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Abstract

HgTe colloidal quantum dots (CQDs) are an emerging technology important for the development
of low-cost, next-generation infrared technologies. However, photodetectors based on HgTe
CQDs must also be capable of delivering performances equivalent to or better than the epitaxial
technologies to compete commercially. Here, concepts and methods are described for designing
emerging HgTe CQD photodiodes with detection in the shortwave and mid-wave infrared spectral
regions and figures-of-merit rapidly approaching the commercial epitaxial technologies. The
concepts investigated for the design of HgTe CQD photodiodes included heterojunction diodes
with charge-selective transport layers and homojunction diodes with thin films of doped HgTe
CQDs. The former likely suffer from unfavorable heterojunction band alignment that is
detrimental to device operation and challenging to control in narrow-gap CQDs. Doping thin films
of HgTe CQDs, however, is successful, following the introduction of a solid-state cation exchange
process. Heterojunctions of HgTe CQDs and doped semiconductor nanoparticles were also
essential to the concept and design of inverted-polarity HgTe CQD photodiodes. Finally, the
designs developed within this work culminate in the demonstration of a SWIR/MWIR dual-band
infrared photodetector. Further developments of the HgTe CQD photodiodes will follow from
addressing design and material challenges for enhancing the charge collection efficiency,
absorption, and operating temperature of these photodiodes. Today, the shortwave infrared HgTe
CQD photodiodes demonstrate the most promise, and mid-wave HgTe CQD detectors with high
temperature operation are under development. The designs here may also extend to the HgTe
CQDs with absorption in the long-wave infrared and position HgTe CQDs as an emerging

technology for the future of infrared detectors.
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Chapter 1  Introduction

This chapter introduces concepts relevant to the discussion of HgTe colloidal quantum dot
infrared photodiodes. The concepts in the following sections include infrared photodetection,
HgTe colloidal quantum dots, types of photodetectors, and characteristics for describing the

performance of a photodetector.

1.1 Infrared Detection and Imaging

The infrared spectrum is from 1 um, beyond the detection of silicon, up to 14 um. This
spectral range is practically divided into three spectral regions carved out by the transparency of
Earth’s atmosphere, which are the short-wave infrared from 1-2.5 um, mid-wave infrared from 3-
5 um, and long-wave infrared from 8-14 pum. Fig. 1-1 shows the infrared transparency of Earth’s
atmosphere with windows of transparency that define each of these spectral ranges. The
classification of infrared technologies is defined by their absorption in each of these specific

spectral regions.
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Historically, the development of infrared photodetectors and imaging capabilities has been
driven by astronomy and defense applications. Semiconductors were first used for infrared
photodetection following the discovery of the thallium sulfide, TI.S,'? and lead sulfide, PbS,
photoconductors just before the start of World War 11.3 In 1959, the ternary alloy HgCdTe was
discovered with a tunable infrared absorption from 0.8 um up to 13 pm and was demonstrated for
use as an infrared photodetector.* Naturally, for the advantage of night vision and long-range
detection, the military adopted infrared technology and significantly advanced its development for
imaging capabilities. Three decades worth of research on HgCdTe®>® have made it one of the most
advantageous semiconductor alloys for infrared photodetection and imaging for its spectral range

up to 15 pm and state-of-the-art performance.’

As early as the 1960s, development on I11-V semiconductor alloys such as InSbh® was started.
In the 1980s, germanium would be replaced with epitaxially grown InGaAs for short-wave infrared
detection.® ! More recently, the type-11 strained layer superlattice has also been adopted by the
industry for its compatibility with existing 111-V processing infrastructure and spectral tunability
in the mid-wave and long-wave infrared spectral regions compared to traditional 1l1-V

semiconductor alloys.*2

While developments in infrared technology are primarily directed by military interests,®
there is an increasing understanding that such technologies can provide useful information to the
commercial sector. Affordable long-wave infrared cameras are on the market today and
developments in the short-wave infrared are following suit.}* With increasing automation and

advancements in machine vision and image processing capabilities, the potential for infrared



photodetection and imaging to solve problems in product evaluation, surveillance, and medical

diagnosis is gaining recognition.>®>*7

Still, factors such as low-temperature operation and limitations on epitaxial manufacturing
lead to significant size, weight, power and cost requirements that restrict the commercial viability
of infrared technologies. Therefore, several low-dimensional materials have emerged in the last
decade including quantum dots,*®° nanowires,?® and 2D semiconductors?® in an effort to address
these challenges. Among them, HgTe colloidal quantum dots provide unique advantages and will

be the focus of this thesis.

1.2 Colloidal quantum dots for infrared photodetection

Colloidal quantum dots are solution-processed, quantum-confined semiconductor
nanocrystals where the spatial confinement of the charge carrier results in discrete, allowed energy
levels that define the optical transitions for the absorption and emission of light.?> Due to their
small size, colloidal quantum dots have a large surface-to-volume ratio and, consequently, the
surface chemistry dictates many of the properties. Dangling bonds due to un-passivated atoms on
the surface can lead to charge carrier trapping and photoluminescence quenching. Variations in
the dipole moment of the surface ligands can shift the colloidal quantum dot energy levels as much
as 1 eV with respect to vacuum, and the surface stoichiometry will determine the doping nature of
the colloidal quantum dot. Therefore, careful control of the colloidal quantum dot growth and
processing is required to obtain the desirable optical and electrical properties. The most commonly
utilized technique for the synthesis of colloidal quantum dots is the hot-injection method where

the shape and size of the colloidal quantum dots depend on temperature, reaction time, reagent



reactivity, and the ligand/solvent environment. The liquid nature of the colloidal quantum dots is
an advantage that enables solution processing capabilities for the production of semiconductor

technologies including photodetectors, flexible electronics, and next generation solar cells.??

Colloidal quantum dots based on lead (Pb) chalcogenides and mercury (Hg) chalcogenides
are well-suited for infrared photodetection. In the bulk, PbS, PbSe, and PbTe have band gap
energies of 0.41, 0.27, and 0.31 eV, respectively.?* PbS and PbSe colloidal quantum dots have
been most widely developed for near-infrared photovoltaics and short-wave infrared sensing with
limits on the detection range set by the bulk band gap. The opportunity for low-cost near- and
short-wave infrared detection afforded by Pb chalcogenide colloidal quantum dots has spurred

commercial development efforts.

Full coverage of the infrared spectrum requires the quantum confinement of a zero-band gap
semimetal such as HgSe and HgTe.? In the case of HgTe, the optically tunable absorption extends
from 1 pum up to 12 um and beyond into the terahertz.?6-? In addition to the practical advantage
of low-cost solution processes, HgTe colloidal quantum dots were shown to have lower Auger
coefficients than the bulk semiconductor alloy HgCdTe;?® this means that HgTe colloidal quantum
dot-based detectors would, in principle, operate at higher temperatures than existing bulk
semiconductors for infrared detection and reduce the prohibitive cooling requirements. With broad
infrared spectral tunability, low-cost production, and the potential for higher temperature
operation, HgTe colloidal quantum dots have the potential to address the challenges of size,
weight, power, and cost that prohibit the proliferation of infrared technologies into the commercial

market.



1.3 Types of Photodetectors

A variety of photodetector geometries have been developed for the detection of light
including photoconductors, photodiodes, and phototransistors. Variations of the photoconductor
and photodiode geometries are most widely available and used for photodetection. Therefore, a
basic description of the photoconductor and the operating principle of the photodiode is presented
here with emphasis on relevant characteristics for the discussion in the following chapters. A more
thorough discussion of photodetectors can be found in semiconductor physics texts such as Physics

of Semiconductor Devices by S. M. Sze.

1.3.1 Photoconductor

The photoconductor is the simplest photodetector concept, consisting of an absorber
semiconductor placed laterally between two electrodes under an external bias. As incident
radiation is absorbed, the conductance changes due to the increase in photogenerated free carriers
that are transported under the influence of the external bias. The response of a photoconductor to
incident radiation can be increased by either increasing the absorption of light or increasing the
bias on the conductor. The current in a conductor under bias is due to drift of the mobile charge
carriers induced by the electric field, and therefore increases proportional to the field strength. The
transit time of the charge carrier across the conductor also decreases under strong electric fields
and can become much shorter than the charge carrier lifetime. For sufficiently short transit times,
the charge carrier “makes many trips” across the conductor before recombining, thus enhancing
the signal of the detector by a multiplicative factor. This effect is referred to as photoconductive
gain, G, in a conductor and expressed by the ratio of the lifetime to the transit time that depends

on the applied bias. The effect of photoconductive gain applies to both the light and dark currents
5



of the photoconductor and, therefore, simply increasing G in a photoconductor will not improve

the signal to noise of a photoconductive detector.

To maximize the sensitivity of a photoconductor, the semiconductor absorber should be
intrinsic to keep the dark conductance low. However, for narrow band gap semiconductors, even
an intrinsic semiconductor will suffer from thermally generated free carriers and cooling the
detector to lower operating temperatures is required to enhance the detector sensitivity. The noise
in a photoconductor is due to shot noise, Johnson noise, and 1/f noise. Johnson noise is a random
noise due to the fluctuations in the thermal motion of the charge carriers and, therefore, present in
any conductor. The shot noise is due to the quantized nature of light and charge where the random
variations between the arrival of photons at the absorber or electrons at the electrode over a given
interval of time determines the temporal fluctuation in the current density. For any device with a
DC bias, the 1/f noise phenomenon®® will be present and limit the sensitivity, especially at low
frequency operation. The advantage of the photodiode, discussed next, over the photoconductor is

that an external bias is not required and, therefore, the 1/f noise can be eliminated.

1.3.2 Photodiode

Different types of photodiodes include the metal-semiconductor (or Schottky junction)
diode, p-n homojunction, p-i-n homojunction, and analogous doped semiconductor heterojunction
diodes. In contrast with photoconductors, photodiodes are designed with an internal potential that
drives the separation and transport of photogenerated carriers, which results in an external voltage
or current. The magnitude of this internal, or built-in, potential is dependent upon the difference

in the work functions, or doping densities, of the materials that make up the photodiode junction.



At thermal equilibrium, majority charge carriers from each material will diffuse toward the
junction and recombine, leaving behind exposed charged donor and acceptor dopant atoms that
contribute to the magnitude of the internal electric field. This region of unscreened charged
dopants, known as the space-charge region or depletion region, grows until the internal electric
field can sufficiently oppose the diffusion current and prevent further recombination of majority

carriers.

The width of the depletion region depends on the doping of the semiconductor regions as
expressed in Eq. (1.1) for a pn-homojunction diode where the depletion width is inversely

proportional to the semiconductor dopant density.

_ |2eeqm+p
W= j : (np ) Vit = Vese) (L.1)

Here, W is the depletion region width, € is the dielectric constant of the semiconductor, «g is the
vacuum permittivity constant, g is the elementary charge, n is the electron majority carrier density
in the n-type semiconductor, p is the hole majority carrier density in the p-type region, Vyi is the
built-in potential, and Vex: is the external applied potential that is negative for reverse bias operation
and positive for forward bias operation. Reverse bias refers to the application of an external
potential with (+)V applied to the cathode while forward biasing refers to a (+)V applied to the

anode.
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Figure 1-2 Current density-voltage (JV) behavior of a photodiode with representative curves for
the dark current (orange) and photocurrent (blue) densities.

Operation under a reverse bias increases the depletion region width and further inhibits a
current from passing through the diode. Therefore, as shown in Fig. 1-2, the reverse bias current
is small and has a weak dependence on the applied potential. In forward bias operation, the external
potential cancels the internal potential and the depletion region width goes to zero. Therefore, the
current is no longer inhibited by the internal electric field and flows through the diode. The effect
is apparent by the strong voltage dependence of the current as shown in the forward bias region of
Fig. 1-2. Finally, operating the photodiode under short-circuit, i.e. at zero applied bias, is desirable
to eliminate 1/f noise and improve detector sensitivity. The short-circuit current density, Jsc, is
measured and indicated by the point where the blue line crosses the y-axis in Fig. 1-2. A

photodiode can be operated in either short-circuit mode, wherein no bias is applied, or under a



reverse bias. The application of a reverse bias increases the depletion width, photodetector speed,

and collection efficiency but must be balanced with the bias dependence of the noise.

In addition to Jsc, a photodiode is also described with its open-circuit voltage, Voc, which is
the voltage on the photodiode when the current goes to zero and indicated by the point in Fig. 1-2
where the blue line crosses the x-axis. The band-gap dependent maximum of the open-circuit
voltage has been derived by the Shockley-Quiesser limit for a pn-homojunction diode.®! For a near
infrared band gap of 1 eV down to a long-wave infrared band gap energy of 0.1 eV, the maximum
open-circuit voltages at room temperature are ~800 meV and 50 meV, respectively. In practice,
the value is often smaller than the maximum and limited by the non-radiative processes due to
semiconductor defects, disorder, and fast energy transfer to the environment. Therefore, the
measure of the VVoc can be a useful metric for assessing the quality of the photodiode. Finally, the
Voc is only as large as the built-in potential and, therefore, depends on the doping of the

semiconductor(s) in the junction.

The electric field across the depletion region rectifies the current through the diode, i.e.
current flows only in the direction of the internal electric field. This is important for mitigating
dark current and noise current that reduce the sensitivity of the photodiode detector. Generally,
strongly rectifying photodiodes have a high shunt resistance; this is an important metric for the
quality of the photodiode and proportional to the detector sensitivity discussed later. The shunt

resistance, Roor Rsh, is expressed as in Eq. (1.2),

Ry = (5_11/)_1 lv=0 (1.2)



and described as the slope of the current-voltage behavior evaluated at zero applied potential. The
shunt resistance is the internal resistance of the photodiode and determines the thermal (Johnson)
noise, which is typically the dominant noise source over shot noise in a photodiode. The product
of Ro and the area, referred to as the resistance-area product or RoA, is a commonly used metric

for comparing the sensitivities of different infrared detector technologies.

1.4 Characteristics of the infrared photodetector

The following characteristics allow the comparison of photodetectors based on HgTe CQDs
with other emerging and commercially available materials for infrared detection. General
characteristics such as the cut-off wavelength, operating temperature, response speed, and noise-
equivalent power are defined. Figures-of-merit such as responsivity, quantum efficiency, and

specific detectivity are also defined.

1.4.1 Cut-off wavelength and operating temperature

The cut-off wavelength is the longest wavelength at which the detector operates above a
specified sensitivity. Therefore, the definition of the photodetector cut-off wavelength is somewhat
arbitrary and should be specified accordingly. Here, the cut-off wavelength will be defined as that
wavelength at which the detector responsivity falls below 50% of the peak responsivity. For
comparing photodetector performance, it is important to compare only detectors of similar cutoff
wavelengths that have been defined in the same way or to directly compare the responsivity spectra

when available.

To improve the sensitivity, infrared photodetectors are operated at reduced temperatures to

minimize the thermally generated noise. Semiconductors and their alloys exhibit a temperature-
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dependent shift in the band gap and correspondingly their spectral absorption cut-off energy.
Therefore, when reporting detector performances, the operating temperature should be clearly

specified and equivalent when comparing figures-of-merit.

1.4.2 Responsivity and quantum efficiency

The first figure of merit for an infrared photodetector is the responsivity, which is defined
as the photocurrent normalized to the incident power on the photodetector and expressed as in Eq.

(1.3).
R=2L (1.3)

Here, ipn is the photocurrent in amps and Pin is the power incident on the photodetector in Watts
such that & has the unit A/W. For reporting photodetectors, the responsivity should be specified
as either a blackbody responsivity with the temperature of the blackbody provided or a
monochromatic responsivity with the specific wavelength indicated. Equally important as the
responsivity is the quantum efficiency that relates the conversion efficiency of incident photons

into photocurrent, which is related to & by Eq. (1.4).
hc
EQE = R, * - (1.4)

Specifically, Eq. (1.4) refers to the external quantum efficiency (EQE) where h is Planck’s
constant, ¢ is the speed of light, and A is the wavelength of the incident radiation. The external
quantum efficiency is the ratio of the total number of electrons collected against the total number

of incident photons regardless of how much light is absorbed by the photodetector. Another
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quantity called the internal quantum efficiency (IQE) refers to the total number of electrons
collected against only the fraction of the incident photons absorbed by the photodetector. This is a
useful quantity for expressing whether the efficiency of the photodetector is limited by carrier
collection or photon absorption. Often in thin film photodetectors, the absorption is the limiting
factor. For example, all of the photogenerated charge carriers could be collected and the IQE would
be unity but the EQE may be less than 1 due to the low absorption in the thin film. In this situation,
increasing the absorption using micro-lenses, optical nanostructures, or plasmonic structures can
lead to higher EQE. When the absorption in the photodiode is unity, IQE is equivalent to EQE and

the photodiode efficiency is limited by carrier collection and recombination in the photodiode.

1.4.3 Noise equivalent power and specific detectivity

Important for defining the sensitivity of the photodetector is the noise-equivalent power, i.e. the
minimum power at which the photocurrent signal is equivalent to the noise limit of the photodiode

and expressed in Eq. (1.5) where in is the noise current in amps.
NEP = In 1.5
R (-5

However, the photodetector performance also depends on the bandwidth of the integrated detector
noise and the detector area specific to the configuration. Therefore, a normalized value called the
specific detectivity, D", is the second figure of merit that allows for direct comparison of different

detectors materials and geometries. D" is expressed as in Eq. (1.6) and related to NEP,

JAAF  RJALA
pr = YA ,df (1.6)
NEP i
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where Aq is the detector area in cm?, Afis the noise equivalent bandwidth in Hz, and the units on

D" are VHz cm/W, or Jones. The significance of D” can be understood as the maximum signal-
to-noise ratio for a photodetector of area 1 cm? and incident power of 1 W. When comparing and
reporting the specific detectivity, the operating temperature and either the wavelength for a

monochromatic source or the cutoff-wavelength for a blackbody source should be indicated.

1.4.4 Detector response speed

The detector response speed determines the high-frequency operating limit of the
photodetector and the practical limitations for imaging applications. The carrier transit, trapping,

and RC circuit time constants contribute to the response speed of the photodetector.*

1 1 1 1
— = + +— (1.7)
Ta  Ttransit Teff Trc

In Eq. (1.7), = is the device response time, zransit IS the time required for carriers to travel
to the contacts, s is the effective lifetime of charge carriers accounting for radiative and non-
radiative recombination lifetimes, and zrc is the circuit RC time constant. The et can become
negligible for high-quality semiconductor materials, and for well-passivated colloidal quantum
dots. The zwansit 1S determined by the geometry of the photodetector. For photodiodes, this is
generally between ns-us due to the large built-in electric field and becomes faster as the device
becomes fully depleted. The zrc is set by the resistance and capacitance in the circuit, often limited
by the equivalent characteristic RC values for the photodetector. The slowest process limits the

response speed of the photodetector and sets the frequency bandwidth for operation as in Eq. (1.8).

f=5— (18)



The response speed of a photodetector is measured using a fast-pulsed laser, i.e. faster than
the response speed of the detector. The rise time is reported as the time required for the signal to
reach 67% of the peak response. One advantage of a semiconductor photodiode over other types
of infrared photodetectors is that the response speed of the detector is generally much faster and
enables high-speed and high frame rate imaging, important for both military and industrial

applications.

1.5 Summary

Infrared photodetection and imaging has historically been a military and research technology,
however applications for infrared are emerging in the commercial space. HJCdTe, InGaAs, InSb,
and the type-II strained layer superlattice are epitaxially manufactured bulk semiconductors alloys
used by the industry and in research today. Infrared photodetectors most commonly come as
photoconductors or photodiodes where the latter have advantages of inherently lower noise and
faster detector response speeds. The figures of merit for the infrared photodetectors are the
responsivity and specific detectivity, which can be used to compare the performance of
photodetectors based on different materials at specified wavelengths and operating temperatures.
These figures of merit will be used throughout this text to compare colloidal quantum dot infrared

photodetectors with traditional epitaxial-based photodetectors.

Colloidal quantum dots, specifically PbS and HgTe CQDs, are leading the development of
solution-processed materials for infrared photodetection with their advantages of scalable solution

processing and low-cost production. Colloidal quantum dots are still relatively new compared to
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the many decades of research on epitaxial semiconductor alloys. The following chapters detail the

development of the HgTe CQD photodiodes for short-wave and mid-wave infrared photodetection.
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Chapter 2 Design and Fabrication of HgTe CQD Photodetectors

Designing narrow-gap HgTe colloidal quantum dot photodiodes is challenging because small
changes in the surface chemistry of either the quantum dots or the junction material interfaces can
lead to undesirable energy offsets and variations in the CQD doping level, both of which lead to
unreliable and inferior photodetectors. This chapter describes the strategy to improve the quality
of the HgTe colloidal quantum dot photodiodes as measured by their current rectifying behavior
and figures-of-merit. Improving the rectification will lead to lower noise current densities and
increased current collection efficiency. Therefore, designing strongly rectifying photodiodes leads
to improvements in the figures-of-merit. The methods for realizing the goal of a strongly rectifying
HgTe photodiode include using charge selective transport layers, forming a HgTe colloidal
quantum dot pn-homojunction, and the use of extrinsic dopants to create a built-in potential. The
latter method is reserved as the topic of Chapter 3 to follow. The former two of the three methods
are discussed in this chapter, and the extent to which these methods failed or succeeded is detailed

in each of the following sections.

2.1 Development of HgTe Colloidal Quantum Dot Photodetectors

The earliest work on HgTe colloidal quantum dots was an aqueous synthesis reported by
Rogach et al. in 1999 for near-infrared HgTe CQDs.* In 2003, the photoconductive detection of
infrared light up to 1.1 um was demonstrated with thioglycerol-capped HgTe CQDs following the
aqueous synthesis.3* In 2006, Kim et al. demonstrated photoconductor detection up to 1.5 um, of
interest for telecommunications, with thioglycerol-capped HgTe CQDs.*® Inspired by solar cell
photovoltaic designs, Gunes et al. introduced a variation on nanoparticle-sensitized and polymer-

nanoparticle blends with a HgTe colloidal quantum dot near-infrared absorbing HgTe CQDs-
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sensitized TiO2, using a poly(3-hexathiophene), or P3HT, hole transport layer.>® Boberl et al. then
demonstrated detectivity as high as 3x10%° Jones at 1.5 pm and room temperature operation with

an HgTe CQD photoconductor fabricated by inkjet printing.®’

The photodetection was first extended up to 3 pum with a post-synthetic Oswald ripening
process where the HgTe CQDs are transferred from an aqueous phase to an organic phase and
heated.®® In 2011, Keuleyan et al. used an inorganic Hg salt and a mixture of alcohol-pyridine to
extend the HgTe CQD synthesis, demonstrating photoconductive detection of infrared light with
response up to 5 um.*® In an extension of their work, Keuleyan et al. developed an all-organic
synthesis of HgTe CQD by using a HgCl, salt in oleylamine and trioctylphosphine telluride
(TOPTe) precursor with tunable infrared absorption beyond 10 um and photodetection up to 12
um.24% In 2016, Buurma et al. fabricated a photoconductive mid-infrared focal plane array imager
using HgTe colloidal quantum dots dropcast onto a commercial readout integrated circuit, which

demonstrated the ease of processing colloidal quantum dots for infrared imaging applications.

A significant limitation of the photoconductive detector is the presence of 1/f noise due to
the DC-bias (as described in Chapter 1) that determines the noise limit and reduces the sensitivity
for photodetection. Lhuillier et al. characterized the photoconductor behavior and showed that
nanocrystal conductors were subject to low-frequency 1/f noise that limits device sensitivity.*! In
addition to the 1/f noise limit, the large surface-to-volume ratio of the mid infrared HgTe colloidal
guantum dots means that the surface dictates the physical properties of the nanocrystal including
doping density. Consequently, the doping of the nanocrystal is very sensitive to changes in the

surface chemistry due to adsorption of water, oxygen, or other ambient species or contaminants
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during processing. These changes in surface chemistry can dramatically shift the Fermi level,
conduction, and valence band edge energies. In photoconductive devices, small changes in the
doping can lead to significant changes in the conductivity and, therefore, the dark current density
of the device. Deviations from an intrinsic nanocrystal film then result in larger noise and dark
currents due to the increasing thermally generated carrier densities, thus imposing significant

cooling requirements to eliminate these contributions to detector noise.

A photodiode has inherent advantages over a photoconductive detector. First, operation of
a photodiode under short-circuit conditions, i.e. no applied DC bias, can mitigate the 1/f noise and
improve the sensitivity. In terms of doping, the photodiode is less sensitive to small changes during
processing. At thermal equilibrium, the photodiode has a depletion region that is intrinsic and will
largely determine the noise process of the photodiode. Generally, at high temperatures, a narrow
gap semiconductor will be limited by space charge generation noise.*? Here, this means that the
photodiode, being nearly intrinsic in the space charge region, by design will have either less noise
than photoconductors at the same operating temperature or an equivalent sensitivity but at higher

operating temperatures.

To realize the advantages of the photodiode for HgTe CQDs sensing, Guyot-Sionnest and
Roberts demonstrated a background-limited HgTe CQD photodiode operating at 90 K and zero
applied bias for mid-wave infrared photodetection with an infrared spectral cutoff at 5 pm.* The
work described in this section builds upon the photodiode introduced by Guyot-Sionnest and
Roberts with the goal of improving the photodiode rectification and figures-of-merit, especially

for operation near room temperature.
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2.2 Carrier Transport and Blocking Layers

The charge transport layers (CTLs) act as buffers between the absorber and the electrodes,
as shown in Fig. 2-1, to minimize deleterious effects such as charge carrier recombination at the
electrode interfaces. An electron transport layer (ETL) is generally a wide-gap semiconductor or
doped insulator that selectively transports electrons while blocking hole transport, therefore
spatially separating the charge carriers away from the cathode. Similarly, a hole transport layer
(HTL) selectively facilitates the collection of holes while blocking electrons and spatially separates
charge carriers away from the anode. In this way, electron and hole transport layers reduce charge
recombination events, which leads to improvements in the rectification and carrier collection
efficiency of photodiodes. The alignment of the ETL and HTL energy levels to the semiconductor

conduction and valence bands, respectively, is critical to the effectiveness of the transport layer.

Cathode «—@

E, Anode

Figure 2-1 Representative flat band energy diagram with respect to vacuum energy level (Evac)
for a photodiode consisting of a cathode, an electron transport layer (ETL), semiconductor
absorber with conduction band energy Ec and valence band energy Ev, a hole transport layer
(HTL), and an anode.
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Practical requirements for electron and hole transport layers include good conductivity,
matching to the desired charge carrier energy level, blocking the transport of the undesired charge
carrier, and, for infrared photodetection, transparency to the infrared wavelengths of interest for
detection. Additionally, it is required that these materials be processable at low temperatures to
avoid damage to the CQD thin film as well as insensitive to moisture and oxygen to act as a

passivating layer and ensure consistent device operation.

For narrow band gap HgTe CQDs, three complications make finding the right ETL and
HTL particularly challenging. First, the high electron affinity of HgTe CQD conduction band
level?®® immediately disqualifies many ETLs that typically have work functions and electron
affinities much lower in energy. Second, many HTLs have relatively high ionization energies,
much higher than the HgTe CQD valence level, that would introduce a large offset in energy and
block hole transport. Third, the conduction and valence levels of CQDs can shift in energy as much
as 1 eV due to the net dipole between the quantum dot surface and passivating ligands.** One
direction for addressing these challenges is to fix the ligands on the HgTe CQDs and find ETLs

and HTLs with energy levels appropriate for the design of a rectifying photodiode.

Here, various electron and hole transport materials are tested with the HgTe CQDs in a
photodiode. The ligands in the HgTe CQD films are held constant by treatment with a mixture of
ethanedithiol and hydrochloric acid, and the candidate transport layers with relevant energy levels
are selected. The electrical behavior of the photodiode was characterized and correlated with the
use of a given transport layer. A discussion of the effect on operation of the HgTe CQD

photodiodes with each transport layer is given in the context of properties such as electron affinity,
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work function, and mobility of each transport layer. Insights from the various materials and device

architectures tested are summarized in section 2.2.5 below.

2.2.1 Work Function of Candidate Electron and Hole Transport Layers

The work function of a material, be it metal, insulator, or semiconductor, is the energy
required to move an electron from the surface to vacuum. This is defined as the difference between
the vacuum level, or energy of an electron at rest far from the material surface, and Fermi level of
the material.*® Fig. 2-2 defines useful terms for describing the energy levels of a metal,
semiconductor, and insulator including the work function, ¢, that is equivalent to the Fermi level
energy, Er; ionization energy, P, that is equivalent to the valence band energy, Ev; and electron

affinity, y, that is equivalent to the conduction band energy, Ec.
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Figure 2-2 Energy level diagram for semiconductors and insulators. For metals, Ec is equivalent
to EF while Ev is sufficiently far in energy from vacuum.
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A method of measuring the work function was developed by Lord Kelvin, in which a probe
metal and a surface to be measured are brought near one another to form a parallel plate capacitor.
Fig. 2-3 shows the application of the Kelvin probe technique to measure the work function.*® The
probe and the sample are electrically connected to allow charges to flow, and a difference in
potential is generated across the parallel plate capacitor as shown in Fig.2-3(b). The probe metal
plate is then oscillated, which induces a current. A backing voltage is applied to the probe-sample
circuit to reduce the voltage on the parallel plate capacitor until the current in the circuit is zero,
and the backing voltage is equal and opposite in sign to the equilibrium voltage, Vcrp, of the probe-
sample capacitor, shown in Fig.2-3(c). The applied backing voltage, Vbc, is equivalent to the
potential difference in the Fermi level of the two plates, i.e. probe and sample, which indicates the
difference in work functions, Vcpp. A calibration can be used to determine the absolute work

function of the metal probe and samples.
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Figure 2-3 Working principle of Kelvin probe measurement. The sample (s) and probe (p) are
brought together a distance, d, which oscillates. (a) Sample and probe band diagrams at
equilibrium and disconnected. (b) Sample and probe are electrically connected and forms a
parallel plate capacitor with generated potential Vep. (C) A backing potential, Vb, is applied that
is equal and opposite to Vpp such that the system is an open circuit, i.e. current is equal to zero.

Work functions measured by Kelvin probe for various materials relevant to the discussion
of HgTe CQD photodiodes are summarized in Table 2-1. The setup here consisted of a function
generator that drives an oscillating metal probe. Samples are prepared on conductive substrates
and placed into the circuit. The current is output through a pre-amplifier and then measured with
an oscilloscope. A variable voltage source is connected, and the backing voltage is adjusted until
the current is zero. The value of the relative voltage difference is then recorded. All measured
values are provided with respect to the potential of the HgTe CQDs treated with EAT/HCI ligands

and on an absolute scale using 5.1 eV for Au as a reference.

23



Table 2-1 Values for the work function of materials relevant to HgTe CQDs photodiodes as
measured by chemical potential difference (Kelvin probe) and reported in literature. “An
absolute work function of 5.1 eV is assumed for Au.

Relative potential Work Function* Literature Work Function

Material difference (vs. HgTe)
(&V) eV) (eV)
HgTe CQDs i 25
(EdT/HCI) 4.86 47+0.1
5.24 + 0.07 (Ni, 111)*
NiCr -0.04 4.82 4.5+ 0.15 (Cr,
polycrystalline)*®
Indium Tin Oxide 0.02 4.88
Ag -0.49 4.37 4.53 +0.07 (111)"
Au 0.24 5.1 5.33 + 0.06 (111)*
. 4.33+0.01
Ti -0.56 4.3 (polycrystalline)*
. _ 4.9 (Anatase, 001)*
R Y, il 4.51-5.62 (polycrystalline)®
MoOx 0.47 5.33 5.0
Ag2Te NPs (EdT) 0.22 5.08 -

The uncertainty in the relative potential is on the order of 0.1 eV and depends on the surface
conditions, method of preparation, and ambient environmental factors such as humidity. It is also
worth noting that the accuracy of the absolute work functions is limited by the accuracy of the Au
reference. Still, Table 2-1 provides a reasonable starting point for determining which materials will
work well with HgTe CQDs as electrodes, electron transport layers, and hole transport layers.

When considering the energy level alignment, note that for metals the Fermi level lies in the
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conduction band while for doped conducting metal oxides it is often assumed that the Fermi level
and the conduction band minimum are nearly equivalent in energy. However, the doping of metal
oxides and other semiconductors depends on the method of fabrication and handling; therefore,
additional techniques such as photoelectron spectroscopy are often required to obtain a more

complete energy level diagram.

From only the work functions in Table 2-1, it becomes apparent that NiCr and indium tin
oxide, or ITO, would make for good Ohmic contacts to HgTe CQDs given their small relative
potential difference. Ohmic junctions allow majority carriers to easily flow to and from the
semiconductor, i.e. the contact resistance is low, and are important for efficient current collection.
For a n-type semiconductor, Ohmic contacts can form when conductors have work functions lower
in energy than the semiconductor. For a p-type semiconductor, Ohmic contacts can form with
conductors having work functions higher in energy than the semiconductor. In contrast to the
Ohmic contact, a Schottky barrier can also form at a metal-semiconductor contact and instead
restricts the free flow of the current, thus increasing the contact resistance. This can occur for a n-
type semiconductor when the Fermi level of the conductor is greater in energy and for a p-type
semiconductor when the conductor Fermi level is lower in energy than the semiconductor.
Therefore, Ti and Ag would be expected to form Schottky junctions with p-type HgTe CQDs while

Au may likely form an Ohmic contact.

TiO2 has a work function smaller than HgTe CQDs by ~0.15 + 0.1 eV for good alignment
to the HgTe CQD conduction band energy, and it could be a good electron transport layer given

the wide band gap of ~ 3 eV.*° Further discussion on the use of TiOz as an electron transport layer
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in HgTe CQD photodiodes is provided in section 2.2.3 below. Ag.Te and MoOx have work
functions larger in energy than the HgTe CQDs and could be good for hole transport and collection.
However, the nature of the junction between HgTe CQDs and MoOx or Ag.Te is difficult to predict
and would depend on knowledge of the electron affinity, band gap, and doping density of the
semiconductors. Further discussion on the use of MoOx, and other polymeric materials, as a hole

transport layer in HgTe CQD photodiodes is provided in section 2.2.4 below.

2.2.2 On the electrode: comparing NiCr, Ti, and ITO

In the proof-of-concept photodiode reported by Guyot-Sionnest and Roberts in 2015, a
NiCr/HgTe/Ag.Te/Ag-paint photodiode prepared on a CaF, window demonstrated background-
limited photodetection in the mid-wave infrared.*® Here, we begin our discussion of the evolution
of the HgTe CQD photodiode. The first change was to replace the soft, brittle CaF> window with

IR-transparent undoped silicon or sapphire substrates, which are more robust and easier to handle.

The choice of electrode materials depends on its infrared transparency and conductivity.
The utility of NiCr was noted by Guyot-Sionnest and Roberts*® who postulated, “the rectification
is therefore likely determined by the top barrier while the NiCr is indifferent.” The authors identify
NiCr as an Ohmic contact to the lightly p-type HgTe CQDs, which is consistent with the small
difference in the work function given previously in Table 2-1. Additionally, this indicates the
significance of charge transport layers, such as Ag>Te nanoparticles, in the successful fabrication
of a rectifying photodiode. Without the use of AgzTe, and in agreement with an observation made

by the authors, the photodiodes were largely Ohmic even at low temperatures.

26



In contrast to the passive Ohmic function of NiCr, a low work function titanium (Ti)
electrode was tested to form a Schottky junction and possibly improve the rectification of the
photodiode. It is worth noting here that the rapid formation of a surface oxide may interfere with
an accurate measure of the Ti work function. Therefore, photodiodes were prepared with Ti in the
same manner as the Ti was prepared for the Kelvin probe measurement such that the measured
work function is representative of the potential difference between the HgTe and Ti layers. For the
photodiode, the electron collection efficiency was poor and a large series resistance was measured,
which may be explained by a large energy offset between the layers. The work function difference
between the HgTe CQDs and the Ti layer is larger than the band gap of MWIR HgTe CQDs, which
implies a conduction energy discontinuity greater than ~0.25 eV, as shown qualitatively in Fig. 2-
4. This barrier blocks all currents in the detector and increases the series resistance. Such barriers
should be avoided to ensure good photodetector performance and emphasizes the importance of
evaluating characteristics such as electron affinity and band gap in addition to the work function

of the solids in the heterojunction.
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Figure 2-4 Flat band energy diagram of the conduction band offset between Ti metal and p-type
HgTe colloidal quantum dots.

Due to the low transparency of metal thin films in the infrared and the limited choice of
metals with work functions near the HgTe CQDs work function, the use of an n-type, high work
function transparent conducting indium tin oxide, or ITO, film was introduced. Indeed, in other
photovoltaic and light-emitting devices, ITO has commonly been used as an anode or hole-
injecting material because of its relatively high work function.>> A method of preparing ITO by
sputtering under argon and annealing in ambient at 300°C for 1 hour resulted in conductive ITO
with resistivity of ~2x10* Qcm and IR transparency greater than 60% from 1-5 pm. In addition to

the transparency and conductivity, the ITO work function, provided in Table 2-1, was nearly
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equivalent to the HgTe CQDs, making it an ideal electrode for all subsequent devices described

here.

2.2.3 Electron transport layers

HgTe colloidal quantum dots with EdT/HCI ligands have a relatively high electron work
function near 4.7 eV®® and narrow band gap (~300 meV) for mid-infrared photodetection.
Therefore, energy matching to charge selective transport layers is challenging given the limited
number of charge transport layers with relevant energy levels between 4.5 and 5 eV to allow for
charge carrier selection. Of the commonly used n-type electron transport layers (ETL), TiO, and
SnO; have electron affinities and work functions closely matching HgTe CQDs. 49 %456 57 The
discussion to follow presents the work on ETL-HgTe CQD heterojunctions where TiO2 and SnO-
were used as electron-selective transport layers. The ETL was prepared on an ITO electrode, then
coated with EdT/HCI-treated HgTe CQDs to form a conductive film. Finally, in each photodiode,

AgTe nanoparticle thin films were used as a junction layer with an Au electrode.

TiO2 was fabricated on an ITO electrode by various techniques including the native
oxidation of evaporated Ti metal, thermal oxidation of Ti metal, and hydrolysis of titanium
alkoxide sol-gel solutions after spin-coating. Under ambient conditions, the formation of a 2-3 nm
thin film of titanium oxide on titanium is known to form.58* The native oxide transport layer was
prepared by evaporation of Ti to functionalize the ITO interface and then stored in air prior to
making the photodiode. The oxidation of titanium is further encouraged by baking at high
temperatures, and here a titanium thin film was oxidized at 350°C for 1 hour under atmosphere to

completely convert a 4 nm metal film to its oxide species. TiO2 by hydrolysis was prepared by
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spin-coating a 1% by weight titanium isopropoxide in isopropanol solution and baked at 170°C for

10 minutes.

First, a TiO> ETL prepared by thermal oxidation of 4 nm of Ti metal was tested in a
photodiode and had the current density-voltage (JV) behavior shown in Fig. 2-5(a). The
photovoltaic effect was quite weak with negligible photocurrent under short-circuit conditions,
small open-circuit voltage, and weak rectification with a photoresponse dominated by

photoconductive currents.

Given that native oxide TiO2 forms with a thickness of 2-3 nm, the effect of the Ti
metal thickness on the ETLs was tested for 2 nm, 4 nm, and 8 nm of evaporated Ti. In the 2 nm
case, the Ti metal is expected to convert completely to TiO.. Fig. 2-5(b) and (c) demonstrate two
cases for the 2 nm Ti metal that were observed. In Fig. 2-5(b) the response is like the case of the 4
nm thermal oxide TiO>. However, in Fig. 2-5(c), the JV behavior is more like the 4 nm and 8 nm
Ti metal films with native oxide. Fig. 2-5(d) and (e) show the JV behavior for the 4 nm and 8 nm
cases where the Ti metal is expected to be present in a junction ITO-Ti(TiO2) due to the self-
terminating process of native TiO2. The presence of the Ti(TiOz) junctions induced an unexpected
kink in the JV behavior. While the junction between Ti-TiO: is expected to be Ohmic for n-type
TiO», the specific nature of the junction will depend on the TiO2 doping. TiO2 displays amphoteric
conductivity with doping that depends on the oxygen vacancies, titanium vacancies, and titanium
interstitials where each of these values depend on the manner of processing.®® Here, the doping
density of the native oxide TiO, was not characterized and it is possible that a Schottky junction

between Ti metal and p-type TiO- contributes to the observed JV behavior.
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In one device, the Ag-Te film was omitted and the Au was evaporated directly in contact
with the HgTe CQDs to form an Ohmic contact. The JV behavior for the 8 nm native oxide
Ti(TiO2) photodiode without Ag»Te is shown in Fig. 2-5(f). The increased short-circuit current
density and open-circuit voltage suggest a reasonable photovoltaic effect due to the Ti(TiO2)-HgTe
CQD junction, however, the rectification, especially under illumination, is poor. Without a hole
transport/electron blocking layer such as Ag-Te, the photodiode leakage current under bias was

quite large.
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Figure 2-5 Current density-voltage (JV) behavior for photodiodes with TiO electron transport
layer. TiO2 prepared by (a) thermal oxidation at 350°C, (b,c) native oxidation of 2 nm Ti metal,
(d) native oxidation of 4 nm Ti metal, (e) native oxidation of 8 nm Ti metal, (f) native oxidation of
8 nm Ti metal without Ag2Te nanoparticle layer.
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Natively oxidized Ti(TiO2) ETLs had the largest shunt resistances larger by at least 2-fold
and as much as 10-fold compared to photodiodes with TiO> films lacking the Ti metal layer. The
lower shunt resistance of TiO. prepared by thermal oxidation suggests an increase in the net
recombination in the photodiode, possibly due to defects formed during thermal oxidation. Further
investigation of the crystallinity and doping density of TiO> prepared by thermal oxidation could
provide insights here. Photodiodes consisting of 8 nm native oxide Ti(TiOz) ETLs had the
strongest photovoltaic effect with HgTe CQDs as indicated by the large open-circuit voltage and
short-circuit photocurrent density. Otherwise, there were no obvious trends in these values with

the thickness or manner of preparing TiO2 ETLS.

One drawback of the native oxide Ti(TiO2) ETL is the emergence of an S-shaped kink in
the JV behavior. The origin of the potential barrier is not well understood in the HgTe CQD-TiO-
system. One explanation could be the presence of surface dipoles due to contamination or residual
hydroxide species when the native oxide forms at room temperature.®* Evaluation of the surface
conditions by x-ray photoelectron spectroscopy paired with plasma treatments to eliminate these
species would be immensely helpful here. Another possibility is hole accumulation at the interface
due to defects in Ti(TiO2) film, leading to increased recombination that is mitigated under an

applied electric field.®2

Not shown here, the hydrolyzed TiO, prepared by spin-coating from a sol-gel was largely
Ohmic with a resistance greater than 200 kQ. Though the noise was low due to the high resistance,
the photocurrent density was also small at ~70 pA/cm?. The high series resistance that is

detrimental to the photocurrent density could be explained by a low conductivity of the hydrolyzed
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TiO2 or a large conduction band discontinuity that blocks photocurrent collection. However,
without characterization of the resistivity, band energy levels, or crystallinity of the material it is

difficult to assign a specific limitation to hydrolyzed TiOo.

Clearly, future development of the electron transport layer using TiO2 would benefit from
an understanding of the correlation between microstructure and electronic structure, doping, and
transport dynamics of the charge selective layer. Much work has been done on TiOz as an ETL ;%364
this collective understanding should be applied to improving TiO. as an ETL in the HgTe CQD
photodiode. The potential utility of TiO2 is recognized by others and has been used with HgTe
CQDs to fabricate shortwave infrared photodiodes and phototransistors where the lower electron
affinity of the relatively wider-gap HgTe CQD is more closely matched to the conduction levels

of the TiO,. %7

Table 2-1 summarizes the responsivity, noise, and specific detectivity for photodiodes with
a TiO2 ETL. The noise was measured with a fast Fourier transform (FFT) noise spectrum analyzer
and a frequency bandwidth of 1 Hz. In the cases of thermally oxidized and spin-coated TiO- thin
films, the responsivity was between 3-fold and 10-fold worse than when using natively oxidized
Ti metal films. From Table 2-1, it becomes apparent that the use of an 8 nm native oxide Ti(TiOz)
resulted in the best specific detectivity of the ETLs tested here. Also notice that the use of a Ag.Te
nanoparticle film with Ti(TiO.) yielded higher responsivity, decreased noise, and a 4-fold increase

in the specific detectivity compared to a photodiode without the Ag>Te nanoparticle film.
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Table 2-2 Performance at 80 K for photodiodes with electron transport layers

. Responsivity Noise Specific Detectivity
Device Structure (MAW) (bA) (Jones)
ITO/TiO2/HgTe/Ag2Te/Au
(TiO2 by spin-coating) 7 0.2 4x10°
ITO/TiO2/HgTe/Ag2Te/Au
(Thermally oxidized, 350°C) 6 0.75 8x108
ITO/Ti(TiO2)/HgTe/Ag2Te/Au
(native oxide, 2 nm Ti) 2 0.2 1x10°
ITO/Ti(TiO2)/HgTe/Ag2Te/Au
(native oxide, 4 nm Ti) 20 0.3 6.7x10°
ITO/Ti(TiO2)/HgTe/Ag2Te/Au
(native oxide, 8 nm Ti) 90 0.3 3x10%
ITO/Ti(TiO2)/HgTe/Au
(native oxide, 8 nm Ti) 45 0.6 7.5x10°
ITO/SnOx/HgTe/Ag2Te/Au
(SnOx by spin-coating) 1 0.2 5x108

Overall, the performance when using native oxide Ti(TiO2) was only comparable to
NiCr/HgTe/Ag.Te/Ag-paint on CaF, by Guyot-Sionnest and Roberts*® and might be improved by
addressing the potential barrier that was present in the photodiodes. The S-shaped kink has been
eliminated in solar cells that use TiO> by increasing the doping of TiO> to lower its work function
with respect to the absorber,® by replacing it with aluminum-doped zinc oxide,®® or by replacing

TiO2 with the more stable SnOx electron transport layer.”

Like TiO2, SnO> has been investigated for use as an electron transport layer in perovskite

solar cells.”*"® SnO, was reported to have higher electron mobilities than TiOz, and its advantages
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depend on the specific energy matching of the absorber to the SnO> electron transport layer.” The
thin films of SnO. can be prepared with low temperature processes by spin-coating from a solution
of SnCl> in ethanol followed by baking at 180-190°C on a hot plate for 1 hour under atmosphere
and lead to improved power conversion efficiencies for perovskite solar cells.”>" The similarity
of SnO- to TiOy, its reported higher mobility, and low temperature solution processing make SnO-

a reasonable candidate ETL for HgTe CQD photodiodes.

Here, sub-stoichiometric SnOx was prepared by hydrolysis with SnCl> precursor dissolved
in ethanol and spin-coated onto the ITO/sapphire substrate. After spin-coating, the thin film was
baked at 180°C for 1 hour to drive out the water and convert the thin film from hydroxide to the
SnOx species. The device design consisted of 1ITO/SnOx/HgTe/Ag.Te/Au and had a specific
detectivity of 5x108 Jones at 80 K for a 5 um spectral cutoff as reported in Table 2-1 above. At 80
K, the photoresponse was very poor with quantum efficiency of <0.1%, much worse than the TiO>
ETLs. The short-circuit photocurrent density was negligibly small, shown in Fig. 2-6(a), and

requires reverse bias operation in excess of 500 mV to achieve a quantum efficiency of ~1%.

The spectral response for the photodiode with a SnOx electron transport layer is shown in
Fig. 2-6(b). The spectral response was measured with a Nicolet Fourier transform infrared (FTIR)
spectrometer with an internal blackbody source and deuterated triglycine sulfate (DTGS)
pyroelectric detector. Also shown by the solid green line in Fig. 2-6(b) is an ideal spectral response
that was calculated by taking the product of the HgTe CQD absorption spectrum with the spectrum

of the internal blackbody source as measured by the DTGS detector. For a thin film photodiode,
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the ideal spectral response represents a photodiode where contributions from all wavelengths of

light to the photocurrent are consistent with the HgTe CQD absorption.

The spectral response can deviate from ideality due to inefficient current collection in each
region of the photodiode. Consider the SnOx ETL photodiode at short-circuit conditions, the
relative intensity of the spectral response at smaller wavenumbers (i.e. shorter wavelengths) is
nearly equivalent to the response at longer wavelengths; this indicates that longer wavelengths are
contributing much less to the photocurrent, i.e. have a much lower quantum efficiency, than would
be expected in comparison to the relative intensities of the ideal response. The efficiency at longer
wavelengths begins to improve as a reverse bias is applied to the photodiode, which is apparent
from the increasing relative intensities at longer wavelengths as the dashed gray line approaches
ideality in Fig. 2-6(b). The shape of the spectral response then provides qualitative information
about the operation of the photodiode, e.g. that the depletion region may be nearer to the SnOx
ETL where radiation is incident and that the diffusion length is short such that carriers generated
by longer wavelengths in neutral regions away from the junction quickly recombine. The effect of
the external bias to increase the efficiency at longer wavelengths further suggests that diffusion

lengths are still quite short in the SnOx-HgTe CQD photodiode, even at low temperatures.
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Figure 2-6 (a) Current density-voltage behavior of photodiode ITO/SnOx/HgTe/Ag2Te/Au and (b)
spectral response at 80 K under zero applied bias (solid) and 100 mV reverse bias (dashed) with
a 50 % spectral cutoff at 5 um. Ideal response (solid green) calculated from HgTe CQD absorption
spectrum and FTIR internal blackbody spectrum measured by DTGS pyroelectric detector.

The results on SnOx presented here offer limited insights toward improving its use as an
ETL. Much more could be learned about hydrolyzed SnOx by x-ray diffraction, photoelectron
spectroscopy, and resistivity or mobility measurements. Collectively, this information would
provide a more thorough analysis of the advantages and limitations of SnOx as an ETL in HgTe
CQD photodiodes. Though it might be possible to optimize the properties of SnOx ETL by doping,
post-processing, and surface functionalization, the results here are not a promising start for the use

of SnOx as an electron transport layer in HgTe CQD photodiodes.

2.2.4 Hole transport layers

As with the electron transport layers of the previous section, the challenge is to match the
valence band level of the HgTe CQDs to the hole transport layer (HTL). Here, the challenge arises

because the valence band maxima of many common materials are much higher in energy than the
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valence band energy (4.7-4.8 eV>3) for EdT/HCI-treated HgTe CQD films. Therefore, a small
number of commonly used HTLs were selected for their relatively small energy difference to HgTe
CQDs. Here, the polymeric HTLs PEDOT:PSS, P3HT, PVK and the oxide HTL MoOx were tested
in an HTL-HgTe CQD heterojunction photodiode. The general structure of the photodiode

consisted of ITO/HgTe/HTL/Au and any deviations from this structure are discussed.

In optoelectronic devices, a mixture of poly(3,4-ethylenedioxythiophene) and polystyrene
sulfonate acid, also known as PEDOT:PSS, and polyvinylcarbazole (PVK) are commonly used
polymeric hole transport layers. The highest occupied molecular orbital (HOMO) level of
PEDOT:PSS has a range of 4.7-5.2 eV, which depends on the processing,’® and the Fermi level
varies over this range with the ratio of the polymer blend.”” Similarly, PVK has an ionization
energy between 5.1-5.4 eV"® and has been used as a replacement for PEDOT:PSS in optoelectronic

devices for its improved stability.”

First, PEDOT:PSS was tested in a device consisting of ITO/HgTe/PEDOT:PSS/Au. At 80
K the detector responsivity was ~13 mA/W and the photodiode resistance was ~1 kQ with nearly
Ohmic behavior. Similarly, PVK was prepared by spin-coating in a photodetector structure of
ITO/HgTe/PVK/Au. At 80 K, the responsivity was ~17 mA/W and the Ohmic behavior of the
photodiode resulted in detrimental noise levels. From the responsivity measured under short-
circuit, it is clear that a weak photovoltaic effect was present in the HgTe CQD-PEDOT:PSS and
HgTe CQD-PVK heterojunction. However, low photodiode resistance and Ohmic behavior
suggest poor carrier blocking, and it is apparent that PEDOT:PSS and PVK are ineffective HTLs

for HgTe CQD photodiodes.

39



Poly(3-hexathiophene), or P3HT, has previously been used in a HgTe CQD photovoltaic
device,® and has a relatively low HOMO energy level of about 5.2 eV. While PEDOT:PSS and
PVK, like many polymers, have mobilities on the order of 10#-10° cm?/Vs, an advantage of P3HT
is a carrier mobility as large as 10" cm?/Vs, which makes it ideal for many optoelectronic
applications.®1®2 Here, such high mobilities could better facilitate charge collection from the

absorber HgTe CQDs and improve the responsivity.

In a device structure of ITO/HgTe/P3HT/Ni/Au, an effect of the thickness of P3HT was noted in
a few early devices. The photocurrent density increased by 40-fold from 8 pA/cm? up to .3 mA/cm?
as the P3HT thickness decreased from 60 nm to ~20 nm after diluting the P3HT concentration.
Fig. 2-7(a) shows the JV behavior at 80 K where the photodiode demonstrates good short-circuit
photocurrent density but weak rectification and a small open-circuit voltage. Clearly, there is
significant dark current under reverse bias operation and the P3HT provides little benefit to
blocking this current and reducing the noise in the photodiode. Therefore, a TiO, ETL was
included to assist in reducing the dark current and noise. Fig. 2-7(b) shows the JV behavior for a
photodiode consisting of ITO/TiO2/HgTe/P3HT/Ni/Au where the shunt resistance increased
slightly more than 2-fold with a marginal change in open-circuit voltage. However, the series
resistance also increased slightly more than 2-fold and suggests that the TiO> only served to block
both dark currents and photocurrents, which is noted by the 20% decrease in the short-circuit

current density.
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Figure 2-7 Current density-voltage (JV) behavior of photodiodes consisting of (a)
ITO/HgTe/P3HT(20 nm)/Ni/Au and (b) ITO/TiO2/HgTe/P3HT(20 nm)/Ni/Au.

While the TiOz provided little benefit to the rectification of the current, the addition of the
ETL did fix the polarity of the photodiode, i.e. holes were collected at Au while electrons were
collected at ITO. In the photodiode without TiO2, the polarity would become inverted at low
temperature. The source of the polarity inversion is not well understood at this time. Another small
change that proved beneficial was the addition of a thin Ni layer before the evaporation of the Au
electrode. With the Ni layer, the photocurrent density increased and the noise was reduced, leading
to a 5-fold improvement in the specific detectivity from 1x10° Jones to 5x10° Jones at 80 K with
a 5 um spectral cutoff. The effect of the nickel could be to act as a barrier to Au diffusion as is
common in electrical devices or to modify favorably the Au work function in contact with P3HT

and thus improve carrier collection.®

In contrast to the polymeric materials previously discussed, the sub-stoichiometric metal

oxides of vanadium oxide and molybdenum oxide selectively transport holes through shallow
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donor defect states near their high-electron affinity conduction bands, contributing to improved
charge extraction in polymer®® and PbS colloidal quantum dot photovoltaics.®® The work
function of MoOx can be as high as 6.8 eV and depends on the surface conditions of the MoOXx

film, which decreases in energy with exposure to air and other contaminants. 8788

MoOx prepared by thermal evaporation directly on PbS CQDs and exposed to air was
reported by Gao et al.® to have a work function of ~5 eV, which is close to the energy of the HgTe
CQDs. Therefore, following the same procedure, MoOx (10 nm) was prepared by thermal
evaporation at a rate of 0.5-1 A/s directly onto HgTe CQD thin films. After MoOx evaporation,
the device stack was transferred in air to a second evaporator for Ni and Au metal deposition. The
total photodiode structure consisted of ITO/HgTe/MoOx/Ni/Au. Fig 2-8(a) shows an
ITO/HgTe/MoOx/Ni/Au photodiode with weakly rectifying JV behavior. Similar to the P3HT
photodiodes, the specific detectivity increased 40-fold with the addition of the Ni thin film due to
20-fold decrease in the noise as indicated in Table 2-2 below. In an effort to improve the
rectification, an 8 nm natively oxidized Ti(TiO.) film was included as an ETL with the MoOx
HTL and the JV behavior is shown in Fig. 2-8(b). A small increase in the shunt resistance and
open-circuit voltage indicates slightly reduced recombination with the addition of the Ti(TiOy)

layer but the rectification was otherwise weak.
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Figure 2-8 Current density-voltage (JV) behavior of (a) ITO/HgTe/MoOx/Ni/Au and (b)
ITO/Ti(TiO2)/HgTe/MoOx/Ni/Au.

Table 2-2 summarizes the different hole transport layers used in the HgTe CQD
photodiodes. Of the charge transport layers, P3HT and MoOx yielded the largest responsivity and
specific detectivity. However, the figures-of-merit were still much less than that of the photodiodes

with Ag2Te nanoparticle thin films as reported by Guyot-Sionnest and Roberts.*?
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Table 2-3 Performance at 80 K of photodiodes with hole transport layers

Responsivit Noise Specific
Device Structure (rg A/W) y (PA) Detectivity
P (Jones)
ITO/HgTe/PVK/Au 17 20 8.5x107
ITO/HgTe/PEDOT:PSS/Au 13 12 1x108
ITO/HgTe/P3HT/Au 33 3 1x10°
ITO/HgTe/P3HT/Ni/Au 20 15 Ex10°
ITO/TiO2/HgTe/P3HT/Ni/Au
(TiO2 by Atomic layer deposition) 17 0.9 2x10°
ITO/HgTe/MoOx/Au
(MoOx by thermal evaporation) 23 20 1.2x108
ITO/HgTe/MoOXx/Ni/Au 39 0.9 4.3x10°
ITO/Ti(TiO2)/HgTe/MoOx/Au
(native oxide, 8 nm Ti) 43 0.4 1.1x10%°

The first direction to overcome the challenges of working with Ag.Te was to replace it
with more commonly used hole transport layers with standard fabrication protocols. Following
from the previous discussion, this proved unsuccessful and Ag.Te remains the preferred hole
junction layer. The challenge with Ag>Te was the variation in the synthesis and thickness of the
Ag>Te nanoparticle films that resulted in behavior ranging from Ohmic to insulating. The focus
shifted toward developing better protocols for preparing Ag>Te nanoparticles and films for reliable

photodiode operation. The details of this work are discussed in Chapter 3.

44



2.2.5 Conclusion

Electron and hole transport layers have been tested in HgTe CQD photodiodes for mid-wave
infrared photodetection. Predicted by the work function and confirmed by design, indium tin oxide
and nichrome were the best matched materials for Ohmic contact with EdT/HCI-HgTe CQD thin
films. The infrared optical transparency greater than 60% for ITO makes it the preferred choice
for the photodiodes described here. An ETL of TiO> prepared by native oxidation of an 8 nm film
of Ti metal and a HTL of thermally evaporated MoOx were the best candidate charge transport
layers. Still, the photodiodes with ETLs and HTLs tested here did not perform better than the
reported photodiodes consisting of an ITO or NiCr cathode and an Ag.Te nanoparticle layer as
previously reported. The experiments conducted on ETLs and HTLs here were limited by their
characterization and future work would benefit from a more complete picture of the energy level
alignment between HgTe CQDs with various ligands and the charge transport layers.
Characterization techniques such as photoelectron spectroscopy, x-ray diffraction, field-effect
mobility, and four-point resistivity method would provide information on the quality, transport,
energy levels, and doping of the charge transport layers. As EdT/HCI was the only ligand solution
used here, a measure of the relative energies and mobilities of various ligands would also

contribute to the band engineering of high-performance HgTe CQD photodiodes.

2.3 HgTe CQD Homojunctions: Non-aggregating HgTe CQD n-type layers

In this section, the design and operation of the HgTe pn-homojunction photodiode is
described and evaluated in the context of the current rectifying behavior. When possible, figures-
of-merit are expressed. A final comment on the potential utility of non-aggregated HgTe CQDs in

the HgTe pn-homojunction photodiode is given to motivate future work on this design.
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Shen et al. developed a synthesis wherein a highly reactive bis-(trimethylsilyl) telluride
(TMSTe) precursor was used for the growth of spherical, non-aggregating HgTe colloidal quantum
dots.®® Surprisingly, the spherical HgTe CQDs have n-type doping that is size-dependent, i.e.
increasingly n-doped with increasing quantum dot size, evidenced by the onset of an intraband
transition as was observed in ambiently doped HgS®®! and HgSe®? CQDs. Prior to this synthesis,
aggregated tetrahedral HgTe CQDs were invariably p-type and a pn-homojunction was not
possible. Now, a homojunction using p-type aggregated tetrahedral and n-type spherical HgTe

CQDs could be realized.

The spherical n-type HgTe CQDs were dropcast over the ITO cathode and crosslinked with
a solution of tetrabutylammonium chloride (TBACI) and ethanedithiol (EdT) in isopropanol at a
ratio of 1:1:20 by volume. After ~100 nm (2-3 layers) of material were deposited, the aggregated
HgTe CQDs were dropcast and crosslinked with the same TBACI/EdT/IPA solution to a total
thickness of ~400 nm. The device structure in total consisted of ITO/HgTe(n)/HgTe/Au where

HgTe(n) refers to the n-type, non-aggregated HgTe spherical CQDs.

In designing the homojunction photodiode, the size of the n-type spherical HgTe CQDs
was optimized with respect to absorption and doping properties. The size was selected such that
the cutoff frequency was equivalent or slightly larger in energy than the p-type aggregated HgTe
CQDs; this ensures the absorption cutoff is sharp due to the aggregated HgTe CQDs and minimizes
additional thermally generated noise due to CQDs with narrower band gap energy. To increase the
built-in potential of the diode, the doping of the HgTe(n) CQDs needs to be sufficiently large such

that the Fermi level was near the conduction band level but not too large to prevent the intraband
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absorption that would lead to broadening of the spectral response. Indeed, the optimal size of the

spherical HgTe CQDs for a mid-wave photodetector was between 8-9 nm in diameter.°

The pn-homojunction photodiodes consistently showed rectification at reduced operating
temperatures, as in Fig. 2-9, and in most cases were more rectifying with larger shunt resistance
and open-circuit voltage than the photodiodes with electron and hole transport layers that were
previously discussed. Therefore, the pn-homojunction successfully demonstrated a photovoltaic
effect with a large built-in potential and a depletion region of good quality to increase the
photodiode resistance and reduce the noise. At 80 K, the photocurrent density of 0.2-0.3 mA/cm?

corresponds to a responsivity of 30 mA/W and, with a noise spectral density of ~0.25 pA/vHz at a

1 Hz frequency bandwidth, a spectral detectivity of 1.2x10%° Jones for detection up to 5 um.
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Figure 2-9 Current density-voltage behavior for two different photodiodes consisting of
ITO/HgTe(n)/HgTe/Au operating at 80 K.

One limitation to the performance of the pn-homojunction was the low mobility, u, of the

spherical HgTe(n) CQDs. Notice from Fig. 2-9 that the series resistance was consistently larger
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than 1 kQ and likely the cause of the low quantum efficiency, ~1% at 80 K. The high series
resistance is due to the lower p ~ 104-107 cm?/Vs for the n-type HgTe CQD compared to the 10°
2 cm?/Vs aggregated HgTe CQDs. Therefore, improving the mobility of non-aggregated HgTe

CQDs could improve the photocurrent collection efficiency.

Another limiting factor was the uncertainty in the polarity of the photodiode. At room
temperature, the polarity on the photodiode was well behaved with hole collection at the Au anode
and electrons at the ITO cathode as designed. However, near 250 K, the polarity became inverted,
i.e. with ITO as the anode and Au as the cathode, contrary to the device design. Fig. 2-10(b) shows
the direction of transport for electrons and holes in the normal and inverted type photodiodes. The
polarity inversion is apparent in the temperature response shown in Fig. 2-10(a) with photocurrent
density first decreasing toward zero and then increasing with lowering of the operating
temperature. Previously, the introduction of a TiO2 ETL eliminated the polarity inversion in the
case of the P3HT-HgTe CQD heterojunction photodiode. Similarly, introducing a junction
material here such as TiO2 or Ag>Te nanoparticles may fix the polarity. Still, a better understanding
of this phenomenon will be required for future development of the HgTe CQD photodiodes. The
effect could be due to a temperature dependent change in the doping of the HgTe CQDs and,
therefore, temperature-dependent field-effect transistor measurements on HgTe CQDs would

provide insight into this phenomenon.
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Figure 2-10 (a) Temperature-dependent photocurrent density for ITO/HgTe(n)/HgTe/Au
photodiodes. (b) Direction of carrier transport for electron and holes in a normal and inverted
type HgTe CQD photodiode. White circles represent holes while black circles represent electrons.

Finally, more recent work on the non-aggregated spherical HgTe CQDs has improved
significantly the transport with mobilities, p, approaching 1 cm?/Vs when using a phase exchange
process.®® Chen et al. exchange the HgTe CQDs from a non-polar phase to a polar phase in the
presence of ionic ligands of HgCl» and short-chain mercaptoethanol to replace the native non-polar
ligands. Finer control of the HgTe CQD doping is achieved by choosing the initial doping level by
the size of the HgTe CQDs and then varying the concentration of HgCl in the polar phase.
Additionally, the much shorter length of the ionic ligands than the native organic ligands makes it
possible for HgTe CQDs to pack closer together in a film and improves the dot-to-dot coupling,

thus enhancing the mobility.

The improved mobilities and tunable n-type doping elicits renewed investigation of the pn-
homojunction to improve the MWIR HgTe CQD photodiode performance. The specific detectivity
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could be proportional to the /p for operating temperatures above the activation of hopping
transport. Still, the improvement due to higher mobility is limited to photodiodes operating with
an 1QE less than unity where the efficiency is limited by the transport properties. Therefore, the
improvement is especially beneficial for HgTe CQD photodiodes operating at high temperatures
where the diffusion length is much shorter than the device thickness and the carrier collection
efficiency is low. Control of the n-type doping can yield larger built-in potentials and greater

rectification at higher temperatures, thus reducing thermal noise and improving sensitivity.

2.4  Summary

In this chapter, two methods for the fabrication of rectifying HgTe CQD photodiodes were
discussed. These methods included the use of electron and hole transport layers and a pn-
homojunction with ambiently doped n-type HgTe CQDs. Charge transport layers can lead to
current rectification and high sensitivity photodetection but a more thorough understanding of the
band energy alignment with HgTe CQDs is required. A pn-homojunction of HgTe CQDs
demonstrated strong current rectification and good figures-of-merit at low temperatures with
improvements in performance expected to come from higher mobilities and better control of the
CQD doping. A third method, and the most successful method so far, for fabricating photodiodes

by extrinsically doping HgTe CQD films with Ag ions will be the topic of Chapter 3 to follow.
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Chapter 3 HgTe Colloidal Quantum Dot Mid-Wave Photodetection

This chapter describes the development of a mid-wave infrared HgTe CQD photodiode based
on a solid-state cation exchange doping method. In contrast to the techniques described in Chapter
2, the aim of this work is to non-uniformly dope the films of HgTe CQDs with an extrinsic dopant,
i.e. silver (Ag) ion, to build in a rectifying potential. To that end, a solid-state cation exchange
process was developed and the details behind the process are discussed. To understand the role of
the solid-state cation exchange process in a photodiode, physical insights are gathered through
methods such as capacitance-voltage, x-ray photoelectron spectroscopy, and secondary ion mass
spectrometry. Figures-of-merit for the HgTe CQD photodiode are discussed and further improved
through optical enhancement to demonstrate infrared thermal imaging. The work described in this
chapter is adapted with permission from Ackerman, M. M.; Tang, X.; Guyot-Sionnest, P. Fast and
Sensitive Colloidal Quantum Dot Mid-Wave Infrared Photodetectors. ACS Nano 2018 12 (7),

7264-7271. Copyright 2018 American Chemical Society.

3.1 Solid-State Cation Exchange of Ag.Te Nanocrystals

This section describes the process of the solid-state cation exchange for doping HgTe CQD
films in photodiodes. The formation of a rectifying junction in a semiconductor device relies on
the difference in the doping density or Fermi levels of the materials that make up the junction.
Previously, a rectifying homojunction was realized by using n-type non-aggregated HgTe CQDs
in contact with slightly p-type HgTe CQDs (see Section 2.3 for details). Here, an extrinsic Ag
dopant is used to create a relative difference in the p-type doping across the HgTe CQD film
thickness. The implication of Ag as a dopant in HgTe CQDs was first commented on by Guyot-

Sionnest and Roberts* who noted that “it is possible that the silver paint forms the p-contact by
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diffusion of Ag ions in the HgTe dots.” The possible influence of Ag ions in the HgTe CQD films

on the rectification of these reported photodiodes has motivated the work to follow here.

The simplest idea for introducing Ag ions into the film by diffusion is to briefly expose the
film to a solution of Ag ions. Therefore, thin films of HgTe CQDs were prepared and briefly
exposed to solution of AgNO3 in methanol (10 mM). However, the Ohmic electrical behavior of
photodiodes prepared by soaking in a solution of Ag ions suggests that the Ag diffusion by soaking
did not lead to any non-uniform doping density. Instead, the Ag ions likely diffuse uniformly
throughout the HgTe CQD film and do so rapidly. This is better understood by considering the
nature of the CQD film. In contrast to a bulk semiconductor that is ideally contiguous and
crystalline, films of CQDs are by nature porous due to random packing of the nanocrystals into a
polycrystalline film. Therefore, the Ag ion solution diffuses readily throughout the film and the
Ag distribution is isotropic. To form a junction by doping with Ag ions would then require

processes that separate the doping and diffusion steps such that the Ag distribution is non-uniform.

Rather than dope the CQD films directly, extrinsically doped HgTe CQDs could possibly
be formed in solution and then deposited to form an abrupt junction with intrinsic HgTe CQD
films. Solution phase doping of CQDs has been achieved by mixing CQDs with additional
impurity ions that diffuse into the CQDs as either interstitial or substitutional dopants;** however,
predicting the dopant type can be difficult and depend on the dopant density.*® In the extreme case
of diffusion in CQDs, in-diffusion of impurity ions can lead to a complete cation exchange where

the original cations in the lattice are replaced by a new cation, transforming into a different
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semiconductor altogether. If the cation exchange process can be controlled, then it becomes a

useful tool for realizing extrinsically doped CQDs.

The cation exchange process is determined by many factors including the thermodynamics
of the cation exchange, the hard/soft acidity of the cations being exchanged, the solubility of the
nanocrystal solids formed, and the ligands that can bind selectively to one cation over another to
facilitate the exchange. De Trizio and Manna have summarized well in a recent review each of
these factors and the principles for cation exchange in colloidal nanoparticles.®® As a rule of thumb,
expressed by Eq. (3.1), comparing the solubility products, or Ksp, of different solids is a starting

point for predicting cation exchange in colloidal nanocrystals.
AX(s) + B*(aq) » A*(aq) + BX(s), Ksp ax > Ksp px 3.1

In the case of HgTe and Ag>Te semiconductors, the solubility products are not known. Generally
though, Hg chalcogenides are less soluble (i.e. have a smaller solubility product) than Ag
chalcogenides. For example, Ag2S and Ag.Se have solubility products of 3x10°° and 1x1074,
respectively, while HgS and HgSe have values of 6x10°2 and 4x10°°, respectively.®” Therefore,
it is expected that HgTe will be much less soluble than Ag-Te. Indeed, the effectiveness of the
solution-phase cation exchange of Ag.Te with Hg ions has been reported in both Ag.Te
nanowires® and Ag,Te nanoparticles® in accordance with the rule of thumb. Here, to form doped
HgTe CQDs in the solution phase, the cation exchange process begins with the synthesis of Ag.Te

nanoparticles and follows with exposing the Ag.Te nanoparticles to a HgCl. alcoholic solution.

The synthesis of the Ag.Te nanoparticles begins by dissolving AgNOsz (0.2 mmol) in

oleylamine (5 mL) and oleic acid (0.5 mL) at 70°C under nitrogen. Once dissolved,
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trioctylphosphine (0.5 mL) is injected and the solution is rapidly heated up to 160°C. At the
reaction temperature, trioctylphosphine-telluride (TOPTe, 1M, 0.1 mL) is rapidly injected. The
solution immediately turns black and proceeds for 10 minutes to grow the nanocrystals. Finally,
the reaction is removed from heat and cooled to room temperature. The crude solution is stored in
the freezer to extend the lifetime of the nanoparticles and aliquots are removed as needed for
preparing samples. For use, 0.2 mL of Ag»Te crude solution is precipitated with methanol, the
supernatant is removed following centrifugation, and the nanoparticles are dispersed with ~25 pL
of 1-dodecanethiol and 0.2 mL of chlorobenzene. Twice more the solution is precipitated with
methanol, centrifuged to remove the supernatant, and re-dispersed in chlorobenzene. At the third
precipitation, after discarding the supernatant and drying the pellet lightly with nitrogen, the Ag.Te
nanoparticle are re-dispersed in an organic solvent (e.g. toluene, hexane:octane) to a desirable
concentration and are ready for use. Fig. 3-1 shows a transmission electron microscope image and
histogram of the Ag>Te nanoparticles with a range of sizes from 5-14 nm that form during the

synthesis.
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Figure 3-1 (a) Transmission electron microscope of Ag>Te nanoparticles. Scale bar is 20 nm. (b)
Size distribution of Ag>Te nanopatrticles.

For the solution phase cation exchange, Ag.Te nanoparticles were cleaned and solvated
with toluene. HgCl, was dissolved in methanol at a concentration between 10 mM and added
dropwise to the Ag.Te nanoparticle solution. After mixing at room temperature for 1 min, the
solution was precipitated with isopropanol and re-dispersed in toluene or tetrachloroethylene with
limited colloidal stability. Later, it was found that the addition of a small amount (<0.1 mL) of 1-
dodecanethiol followed by precipitation with ethanol or isopropanol could produce stable colloidal
solutions in toluene, tetrachloroethylene, or chlorobenzene. The photoluminescence was measured
at room temperature for Ag>Te nanoparticles before and after the cation exchange. The Ag.Te
nanoparticles do not have an infrared absorption or emission in the spectral range from 1000-7000
cm™t as shown in the photoluminescence spectrum of Fig. 3-2(a). However, following the cation

exchange step, the newly formed colloidal solution is clearly HgTe CQDs that indeed have an
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infrared absorption and emission. The broad emission of the HgTe CQDs is from the polydispersity

of the Ag>Te nanoparticles that contributes to the polydispersity following the cation exchange.

A limiting factor of the solution phase cation exchange process is the quality of the thin
films, which were often grainy and non-uniform due to the poor colloidal stability. Therefore, an
investigation of the electrical properties of solution phase cation exchange Ag.Te-HgTe
nanoparticles was not conducted. For a thin film photodetector, the quality of the film can
significantly affect the performance due to defects, variations in the film thickness, and electrical
shorting through cracks in the film. To overcome this limitation, films of Ag.Te nanoparticles
were first deposited by spin-coating and then the cation exchange with HgCl, was performed. In
this way, the Ag dopants were first introduced in the solid phase through the Ag.Te nanoparticles,
and then the diffusion process was initiated and governed by the cation exchange. The Ag.Te
nanoparticles were cleaned and solvated in a mixture of 9:1 hexane:octane, which was then used
to spin-coat films at ~2000 rpm for 30 seconds. The solid thin film of Ag.Te nanoparticles was

then exposed to a 10 mM HgCl> methanolic solution to perform the solid-state cation exchange.

The conversion of the Ag-Te nanoparticle film to HgTe was first confirmed by measuring
the FTIR absorption spectrum of the film before and after the HgCl> exposure. In the infrared
region from 1000-7000 cm™, Ag.Te nanoparticles are not absorbing while HgTe CQDs have a
strong infrared absorption as shown in Fig. 3-2(b). The increase in absorption over this spectral
range is a strong indicator of the conversion of Ag.Te to HgTe by the HgCl. exposure. Again, the
broad absorption edge of the HgTe CQD spectrum is due to the polydispersity beginning with the

Ag>Te nanoparticles. By comparing the absorption spectrum of the film to the emission spectrum
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of the solution phase exchange, the solid-state cation exchange indeed converts the Ag.Te
nanoparticles to HgTe CQDs. The broad emission follows well with the broad absorption edge

observed in the cation-exchanged thin films.
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Figure 3-2 (a) Photoluminescence and (b) FTIR absorption spectrum of Ag.Te nanopatrticle film
before and after soaking in HgCl> methanol solution.

The absorption and photoluminescence are simple probes for assessing the cation exchange
process. However, the question remains whether Ag ions are present in the CQD films and how
they are distributed as dopants. To test for the presence of Ag and the speciation in the CQD film,
the elemental composition of the films was measured by x-ray photoelectron spectroscopy (XPS).
Fig. 3-3 shows the high-resolution peaks for Hg, Te, and Ag for films of Ag.Te nanoparticles
before and after cation exchange. The Te peak energy shifts from 572.3 eV before to 572.9 eV
after the HgCl> treatment, which is attributed to the change from an interaction with Ag to Hg. The
Ag3d peaks shifted from 368.1 eV and 374.1eV to 367.6 eV and 373.6 eV, respectively, which is

attributed to the likely formation AgCl during the exchange process. Importantly, the shape of the
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Ag peak is sharp, in contrast to the broad and asymmetric peaks of metals, which indicates Ag as
an ion in the thin film. Most notable is the strong increase in the intensity of the Hg4f peaks at
100.6 eV and 104.6 eV. For HgCly, the expected peak position is 101.4 eV; therefore, the peaks
here are assigned to the formation of HgTe. The broad survey spectrum is shown in Fig. 3-3(d),
which also shows the presence of a Cl peak and indicates the retention of Cl atoms in the film.
From the XPS measurement, the calculated atomic ratio is ~4:4:1:1 Ag:Cl:Hg:Te. Both Ag:Cl and
Hg:Te are in 1:1 ratios and, with the previous results, suggests HgTe and AgCl species are present
in the film after the cation exchange process. The higher fraction of Ag and CI measured by XPS

implies that much of the Ag species resides near the surface of the film.
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Figure 3-3 X-ray photoelectron spectroscopy of Ag2Te nanoparticles before and after exposure
to HgCl> methanol solution. High resolution XPS of (a) Te 3d peak, (b) Ag 3d peaks, and (c) Hg
4f peaks. (d) Low resolution XPS survey showing Te, Ag, Hg, and Cl peak positions. (Inset) Table
of peak identity, position in eV, peak full width at half maximum, peak area, and atomic percent.

The previous results support the interpretation that the solid-state cation exchange process
does indeed convert the Ag>Te to HgTe with Ag ions present in the film. Still, the distribution of
the Ag ions in the film following the cation exchange process is not known. In a photodiode
consisting of ITO/HgTe/Ag2Te(HgCl2)/Au, where Ag>Te(HgCl.) indicates the solid-state cation

exchange process, whether the Ag ions remain locally at the surface or diffuse into the film will
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determine whether an abrupt or graded doping profile, respectively, forms. The type of doping
profile can lead to differences in electrical behavior; therefore, understanding the form of the
doping profile due to the solid-state cation exchange process can inform on future directions to

improve the photodiode performance.

In bulk semiconductors, one technique for measuring the doping density profile is
secondary ion mass spectrometry, or SIMS, which probes the ion concentrations as a function of
the depth through the semiconductor device. Here, SIMS was performed by Nanolab
Technologies, Inc. using a Cs ion beam on HgTe CQD photodiodes consisting of
ITO/HgTe/Ag2Te/Au both with and without the solid-state cation exchange treatment. An
important point here is that the concentrations of each element are not absolute and cannot be
compared between different elements. However, the relative difference for the same element

between samples is accurate and can be compared.

In both samples, shown in Fig. 3-4, the Ag distribution appears to have a graded or
diffusion profile. Though such a profile might be expected due to the solid-state cation exchange
process, it is not obvious that the untreated Ag»Te nanoparticles should be distributed through the
film. Upon further inspection, an accumulation of Ag at the ITO interface is observed. The
accumulation is thought to be due to an induced migration of the Ag through the film during the
SIMS depth profiling. Indeed, ion beam induced diffusion of Ag has been reported in organic
optoelectronic devices to depend on the incident energy of the ion beam.%® Therefore, this
measurement artifact interferes with the determination of the Ag dopant profile and alternative

approaches to definitively measure the doping profile will be required.
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It was also observed from the SIMS measurement that (1) the Ag concentration decreased
by approximately half following the solid-state cation exchange and (2) the concentration of
chlorine increased uniformly throughout the HgTe CQD film. With regards to (1), the decrease in
the Ag concentration implies some degree of solvation despite the presence of Cl thought to form
AgCIl. Understanding the origin of such an effect may lead to small but tunable changes in the Ag
doping density at the photodiode junction. From (2), the Cl may do more than bind up the Ag to
form AgCI. In Pb chalcogenides, ClI at the CQD surface was shown to effectively reduce
oxidation!® and extend the operational lifetime of photovoltaics.* Passivation of the HgTe CQD
film here by ClI could contribute to the increase reliability of the devices described in the following

section.
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Figure 3-4 Secondary ion mass spectrometry of HgTe CQD photodiodes ITO/HgTe/Ag-Te/Au both
(a) without and (b) with the HgCl, methanol solid state cation exchange. The concentrations of
each element are relative to a reference indium concentration.

In conclusion, the solid-state cation exchange converts the AgzTe nanoparticle film into a

film of HgTe CQDs, which is supported by measurements of the absorption and
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photoluminescence before and after cation exchange. From XPS, the Ag remains in the film as
Ag" ions and most likely as the AgCl species. SIMS measurements were performed to determine
the doping density profile of the Ag in the film; however, artifacts in the measurement prevent a
definitive description of the doping profile. The results presented in this section provide insights
into the Ag concentration and distribution in the HgTe CQD films. However, whether the Ag
dopants are electrically active remains to be determined. In the next section, the characteristics and
figures-of-merit for photodiodes fabricated using the solid-state cation exchange process are
presented. There, a conclusion on the electrical nature of the Ag ions in the HgTe CQD films is

provided in the discussion of the photodiode device physics.

3.2 Characteristics of the mid-wave HgTe CQD photodiode

This section describes characteristics and physical properties of the mid-wave infrared
HgTe colloidal quantum dot photodiodes fabricated with the solid-state cation exchange as
described in the previous section. The figures-of-merit are reported and compared to previous
device iterations to highlight the improvement due to the solid-state cation exchange. Several
experiments and results are discussed to provide some insights into the physics of the photodiodes.
A final comment on the takeaways from these experiments is provided to summarize the findings

and motivate future directions for improvement.

The HgTe CQD photodiodes consisted of ITO/HgTe/Ag2Te(HgCl2)/Au wherein the solid
state cation exchange was performed by exposing the Ag>Te nanoparticle film was to a solution
of HgCl, in methanol. The film of HgTe was prepared by dropcasting at 40°C, layer-by-layer,

HgTe CQDs from chlorobenzene and crosslinking each layer with a mixture of 1,2-
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ethanedithiol(EdT) and hydrochloric acid (HCI) in isopropanol (IPA) at a 1:1:20 ratio by volume.
The final thickness of the HgTe CQDs was ~400 nm after 5-7 cycles of dropcasting and
crosslinking. The Ag.Te nanoparticles were spin-coated at 2000 rpm for 30 seconds from a
solution consisting of 9:1 hexane:octane by volume. Two layers are spin-coated, and each layer
was treated with 10 mM HgCl, at room temperature for 10 seconds followed by rinsing with IPA.
Then, each layer was crosslinked with EdT in IPA (2% by volume) and rinsed with IPA. The Au
film thickness was typically 20 nm and formed by electron beam evaporation under a vacuum of
108 Torr through a shadow mask. A cartoon representative of the photodiode structure is provided
in Fig. 3-5(a) alongside a cross-sectional scanning electron microscope image of an actual
photodiode in Fig. 3-5(b), indicating the ITO and CQD film with an approximate thickness of 400

nm.

(a) (b)

Ag,Te CQDs

QDs film thickness: ~400 nm

Substrate

Figure 3-5 (a) Cartoon and (b) cross-sectional SEM of the HgTe CQD photodiode.

The concentration of the Ag.Te nanoparticle solution was evaluated to optimize the

photodiode performance. The number of layers spin-coated was kept to two while the
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concentration of Ag>Te nanoparticles in solution was either 3.125 mg/mL, 6.25 mg/mL, or 12.5
mg/mL. The responsivity of the photodiode at 80 K was measured and compared for each
concentration of Ag>Te nanoparticles as shown in Fig. 3-6. A maximum in the responsivity occurs

for concentrations between 6-7 mg/mL and is optimal for the operation of the photodiode.
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Figure 3-6 Ag2Te concentration dependence of the photodiode responsivity at 80 K following
solid-state cation exchange.

At the optimal concentration, it is evident from the strong rectification of the photodiode
at 80 K, shown in Fig. 3-7(a), that the solid-state cation exchange leads to a strong photovoltaic
effect and rectifying space-charge region in the HgTe CQD photodiode. The photodiode had a
shunt resistance of 300 kQ, series resistance of 400 Q, an open-circuit voltage of 80 mV, and a
short-circuit current density of 3.5 mA/cm?. In comparison with the photodetectors described in
Chapter 2, the electrical behavior here is a significant improvement over all characteristics of the
device. Additionally, the electrical behavior was highly reproducible and, at the time of writing
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this thesis, remains to be the most reliable method for fabricating rectifying HgTe CQD
photodiodes. The spectral response of the photodiode is shown in Fig. 3-7(b) with a 50% detection

cutoff of ~4 um at room temperature and extending out to 5 pum at 85 K.
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Figure 3-7 (a) Current density-voltage (JV) behavior of the HgTe CQD photodiode with HgCl»
solid-state cation exchange. (Inset) JV behavior of dark current density (dashed black) and
background photocurrent density(solid blue). (b) Blackbody spectral response measured as a
function of temperature. The highlighted region indicates the mid-wave infrared (MWIR) spectral
region.

A comparison of the responsivity between devices consisting  of
CaF2/NiCr/HgTe/Ag,Te(EdT)/Ag paint,*3 ITO/HgTe/Ag2Te(EdT)/Au, and
ITO/HgTe/Ag2Te(HgCl2)/Au is shown in Fig. 3-8(a). In the devices consisting of Ag.Te(EdT), the
Ag>Te nanoparticle film did not undergo a solid-state cation exchange process and remains as
Ag.Te. Devices where the solid-state cation exchange process was used are indicated by the label
Ag-Te(HgCly) to assign the use of HgCl. in the fabrication of the photodiode. It is evident from
the responsivity that the HgCl> solid-state cation exchange process further improves current

collection efficiency by more than 10-fold at the 160 K peak response and more than 7-fold
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improvement at operating temperatures near 80 K in comparison with the reported
CaF2/NiCr/HgTe/Ag.Te(EdT)/Ag paint photodiode. While the photodiodes with Ag>Te(EdT)
layers showed some improvement, the device performance was highly variable from Ohmic to

insulating.

The improvement in the rectification and responsivity led to an increase in the specific
detectivity, D", at all temperatures as shown in Fig. 3-8(b). Below 150 K, the photodiodes
demonstrated background-limited infrared photodetection (BLIP), i.e. the noise and sensitivity of
the photodetector is limited by the 300 K ambient background flux. The most significant
improvement, and important for the future of high-operating temperature photodetectors, is at
temperatures greater than 150 K where the D” improved by 30-fold. It is apparent then that the
solid-state cation exchange with Ag>Te and HgCl> is a key development in the advancement of the

HgTe CQD-based infrared photodetector.
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Figure 3-8 (a) Responsivity and (b) specific detectivity comparison of the HgCl, exchanged
photodiode to the untreated photodiode and the NiCr/HgTe/Ag.Te/Ag paint photodiode reported
by Guyot-Sionnest and Roberts.*3

Further development of the HgTe CQD photodiodes will come with a better understanding
of the device physics. To begin, the temperature dependence of the photodiode dark current and
noise current density is useful to both identify the underlying phenomenon that limits the detector
sensitivity and to predict the operating temperature required for a given sensitivity. Fig. 3-9 shows
the Arrhenius plot of the RoA product and the activation energy is fit to the high-temperature data.
The activation energy of the RoA product increased from ~75 meV to ~145 meV, nearly doubling
with the use of the HgCl. solid-state cation exchange process. For a HgTe CQD with optical
absorption near 4.5 um, the band gap energy is ~ 300 meV and the activation energy corresponds
to half the band gap. An ideal semiconductor photodiode would be radiatively limited, i.e. radiative
recombination is the dominant process, and have an activation energy equivalent to the
semiconductor band gap.’°> Here, a value less than the band gap indicates non-radiative

recombination processes dominate the noise current density and sensitivity of the photodiode.
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However, an exact mechanism for the recombination cannot be determined from this information
alone. To realize the radiative limit for HgTe CQDs will require a concerted effort to improve the
photoluminescence quantum yield (i.e. reduce the non-radiative rate due to ligands and defects)
and retain the desirable transport properties of the CQD films. Designing a photodiode with lower
noise and a stronger temperature dependence of the noise generation process will yield better D*

at higher operating temperatures important for the development of emerging MWIR detectors.
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Figure 3-9 Arrhenius plot of the RoA product for the untreated and HgCl. solid-state exchange
HgTe CQD photodiode with dashed lines indicating fit with an activation energy of 76 meV and
143 meV, respectively.

The electrostatics of the photodiode were investigated by measuring the capacitance-

voltage behavior and performing a Mott-Schottky analysis to estimate the doping density,
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depletion region width, and build in potential of the HgTe CQD photodiode. To begin, the
capacitance was measured for the HgTe CQD photodiodes at 80 K by applying a 10 mV AC
current to the photodiode for a range of frequencies between 1-20 kHz at a reverse bias between
0-100 mV. Fig. 3-10(a) shows the frequency dependence of the AC current at each reverse bias
voltage. From the intercept, the capacitance was calculated by assuming a simple capacitor-resistor

model where the current is expressed as in Eq. (3.3).

2

il = j(wC)z +(2) (3.3)

In Eq. (3.3), o is the AC frequency, C is the capacitance, R is the resistance, V is the AC voltage,
and i is the current. In the limit that ®C > 1/R, then the capacitance can be calculated from the
slope of the current versus AC frequency. Such a linear dependence is observed for frequencies
between 10-20 kHz in Fig. 3-10(a). The diode internal resistance is also calculated from Eg. (3.3)
by extrapolating to the DC current value at the 0 Hz y-intercept. Fig. 3-10(c) shows the reverse
bias dependence of the photodiode shunt resistance. The zero-bias shunt resistance agrees with the

value of 300 kQ previously measured by the JV behavior.

In a diode, the application of a reverse bias increases the depletion width in response to the
external potential and, thus, decreases the capacitance. The reverse bias dependence of the
capacitance is summarized in Fig. 3-10(b). From the zero-bias capacitance, the depletion width, d,
can be estimated under the assumption of a parallel plate capacitor model such that d = e€,A/C.
Then, for a device area of 0.6 mm?, a dielectric constant of HgTe CQD films ~6, and a capacitance
of 230 pF, the equilibrium depletion width is ~140 nm. Given the film thickness is between 400-
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500 nm, the depletion width is only a fraction of the total thickness. Assuming carriers generated
in the depletion region are swept out before recombining, transport and carrier collection efficiency
would be limited by the diffusion length of charge carriers. At high temperatures the diffusion
length is on the order of 10 nm to 100 nm, which is much shorter than the neutral region widths
given by the difference in film thickness and depletion width. This short diffusion length then
limits the device efficiency. A depleted photodiode, i.e. a photodiode where the depletion width is
the thickness of the device, might have greater efficiency at higher operating temperatures as the

current would no longer be limited by the diffusion length of the carriers in the neutral regions.

Finally, to determine the doping of the semiconductor, the capacitance-voltage behavior is
presented in a Mott-Schottky plot of the 1/C? dependence on external bias, as shown in Fig. 3-
10(d). Under the assumption of an abrupt junction diode, the capacitance is related to the external

bias by Eq. (3.4),%

1

2
ok ceoqNA? (Vi = Vext) (3.4)

where N is the effective carrier density, A is the photodiode area, Vi is the built-in potential, and
Vext 1S the applied external potential where external voltages less than zero indicate operation in
reverse bias. An abrupt junction is one between a heavily doped semiconductor and a lightly doped
semiconductor. In this case, the space charge region is predominantly in the lightly doped
semiconductor and a change in the capacitance, which is inversely proportional to a change of the
depletion width, will depend only on the charge density of the lightly doped region. In Eq. (3.4),
the doping density distribution is also assumed to be constant in the abrupt junction diode. Then,

N can be calculated from the slope of the Mott-Schottky plot, while the built-in potential can be
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determined by extrapolating to the voltage at which 1/C? goes to zero. From the x-intercept, the
Vg is ~ 80 mV and nearly equivalent to the open-circuit voltage at 80 K. From the slope and with
values of € ~ 6 and A of 0.6 mm?, the effective carrier density was ~2.5x10'° cm=, The carrier
density most likely corresponds to the EdT/HCI-treated HgTe CQD layer in the photodiode away
from the Ag.Te nanoparticle layer. Note here that the bias dependence of 1/C? in Fig. 3-10(d) is
indeed linear at the small voltages measured, in agreement with the assumption of a constant

doping density in an abrupt junction diode.
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Figure 3-10 (a) Frequency dependence of the current for the HgTe CQD photodiode operating
under a reverse bias between 0 mV and 100 mV. (b) Reverse bias dependence of the photodiode
capacitance. (c) Reverse bias dependence of the photodiode resistance. (d) Mott-Schottky plot of
the bias-dependent capacitance for the HgCl> solid state exchange HgTe CQD photodiode.

A rough picture of the photodiode can now be composed wherein the junction is assumed
to be abrupt with a lightly doped region of doping density 2.5x10% cm™ and heavily p-type region
doped with Ag. The linear trend in the Mott-Schottky plot implies the HgTe CQD photodiode is

an abrupt junction diode, and this interpretation is further supported by the increased Ag
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concentration at the surface measured by XPS (see Section 3.2). The MWIR HgTe CQD

photodiode has a depletion width of ~140 nm and a built-in potential of ~80 mV.

In conclusion, HgTe CQD photodiodes for mid-wave infrared photodetection were realized
using a solid-state cation exchange process to extrinsically dope HgTe CQD films. The
performance of the photodiode, resulting from the cation exchange step, surpasses the previously
reported responsivity by 10-fold and specific detectivity by 30-fold with significant gains for high
temperature operation. The sensitivity of the photodiode is limited by an ~E¢/2 recombination
process of unknown origin. A preliminary description of the photodiode was given using the results
from the capacitance-voltage behavior and Mott-Schottky analysis. The photodiode possibly
consists of an abrupt junction between a lightly-doped HgTe CQD film and an extrinsic, heavily
Ag-doped p*-type HgTe CQD layer. Of course, the analysis of the doping profile begins with the
assumption of a one-sided diode, and further investigation into the doping profile will be required
to complete an accurate description of the HgTe CQD photodiode. A more complete picture of the
doping and mechanism involved would not only lead to optimized infrared photodetection but also

to concepts for other HgTe CQD optoelectronics.

3.3 Optical enhancement and thermal imaging

This section demonstrates one method in the strategy to improve the photodiode
performance and operating temperature for applications in photodetection and imaging. Optical
enhancement of the photodiode performance with plasmonic discs and a Fabry-Perot cavity is
described, and the outcome is compared with a reference photodiode in terms of figures-of-merit.

Proof-of-concept infrared images were taken with the optically enhanced photodiode and a
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calculation of the minimum achievable thermal resolution at 80 K was made. The infrared images
shown here motivate the next stage of development, i.e. making a focal plane array with HgTe
colloidal quantum dot photodiodes for thermal imaging applications. Section 3.4 is reproduced in
part with permission from Tang, X.; Ackerman, M. M.; Guyot-Sionnest, P. Thermal Imaging with
Plasmon Resonance Enhanced HgTe Colloidal Quantum Dot Photovoltaic Devices. ACS Nano

2018 12 (7), 7362-7370. Copyright 2018 American Chemical Society.

To improve the performance of the HgTe CQD photodiodes will require (1) reducing the
non-radiative rate of the HgTe CQDs (i.e. increasing the photoluminescence quantum vyield), (2)
increasing the mobility for enhanced carrier collection efficiency, and (3) increasing the absorption
of light in the thin film active region of the photodiode. While (1) and (2) are more challenging
and require advances in the chemistry of the HgTe CQDs, methods for (3) are engineering
challenges and follow immediately from literature on other thin film optoelectronics. Therefore,
the first step to improving the HgTe CQD photodiode was to address the low absorption of light

in the thin films by integrating plasmonic and interference structures.

In other CQD thin films, the absorption has been enhanced by nanostructuring the CQD
surface,'% integrated gratings into the film,*% and with the use of optical nanoantennas.'® Here,
plasmonic microstructures and a Fabry-Perot cavity were integrated into the photodiode
fabrication process and were shown to enhance the absorption in the HgTe CQD film as measured
by an increase in the photodiode responsivity at 80 K. Fig. 3-11(a) shows a cartoon of the optically-
enhanced HgTe CQD photodiode that consists of a plasmonic disc array at the ITO electrode and

a Fabry-Perot cavity atop the completed photodiode stack. the photodiode was backside

74



illuminated, i.e. through the sapphire/ITO substrate, and Au electrode at the HgTe interface was
kept thin to allow light to pass into the Fabry-Perot cavity. The conductivity of the Au electrode
was maintained by sputtering additional 1TO onto the 5-nm Au electrode, which also acted as a
protective layer for the HgTe CQD during the ITO sputtering process step. Fig. 3-11(b) shows a

cross-sectional SEM image of the completed optically-enhanced photodiode stack.

a) Au_reflector

Optical spacer ~_ Au back reflector

Substrate

Figure 3-11 (a) Cartoon and (b) cross-sectional SEM image of the optically-enhanced HgTe CQD
photodiode.

The enhancement of the absorption due to the optical cavity and the plasmonic disc array
was simulated with COMSOL Multiphysics®, and an predicts an increase from ~15% to 80%
absorption, shown in Fig. 3-12(a), when the cavity and the plasmonic disc array are both integrated
into the photodiode. The spectral responses of a photodiode without enhancement and with the
integrated optical enhancement structures are shown in Fig. 3-12(b) and demonstrates a 4-fold
enhancement at the peak response due to the increased coupling of the light into the thin film. This
corresponds to an EQE of ~45% and a significant improvement in the absorption of light by the

HgTe thin film. The enhancement is largest at the wavelengths where the cavity and plasmonic
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modes overlap, and the spectral peak can be tuned by adjusting the dimensions of the plasmonic
array and thickness of the optical spacer. The capability to integrate spectral filters with enhanced
peak responsivity is important in hyperspectral sensing applications.’®® The improvement in
responsivity resulted in a 2-fold increase in the specific detectivity at all operating temperatures as
shown in Fig 3-12(c). Such an enhancement in specific detectivity also corresponds to ~25 K
increase in the operating temperature of a photodiode with the same sensitivity, bringing HgTe

CQD detectors closer to operation with low-cost, low-power thermoelectric cooling.
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Figure 3-12 (a) Simulated absorption for HgTe CQD photodiode without any optical structure,
with only the Fabry-Perot cavity, and with both the cavity and plasmonic disk array structure
integrated. (b) Measured spectral response at 80 K, comparing the photodiode without optical
structures to the optically-enhanced photodiode with peaks consistent in the response with the
simulated absorption. (c) Temperature dependence of the specific detectivity for both a reference
and optically-enhanced photodiode.

Finally, imaging with the HgTe CQD photodiode was demonstrated using a simple single-
pixel, single-lens setup as shown in Fig. 3-13(a). A single photodiode element was placed behind
a ZnSe lens that was rastered both horizontally and vertically to focus the image onto the

photodiode. At each coordinate, the current is measured and the data set is processed through a
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data acquisition system to compose an image. Fig. 3-13(b) shows a thermal image captured with a
HgTe CQD photodiode and demonstrates the minimum quality of image that can be obtained when
operating at 80 K. From the image, the features of the face and hand can be resolved, and the

glasses appear dark as glass is opaque to mid-wave infrared light.
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Figure 3-13 (a) Box diagram of the single-pixel imaging system used to demonstrate infrared
imaging. (b) Infrared image captured using the single-pixel imaging system with the HgTe
photodiode operating at 80 K.

In thermal imaging, both spatial and thermal resolution are important for obtaining high
quality information about the differences in temperatures in a scene. A simple measure of the
maximum thermal resolution obtainable with a HgTe CQD photodiode operating at 80 K was
measured by imaging a Peltier cooler as shown in Fig. 3-14(a). The difference in the temperature
was set and measured to be 15°C, and Fig. 3-14(b) shows the current difference through a line in

the scene. The NEDT is then calculated according to Egq. (3.5)

NEDT =

AT (3.5)

where AT is the temperature difference in the scene, A1s is the signal difference due to the emission

from the hot and cold sources, and I, is the noise current. The NEDT also depends on the frame
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rate and F/# used to capture the image, which were an effective rate of 1 kHz and f/1.3,
respectively. At the current F/# and frame rate, the maximum NEDT value is 14 mK and on par
with the best thermal cameras that can achieve between 10-50 mK. Fig. 3-14(c) and (d) show the
contrast image and false-color image, respectively, of the Peltier cooler. Notably, the thermal
resolution is high enough such that the current-carrying wires can be resolved against the 300 K

background. Though preliminary, the results presented here are promising for the future of infrared

detection and imaging with HgTe CQD photodiodes.
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Figure 3-14 (a) Setup of Peltier coolers used to measure the NEDT. (b) Line scan current profile
of the Peltier coolers, indicating the current difference from hot to cold. (c) gray-scale and (d)
false-color image of the Peltier cooler captured with the single-pixel imaging system. The current
is scaled with respect to the magnitude of the background current.
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3.4 Summary

A solid-state cation exchange processing step was introduced to the fabrication of the mid-
wave infrared HgTe CQD photodiode. The solid-state cation exchange process consisted of first
spin-coating a thin film of Ag.Te nanoparticles onto a HgTe CQD film. Second, the film was
exposed a 10 mM HgCl> to convert the Ag>Te nanoparticle layer into a HgTe thin film that contains
Ag ions acting as dopants. The solid-state cation exchange process was evaluated using infrared
spectroscopy, x-ray photoelectron spectroscopy, and dynamic secondary ion mass spectrometry to
determine the speciation and Ag distribution in the thin film. Infrared spectroscopy and x-ray
photoelectron spectroscopy support the claim that the film indeed converts from Ag.Te to HgTe
with Ag, possibly as AgCl, remains near the surface of the film. The open-circuit voltage and
capacitance-voltage behavior further supports the assumption of an abrupt junction with estimates
of the doping densities to be 2.5x10% cm and 8x10'° cm™ for the lightly and heavily doped
regions, respectively. Photodiodes fabricated using the cation exchange process demonstrate the
best MWIR specific detectivities, and optical enhancement further increased the high-operating

temperature detection capabilities.
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Chapter 4  Extended Shortwave Infrared Detection with HgTe Quantum Dots

The purpose of this chapter is to describe the development of the HgTe colloidal quantum dot
extended shortwave infrared photodiode. The significance of the work described in this chapter is
both an extension of the solid-state cation exchange doping to a different HgTe CQD photodiode
and a demonstration of the relation between the HgTe CQD film photoluminescence to the
photodiode figures-of-merit. First, a brief summary of the importance of the extended shortwave
infrared and where HgTe CQDs potentially fit into the materials landscape is provided as context
for the reader. Second, a method for improving the photoluminescence of small HgTe CQDs is
introduced and the physical results are discussed in the context of a qualitative microscopic model.
Finally, the characteristics of the extended shortwave infrared photodiode fabricated with the
method for improving the photoluminescence are discussed in comparison with commercially
available materials. A physical description of the photodiode noise and dark current density is
discussed to provide insight toward future methods for improving the extended shortwave

photodiode.

There is a growing interest in the commercial market for shortwave infrared photodetectors and
imagers, but the adoption of the existing shortwave infrared technologies in emerging markets is
restricted by high price. Motivated by the potential for inexpensive shortwave infrared
photodetection with colloidal quantum dots, here the development of a HgTe colloidal quantum
dot shortwave infrared detector is discussed. The discussion presented here is adapted from M. M.
Ackerman, M. Chen, P. Guyot-Sionnest, “HgTe colloidal quantum dot photodiodes for extended
short-wave infrared detection,” Appl. Phys. Lett. 116, 083502 (2020), with permission of AIP

publishing.
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4.1 Shortwave Infrared Photodetection and colloidal quantum dots
The purpose of this section is to provide a brief account of the materials and applications for
extended shortwave infrared photodetection, and provide a context to the reader for why HgTe

CQDs are an interesting semiconductor material for extended shortwave applications.

The shortwave infrared refers to the spectral region from 1-2.5 um that is beyond the detection of
silicon and limited by the atmospheric absorption due to water. For detection up to 1.7 um, InGaAs
is a semiconductor alloy most commonly used with a band gap of 0.75 eV for high-speed
telecommunications and imaging for inspection and night vision applications. Beyond 1.7 microns,
many applications of infrared sensing including gas detection and monitoring, enhanced night
vision, spectroscopy, materials sorting, and art forensics would benefit from a readily available
infrared imager. By increasing the indium content in the InGaAs alloy, the band gap of InGaAs
can be tuned for detection beyond 1.7 pum. However, indium-rich InGaAs is no longer lattice
matched to the underlying InP substrate for epitaxial growth. Consequently, photodetectors made
with indium-rich InGaAs have higher dark currents due to the increased defect densities following
from lattice mismatch during epitaxial growth.!” An alternative semiconductor alloy, HgCdTe,
can be tuned for absorption in the extended shortwave infrared from 2-3 microns easily by varying
the ratio of Hg:Cd in the alloy without changing the lattice constant to maintain lattice matching
to CdTe or ZnCdTe substrates for epitaxial growth. However, working with HgCdTe is still
challenging given that the Hg-Te bonds are weaker and the material is more brittle. Another
alternative for extended shortwave infrared photodetection is the type-I1 strained superlattice based

on the 111-V semiconductors InAs, AISb, and GaSb recently reported.%®
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By comparison colloidal quantum dots (CQDs) are inexpensive to produce and the solution
processability of the inks enables direct coating onto arbitrary substrates, including high-definition
focal plane arrays for next-generation imaging. In 2007, Boberl et al. reported shortwave
photodetection at 1.3 microns by inkjet printing aqueous HgTe colloidal quantum dot solutions
onto interdigitated electrodes and demonstrated the possibility of shortwave detection with HgTe
colloidal quantum dots.1® