram. (b) Normalized noise
spectra of 10 kQ carbon resistor with different bias (dots) and 1/f noise slope (black line). This
figure is adapted from Ref 27.

A photodetector performance is primarily limited by the noise. The specific detectivity is given by

D* = iﬁx/Z, where i, is the root mean square(rms) current noise in a 1Hz bandwidth and A is the

area of the device. In a biased photoconductor the noise stems from fluctuations of the dark current
and it can have significant 1/f components in addition to the shot noise and Johnson noise.

Furthermore, while noise from generation/recombination events is multiplied by the gain of the

device.* Since 1/f noise can be much larger than the shot noise i,, = v/2el, the experimentally

measured noise spectrum is required to calculate D*. For commercial detectors, a frequency of
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500Hz is often used to measure the noise and quote the detectivity, and this is used here. For the
best near-intrinsic HgTe/hybrid device, with a 120nm thickness, at 80 K and at a 1.5 V bias that
optimized the detectivity, the detectivity was D* = 5.4 x 101° Jones at 500 Hz. The dark current

was I; = 9.6 nA and the measured noise was i,, = 100 fAHz~%5 at 500 Hz. The noise was flat

above 50 Hz as shown in Figure 6-13 but 2-fold larger than v/2el = 55 fAHz %5 . This may
reflect a limitation of the electronics. Using the measured responsivity and noise at each
temperature, the detectivity from 80K to 300K is shown in Fig.6-7d. The 120 nm thick
HgTe/hybrid device shows a higher detectivity than the 260 nm thick HgTe/EDT device at all
temperatures. Since the responsivity scales as the thickness for thin films and the noise scales as
the square root of the thickness, the specific detectivity can be scaled by the square root of the
thickness. The detectivity of the HgTe/hybrid ligands material is therefore better than HgTe/EDT
by a factor of 10 at 80 K and a factor of 5 at 300 K. As mentioned earlier, a previous realization
of infrared imaging camera with HgTe CQD achieved 100mK NEDT, while commercial InSh
cameras achieve 10mK, both at cryogenic temperatures. Since detectivity and NEDT are
proportional, the order of magnitude improvement realized with the new ligand exchange should
allow HgTe CQD photoconductive imagers to approach the performances of existing InSh cameras.
The improvement will also benefit HgTe CQD photovoltaic devices**>* since the higher mobility,
in the geminate recombination regime, will allow longer carrier diffusion lengths and higher

operation temperature.
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Figure 6-13. Noise spectra. (a) 1/f noise of HgTe/hybrid and low mobility HgTe/EDT measured
at room temperature. (b) Measured rms current noise in a 1Hz bandwidth of p-doped, n-doped and
intrinsic HgTe/hybrid film at 80K. This figure is adapted from Ref 27.

The benefit of the increased mobility is easily understood if the noise is due to the shot noise of
the dark current. In this case, i,~+/u, and since the photocurrent scales as u, the detectivity
scales as +/u. This is the observed scaling at low temperatures, where the devices are indeed shot
noise limited. However, at higher temperatures, 1/f noise dominates, as is typical for colloidal
metal or quantum dots sensors and photodetectors.®® In that case, the scaling of the detectivity with
mobility is not so obvious. In CQD detector films, 1/f noise can be dominant until rather high

frequencies*® and a modified Hooge equation was shown empirically to allow comparisons of the

XH
Nncf

1/f noise between different nanocrystals solid.* The modified Hooge expression is IS—; =
where S; = i2 is the frequency-dependent noise spectral density, f is the frequency, Nnc the
number of nanocrystals in the conductor, and ay a unitless Hooge constant. The constant ay was

shown to vary approximately inversely with the conductivity between nanocrystals and to be

weakly sensitive to the chemical nature of the materials. An increase in mobility should therefore
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reduce ay, and the 1/f noise is expected to scale as i,, ~\/ayI~ +/u in CQD films of different
mobility, if all other components are equal. Since the photocurrent scales as p , we can expect the
detectivity to still scale as D*~+/u . Therefore, the improved mobility is expected to also improve

the detectivity of CQD films when the system is 1/f noise limited.

