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Abstract

After more than 30 years of research on colloidal quantum dots (CQDs), interband transitions
have been extensively studied, while intraband transitions— excitations between energy levels
within the same band — are underexplored and have not found any application yet. However,
intraband transitions have a huge advantage in the application in infrared region (low energy):
because the intraband transitions are not limited to narrow bandgap materials, more semiconductor
and semimetal materials become potential candidates for infrared application.

In this thesis, | will report our progress in i) the synthesis of HgS, HgSe, and HgSe/CdS
core/shell CQDs; ii) their optical and electronic properties and their sensitivity to the CQD surface;
and iii) intraband transitions and infrared photodetection with them.

For the first time, we have successfully achieved intraband infrared photodetection in the mid-
infrared region (between 3-5 microns), using intraband transitions of air-stable n-doped HgS and
HgSe CQDs. Precise control of the doping level is essential to minimize the noise current and to
increase the device performance. We also found that the doping level can be influenced by
changing the surface condition of the CQDs and the surface gating could be used as a new method
to tune the doping level of CQDs. To reduce nonradiative relaxation and improve thermal stability,
we also made HgSe/CdS CQDs and studied the shell’s effect on the property of the HgSe QDs. It
is demonstrated that the shell could enhance the intraband PL and protect the core QDs during

annealing process at 200 C°.
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Chapter 1 Introduction

Five important senses help we human beings survive and develop on the planet: sight, hearing,
taste, smell, and touch. It is with these functions that we are able to sense the environment around
us and to grow knowledge after we synthesize all the information we get. As a result, the limitation
of our senses defines the natural boundary of human capability to extract information about the
physical world.

Our sight ability had always been limited to the visible light until the discovery of the infrared
(IR) by William Herschel in 1800,%2 and since then we started to investigate steadily and deeply
into the infrared and to pursue ways to see it, which is beyond the natural limit of our human eyes.
After more than 200 years of efforts, we have achieved abundant knowledge about infrared and
developed various infrared detectors.

As the name suggests, infrared is electromagnetic radiation with longer wavelengths than the
red edge of the visible spectrum at 700 nanometers. The infrared spectrum is usually divided into
several sections based on the wavelength, and the following is a typical division: near-IR (800 nm
to 2.5 pm), mid-IR (2.5 pm to 20 pm), and the far-IR (above 20 um, including THz).® In the mid-
IR range, there are two transparency windows of the atmosphere (Figure 1-1), 3-5 pm and 8-12
um, which avoid the absorption of the earth’s atmosphere, mostly from of CO2 and H2O. These
two bands are called mid-wave IR (MWIR) and long-wave IR (LWIR), respectively, and they are

the targeting ranges for infrared thermal imaging.*
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Figure 1-1 Atmospheric transmittance in part of the infrared region.

1.1 Infrared Applications and Technologies

Most of the IR detectors could be classified in two major types of infrared technology according
to the principle it works: thermal detectors and photon detectors.? Thermal detector works when it
absorbs incident radiation and its temperature changes, resulting further in some physical property
changes, which is used to generate an electrical output. The signal does not depend upon the
photonic nature of the incident radiation, since thermal effects are wavelength independent.
Thermal detectors generally suffer from slow response and low detectivity, limiting their use in
non-critical applications. However, sophisticated applications in civilian or military applications
(e.g. self-driving vehicles and heat-seeking missiles) require better performance: faster response
and higher sensitivity, which can only be provided by photon detectors, or photodetectors.

In photon detectors the radiation is absorbed within the material by interaction with electrons.?

As the electronic energy distribution changes, electrical output signal is measured. So, the photon



detectors show a selective wavelength dependence of response per unit incident radiation power

and they generally have a very fast response.

1.1.1 MCT: The Dominant IR Photodetector

The current leading IR photodetector is HgCdTe, also known as MCT for mercury cadmium
telluride, which has been the dominant IR technology in the past 50 years.® This ternary alloy has
an energy bandgap that can be tailored over the 1-30 um range, covering the mid-IR, therefore it
can be optimized for both MWIR and LWIR. Its bandgap is tuned by changing its composition,
roughly linear between CdTe and HgTe, whose bandgaps are 1.5 eV and -0.3 eV, respectively.®
MCT also has a large optical coefficient that enables high quantum efficiency. However, it has
many drawbacks, including high cost and requirement of cooling among others. The fabrication is
expensive because the growing process usually requires an exactly lattice-matched CdzZnTe
substrate and epitaxial growth. In addition, at high Hg compositions for long wavelengths,
uniformity becomes an issue due to the weak bond between Hg and Te, which makes the
lithography more difficult.

Therefore, even though MCT-based imaging chips could provide high quality imaging devices
with megapixel cameras, their use is limited to high end military, astronomy or scientific
applications due to high costs, typically in excess of $50,000 for a full imaging system. Alternative

IR technologies have been actively investigated in the past 50 years.

1.1.2 Alternative IR Technologies
Quantum engineering of intraband transitions with epitaxially grown wide bandgap materials
has successfully developed alternative IR technologies. One example is quantum-well infrared

photodetector (QWIP), which uses intersubband (or intraband) optical transitions in quantum wells



as the photodetection mechanism.” QWIPs are made of a stack of thin doped semiconductor layers,
a few nanometers thick, with different chemical compositions (e.g. GaAs/AlGaAs).® They are
designed in a way that an excitation of an electron (hole) from the ground state in the conduction
(valence) band to the first excited state in the same band which is close to the top of barrier.
Therefore, when a voltage bias is applied across the detector, photoelectron could escape the well
and be collected, generating a photocurrent through the detector. In 1987, Levine et al °
demonstrated the first QWIP based on intersubband absorption between two bound quantum-well
states and achieved a large peak responsivity of R=0.52 A/W at 10.8 um. With respect to MCT
detectors, GaAs/AlGaAs QWIPs have many advantages: excellent uniformity over large surfaces,
high yield and low cost because of the use of standard manufacturing techniques based on mature
GaAs growth and processing technologies. These great advantages attract researchers to put
significant efforts on the QWIP development and commercialization, making it a strong competitor
against MCT, especially in the LWIR detection market. However, QWIPs still suffers from lower
quantum efficiency and requires lower operating temperature (~70K).

An extension of the QWIP research leads to quantum-dot infrared photodetector (QDIP), which
also uses intersubband transitions and operates in a similar mechanism. In a QDIP, quantum dot is
used and the carriers are confined in all three dimensions (3D), instead of only in 1D in the case
of QW. In theory, QDIPs could outperform QWIPs because of their inherent sensitivity to normal
incidence radiation and reduced phonon scattering due to larger energy separations.®! In 1988,
Pan et al developed the first QDIP.%2 Thereafter, significant progress has been made on QDIPs,
but they still have problems of low quantum efficiency due to the small area fill factor of QDs and

the limited number of QD layers. In addition, the large non-uniformity and broadening of the self-



assembled QDs reduces the peak optical absorption and increase dark current, making it difficult
to achieve the theoretically predicted performance.

Type 1l strained superlattice (T2SL) is another alternative technology. T2SL is a system of
repeating sequence of thin layers of different materials such as InAs/GaSb with a type-Il band
alignment®® that employs the optical transition between electron and hole minibands in the
conduction and valence band, respectively, which are formed due to the overlap of electron (hole)
wave functions between adjacent InAs (GaSb) layers. Its operating wavelength can be tuned from
3 um to 32 um by varying thickness of one or two T2SL constituent layers.}*'° Because the
electrons and holes are confined to two different layers, it is supposed to suppresses Auger
recombination mechanisms and thereby enhance carrier lifetime, and increase operating
temperatures in comparison to HgCdTe. However, the promise of Auger suppression has not yet
to be observed in practical device material. At present time, the measured carrier lifetime is below
100 ns and is limited by Shockley—Read mechanism in both MWIR and LWIR compositions.
Delicate design of barrier architecture is critical to improve its performance. Even though this
promising technology is still developing and requires complex material heterostructures, there has

been some first commercialized products available on the market.

1.2 Infrared Colloidal Quantum Dots

As mentioned in the preceding section, epitaxially grown IR materials have many advantages.
For example, epitaxially grown quantum dots have promised higher temperature operation of
infrared detectors!® ® due to the long carrier lifetime associated with their discrete density of

states.!” However, the epitaxial quantum dots have suffered from high fabrication cost. Colloidal



quantum dots (CQDs) could provide alternative solutions to the IR technology. Actually, they have
showed promise as low cost alternative materials in the IR regime.'82

Colloidal quantum dots are solution-processable semiconductor nanoparticles typically capped
with organic ligands. Beginning in the early 1980s, CQDs were first studied by Ekimov et al?* and
Efros et al?® as relatively monodisperse semiconductor nanocrystal precipitates in transparent
glassy matrix. Shortly after that Brus et al®® developed the synthesis of CQDs in liquid phase.
Since then, the research on CQDs has seen tremendous momentum and growth?*2® because of
their various interesting advantages, including tunable optical properties via size tuning,?’ narrow
size distributions, controllable surface chemistry, and solution-processability, which means low
cost for CQDs device fabrication. The majority of the research has been focused on binary
nanocrystal like 11-VI, IV=VI, and I1l-V semiconductors such as CdE (E =S, Se, Te), PbE, and
InP and InAs. In particular, CdSe CQDs in the visible spectrum have been studied most extensively.

The interest in colloidal quantum dots has also extended to the near-infrared regime with
growing research on lead chalcogenides'® 22-32 such as PbSe. Because most of the research use the
interband transitions of the CQDs, it requires semiconductor materials with a relatively small band
gap. PbSe has a bulk bandgap of 0.28 eV and in principle it could cover MWIR shorter than 4.4
um. So far, PbSe CQDs have been only reported with absorption shorter than 3.6 um at room
temperature.®® For longer wavelength infrared, smaller bandgap materials have to be sought.
Therefore, the zero-bandgap HgTe would be an ideal candidate and the past two decades has seen
growing research on HgTe. Around the year of 2000, Rogach et al made the first HgTe CQDs in
aqueous reactions and showed broad absorption and PL in the visible and near-IR.2*3¢ In 2006,
Kovalenko et al synthesized small HgTe particles active in the near-IR with fairly narrow spectral

features.®” Particles with a diameter up to 10 nm were made and they showed absorption up to 3



um and PL to 3.5 um. However, because larger HgTe CQDs required a postsynthetic heat-induced
Ostwald ripening, the size distributions broadened. In 2011, Keuleyan et al improved the HgTe
CQD synthesis and for the first time showed photoconductivity beyond 5 um with drop-cast thin
films of HgTe CQDs on electrode. They are stable under ambient conditions and their detectivities
are fairly high. Then they improved the synthesis with larger sizes and better monodispersivity.
HgTe CQDs with sizes up to 15 nm were made, and they could even reach to 20 nm if using
regrowth method. The corresponding room temperature photoluminescence and absorption edge
reach into the long-wave infrared, past 8 um. As a result, photoconductive response wavelength

was pushed up to 12 um using HgTe CQD® upon cooling to liquid nitrogen temperature (Figure

1-2).

.Jim\ g’”’\\ /1
e /-

5 ol W /]
2 o8} ‘ { 1(\ A A
c [ . / A\ A~ |
o= ) i ] ‘\( 7
r N ™ 4 |

‘(3 | \ J p /Jf
< 06| . / ]
@ i ) 4 {
b4 ‘
c | )
S /
3 . [ |
@ 04, ]
— |
2 -
: [ ]
& t /

0.2} ! | 4

o bnlee. Lt .
800 1200 1600 2000 2400 2800 3200
Wavenumbers (cm")

Figure 1-2 Photocurrent response of thin films of HgTe CQDs at 80 K. Adapted from reference
38.

Great progress has been made in the research of HgTe CQD in spite of the difficulties with it

(such as its sensitivity to oxidation® because of the weak bond between Hg and Te due to the low



electronegativity of Te). Recently, through the collaboration of the Guyot-Sionnest lab and

Sivananthan labs, an IR video was taken at 120 fps. The chip was made by drop-casting and cross

linking 5 um cut-off HgTe CQDs on a standard silicon ROIC.

1.3 Intraband Transitions and Doping in Quantum Dots

In the preceding section of infrared colloidal quantum dots, all the mentioned IR materials are
restricted to narrow bandgap materials because they use interband transitions for infrared response.
Actually, for the last three decades CQDs have been exclusively used for their interband
transitions®*. However, the size-tunable infrared response of the CQDs can also be obtained by
using intraband or intersubband transitions, which are the transitions of carriers within the same
band. In principle, if we could take advantage of the intraband transitions, any wide bandgap
semiconductor CQD can be used for IR applications, including the nontoxic materials such as ZnO
and many other CQDs with well-developed colloidal synthesis such as cadmium and lead
chalcogenides.

In contrast to the scarcity of research on intraband transitions in CQDs, they have been used
with great success in epitaxially grown nanostructures.®® Indeed, a whole new perspective was
possible when quantum wells of wide band gap semiconductor were shown to exhibit intense
infrared transitions which could be controlled by the thickness.** As we have discussed in section
1.1.2, quantum well infrared detectors based on the wide gaps GaAs/AlGaAs were among the first
devices to use these intersubband transitions® and QWIPs are now a commercial alternative to the
traditional MCT detectors. Of even greater impact, the quantum cascade lasers (QCL), first
demonstrated two decades ago,*? used precise engineering of the intersubband energies and

relaxation rates. This major achievement has spurred tremendous activity in semiconductor



physics and device development, and QCLs are now the most widely used tunable mid-IR laser
source.

The use of intraband transition in CQDs could lead to many novel opportunities, but there are
several challenges. Early on, the ultrafast excitonic relaxation of CQDs**** seemed to preclude
any application of higher excitonic states although there are now reports of multi-excitons
production in photovoltaic devices.*>*® Another problem is the organic ligands on CQDs, which
create surface states and can affect the intraband states and their relaxation.*’ In addition, to
observe the intraband transitions requires electrical doping, which is difficult with CQDs.*®° In
the past, intraband transitions in CQDs were only observed transiently or in inert conditions. In
the late 1990s, Hines and Shim et al reported well-defined size-tunable infrared transition spectra
in CdSe CQDs after photoexcitation (Figure 1-3).%1°2 Then in 2000, Shim et al reported the first
n-type nanocrystals using electron transfer from sodium biphenyl to the lowest unoccupied
quantum-confined orbital of CdSe CQDs>3, which were dried and degassed first. They observed
the appearance of infrared absorption spectra and concurrent optical bleach of the excitonic

transitions as shown in Figure 1-4.
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Figure 1-3 Transient intraband absorption of visible light-induced CdSe CQDs of indicated
diameters using transient FTIR. Reprinted with permission from reference 52. Copyright 2000
American Chemical Society.
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Figure 1-4 Spectra of CdSe nanocrystals before (dotted line), immediately after (solid line), and
one day after (dashed line) the addition of sodium biphenyl. It is obvious to see the appearance
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of infrared absorption spectra at 0.3 eV and concurrent bleach of the excitonic transitions from
2.0 to 2.2 eV. Reprinted with permission from ref 53.

Intraband transitions have also been observed by charge transfer by applying an electrochemical
potential®°, reported by Wang et al in the early 2000s. No intraband transitions have been
reported by the conventional impurity doping because of difficulty to incorporate impurity in small
nanocrystals®®, and thermal ionization of the impurities, which provides free carriers, is hindered
by strong confinement. All the successful doping and observation of intraband transitions have
been achieved either transiently or in inert conditions. However, while it is very useful to
investigate the CQDs electronic properties, it is not enough for the use in further intraband
application, which requires stable doping of wide bandgap CQDs in the strong confinement regime.
That situation was changed when the air-stable n-doped HgS®’ and HgSe®® were synthesized by
our lab in 2014.

The challenge of using intraband is from the difficulty of the doping and the lifetime of the 1Pe
states. There is much interest in controlling the doping of colloidal quantum dots for applications
such as light emitting devices, solar cells, photodetectors or electronics.?* Impurity doping*° as
in bulk, or charge transfer doping®® are the main approaches. Most applications do not need the
Fermi level to be moved into the quantum dot interior states and raising it up or down within the
gap is sufficient to create p-n junctions, albeit the optimum junction may require the largest
excursion of the Fermi level. There is also interest in using colloidal quantum dot for infrared
applications. Competing with small gap infrared materials, there should be a possibility of using
the intraband transitions of established wide gap semiconductors. To use the intraband transitions,
it then becomes imperative to have carriers occupy the quantum dot states, which is again a doping

problem. However, for any quantum dot in the strongly confined regime, moving the Fermi level
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so extensively has not yet been achieved by impurity doping, as evidenced by the lack of the

intraband transitions, while it has been achieved by charge transfer only in inert conditions.
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Chapter 2 HgS Colloidal Quantum Dots

Mercury chalcogenides have been studied due to their narrow bandgap, which is a requisite for
infrared, especially the mid-IR application. During the research on HgTe colloidal quantum dots
in our group, we started to study HgsS for its potential optoelectronic properties in infrared. HgS
exists in two forms at room temperature: the red hexagonal a-HgS, cinnabar, and the black zinc
blende B-HgS, metacinnabar. While a-HgsS is the stable bulk form at room temperature, chemical
precipitation methods usually yield B-HgsS.

Our report on B-HgS shows a first case of strongly confined quantum dots where carriers are
stably in the lowest conduction band state under ambient conditions. The doping is controlled by
the surface and explained by a rigid shift of the quantum states with respect to the environment.

Much of content in this chapter has been published in reference 57.

2.1 Synthesis of HgS CQDs

HgS CQDs were synthesized as early as in 1992 when Eychmuller et al *° studied the
photoluminescence of CdS nanocrystals in aqueous solution treated with HgCl,. As they added
increasing amount of HgCl. they noticed both the absorption and luminescence spectra extended
from green to the red and near-infrared. They explained the observation by proposing that p-HgS
(zinc blende) particles or islands were formed on the surface of CdS and created a CdS-HgS
sandwich structure, where the valence band of HgS is above that of CdS and the conduction band

of HgS is below that of CdS. As a consequence, after an electron-hole pair was formed after the
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absorption of a photon, the electron and the hole are transferred to the HgS part of the sandwich
colloid, where the electron and hole can recombine radiatively by emitting a photon of a
wavelength determined by the bandgap of the HgS.

In 2002, Higginson and coworkers®® synthesized HgS CQDs using the reverse micelle method
to address the difficulties of controlling Hg(11) reactivity by organic ligand binding strengths. They
used surfactant bis(2-ethylhexyl) sulfosuccinate (AOT) in cylcohexane to separate mercury(ll)
acetate and bis(trimethylsilyl)sulfide ((TMS)2S) in different phases. Monodisperse HgS CQDs
with 1-5 nm diameter were made and they showed tunable narrow absorption and PL between 500
and 800 nm. As with most Hg chalcogenide particles, they were seen to ripen and red-shift over
time but this growth could be prevented by the addition of Cd or Zn, also increasing the PL QY
(presumably forming a core-shell structure).

Colloidal HgS was also synthesized by Keuleyan in our lab indirectly.5! In an attempt to grow
a HgS shell on HgTe CQDs, he noticed that the absorption red-shifted and broadened, and a distinct
absorption below 2000 cm™ appeared after injection of the (TMS)2S into the HgTe CQD solution,
as indicated in Figure 2-1. Over time, the HgTe absorption feature further broadens and red-shifts,
but the new feature in below 2000 cm™* remains unchanged. The TEM images clearly revealed two
types of particles in the sample: the typical aggregated, elongated HgTe particles, and spherical,
polydisperse HgS, with a mean diameter of 6.5 nm and a standard deviation of 1.6 nm (25%). Then
he tried sulfur powder in oleylamine as the sulfur precursor, using a method similar to that of Joo
et al for Pb, Zn, Cd, and Mn sulfide particles®?. However, this S source gives irregular particle
shapes. Equivalent sulfur powder and HgCl2 miexed with octadecylamine reacted as soon as the

ODA melted, also resulting in irregular shapes of HgS.
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Figure 2-1 Absorption spectra of HgTe samples taken at different growth time. (TMS)2S was
injected after 5 minutes and the formation of HgS is indicated by the absorption near 1500 cm™.
The C-H absorption band near 2900 cm™ is removed for clarity. HgTe samples before (TMS).S
injection show only ligand vibrational absorptions below 2000 cm™.

A novel improved synthesis of spherical HgS CQDs with better size and shape control was
developed later based on the colloidal synthesis of HgTe nanocrystals.®® In the HgTe synthesis,
Te in tri-n-octylphosphine (TOPTe) is used as the tellurium precursor. However, simply replacing
Te with S gives no reaction. This is attributed to the stronger P=E (E = S, Se, Te) bond in the order
of S > Se > Te, which only cleaves in the case of TOPTe. Instead, we found three other sulfur
precursors which yield spherical particles: thioacetamide, bis(trimethylsilyl) sulfide (TMS).S, and
(NHa)2S with generally larger mean particle size in that order. In a typical synthesis of HgS CQDs,
81 mg of mercury(ll) chloride (HgCl>) and 10 mL of oleylamine were loaded into a 50 mL round
bottom flask. The HgCl» and oleylamine solution was heated under vacuum at 120 °C for one hour

and then was cooled to 30°C under Ar. 0.3 mL of 1 M freshly prepared thioacetamide in oleylamine
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was quickly injected and the solution instantly turned black, indicating the fast formation of HgS.
No significant growth was observed over time between 30 minutes and one hour. This method
produced samples typically having an exciton absorption feature near 10000 cm™ (1 um) with an
absorption onset near 8000-9000 cm™. The reaction was stopped by transferring to a solution of
two volume equivalents of 10 % (volume) dodecanethiol and 1 % trioctylphosphine in
tetrachloroethylene (TCE). After precipitation with ethanol as a non-solvent, they are cleaned
multiple times with ethanol before dissolving in TCE or toluene for characterization.

They are roughly spherical as shown in Figure 2-2 room temperature but chemical precipitation

methods yield B-HgS as shown in Figure 2-3.

Figure 2-2 The average size is 6.4 nm and the standard deviation is 1.3 nm. Scale bar is 50 nm.
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Figure 2-3 X-ray diffraction spectrum. Bulk f-HgS peak positions are indicated.

2.2 Optical Property and Its Sensitivity to Surface

In an attempt to regrow the HgS CQDs with the atomic layer deposition (ALD)%%° method, we
discovered very fascinating optical properties of the HgS CQDs: the absorption changes towards

alternating S? and Hg?* addition.

2.2.1 Experimental

The layer-by-layer growth was done by alternating sulfur and mercury reagents. For the sulfur
treatment, 1 mL of formamide, 50 pL of oleylamine and 150 puL of 0.1 M (NHa4)2S were added to
1 mL of colloidal HgS solution in TCE (the optical density of the HgS solution is about 0.1 at the
interband shoulder). This mixture was stirred for about 5 minutes, and then the HgS dots were
washed twice with formamide to remove extra (NHs).S. For the mercury step, 1 mL of formamide
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and 150 uL of 0.1 M HgCl> (or Hg acetate, which provides the same result) solution in formamide
were added to 1 mL of sulfur-rich HgS CQD solution. This mixture was stirred for about 5 minutes
before being washed with formamide. Then the HgS solution was ready for the FTIR and other
measurements.

For the inductively coupled plasma (ICP) measurement, the HgS CQDs were dried and
dissolved in 1% v/v HNOsand 1% HCI aqueous solution and analyzed using ICP optical emission

spectrometer (Agilent 700 series).

2.2.2 Results and Discussion
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Figure 2-4 Spectra of ~ 5 nm HgS CQDs with alternating S and Hg?* layer by layer growth.
The HgsS (black) corresponds to the untreated dots, and S (blue) and Hg (red) represents the S*
and Hg?* surface treatments, respectively. Vibrational absorptions were removed for clarity.
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Figure 2-4 shows the absorption spectra of HgS nanocrystals before (black curve) and after (red
and blue) the surface treatment. The particle size is about 5 nm in diameter and the spectra were
measured in TCE solution under ambient conditions. As the black spectrum shows, for the as-
prepared HgS CQDs, there is a strong mid-IR absorption around 2000 cm™, which is very well
isolated from the NIR edge at ~ 9000 cm™. After applying a layer by layer growth® on the HgS
CQDs with Hg?" and S?, the particles grew larger, monolayer by monolayer, as shown by the
redshift of the absorption, but at the same time, the spectra changed completely. The sulfide red-
shifts the NIR edge and removes the mid-IR absorption, while the Hg?" blue-shifts the NIR edge
and induces the mid-IR absorption. The transfer of oscillator strength between the NIR edge and
the mid-IR absorption is quantitative, systematic and irrespective of the order of surface exposure
to the ions. ICP optical emission spectrometry confirms changes in the composition of the Hg
treated and S treated HgS CQDs: The Hg treated dots have 30% more Hg than S, while the S
treated dots have almost equivalent amount of Hg and S.

Almost all HgS particles (with the exception of some of the smallest) show similar spectral
features, which resemble spectra of n-doped CdSe nanocrystals after charge transfer as we
discussed in section 1.3. Other similar spectral features have also been observed for CdS, ZnO,
PbSe, and HgTe quantum dots,> %6-5" but all these CQDs only showed the distinct and isolated
spectral feature after charge transfer. Another relevant example is seen in work done in our group
by Dr. H. Liu on electrochemical charging of HgTe.®® Therefore, we proposed that the B-HgS
CQDs can be stably doped in ambient conditions such that they exhibit a stable intraband
absorption in the mid-IR, which has never observed before. We also proposed that the doping can
be controlled by the surface condition of the nanocrystals. Our hypothesis will be discussed and

confirmed with experiments in the following sections.
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2.3 Electrochemistry Experiments

Since HgS has not been studied much as a colloidal quantum dot, we used
spectroelectrochemistry to (i) determine the sign of the carrier, (ii) verify the quantum confinement

of the nanocrystals, (iii) determine the bandgap, and (iv) the mechanism of doping.

2.3.1 Experimental

Film preparation

HgS CQD films were prepared via multiple layer deposition. HgS CQDs (~20 mg/mL) in
hexane/octane (9:1) solution and 1% hexanedithiol (HDT) in methanol were used for film
preparation. The film was drop-cast onto a polished Pt disk working electrode (R=3.5mm) and
then immersed in HDT methanol solution to replace the dodecanethiol bound to the CQDs.

Spectroelectrochemistry

For the spectroelectrocemical studies, the hexanedithiol crosslinked HgS CQD film was dried
for 1 hour under vacuum and placed into a spectroelectrochemical cell. The electrochemical cell
is comprised of three electrodes: A Ag pseudo reference electrode, Pt working electrode and Pt
counter electrode. Tetrabutylammonium perchlorate (TBAP, 0.1 M) in propylene carbonate was
injected into the electrochemical cell inside the glovebox. The electrochemical cell was placed
inside of the FTIR, the Pt electrode was lightly pressed against a CaF, window and the infrared
light reflected from the Pt working electrode was collected by an MCT detector.

Cyclic voltammetry

Hexanedithiol capped HgS CQD film were deposited on an interdigitated electrode (Abtech
Scientific, 50 periods of 5mm long 10um spaced electrodes) and immersed into 0.1 M

tetrabutylammonium perchlorate (TBAP) in propylene carbonate. A Ag pseudo reference and Pt
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counter wire electrode were used for the cyclic voltammetry using a bipotentiostat. A function
generator was used to scan the range of interest at a scan rate of 0.05 V/s scan rate.

Conductivity measurement

The conductance between the two working electrodes with 4.5 mV bias is measured with a
TBAP propylene carbonate solution was used for the reference. Interdigitated electrode (Abtech
Scienctific) was utilized to measure the conductance of HgS CQDs and a Pt wire was used for the
counter electrode and the reference electrode was either a Ag/AgCl pseudo reference or a
ferrocene/ferrocenium reference.

Resting potential measurement

A Pt wire was dipped into HgS CQD (10mg/mL) solution and crosslinked with ethanedithiol
in methanol. For the film, after ethanedithiol crosslinking, the resting potential was ~ -50 mV. The
film was then taken out, rinsed and dipped 10 s in a HgCl2/formamide solution. After rinsing with
ethanol and drying with N2 gas, the resting potential was measured again, and showed a value of
~+250 mV. The sample was then taken out, rinsed and dipped in a (NHs)2S/formamide solution,
and the resting potential returned to a value close to 0 V. Tetrabutylammonium perchlorate in
formamide (0.1 M) was used as an electrolyte. A Ag/AgCl pseudo reference was used.

k-p model prediction

0 Ak

A two-band k-p model with a Hamiltonian H= (Ak —E,

) gives the non parabolic energy

_ 2
dispersion E = % + (%) + AZ?k? for the conduction band. This equation can be inverted to

2 2
give k% = %[(E + EZ—G) — (EZ—G) ] The heavy hole band is assumed dispersion-less. In a spherical

box of radius R, the 1S state has kis= /R, and the 1Pe state has kip= 4.49/R. This gives the

intraband energy Ey= Eipe -E1se. The interband energy is given by Ex= Ec+Eise. The equation
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T 2

fitting the data is then E, = % —E, + \/(%)2 + (ﬁ)z [( ; _%)2 _

parameter implicit in A in the k-p Hamiltonian is not in the fitting equation and the only parameter

is the gap Ec. The model neglects the valence band dispersion and Coulomb interactions.
Calculation of Redox Potential

The redox decomposition of a semiconductor can be estimated by its relevant surface reactions,

as pointed out by Gerischer.®® For HgS, the surface may undergo reduction (a) (HgS)» + 2e"—
(HgS)n1 Hg + S% (solvent) or oxidation (b) (HgS)» + 2h* — (HgS)n1S + Hg?" (solvent). The

standard energy of formation of HgS is AGs'= -43 kJ/mol. The standard reduction potentials of
S/S* is E°= -0.51 V and for Hg?*/Hg, E° = +0.85 V, both for aqueous solutions. Therefore, the
potential for (a) is then Erq= E% + AG{/2F = -0.73 V, and the potential for (b) is Eox = E%xq -
AGP/2F = +1.07 V (in respect to NHE reference), where F is the Faraday constant. HgS is unstable
to oxidation if holes are present at a potential more positive than +1.01 V and unstable to reduction
at a potential more negative than -0.73V. If reactions can stabilize the ions in solutions, the range
of potential will be smaller. For example, polysulfide formations or acidic conditions to form HS"
or HzS would make the reduction easier. Similarly, the formation of stable soluble complexes with
Hg?* will facilitate oxidation. In the absence of these, the potential range of [-0.73V, +1.07V]
provides a guideline of the stability range. The valence and conduction band have to be within that

range for stable p and n-type doping, respectively.

2.3.2 Proof of n-Doping
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Figure 2-5 Difference spectra of a film HgS CQD under increasingly negative potential vs
Ag/AgCl. The spectrum measured at +1.2 V is used as the reference.

For the spectroelectrochemistry experiment, HgS nanocrystals of different average sizes from
~3.5t0 ~14 nm were deposited as a film on a Pt electrode. They were crosslinked by hexanedithiol
to render them insoluble in the electrolyte and to improve electron transfer.%® Figure 2-5 shows
difference infrared spectra between various potentials and +1.2 VV with respect to the pseudo
reference electrode Ag/AgCI for the smallest sample of average size ~3.5 nm. As the potential is
moved to the negative direction, the mid-IR absorption starts around 2350 cm%, and gains strength
as it moves towards 2600 cm™* at the most negative potential, -0.6 V. At the same time, the near-
IR shows a bleach that increases for the more negative potentials. The transfer of oscillator strength

is similar to the observations described above for the layer by layer modification in solution and
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typical of previous spectroelectrochemical studies on strongly confined quantum dots. The fact
that the intraband transition appears for negative potential allows its assignment to the conduction

band and the doping as n-type.

2.3.3 Verification of quantum confinement

To determine the extent to which the carriers are quantum confined, we investigated the tuning
of the energy of the spectral features. By taking difference spectra every 100 mV, the mid-IR
absorption and near-IR bleach show well defined Gaussian peaks. Figure 2-6 shows the complete
set of the peaks of mid-IR absorption as a function the peaks of the NIR bleach. The NIR bleach
blueshifts with smaller sizes, covering a range of more than 0.6 eV. This is the evidence that the

HgS nanocrystals are strongly quantum confined.
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Figure 2-6 Mid-IR peak vs Near-IR peak energies. The red line is a linear fit and the blue line is
the kep prediction.
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2.3.4 Determination of the bandgap

As shown in Figure 2-6, a linear extrapolation of the intraband energy to zero would give a
bandgap of 0.51 + 0.04 eV. A linear extrapolation would be justified only in the effective mass
approximation but assigning the intraband absorption to the 1Se-1Pe electronic transition for a
spherical dot gives a slope of ~1, which fails to describe the data. The non-parabolic approximation,
specifically a two band k-p model, captures the data better with no other parameter than the
bandgap value of 0.66 eV. We note that the bulk bandgap of B-HgS is very uncertain in the
literature with experimental values between -0.5 eV and +0.5 eV’®. Weller and coworkers
synthesized B-HgS in aqueous solutions, with absorption and luminescence in the near-infrared®
and stated a bulk bandgap of +0.5 eV'! while Kuno and coworkers synthesized smaller particles
in organic solvents with fluorescence in the visible®® and stated the band gap as negative, but
neither reports measured the bulk gap. There is theoretical interest in f-HgS as well as a topological
insulator’ but the calculated bulk gaps also range from negative to positive values. The band gap

of ~ 0.6 eV measured here is similar to the value stated by Weller and coworkers.”

2.3.5 Mechanism of N-Doping and Its Sensitivity to Surface Treatment

The mechanism of how the n-type CQDs are air-stable and created by the surface exposure to
Hg?* is now discussed. The n-type doping of HgS CQD cannot be explained by charge transfer
from the adsorbate, or by the electronegativity of the adsorbate since the electronegative sulfide
(S?%) instead removes the electrons from the dots as indicated by the bleach of the intraband
absorption shown in Figure 2-4. An alternative possibility is that the surface introduces an energy
shift of the nanocrystal states with respect to the environment, stabilizing the doping. The surface

can indeed affect the reduction potential of quantum dots by changing the electrostatic potential.
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For example, changes in transport of CdSe nanowire FETSs after exposure to solutions of sulfide
or metal ions and subsequent thermal processing have been reported and it has been proposed that
the surface composition plays an important role in doping.” The use of surface ligands to optimize

the p-n junction in nanocrystal films has been reported as well.”
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Figure 2-7 Resting potential difference and integrated mid-infrared absorption of a HgS CQD
film after alternate exposure to Hg?* and S% ions. The results are relative to the first
measurement of the ethanedithiol crosslinked HgS CQD film. The resting potential is measured
40 seconds after immersion in the electrolyte.

To investigate if the potential of the dots changes with surface modifications, the resting
potential of an ethanedithiol cross-linked HgS CQD film on a Pt wire was measured with respect
to an Ag/AgClI pseudoreference in a formamide/tetrabutylammonium perchlorate electrolyte. The
wire was alternately exposed to mercury or sulfide ions solutions, rinsed and dried. The data in
Figure 2-7 show alternating resting potentials between ~ 0 and ~ +300 mV with the positive

potentials after mercury ions exposure. On films deposited on an IR transparent CaF, substrate
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but processed in the same manner, the strength of the intraband absorption of the film also
alternates with the mercury and sulfide treatment. Unlike the spectra for the colloidal solutions in
Figure 2-4, the intraband absorption in the film is not as completely quenched by sulfur as shown
in Figure 2-8, which is tentatively attributed to the different environment (polar electrolyte vs

nonpolar solvent) and accessibility in the film but the trends are similar.
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Figure 2-8 Absorption spectra of HgS CQD film with alternating Hg?* and S? exposure. The
intraband absorption is sensitive to surface treatment. The trend of its respective increase and
decrease by Hg?* and S treatment is similar to the result of HgS in solution but the intraband
absorption is not fully quenched by sulfur treatment in films.
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Figure 2-7 shows the strong correlation of both measurements as a function of the surface
exposure. Therefore, these measurements confirm the idea that the surface moves the energy levels
with respect to the environment rather than serves as a dopant. Effectively, the surface tunes the
redox potential of the nanocrystals.”™ Campbell et al. showed how a work function can shift by 1
V in air with dipolar self-assembled monolayers.”® As shown in Figure 2-9, a surface dipole
pointing inward (positive end on the surface) raises the electric potential inside (+ V) which
stabilizes the electron (- eV) and increases the work function. For a sphere with a radius much
larger than the dipole layer thickness, the energy shift is AE+ = od/ego (€V) where o4 IS the surface
dipole density with the positive direction towards outside and ¢ is the dielectric constant in the
dipole layer. The effect can be large. Assuming that the surface dipole due to the ions alternates
between +1 D and -1 D pointing outside the particle, and that each ion occupies a surface of 20 A2,
as an estimated surface coverage of ions on the (111) plane, using the smallest screening with e=1,

the energy shift is ~ 1.8 eV.
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Figure 2-9 Schematic energy diagrams of the Hg?* doped and the S? treated HgS CQDs.

The alternating Hg?* and S* additions lead to surface dipole layers of varying magnitude or
polarity. A dipole pointing from the ligands to Hg?* lowers the quantum dot states with respect to
the outside, while the dipole from S? to the ligands raises them (Figure 2-9). The occupation of
the electronic states is determined by the Fermi level of the environment and shifting the dot
electron state quantum state above (S*) and below (Hg?*) leads to the doping observed. The
electrostatic shift captures the essence of the mechanism of the sensitivity of the doping to the

surface of nanocrystals.

2.3.6 Conductance and Surface Treatment
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Figure 2-10 Shift of the conductance curve for HgTe CQD films with alternating exposure to
Cd?* and S2.

To test the effect of surface treatment, we also applied similar treatment on HgTe CQDs,
another material studied in our group. We found that this approach can also modify the n and p-
type character of ambipolar HgTe. Figure 2-10 shows how the electrical conductance of HgTe
CQD films is shifted n or p (with respect to an arbitrary potential) by the surface treatment with

cadmium and sulfide ions, and it is noteworthy that the shift is of the order of the bulk bandgap.
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Figure 2-11 Conductance of HgTe CQD films with alternating Hg?* and S? treatment.

Similar effects on HgTe CQD film were observed with Hg?* and S* treatment in Figure 2-11.
The Hg?* doping shifts the electron reduction potential in the positive direction whereas the S*
doping shifts in the negative direction. However, unlike Cd?* and S? treatment, the energy
difference between electron and hole injection into the HgTe CQD solid gradually decreases while
iterating the surface doping process and this is attributed to narrowing, or maybe closing of the

HgTe quantum dot gap with HgS shell growth.
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Figure 2-12 Conductance of HgS CQD films with alternating Hg?* and S? exposure.

Figure 2-12 shows the conductivity change of HgS CQD film by Hg?* and S? exposure using
Fc/Fc* reference electrode. The conductivity is only observed n-type. Mercury exposure moves the
redox potential in the positive direction. Sulfide exposure makes the reduction potential more
negative or unchanged, and shows a hysteresis which we tentatively attribute to the irreversible
oxidation of sulfides to polysulfides at such positive potentials. Unlike HgTe, where potentials are
kept small, there is a net gradual positive shift of the electron injection potential to large positive
values (~ 1V) which is consistent with the air-stable intraband absorption in Figure 2-8.

The ambient stability of doping of a solvated quantum dot is first determined by the Fermi level
of the environment. In humid air, this is likely determined by the oxygen/water equilibrium, around
+0.81 V/INHE (= +0.58 V vs Ag/AgCl = +0.17 V vs Fc/Fc*) at neutral pH. Electrons above this
potential are unstable to oxidation. As shown in Figure 2-5, the HgS films are easily electron doped
at this potential, and therefore air stability is indeed established. However, the absence of p-doping
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is limited by the oxidative decomposition of HgS.%® Therefore, at a potential just above where
electrons are injected, hole injection would already lead to oxidative decomposition. This may
explain why HgS CQDs are not ambipolar, unlike HgTe CQDs. For dots in a film, in contrast to
dots in solution, the spatial extent of the electrostatic potential can be much larger and the doping
stability is determined by the diffusion of oxidizing or reducing species such that films could still

be n or p- type even though the isolated dots may be unstable.
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Figure 2-13 Cyclic voltammogram of HgS CQD solid film.

Using interdigitated electrodes, the electrochemistry also confirms that the injected electrons
are conductive as expected from many prior studies on other quantum dot solids, while cyclic
voltammetry (Figure 2-13) shows the typical waveform expected for nearly reversible charge
injection. It is noted that no electrochromic effects and no conductivity are obtained in the
oxidizing direction, indicating that p-type HgS CQDs are not stable, most likely because holes

oxidize the surface. Thus, unlike HgTe, HgS is not ambipolar.
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2.4 Intraband PL and Photodetection
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Figure 2-14 Intraband PL emission (red) from the 1Se-1Pe transition of ambient n-type HgS
nanocrystals after photoexcitation at 808 nm. The absorption is the black curve.

Returning to the possibility of using the intraband transitions, the consequence of the stable
doping is that it transforms the “wide” gap B-HgS (0.6 eV as shown earlier) to a narrow gap
semiconductor where the gap is now between the two first electronic states, 1Se and 1Pe, in
spherical dots. This opens up the possibility of photophysical investigation of devices based on the
permanently stable intraband absorption. One striking observation is the first observation of the
intraband PL of HgS CQD. In Figure 2-14, the PL emission overlaps the intraband absorption peak.

The quantum yield is small, estimated at ~ 10-3-10*, but it is similar to HgTe quantum dots with
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the same interband emission energy.”” Intraband PL is easily seen in the B-HgS nanocrystals of
varying sizes. As shown in Figure 2-15, the PL intensity depends strongly on the surface doping.

The S? treatment quenches the intraband PL, while the Hg?* exposure recovers the PL with a red

shift.
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Figure 2-15 Intraband PL is sensitive to surface exposure of Hg?* or S? solutions. The S and Hg
represent the S* or Hg?*treatment, respectively. The black line corresponds to the PL spectrum of
the HgS CQODs before any treatment. The red line corresponds to the Hg?" treated HgS-S,
indicating that the intraband transition is recovered and slightly red-shifted. The consecutive
sulfur treatment quenches the intraband PL, and then the mercury exposure results in a red-shifted
intraband PL (green). The reversible feature of the disappearance and appearance of intraband
PL by sulfur and mercury treatment continues.

Interband PL has not been observed with either S* or Hg?* exposure but only after the growth
of a CdS shell. The lack of interband PL with sulfide exposure may be attributed to hole traps

(filled electron states above the valence band states). This is the case for other semiconductors
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such as CdSe after sulfide treatment. With Hg?* exposure, the 1S, electrons should lead to 2-
electron-1-hole Auger processes to also quench the interband PL.
More importantly, intraband photoconduction was realized with HgS CQDs during our study

on the HgSe CQDs, which will be discussed in detail in Chapter 3.

2.5 Exclusion of Plasmonic Transitions

It is noted that heavily doped nanocrystals that are not in the strong confinement regime exhibit
infrared absorptions that are plasmons.”® This applies to non-stoichiometric copper
chalcogenides,” heavily doped Al:ZnO nanocrystals®® and phosphorous-doped silicon
nanocrystals.8! These plasmonic transitions exhibit no quantum confinement, no clear transfer of
oscillator strength, no extensive size tuning, and no luminescence, unlike the intraband transitions
and therefore cannot explain the observations on -HgS nanocrystals studied here, which are
strongly confined quantum dots and not in the heavily doped regime. It is also noted that the effects
reported here cannot be assigned to some trap state unless such trap states would have many novel
properties described above including optical absorption strength on par with interband transitions.

Recently, Shen et al®? in our group developed new dual-phase synthesis of HgS CQDs with an
extended size range of 3 — 15 nm, and surface plasmon was observed with larger dots as the
intraband absorption peaks shift to as far as 10 p m and exhibit Lorentzian line shapes. For the

smaller ones they behave just like the HgS discussed in this chapter.

2.6 Conclusion
In summary, we have developed a novel and reliable synthesis of 3-HgS colloidal quantum dots.
This study on 3-HgS showed the first CQDs with stable electron occupation in the lowest quantum
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state and the first observation of stable intraband luminescence of CQDs in ambient conditions.
The surface control of doping is demonstrated by optical, spectroelectrochemical and conductivity
studies. This study shows a clear example where the large surface-to-volume ratio in nanomaterials
is used advantageously to control the carrier doping. The strong modulation of the doping with
alternating anions and cations via layer-by-layer deposition is assigned primarily to energy level
shifts of the quantum dot due to a surface dipolar layer.

This stable doping of CQDs is an initial step towards the utilization of their intraband transitions.
The observation of intraband PL indicates that the relaxation of 1Pe to 1S is not too fast to be used
for infrared photodetection. Later, we successfully demonstrated intraband photodetection with (-
HgS CQDs during our study on HgSe, which will be covered in more detail in the following

chapter.
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Chapter 3 HgSe Colloidal Quantum Dots and Intraband Photodetection

Following the previous work on mercury chalcogenides, HgSe colloidal quantum dots were
synthesized, showing similar air-stable n-doping property but with improved monodispersity. In
this chapter, we introduce the first application of the intraband transition of doped colloidal
quantum dots by demonstrating photoconductivity in the mid-infrared using the 1Se- 1P transition

of n-doped HgSe quantum dots.

3.1 HgSe CQD Synthesis and Characterization

HgSe is a bulk semi-metal which has been synthesized before as nanocrystals.®® In 2003, Kuno
et al® prepared small HgSe clusters at room temperature utilizing a colloidal method involving
the phase separation of mercury and selenium precursor in the presence of strong Hg (II)
coordinating ligands. The sizes varied between 2 and 3 nm and showed clear excitonic absorption
and emission in the visible region. In 2008, Howes et al®® synthesized HgSe quantum dots at room
temperature by injecting the TOPSe solution to the mixture of mercury acetate (Hg(OAc)2) and
tri-octylphosphine oxide (TOPO) dissolved with ethanol. The HgSe dots vary between 4.9 nm and
6 nm, but they have an aggregation problem at smaller sizes and evolve to tetrahedral at larger
sizes. The absorption spectrum was very broad with a featureless tail extending approximately

from2.5eVt0 0.8 eV.
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The new synthesis developed in our group is optimized for larger HgSe CQDs. The sizes of
HgSe vary between 5-14 nm in diameter and they could exhibit intraband absorption in the 3-6.5

um range with different reaction time, while the 5-7 nm range gives better size dispersion.

3.1.1 Experimental

HgSe CQD synthesis

12.6 mg of selenourea (0.1 mmol, Aldrich, 98%) was dissolved in 1 ml of oleylamine (Aldrich,
70%) by heating at 180 °C for 2 hours under nitrogen in the glove box, yielding a clear, light brown
solution. In the meantime, 27.2 mg of mercury (11) chloride, HgCl> (0.1 mmol, Aldrich, 99.999%,)
was added to 4 ml of oleylamine, and the mixture was heated at 110 °C for about 30 minutes to
dissolve the HgClI> crystal, forming a clear solution. Then the selenourea/oleylamine solution was
injected quickly into the mixture, and the mixture turned black immediately. The particles were
quite stable in the reaction, even after growing for 12 hours. The final particle size could be
controlled by varying the reaction time. To stop the reaction, 8 ml of a “quench solution”, which
was made of 5% TOP, 10% dodecanethiol and 85% TCE, was added to the reaction mixture. The
guenched mixture was precipitated with methanol or ethanol, centrifuged, and the precipitate was
cleaned with ethanol, dried in vacuum before it was redispersed in TCE. The product TCE solution
was stable and could be stored for months without aggregation.

Sulfide deposition using c-ALD

1 mL of formamide, 50 pL of oleylamine and 150 pL of 0.1 M (NH4)2S were added to 1 mL of
HgSe CQD solution in tetrachloroethylene. This mixture was stirred for about 5 minutes, and then
the HgSe dots were washed twice with formamide to remove excess (NHa4)2S. Then the HgSe CQD

solution was ready for the FTIR and other measurements.
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Photoluminescence measurement

The cleaned HgSe CQD solution in TCE are transferred into a liquid cell and photo-excited by
808 nm continuous laser chopped at 70 kHz. The photoluminescence is measured with a step-scan
FTIR with an MCT detector and a lock-in amplifier. The reported spectra are not corrected for the
spectrometer and detector response. Quantum yields are measured with an integrating sphere

following reference.®

3.1.2 Results and Discussion
All the HgSe CQDs discussed in this chapter are capped with dodecanethiol (DDT) and some
OAm and TOP. Later, we found out that HgSe CQDs could also be prepared with good quality

without using a quench solution, which yields HgSe dots with only OAm ligands.

During the reaction, several aliquots of different reaction times could be extracted using a
syringe with a long steel needle. Here we reported three samples extracted at 1, 4, and 16 minutes
after the injection of selenourea into the HgCl> mixture, denoted as 1 min, 4 min, and 16 min
sample, respectively. In that order of increasing that reaction time, the particles have average
diameters of 5.5 nm, 5.9 nm and 6.2 nm, respectively. They are all spherical with a narrow size
dispersion, as shown in the TEM image in Figure 3-1, which is that of the 16 min sample. The

XRD in Figure 3-2 shows that they have the zinc blende crystal structure.
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Figure 3-1 TEM image of HgSe CQDs. The average diameter of the particles is 6.2 nm with a
standard deviation of 0.76 nm.
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Figure 3-2 The XRD data shows the peaks corresponding to zinc blende HgSe.
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Figure 3-3 Absorption spectra of three samples of different reaction times in TCE, before and
after sulfide deposition. The intraband absorptions are around 2500 cm?, red shifting with
longer growth time. The sizes are in order of increasing growth time, 5.5 nm, 5.9 nm and 6.2nm
with a standard deviation of ~ 0.7 nm.

The absorption spectra of HgSe CQDs during the course of the reaction are shown in Figure
3-3. As prepared, they show the intraband absorption peak around 2000-3000 cm™ indicating
stable doping, as well as interband absorption at higher energy. A two-band k-p model gives an
intraband energy of 2500 cm™ and an interband energy of 5000 cm™ for 6 nm diameter HgSe

quantum dot, which is in good agreement with the spectra and size in Figure 3-3.
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emission is around 5000 cm-1.

The relative intensities of the intraband and interband absorption vary with different reaction
time, indicating different doping levels. It has become appreciated that the surface composition
and the ligands of the CQDs allow to tune the absolute energy of the levels and the doping in a
given environment.>” 887 The adsorption of sulfide ions,% which was previously shown to change
the doping level in HgS CQDs,*’ affects the doping of the HgSe CQDs to varying degrees as shown
in Figure 3-3. The “1 min” sample starts out with a partially filled 1Se as seen by the small
interband absorption at ~5000 cm™* therefore n < 2. For the small-sized dots from short reaction
time, the sulfides quench fully the intraband absorption, n = 0, and the first interband excitonic

peak appears. The well-resolved exciton peak reflects the good size control of the HgSe samples.

4000
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The “4 min” sample shows no interband absorption around 5000 cm™ so that the 1S. state is full,
but it can only be partially un-doped by sulfides as seen by the remaining intraband absorption.
The “16 min” sample also has a filled 1Se state but the sulfide has a weaker effect on the intraband
and interband absorption suggesting n > 2. This shows that the synthesis produces dodecanethiol-
capped HgSe CQDs with a range of doping around n ~ 2. The reproducibility of the synthesis is
excellent, and the doping level of sample solutions is stable for weeks in ambient conditions. The
systematic investigation of the effects of surface composition and size on the doping level will be
a future direction to precisely control the doping.

Figure 3-4 shows the PL of the HgSe samples. The intraband PL is observed around 2500 cm™
in accord with the absorption in Figure 3-3. The observation of the intraband PL is significant
since it indicates that the 1P, lifetime is not so short. As mentioned earlier, a sub-ps 1P, state
lifetime had been obtained in early measurements in CdSe CQDs.** 8 The ultrafast relaxation was
attributed to an electron-hole Auger relaxation.®® Later experiments achieved intraband lifetimes
as long as 1 ns by removing the hole and reducing the spectral and spatial overlap with ligand
vibrations.*

Using an integrating sphere, the quantum yield is QY= 1~5 x 10 over a range of samples. With
an estimated 1Se-1P. radiative lifetime of t,,~ 0.6 microsecond in TCE, the 1P¢ lifetime 7; = 7,.QY
is estimated to be between 60 and 300 ps. This is within the range of prior results on CdSe quantum
dots with the same intraband energy.®® We note that the quantum yield is similar for the interband
PL of dodecanethiol-capped HgTe CQDs at the same energy’’ and this suggests that infrared
interband and intraband relaxations in CQDs may be both limited by similar relaxation processes.

The intraband emission should be explored further as a potential mid-IR light source. In particular,

44



under high excitation, it may exhibit lesser Auger quenching than interband emission due to the
very sparse density of state.

The PL in Figure 3-4 is affected by the doping level and by electron-hole Auger processes since
we used an interband excitation at 808 nm. We propose that at n = 0 (“1 min” sample after sulfide
exposure), intraband PL is quenched due to the rapid ~ps electron hole Auger relaxation from 1P
to 1S, while subsequent recombination with the 1Se electron leads to the interband PL. At n=2 (“4
min” sample before sulfide exposure, and “16 min” sample), it is the interband PL that is quenched
by a fast trion Auger decay which moves the hole in 1S, where it can radiatively recombine with
a 1P electron to produce intraband PL. Simultaneous interband and intraband PL is sometimes
seen, such as in the 4 min sample after sulfide. It is tentatively attributed to subpopulations with

n=0and n = 2 rather than from dual emission by n = 1.

3.2 k-p model

—_
ra
o

0.8 120
1o
u
. o
< 0.6 155
= E
& | 9
2 0.4 100
1] (o]
5

=
(]

Radius (nm)

Figure 3-5 Two-band kep results for the 1Sel Pe transition energy and the oscillator strength.
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To investigate the energy vs size relationship for HgSe CQDs, a two-band k-p method® is used
and the 1S¢1Pe transition energy results are shown in Figure 3-5.The Kane parameter is E,=18 eV
and the bulk gap is chosen to be either -0.1 eV (red lines, room temperature) or -0.3 eV (blue lines,
low temperature). Eiseipe (Solid lines) and Eise (dashed lines) are shown for the two values of
negative gap, which shows little effect on Eiseipe. FoOr a spherical particle of 6 nm diameter, the
model predicts an intraband transition energy of 0.31 eV (~ 2500 cm™), in good agreement with
the experimental result. The temperature dependence of Eiseipe iS however not explained by this

simple model since the change of the gap has apparently little effect.

The oscillator strength of the 1Se1Pe transition®? (black solid line) is shown as well and it is
comparable to that of the interband transition (black dashed line). The oscillator strength is
calculated as f = 2mgow?2Z%s,p, Where mq is the free electron mass, w is the intraband angular
frequency, and Zis1p is the matrix element taken as ~ <1S|z|1P,> where 1S and 1P; are the envelope
functions of the particle in the spherical box. Zisip ~ 0.306R where R is the nanoparticle radius.

For a 6 nm diameter HgSe QD, the oscillator strength is calculated as 6.7.

The radiative lifetime is estimated as T; * = 2e2w?%s,pfnL?/3myc? (CGS units), where here n
is now the medium index of refraction (n ~ 1.5 for TCE) and L is the local field factor L =
3¢/ (€ngse + 2€) Where ey 45.~ 15 and e~ 2.25 for TCE. For a 6 nm diameter HgSe QD, the

radiative lifetime is 640 ns in TCE.
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3.3 Intraband Photodetection

3.3.1 Doping Requirement for Intraband Photoconduction

o
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I
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n

1P,
15,

Figure 3-6 Doping requirement for intraband photoconduction. The number of electrons doped
in a quantum dot is represented with n. The red horizontal arrow represents the photocurrent,
and the black arrow is the dark current. A doping level of n=2 minimizes the dark current.

For photoconduction using the intraband transition between the first two conduction band states
1S¢ and 1P¢ of an ideal spherical quantum dot, the dots must be doped with two electrons as shown
in the schematic in Figure 3-6. With a partially empty 1S, state, the large dark current through the
1S, states and rapid recombination of the electron in the 1P states with hole in the 1S, states will
prevent any measurable photoconduction. With 1S, full and 1P, partially filled, the large dark
current through the 1Pe states will also overwhelm the photocurrent. n=2, where n is the doping
level per dot, is the best condition as the dark current is minimized*® and excited electrons in 1P,
have a lifetime limited by recombination with the photogenerated “holes” in the 1Se States. In spite
of this requirement, weak intraband photoconduction with CQDs has been reported using undoped
CdSe nanocrystals dispersed in a conducting organic polymer® but the result has not been

confirmed.
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3.3.2 Experimental

Photoconductance spectra are measured with a standard Nicolet 550 FTIR. The internal light is
sent through the external port and focused on the sample with a 5-cm effective focal length
parabolic gold mirror. The samples are biased with a 9 V battery in series with a matched resistance.
The voltage across the sample is sent to a SR560 AC voltage amplifier with a gain of 200 before

being sent back to the FTIR input. A simple schematic of the setup is shown in Figure 3-7.

9V bias—

Load
Resistor

Figure 3-7 Schematic of the setup for photoconductance spectrum measurement.

The responsivity is measured using a calibrated blackbody source, Omega BB4A, at 873 K. A
chopper modulates the light up to 600Hz. The sample is inside a cryostat behind a ZnSe uncoated
window and ~140mm from the source. A bias of 10V is applied and the current is amplified with
a Femto DLPCA-200 before the SR560AC voltage amplifier. The power on the sample is

calculated by integrating from 2200 cm™ to 2700 cm™ the blackbody spectrum at 873K, using the
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known size of 21 mm diameter of the source and the approximate distance to the sample. This
should be accurate within a factor of 2.

For the detectivity, we used the responsivity determined above. For the current noise spectral
density measurements, the sample is biased at 10V with the DC amplifier Femto DLPCA-200. The
gain is adjusted so that the output is below the maximum output of the DLPCA-200 of 10V. The
voltage is then amplified by the SR560AC voltage amplifier at gains between 1 and 100. The
voltage noise spectral density \V/HzY? is obtained directly with a spectrum analyzer, SR760 and its
value at 500 Hz is recorded. The sample current noise spectral density is obtained from the voltage

noise spectral density by dividing by the total gain.

3.3.3 Results and Discussion

With average ~2 electrons per dot doping level, rather long intraband relaxation, and a narrow
size distribution, the HgSe CQDs allow for the first test of intraband photoconduction with doped
CQDs.

HgSe CQDs are drop cast on interdigitated electrodes to make films. All the processing is done
in air. The films are semi-transparent with an optical density of 0.05 to 0.5 at the intraband peak,
and thicknesses between 0.1 and 1 um. The dried films are insulating (> 40 MQ) and the films are
cross-linked?® 24 8 py ethanedithiol to render them conductive. Figure 3-8 shows that the cross-
linking does not impact the doping strongly because it is an exchange of thiols. The drop casting
and cross-linking are repeated a few times until the film resistance at room temperature is below

100 kQ.
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Figure 3-8 Absorption spectra of dodecanethiol-capped HgSe CQDs on a ZnSe ATR window,
deposited from hexane: octane solution and dried (blue line), and after cross-linking with
ethanedithiol (red line). The doping is only slightly decreased by this ligand exchange. Sharp
features are molecular vibrations from CO; (2350 cm™) and H2O (3600 cm?) in the beam path,
and from CH stretch (2900 cm) and bend modes (1500 cm™) of the ligands.

At 80K, photoconduction spectra are readily obtained. Figure 3-9 shows a photocurrent
spectrum taken in ~ 1 second, with very good signal to noise ratio. Figure 3-9 also shows that the
intraband photoconduction of HgSe CQDs is narrow compared with the interband response of
HgTe CQDs. This narrow spectral response of intraband photodetection may eliminate the need

for spectral filters and facilitate color selectivity of the pixels.
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Figure 3-9 Photocurrent spectra of a HgSe film (red line) and a HgTe CQD film (blue line), both
at 80K, highlighting the narrow response of the intraband HgSe detector in contrast to the broad
response of the interband HgTe.
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Figure 3-10 Normalized absorption (black line) and photocurrent (blue line) of a HgSe film at
room temperature. The photocurrent spectrum at 80K (red line) shows a blue shift of 170 cm™.
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Figure 3-11 Photocurrent with films made with HgSe CQDs at different reaction times, 80K.
Photocurrent spectra are measured with a 10V bias.

Figure 3-10 compares the absorption and photocurrent spectra of an HgSe film at room
temperature. The absorption is taken with the same CQD sample but with a film made separately
on a ZnSe plate and it shows a perfect match with the intraband photoconduction. Figure 3-10 also
shows a 170 cm™ blue shift of the intraband photoresponse at 80K. This is typical of all samples
and it is interesting as it is opposite to interband HgTe CQDs at similar wavelength which show
red-shifts upon cooling.? The gaps of bulk HgSe* and HgTe%® become more negative as the
temperature is decreased such that the energy of 1S decreases, and this partly explains the red
shift of HgTe CQDs. However, since the 1P states also red shifts, it was not clear a priori in which
direction the 1S¢1Pe energy would trend. A two-band k-p model discussed earlier in Section 3.2

predicts essentially no change in the 1S¢1Pe energy upon varying the band gap from -0.1 to -0.3
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eV and therefore does not explain the blue shift. Instead, the temperature shift of the energy gap
may be assigned to size-dependent electron-phonon effects.%-%

Figure 3-11 shows the photocurrent responses of samples at different reaction times, like those
shown in Figure 3-3. Systematically, the best results are for samples in the middle of the size tuning
range because those exhibit the lowest dark current. This is consistent with Figure 3-3, where the
optimum doping of n ~ 2 is obtained with the “4 min” sample. The size also tunes the spectrum
which will affect the energy transfer to the hydrocarbon ligands® as it approaches the CH stretch
(2900 cm™) or bend vibrations (1500 cm™) of the remaining organics but this may be a smaller

effect.

As we had synthesized B-HgS CQDs before, which also show n-doping in ambient conditions,®’

we tried to measure its photocurrent. The result was very good: intraband photoconduction was

observed as well (Figure 3-12), but it exhibits a lower signal to noise level.
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Figure 3-12 Absorption and photocurrent spectra of a HgS CQD film. The absorption spectrum
(red line) was taken on a ZnSe ATR window at 300K and exhibits the strong intraband absorption.
The photocurrent (PC) spectrum (blue line) was taken at 80K. The HgS samples also exhibited a
blue shift of the 80K photocurrent compared to the 300 K absorption. The HgS sample was made
by reacting HgCl» and thioacetamide in oleylamine at 35°C for 10min.

3.4 Electrochemistry

3.4.1 Experimental

For the spectroelectrochemical data shown in Figure 3-13, a hexanedithiol cross-linked HgSe
CQD film was dried on a platinum disk for 30 minutes under vacuum and placed into an
electrochemical cell. The spectroelectrochemical cell is comprised of three electrodes: an Ag
pseudo reference electrode, the Pt working electrode and an Pt counter electrode.
Tetrabutylammonium perchlorate (TBAP, 0.1 M) in anhydrous acetonitrile was injected into the
electrochemical cell inside the glove box. The electrochemical cell was placed inside of the FTIR,
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the Pt electrode was lightly pressed against a CaF> window to minimize solvent absorption, and
the infrared light reflected from the Pt working electrode was collected by an MCT detector.

For the cyclic voltammetry and conductance data shown in Figure 3-15, the HgSe film were
deposited on an interdigitated electrode (CH instruments. Inc. 10 pm width, 5 pm interval, 2 mm
length) and cross-linked with ethanedithiol as described above. The samples were immersed in a
0.1 M tetrabutylammonium perchlorate (TBAP) in formamide. A silver wire pseudo-reference and
a Pt counter electrode were used. The measurements are done in air. The hopping time is obtained

using u = ed?/61,kT where d is the center to center particle distance taken to be 7 nm.

3.4.2 Results and Discussion
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Figure 3-13 Difference absorption spectra of a HgSe CQD film on an evaporated gold slide under
electrochemical potential, vs a Ag wire pseudo-reference.
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Figure 3-13 shows the difference absorption spectra with the absorption spectrum at +1 V (most
oxidizing potential, as the reference), at varying applied biases up to -2.2 VV (most reducing). In
the reducing direction, the interband absorption is increasingly bleached while the intraband
absorption rises, confirming that the HgSe is doped n-type. At the more negative potential, the 1P
state is charged as evidenced by the interband bleach around 8000 cm™™.

The trend is very straightforward in Figure 3-14, where the intensity of the intraband absorption
(~ 2650 cmY), 1Se absorption (~ 5800 cm™), and 1Pe absorption (~ 8000 cm™) are plotted against

different electrochemical potentials applied.
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Figure 3-14 Intraband absorption, 1Se, and 1P absorption under different electrochemical
potentials.
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The mobility of carriers is an important parameter in the discussion of the detector properties.
We use electrochemical gating since it can inject many more charges than solid state gating®* and
can separately give the mobility in the 1S and 1P. states.®® Figure 3-15 shows the cyclic
voltammetry of a film of HgSe CQDs measured with a bipotentiostat. The sequential
charging/discharging of the 1Se and 1P. levels appear as reversible peaks in the faradaic (charge
injection) current. The conductivity gap between 1Se and 1P. is also clearly evidenced by the dip
in the conduction current. A second conductivity gap is seen above 1P in Figure 3-15 which
indicates that the state separation in the HgSe CQDs is very well-defined. The differential mobility
gives a higher mobility for 1P, compared to 1Se. This was reported for CdSe previously® and
attributed to a larger density of state and smaller potential barrier. The differential mobility
indicates a value of 6.0x10* cm?/Vs for the 1Pe state. Using the Einstein’s relation between

mobility and diffusion, a hopping time® t, ~5 ns is estimated.
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Figure 3-15 Faradaic current (blue line), conduction current (red line) with 10 mV bias, and
differential mobility (black line and right axis) of a HgSe CQD film on a platinum interdigitated
electrode. The scanning rate is 80mV/s and the electrolyte is formamide with
tetrabutylammonium perchlorate (0.1M). The reversible reduction/oxidation peaks around 0.5 V
and 0.15V correspond to electron injection into the 1S, state and the 1P state, respectively. The
conduction minimum at ~ 0.35 V occurs when the 1S; state is filled. A second minimum at ~ 0V
IS a conductivity gap between 1P, and higher states. The arrows indicate the scanning direction.

3.5 Photodetector Properties

We measured the detecting properties of many films of HgSe CQDs in the middle of the size
range. With thin films that are partially absorbing (10-20% at the peak) and with a 10V bias, the
responsivity is typically around 5 x 10* A/W, flat between 50Hz and 600 Hz chopping frequency
and changing by less than a factor of two between 300 K and 80 K.

Increasing the bias also increases the responsivity but increases the dark current even more, as
the trend shown in Figure 3-16. At 94 V bias, the maximum responsivity obtained is ~ 5 x 10°3A/W

and then it starts to saturate, but the dark current increases nonlinearly. By including corrections
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for the ZnSe window transmission 70%, and the masking by the electrodes, 60%, the maximum

responsivity would be ~ 1.2 x 102A/W.
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Figure 3-16 Responsivity and dark current for a HgSe CQD film under higher bias at 80K.

.. . . current H
The responsivity of a detector is given by R = Tputpower = egn/hv where e is the electron

charge, g is the gain, 7 is defined as the quantum efficiency, h is Planck constant and v is the light
frequency. Assuming unity gain and quantum efficiency, the responsivity at 5 microns should be
2.5 A/W. The typical result of 5 x 10 A/W at 10 V bias gives n of 2 x 10 while the responsivity
at the highest bias is only about 0.5 % of the ideal responsivity. Part of the reason must be the
limited charge separation efficiency associated with the short 1Pe lifetime compared to the hopping
time. An estimate of the charge separation efficiency is n~ 7,/ (7, + ) ~ 2-10%. This is higher
than measured and suggests that faster recombination centers are present, possibly as defective

nanocrystals. Higher responsivity can be obtained by adding gain, but this will not increase the
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detectivity. Instead, it will be necessary to investigate alternative cross-linking materials and
ligands to increase the 1P, state lifetime and reduce the hopping time.

The detectivity is more sample dependent due to variations in the dark current. The best
detectivity at 80K was measured on a sample with a ~ 2250 cm™ detection peak at 80K for which
the dark current decreased by a factor of 3200 from 300K to 80K. At 80K and 500Hz, the measured
current noise spectral density in = 44 fAHz Y2 and close to shot noise limited, while the responsivity
was 0.38 mA/W. Using D*=AY2R/i,, where in is the current noise spectral density and A is the
sample area of 1 mm?, D"= 8.5 x 108 Jones at 500Hz. Correcting for the masking by the electrode
where only 60% of the area is active, and the transmission of the uncoated ZnSe window of 70%,
leads to a D*=2 x 10° Jones with a partially absorbing film (10-20%). Commercial InSh bulk
detectors operating at the same wavelength and temperature have D*~10*! Jones.

In the shot noise limit of the generation recombination current, the specific detectivity for

photoconduction can be written as

D* = n (l)

hv 2ngpt
T

where ny is the thermal carrier density, t is the sample thickness, and z is the carrier lifetime.1 It
is assumed that the measurement frequency is high enough so that 1/f noise can be neglected.

When the noise from the background thermal photon flux & dominates, the detector is in the

background limited infrared photodetection (BLIP) condition. The BLIP limitis D* = n/hvV®.1°
At 77K, commercial InSb and HgCdTe (MCT) detectors operate close to the BLIP limit, therefore
research is aimed at making cheaper detectors, operating at higher temperature, suitable for
microfabrication and with higher uniformity from pixel to pixel. Above 77K, the detectivity of
InSb and MCT detectors drops because of the increase of the thermal carrier density and also
because the carrier lifetime shortens due to the onset of Auger processes.*®
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Using (1), we evaluate the expected D* for our samples. For the carrier density, we use n;, =
ny,/Vncwhere ng, is the number of thermal carrier per nanocrystal and Vic is the volume occupied
per nanocrystals. At the ideal doping of n=2, n},= (N1sN1r)"2exp(-hv/2kT), where Nis=2, N1p=6
are the level degeneracy. Assuming purely geminate recombination, the carrier lifetime is 7 =
T1/n}y, equation (1) becomes D* = ny/t; Vyc/2t/hvnl,. We use a 5 um detection wavelength,
n=2x 10, a thickness of 100 nm, t; = 100 ps and Vnc= 1.4 x 108 cm?®. At 300K, n;, = 2.5x 10"
2 and D* = 7.6 x 10° Jones. This is in line with the lower signal level at room temperature but we
note that, at 300K, the measured detectivity is lower because the noise is already dominated by 1/f
noise at 500Hz. At 80K, the calculated carrier concentration per dot drops to 2.9 x 108 and D*
should correspondingly increase to 6.3 x 101! Jones. This is 300 times better than the best measured
value and above the BLIP limit. Part of the discrepancy is that the largest measured drop in the
dark current was ~3000 instead of the expected 6 orders of magnitude, and this can be attributed
to a deviation from the n = 2 doping. Thus, larger D* should be possible even with the present

materials.

3.6 Performance Perspective

Epitaxial quantum dots photodetectors have been much investigated previously.!? 9919 Wwhile
their performances have improved significantly over the past decade!®:1% they still struggle to
match the bulk MCT performances.!! The first intraband detector demonstrated here with doped
CQDs shows already very promising spectral response and operation at room temperature.

It is therefore instructive to evaluate the optimum performance achievable with CQD detectors
as done previously for epitaxial quantum dots.’® In principle, intraband CQDs will allow higher

operating temperature because they can circumvent the Auger processes with their sparse density
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of states.’® Although the lifetime is presently limited by non-radiative processes giving rise to the
low PL quantum yield discussed earlier, we can expect that future improvements will raise the
lifetime. Choosing a detector thickness equal to the absorption length, Einstein’s relation between
absorption and radiative lifetime gives t,/t = 12/8nVy-Av where A is the wavelength of light
and Av is the resonance width. In the radiative lifetime limit and in the intrinsic regime, the carrier
lifetime is T = 7,./ny;,. The maximum detectivity becomes

Diax =————— (2)

anvS/ongy, [V,
where c is the speed of light. The material dependence is only in the thermal carrier density per
quantum dot, indicating that undoped interband and doped intraband (n=2) CQDs will have similar
Drqax- There may be practical differences in whether it is possible to approach the radiative limit,
but the similar PLQY of HgTe interband and HgSe intraband CQDs for the same wavelengths do
not yet indicate that this will the case.

Using n=1 and a bandwidth= 20%, the maximum detectivity of a 5 um intraband CQD detector
is then Djax = 2.1x 101° Jones at 300K which is about an order of magnitude better than
microbolometers. CQDs have therefore the potential to be useful for room temperature detection
while also allowing fast imaging, cheap fabrication and color specificity and this justifies further
investigations of the CQD infrared detectors. The BLIP limit would be reached at ~215K allowing
also to reduce the cooling requirements compared to existing semiconductor technology. With

non-radiative processes and a non-unity quantum vyield of charge separation, the detectivity

becomes D* =n,/QY D, TO increase the detectivity, the strategy will be to increase the
photoluminescence quantum vyield and the charge separation efficiency while maintaining the

control on the doping level.
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3.7 Conclusion

In summary, we developed a new synthetic method for air-stable n-doped HgSe quantum dots.
Our demonstration of intraband photodetection is the first report of photoconduction based on the
intraband transitions of doped colloidal quantum dots. So far, HgSe and HgS CQDs are the only
ones known to have stable doping in ambient condition now, and they are zero gap or narrow gap,
respectively. A broader application of the intraband transitions will require doping carriers in wider
bang gap materials, a challenge that may be solved for some systems and in the proper chemical
environment using impurity doping*-*° or charge transfer doping.*

A growing interest in HgSe and intraband transitions could be seen. Recent progress in the
synthesis of HgSe CQDs has also been reported by Lhuillier et al. 1% HgSe nanocrystals were
synthesized with a larger size range between 5 and 40 nm, and the synthesis could be scaled up
to > 10 g nanomaterials. So, the absorption extended from 3 um in the mid-IR into the far-IR up
to 20 um. They also studied its performance for IR photodetection using a Wheatstone bridge
configuration and achieved detectivity of the order of 108 Jones at room temperature, similar to
our HgSe-based photodetector operated at liquid nitrogen temperature. The performance
enhancement was attributed to the improvement of mobility after ligand exchange with As,Ss.

Besides the application as photodetectors, HgSe CQDs may lead to an alternative approach to
mid-IR light sources because they also exhibit intraband photoluminescence. This advance results
from prior progress in the understanding of intraband relaxation, conductivity and doping of
colloidal quantum dots, and opens new perspectives for colloidal quantum dots. In contrast to
interband transitions of quantum dots, the intraband transition provides a selective spectral
detection and it should broaden the range of materials in the search for high performance and

affordable infrared detection.
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Chapter 4 HgSe/CdS Core/Shell Colloidal Quantum Dots

As discussed in preceding chapters, both air-stable n-doped colloidal HgS®" and HgSe®®
quantum dots were successfully synthesized in our lab, and they showed intraband optical
absorption and photoluminescence in the mid-infrared, along with intraband photoconductivity.*®
Pursuing the development of the intraband transitions with colloidal quantum dots has the potential
to significantly extend the candidate pool of solution based materials for high performance and
affordable mid-infrared detection and emission. A key issue is that the intraband lifetime is limited
by non-radiative processes which results in a low PL quantum yield. Core/shell semiconductor
nanocrystals are well known to allow much improvements in PL,'%1% as well as increased
chemical and thermal stability.*° In principle, in the type-I core/shell system, the photogenerated
electron and hole will be confined in the core. In addition, the shell can passivate the surface states
of the core and reduce non-radiative recombination pathways.!'! Core/shell structures have been
studied extensively, and combinations of various cores and shells have been reported. In an
attempt to improve the intraband luminescence of the HgSe core, a CdS shell was grown over the
HgSe core. The choice of CdS is motivated by the stability of CdS and the expected type |

alignment.1*2

In this Chapter, we report on the synthesis and characterization of these HgSe/CdS quantum

dots and the effect of the shell on the n-doping of the original cores and on the optical properties.
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4.1 Synthesis and Characterization

4.1.1 Experimental

Synthesis of HgSe Core

Highly monodispersed HgSe QDs were synthesized by slightly modifying a procedure
previously described. %8 In a typical synthesis, 0.1 mmol of mercury (II) chloride (HgCl,) was
added to 4 mL of oleylamine, mixed and heated at 110 °C to dissolve the HgCl> crystal. Then a
selenourea solution in oleylamine (containing 0.1 mmol of selenourea) was injected quickly into
the mixture. The particle size could be controlled by varying the reaction time. The reaction was
quenched in ~10 mL of TCE, without using any thiol. The HgSe QDs were cleaned by precipitation
with methanol, dried in vacuum, and redispersed in TCE, ready for HgSe/CdS core/shell synthesis.

Synthesis of HgSe/CdS core/shell Quantum Dots

About a quarter of the previous HgSe QD solution in TCE was added to a three-neck round
bottom flask, mixed with 4 mL of filtered oleylamine. The flask was then pumped down at 80 °C
for 30 minutes to remove TCE and air from the system. Then the system was switched to N> flow
and the reaction mixture was further heated to 100 °C. H>S and 0.2 M Cd (oleate) » were used as S
and Cd precursors, respectively. These two precursors were added slowly to the HgSe QD solution
alternatively to grow CdS shell. The H2S was gradually injected above the reaction mixture to
make it absorb slowly. The injection speed was also relatively slow to avoid independent
nucleation. H2S was injected every 5 minutes, 0.5 mL at a time. Cd (oleate) » was added one drop
per 30 seconds, which is approximately 0.1 mL every 7 or 8 minutes. Experience showed that
excess HoS was necessary for successful core/shell growth, because not all the HzS could be used

in the reaction. To stop the reaction, a “quench solution” made of 10% oleic acid and 90% TCE,
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was added to the reaction mixture. The quenched mixture was precipitated with methanol,
centrifuged, and the precipitate was redispersed in TCE.

Optical Measurements

Mid-IR absorption spectra were measured on a Thermo Nicolet Nexus 670 FTIR spectrometer.
Near IR spectra were obtained on an Agilent Cary 5000 spectrometer. A liquid cell was used for
the colloidal sample. For the drop-cast films, they were deposited on a ZnSe window and their
absorption spectra were taken using ATR (attenuated total reflection) method. The
photoluminescence was measured with a step-scan FTIR with an MCT detector and a gated
integrator. The samples were photoexcited by a 527 nm pulsed laser providing ~ 200 ns pulses at
1 kHz. The PL intensity at different wavelengths are normalized by taking the ratio of the signal
from a blackbody source to the calculated blackbody spectrum at its temperature. The PL of
different samples are normalized by the absorbed power of the visible laser.

Transmission Electron Microscopy

TEM images were taken on a TECNAI F30 transmission electron microscope with an
acceleration voltage of 300 kV. The colloidal samples in TCE solution were deposited on Ted
Pella Formvar film-coated copper grids.

X-Ray Powder Diffraction

XRD patterns were taken using a Bruker D8 Powder X-ray diffractometer. Samples were
prepared by drop-casting the colloidal solution directly on a cleaned glass slide.

X-Ray Photoelectron Spectroscopy

XPS was obtained under high vacuum (10°-10® Torr) using monochromated Al Ko radiation
on a KRATOS AXIS Nova X-ray Photoelectron Spectrometer. Thin drop-cast films of colloidal

quantum dots were deposited on silicon wafers for measurement.
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4.1.2 Discussion on the Synthesis

Our previous HgSe synthetic method included a step of quenching with a DDT solution. But it
is difficult for the shell to grow because thiols bind to Hg very tightly. So, we got rid of the ligands
other than oleylamine by using a TCE solution to quench the reaction. To grow the shell, the
oleylamine-stabilized HgSe quantum dots were cleaned by precipitation, and re-dissolved in TCE.

For the core/shell synthesis, several cadmium precursors, including cadmium chloride,
cadmium acetate and cadmium oleate, were tested. When CdCl, or Cd(Ac)2 was used, no shell
growth was observed. Shell growth was observed with Cd(oleate).. The likely reason is the
reduced reactivity of Cd(oleate)> which prevents independent nucleation of CdS. For sulfur
precursors, hydrogen sulfide, bis(trimethylsilyl) sulfide ((TMS)2S), thiourea, thioacetamide were
tested. All these four precursors could give core/shell growth when they were used together with
Cd(oleate): as the Cd precursor. The data shown here are for the core/shell structure grown with
Cd(oleate)2 and H.S. These precursors were added alternatively into the reaction mixture to
minimize independent nucleation of CdS.

A layer-by-layer method® to grow a CdS shell on HgSe QDs was also attempted, but it typically
led to a foggy solution after two or three steps, failing to grow a CdS shell. However, while
preparing the paper on the HgSe/CdS core/shell, we learned that Chiluka et al managed to grow a

CdS shell on HgSe QDs using colloidal atomic layer deposition.!!3

4.1.3 Structure Characterization
Figure 4-1 shows TEM measurements of a core (sample A) and core/shell QDs with increasing
shell thickness (samples B, C and D). The average diameter of the HgSe cores is 5.8 nm, and the

average diameter of sample B, C and D are 6.8, 7.8 and 8.5 nm, corresponding to 1.8, 3.4 and 4.6
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monolayers, respectively. The TEM images show that the lattice fringes extend throughout the
whole particle, providing evidence that the growth is epitaxial for these shell thickness.

The core/shell structure is also supported by powder X-ray diffraction in Figure 4-2. The XRD
patterns of the core/shells are similar to the HgSe cores, but the diffraction peaks gradually shift
from zincblende HgSe to zincblende CdS as the shell thickness increases, as expected. The same

trend was observed previously in other core/shell systems such as CdSe/CdS*® and InAs/InP.114
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Figure 4-1 TEM images and XRD of HgSe core sample A, HgSe/CdS core/shell samples B, C and
D.
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Figure 4-2 XRD of HgSe core sample A, HgSe/CdS core/shell samples B, C and D. The black
and red dashed vertical lines represent the XRD pattern of bulk zincblende HgSe and CdS,
respectively.
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Figure 4-3 The (111) XRD peak shift of HgSe/CdS core/shell samples vs. corresponding volume
fraction of the shell in the whole core/shell nanocrystal. Error bars are shown.
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The positive correlation between the core/shell XRD pattern shifts and TEM size is shown in

Figure 4-3. The (111) XRD peak shifts as the volume fraction of the CdS shells increases. A guide

to the eye is provided by a linear volume scaling of the two bulk diffraction peak positions,

neglecting strain effects.
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Figure 4-4 XPS spectra of thin drop-cast films of HgSe (black) and HgSe/CdS core/shell

nanocrystals (red).

Additional evidence for the shell growth is provided by the X-ray photoelectron spectroscopy

(XPS) in Figure 4-4. Data are shown for Samples A and C with diameters of 5.8 and 7.8 nm,

respectively. The samples were prepared by drop-casting the colloidal solution directly on a

cleaned Si wafer in air at room temperature. A simple comparison between the two spectra reveals

the change of elemental composition: in the core/shell sample, both the Hg and Se peaks decrease
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significantly, while peaks of Cd and S are clearly apparent where they were absent in the core
sample.

When growing shells thicker than 4-5 monolayers, independent nucleation of CdS always
occurred. This is likely due to the increased strain arising from the 4.3% lattice mismatch between
HgSe and CdS. Thick shell systems with similar lattice mismatch, such as CdS/ZnS!® and
CdSe/CdS,° have been successfully grown, and it should therefore be possible to also obtain

thicker shells with an improved protocol.

4.2 Optical Properties

The optical absorption spectra of the colloidal HgSe and HgSe/CdS are shown in Figure 4-5,
corresponding to sample A and sample C in Figure 4-1, respectively. As discussed earlier, the
HgSe cores exhibit an intraband transition,>® shown here as the peak at 2600 cm™. The spectrum
of the HgSe/CdS core/shell, is however very different, rather similar to those of the sulfide
modified HgSe.%® It shows the complete loss of the intraband peak and the recovery of the
originally quenched interband absorption with a clearly defined exciton peak at 5300 cm™. Above
that peak, the edge corresponding to the P exciton at ~ 6500 cm™™ is preserved and several excitonic
structures are observed. The preservation of good optical spectra is consistent with a HgSe/CdS
core/shell type | alignment and minimal ripening. As a control, particle growth by Ostwald
ripening is observed when the H.S addition is turned off or not enough H.S is injected, and TEM
images show increased sizes, but the XRD shifts little while the infrared spectra broaden and

redshift.
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Figure 4-5 Absorption of HgSe colloidal QD cores (black) and HgSe/CdS core/shell
nanocrystals (red).
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Figure 4-6 PL of HgSe colloidal QD cores (black) and HgSe/CdS core/shell nanocrystals (red).
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Figure 4-6 shows that the intraband PL of the HgSe cores at 2300 cm™ is quenched after the
shell growth, replaced by a stronger (x13) interband PL peak at 4700 cm™. Both changes of the
absorption and PL therefore indicate that the doping of the original HgSe cores is lost during the
shell growth.

To explain the loss of n-doping after the shell growth, we propose two possible answers. The
first proposal is from the perspective of chemical composition. Carrier doping in bulk materials is
associated with impurities but carriers can be injected from outside for nanocrystals. For HgSe, it
is naturally heavily n-doped in the bulk. The high electron densities of 10*"-10'° ¢cm= that are
achieved depend on the Hg pressure and annealing temperature, and this is attributed to doubly
ionized Hg interstitials.*” In the core HgSe CQDs, the electron concentration of ~ 2 electrons
corresponds to a doping density of ~ 2 x 101 cm, which is on the high end of the typical doping
level of HgSe bulk. When the addition of sulfide on the surface of HgSe CQDs removed the n-
doping while the addition of Hg?* led to a recovery of the doping,® it could be argued that the
surface composition controls the existence of Hg interstitials. In this chemical picture, the loss of
n-doping after the growth of the CdS shell could then be assigned to the depletion of the core in
Hg interstitials, somehow such that only two electrons are removed which could be interpreted as
requiring the removal of only one Hg interstitial.

Another model of doping in nanocrystals we propose is a physical “surface gating”®’ where the
doping level is not due to core composition modifications but is affected by the electrostatic
environment set up by the surface chemical composition. The following discussion reinforces the

relevance of this surface gating.
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4.3 Effect of Ligand Exchange and Annealing on Core/Shell Films
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Figure 4-7 Effects of dithiol immersion on the absorption of HgSe/CdS core/shell films. The
HgSe/CdS sample is from sample C.
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Figure 4-8 Effects of dithiol immersion on the PL of HgSe/CdS core/shell films. The HgSe/CdS
sample is from sample C.
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When the undoped HgSe/CdS colloids are simply dried as a film, the absorption (Figure 4-7)
and PL (Figure 4-8) spectra readily show partial recovery of the n-doping. Upon further ligand
exchange with an ethanedithiol (2% in ethanol) solution for 2 min, the recovery is even more
significant. As shown in Figure 4-8, repeated immersion of the samples in the solution leads to
increasing n-doping and intraband PL. Some of the exciton absorption remains at ~5000 cm™ and
the interband PL at 4600 cm™ does not fully disappear, meaning the doping is not fully recovered.
Considering that the film-drying or the dithiol/ethanol solution are unlikely to increase the Hg
interstitial concentration of the core or to induce any internal modification of the core, surface
gating provides a better explanation. We propose that the higher dielectric constant of films,
compared to the nonpolar solutions, reduces the charging energy of electrons in the quantum dots,
and therefore facilitates doping. As to the recovery of doping with the dithiol ligand, we propose
that the Hg-thiolate dipole is pointing towards the core, and therefore stabilizes the electron. Both
explanations are qualitative, but they could provide a purely physical starting point to understand

the doping sensitivity to surface and environment.
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Figure 4-9 XRD patterns of HgSe QDs (A) and HgSe/CdS core/shell QDs (B) before and after
annealing at 200 °C for 10 minutes.
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Besides the TEM, XRD and XPS evidence presented above for the core/shell structure, a
stringent test is the effect of annealing. XRD was measured before and after a thermal annealing
at 200°C for the core and core/shell systems. As shown in Figure 4-9A, the peaks for the HgSe
CQD film narrowed significantly after annealing, indicating grain growth. Using 0.91/Bcos6 for
the grain size, the size determined from XRD increased from 4.5 nm to 12 nm, the initial value
being close to the 5.8 nm measured by TEM. The facile sintering of the HgSe CQDs limits the
temperature range of HgSe CQDs films for infrared applications as well as severely restricts
processing conditions. However, as shown in Figure 4-9B, the XRD of the core/shell is unchanged

after 14 min at 200°C. Grain growth can also be followed optically.
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Figure 4-10 Absorption spectra of HgSe CQD film (A) and HgSe/CdS core/shell CQD film (B)
before and after annealing. The black spectra represent the absorption or PL of the film before
annealing treatment, and the colored spectra represent the absorption or PL after different time
of annealing as indicated by the legends. (The HgSe QD is from Sample A, and the HgSe/CdS is
from sample B).
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Figure 4-11 PL spectra of HgSe CQD film (A) and HgSe/CdS core/shell CQD film (B) before
and after annealing. The black spectra represent the absorption or PL of the film before
annealing treatment, and the colored spectra represent the absorption or PL after different time
of annealing as indicated by the legends. (The HgSe QD is from Sample A and the HgSe/CdS is
from sample B)
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The optical spectra shown in Figure 4-10A show that upon heating the HgSe film at 200 °C for
increasing length of times up to 15 min, the intraband absorption consistently red shifts, moving
into the long-wave infrared below 1000 cm™. The red shift is consistent with the increase in grain
size, confirming that HgSe CQD films that are heated for significant time lose quantum
confinement, even though n-doping is preserved by the annealing. Figure 4-11A also shows
emission appearing at longer wavelength up until the detector cut-off. The emission between 1000
and 1500 cm is, however, not assigned to pure PL but instead to a thermal emission of the sample.
This is due to the temperature increase induced by laser heating combined with the increased
emissivity ( = absorption) of the sample in the long wavelength.8

For the core/shell, Figure 4-10B shows instead that the intraband peak remains constant upon
annealing while its intensity increases after a short annealing time and remain stable for longer
annealing. After 14 min annealing at 200°C, the intraband PL retained its position and intensity,
while the interband PL dropped to almost zero (Figure 4-11B). Thus, for the core/shell, n-doping
is improved further upon annealing and quantum confinement is preserved. The optical properties
of core/shell samples were further unchanged for up to 2 hours annealing time at 200°C but they
started to show a slow degradation around 250°C.

The other advantage expected from the shell is improved PL. The solution PL, in Figure 4-6,
shows an increase of the core/shell but it is not a meaningful comparison since the core/shell PL
arises from interband transitions. However, in films, there is a noticeable improvement of the
intraband PL with the core/shell. Films of HgSe, HgSe/CdS and HgTe were drop-cast at room
temperature and the ligand was exchanged with ethanedithiol. The films had similar optical
absorption (> 80%) at 527 nm. As shown in Figure 4-12, the intraband PL of HgSe/CdS films is

improved about three folds over the HgSe cores. This improvement is smaller than for core/shell
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in the visible spectral range but it is consistent with the expectation of the R* dependence for the
nonradiative energy transfer rate to surface vibrations.''® Thicker shell and better uniformity of
core/shell should give more enhancement of the intraband PL. Recently, Dr. Jeong in our group
observed intraband PL of photoexcited CdSe/ZnSe at 5 microns!?, and it was much stronger than
that of CdSe cores, confirming that the intraband PL could indeed be improved by the core/shell
strategy.

Lacking a standard IR emitting material at 5 microns, we compared the emission with a film of
HgTe QDs.”” Figure 4-12 shows that the intraband emission of a film of HgSe/CdS is brighter than
the interband emission of a film of HgTe of similar optical density, both treated with ethanedithiol.
This is reported since there is no prior comparison of interband and intraband emission efficiency

in colloidal quantum dots at similar energies.

= HgTe = HgSe HgSe/CdS
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Figure 4-12 PL of HgTe, HgSe, and HgSe/CdS CQD films on CaF substrates.
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Figure 4-13 PL of annealed HgSe CQD films. The PL spectra were taken with the samples in a
cryostat at room temperature (red lines) and at 83K (blue line), respectively. Both films
absorbed most (>80%) of the 527 nm laser. The laser power was 67 mW over a spot of 0.5 mm.
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Figure 4-14 PL of annealed HgSe/CdS core/shell CQD films. The PL spectra were taken with the
samples in a cryostat at room temperature (red lines) and at 83K (blue line), respectively.
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Annealing has also very different effects on the PL spectra of HgSe and HgSe/CdS films. Figure
4-13 shows the emission of a HgSe CQD film after annealing with PL-like peaks from 1000 to
2500 cm* at room temperature. However, after the film was cooled by liquid nitrogen in a cryostat,
the peak disappeared, indicating that they were in fact from thermal emission due to the laser
heating. For the HgSe/CdS film after annealing, Figure 4-14 shows that the strong and narrow
intraband PL remained strong after the film was cooled by liquid nitrogen, indicating that the
emission was true PL. Upon cooling, the line shape narrowed slightly but it was not significantly
shifted and its integrated intensity was unchanged. The lack of temperature dependence of the PL
intensity indicates that the non-radiative processes have no activation energy. It is noted that there
is a weak interband PL at 5000 cm™ at room temperature and ~ 4000 cm™ at low temperature. The
large difference of the thermal shift of the interband and intraband transitions was previously
discussed.® Incorporation of the core/shells in an inorganic matrix and annealing to remove all

high frequency vibrational absorptions will be the next step to further improve the PL.

4.4 Conclusion

HgSe/CdS core/shell nanocrystals were synthesized using Cd(oleate), and H2S as Cd and S
precursors, respectively. The narrow monodispersity of the cores was well preserved as evidenced
by the excitonic features in the optical spectra of the core/shell. TEM, XRD and XPS confirmed
the shell growth. The shell led to a small improvement of the PL efficiency and a vastly increased
resistance to elevated temperatures where the cores showed no sintering up to 200°C. In the
colloidal solution, the CdS shell completely removed the doping and the intraband luminescence,
but both were recovered as films. The sensitivity of the doping to the processing justifies future

studies taking control of the surface and environment to optimize the doping and intraband
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luminescence. Using the core/shell HgSe/CdS, this work showed a first instance of films of n-
doped colloidal quantum dots that emit from an intraband transition in a narrow spectral range at
five microns, can be optically pumped in the near-IR, and are thermally robust. It can be expected
that incorporation into an inorganic matrix will lead to brighter emission and that the mid-infrared
intraband emission from such systems will lead to future investigations for mid-IR light source

from phosphors to optically pumped lasers.
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Chapter 5 Future Perspective

Over the past three decades, research on colloidal quantum dots has seen rapid and tremendous
advancement in both theoretical and application study. Most of the research has been focused on
their interband transitions, but their intraband transitions associated with bandgap engineering also
have great potential and show striking beauty of the quantum confinement effect. The PGS lab
started to work on the intraband topic 18 years ago®! and has produced many influential milestone
discoveries in the quantum dot field, including the invention of charge transfer doping,®** the first
realization of dot to dot conducting in CdSe CQDs,® and the understanding of the role of ligands
in electron intraband relaxation'*® among many others. The ultimate goal is to understand the
intraband transitions in CQDs and to make useful applications with them. Now, the successful
synthesis of air-stable n-doped HgS and HgSe CQDs provides a great opportunity to study the
intraband transitions and shows great promise for potential intraband infrared application. But
there are still many challenges and problems to address before they can really come into actual
use.

Core/shell heterostructure is an important and necessary approach to reduce nonradiative
relaxation*®® and increase the thermal stability for the core colloidal quantum dots. As discussed
in Chapter 4, | have synthesized HgSe/CdS core/shell CQDs, and it showed improvement of
intraband PL compared to the HgSe cores (HgSe/CdSe core/shell was also prepared and it showed
similar effect). In the future, the core/shell synthesis needs to be improved to obtain thicker shells

and improved uniformity, which should promise more enhancement of the intraband PL.
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Inorganic ligand exchange would be another powerful tool to remove the organic ligands and
create an inorganic matrix for the HgSe and HgS CQDs. Many different inorganic ligands have
been developed in the Talapin group,?:12 creating a library for inorganic ligand exchange. As;Ss
is an ideal inorganic matrix because of its infrared transparency. It has been demonstrated to
improve the mid-IR detectivity of HgTe CQD photodetector in our group.* It has also been used
to enhance the near infrared PL efficiency of PbS/CdS'?* core/shell CQDs. | have tried ligand
exchange with As;Szas well on both HgSe and HgSe/CdS core/shell, and | observed increased PL,
too. It is an ongoing work with preliminary results, but it should be a promising direction.

As shown with mercury chalcogenides discussed in preceding chapters and reported
previously,” 2 the surface of the CQD is very important and could affect the doping and/or
electronic structure of quantum dots. Therefore, accurate and reliable characterization of the
surface composition like XPS or EDX (energy dispersive X-ray) would be critical to get a better
understanding of the surface and to utilize it to control the doping level of HgS or HgSe CQDs.

In addition, more in-depth optical study is necessary to understand the relaxation process of
intraband transitions. The absolute photoluminescence quantum yield of the intraband transitions
needs to be measured to understand the 1Se1P. lifetime and nonradiative relaxation in n-doped
CQDs. Time-resolved measurement of the intraband lifetimes should also be carried out, which
will give a more trustworthy lifetime compared to the estimated value using quantum yield
discussed in Chapter 3. When discussing MCT detectors in Chapter 1, Auger relaxation is cited as
the main reason why their performance drop quickly when temperature rises above the cryogenic.
It may play an important role in the intraband relaxation in n-doped CQDs as well, even though

their density of states is sparser.
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