This conjecture was tested by measurements of the 1/f noise. Fig.6-13a shows the normalized 1/f
noise at room temperature for the two systems and different doping levels. It first shows that the
normalized 1/f noise is insensitive to the doping. and this agrees with a previously reported
observation, and supports the notion that 1/f noise is driven by mobility fluctuations.®® To
determine ay, we need to estimate the nanocrystal number with all the films for noise

measurement covering an area A=0.048mm? with the thickness D~100 nm as measured by AFM,

3
4mr3

and we get N,.=0.7 X *xAxD =8.7x10% At room temperature, near-intrinsic

HgTe/hybrid films are dominated by 1/f noise below 10 kHz and a,45,~0.8. At 80K, there is no
1/f noise above 100 Hz, and agox ~0.05. For HQTe/EDT a,9gx ~18 and agox ~1. HgTe/hybrid
ligands film has therefore an effective Hooge constant ~ 20 times smaller than HgTe/EDT.
Although the Hooge constant is thus not exactly inversely proportional to the mobility, it decreases
strongly for increasing mobility. Besides the intrinsic 1/f noise from a granular conductor, 1/f noise
can also come from contacts and cracks in the films and it is possible that 1/f noise may be
improved with further investigations. The weaker scaling of the 1/f noise with the mobility at room
temperature leads to a smaller detectivity advantage than at 80K but the higher mobility still

improves the detectivity in both shot noise and 1/f noise regimes.
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Figure 6-14. Device stability. (a) The detectivity of photoconductive devices using HgTe/hybrid
with and without encapsulation. (b) HgTe/hybrid film absorption with and without encapsulation.
This figure is adapted from Ref 27.

To evaluate the application potential, we tested the device stability. Figure 6-14 shows the
evolution of the detectivity over several weeks as samples are stored in air between measurements
and cooling cycles. Consistent with a gradual oxidation moving the doping towards p-type over
several days, the detectivity for the n-type films first increase, then decrease with time, while it
monotonously decreases with time for both intrinsic and p type films. A simple solution is to spin
coat a thin ~ 100 nm coating layer of poly methyl methacrylate (PMMA). This stabilizes the
devices over a period of months without noticeably changing the doping level of the films.
Furthermore, since PMMA is quite transparent above the CO stretch at 1730 cm™, except for the
narrow band of the CH-stretch, it is an appropriate encapsulant for 5 microns detectors (Fig.6-
14b). With 1.5 V bias, the PMMA coated sample has the similar noise level and a responsivity
R=0.20 A/W, resulting in a measured D* = 4.5 x 10'° Jones. With the PMMA coating, we

observed no degradation after several cooling cycles and over at least two months.
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6.4 Conclusion

In this chapter, we presented an improved film fabrication process for HgTe CQD photodetectors.
We compared films made by a new polar-phase-transfer-ligand-exchange, HgTe/hybrid, with
films made by the previous solid-state-ligand-exchange, HgTe/EDT. Electrochemical gating and
FET measurement confirmed that the polar-phase-transfer leads to ~100-fold larger mobility
compared to the solid-state ligand exchange. We then made intrinsic films by tuning the doping,
and investigated the effect of carrier mobility on the photoconductive properties of HgTe CQDs.
The best detector using HgTe/hybrid ligands showed D*= 5.4 x 101° at 80 K and 500 Hz, and 5
microns cut-off wavelength. Normalizing for differences in film thickness, this is a 10-fold
detectivity improvement over HgTe/EDT. Thisarises in part from ~ 100-fold responsivity increase,
in agreement with the expectation that the photocurrent should scale like the mobility if the carrier
lifetime is unchanged. This chapter also investigated the noise and found that it scales like the
square root of the mobility in the short noise regime, as expected, and slightly less in the 1/f noise
regime. This explains the ~10-fold improved detectivity. Therefore, improving ambipolar
mobility, while preserving the good optical properties of the materials, is demonstrated to be a
successful route for improving CQD photodetectors. With mobility already in the 1 cm?/Vs range,
future notable improvements will likely come from other directions, including sharpening the
absorption edge by improving the synthetic protocol, and increasing the low photoluminescence

efficiency.
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6.5 Methods

CQD preparation: HgTe CQDs are prepared following reference.?*% For high mobility sample,
the oleylamine-capped HgTe QDs (HgTe 0.4 mM) in hexane are mixed with 5mL DMF with
0.025mM HgCl», 140uL 2-Mercaptoethanol, 400 pL butylamine, and 55mg butylammonium
chloride in a glovebox.?® Following anti-solvent precipitation process with toluene, the final
precipitate is re-dispersed in a small amount of DMF. The HgCl,amount is adjusted to control the
final n-, p- or intrinsic doping. For low mobility sample, the devices are directly prepared from
films of oleylamine-capped HgTe QDs in a non-polar solvent, followed by the solid ligand
exchange with 2% HCI and 1,2-Ethanedithiol/ Isopropyl alcohol (v/v). To prepare p-type
HgTe/EDT sample, the film is exposed to a H>S atmosphere for 10 secs. To prepare n-type
HgTe/EDT film, a small amount of dodecanethiol is added on the film. The photoconduction
devices are made of 4 pairs of interdigitated evaporated gold fingers of width 20 microns, gap 20
microns, and length 300 microns, and cover an area of 0.3mm x 0.16mm. The substrates are glass
microscope slides or heavily doped Si wafer with 300nm thermally grown SiO> layer, for FET
measurements on the same device. CQD Films are spin coated on the interdigitated electrodes in
ambient environment. The CQD films is covered by spin-coating PMMA dissolved in
chlorobenzene. Figure 6-15 shows TEM images of HgTe CQD before and after phase-transfer

ligand exchange.
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Figure 6 -15. TEM image. TEM image of ~9nm diameter HgTe dots before and after phase
transfer.

Electrochemistry: There are four electrodes in the setup: two Pt working electrodes, one Ag/AgCl
reference electrode, and one Pt counter electrode. All the electrodes are controlled by a

bipotentiostat (DY2300 series Digi-lvy), following reference?®.

Photocurrent and noise: The devices face the 600 °C blackbody source chopped with a 200 Hz
frequency. The bias is applied with a battery, the current across the sample is amplified by a Femto
DLPCA-200 current amplifier and a SR570 voltage amplifier. The noise is measured using a

SR760 spectrum analyzer.

Photocurrent spectrum: A Nicolet 550 FTIR spectrometer is used to measure the photocurrent
spectra. The internal glow bar light source is directed to the outer port and imaged on the sample
with a 5 cm focal parabolic mirror. A scanning speed of ~0.9 cm/s is typically used (corresponding

to ~0.1 msec for the interferogram peak).
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Chapter 7: Conclusions and Perspectives

PGS Lab is one of the early research groups that stepped in the colloidal nanoparticle research.
For the past 30 years, the lab investigated colloidal quantum dots with creative and impactful ideas.
For example, PGS Lab came up with a core-shell structure to improve nanoparticle sturdiness and
first successfully synthesized the CdSe/ZnSe core-shell! structure in 1996. The lab also contributed
two-photon spectroscopy?, intraband spectroscopy?, as well as the study on induced n-doping in

quantum dot* a few years later.

In 2011, the group successfully synthesized the first mid-IR CQD based on HgTe and applied the
material to photodetection®. Since then, The HgX(X=S, Se, Te) CQDs have been extensively
studied in photodetection devices, evolving from simple photoconductors®’ to photodiode®1%”
and multispectral photodetectors®® with a complex design. The spectroelectrochemistry'**¢ and
Field effect transistor!” are good tools to precisely measure the QD energy levels, which are
essential inputs into device design as discussed in Chapter 2 and Chapter 4. In these chapters, |
characterized the energy levels but also tuned the energies by surface dipoles. The findings of high
mobility n-type and p-type QDs'’ could be used for improved photodiode performance after

overcoing some fabrication issues.

Besides infrared detection, HgX CQDs could be potential candidates for emitting infrared light.
Taking HgSe CQDs as an example, the n-type doping results in the suppressed Auger relaxation
which is at least three orders of magnitude slower than for bulk materials of similar gaps*®, and

this is a significant motivation to pursue mid-infrared light-emission utilizing intraband transitions.

The HgX CQDs are not only new infrared materials but they also have become a model system to

study the transport properties in quantum dots solids'®, and this has been the main thread in my
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Ph.D. research. Transport study on the quantum dot is one of the traditional advantages in our lab.
The lab members developed the solid state ligand exchange? in 2003, improving mobility by ~3
orders of mangitude and changing the traditional opinion that quantum dot films were almost
insulating. They first applied electrochemistry® to this field in 2003 and used variable range
hopping theory?! to explain the carrier transport in quantum dot solids at low temperature a year
later. My research work with co-workers on liquid ligands exchange further improved mobility by
2~3 orders compared with solid state ligand exchange!® and we found a nice system that exhibits
similar Hall and drift mobility with rather high mobility value above 1 cm?/Vs. However, | remain
unclear whether the transport is fully hopping in nature or partially delocalized. 1t would be nice
if one could improve the Hall measurement resolution to see whether Hall and drift mobility also
match in the low mobility 102 cm?/Vs sample. The Hall effect in the QD system is therefore still

worth investigating further.

The effect of magnetic fields on transport goes beyond just measuring the Hall effect, and I carried
out these studies to learn more about the nature of transport and to look for possible evidence of
delocalization?. In Chapter 5, | measured the MR as a function of doping in rather high mobility
HgTe QD films (1-10 cm?/Vs) at different Fermi level with a FET structure, as a function of
temperature down to 10K. A positive-quadratic magnetoresistance is observed which can be
several 100% at low temperature and scales like x (1- x) where x is the fractional occupation of
the 1S, state. It might be attributed to the increased confinement induced by the magnetic field and
the increased hopping activation energy, but the explanation fails to capture the temperature
dependence behavior. There is also a negative magnetoresistance of 1-20% from 300 K to 10 K
which is rather independent of the fractional occupation, and which follows a negative exponential

dependence with the magnetic field. These results have not been not fully understood yet.
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Using chiral molecules as ligands might be another interesting direction for the transport study.
Recent developments® based on the chiral-induced spin selectivity effect show that the spin
orientation is linked to molecular symmetry and can be controlled. During electron transfer
processes in chiral materials, electron backscattering is suppressed because of the coupling
between the momentum and the spin direction. For a chiral molecule, one spin is stabilized during
electron transfer by the effective magnetic field. While one spin will be stabilized when the
electrons move in one direction through a chiral molecule, the opposite spin will be stabilized
when electrons move in the opposite direction. Hence, for an electron to be elastically
backscattered, it would have to change both its momentum direction and spin direction, which is

improbable. This might be beneficial in carrier transfer in the QD system.

Besides my interest in the basic studies on transport, the improved mobility while retaining the
clean quantum dot states led me to measure the photoconductive response and | found that it is
indeed a very important avenue for improving photodetectors. There is a lot more to do with these
latest HgTe CQD systems, and the first should probably be to incorporate them into np photodiodes
to achieve record performances with CQD in the mid-infrared. With the intraband HgSe CQDs,
the challenges are controlling the precise doping, improving the quantum yield, and reducing the
size distribution, just mentionning a few. In Chapter 4, I discussed how the interband and intraband
conductivity gap are affected quite differently by size distribution, since 15, has a small dispersion
because of the heavy hole while 1S, and 1P, have a strong dispersion because of the light
effective electron mass. The simulation shows that HgSe intraband photodetection could be much

improved with better size control control, which would be worth the effort.
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Looking forward, it seems likely that there are many reachable improvements of the material
synthesis and the interfacial chemistry, and that the prospect for CQD having a valuable role in

developing new infrared technologies is quite promising
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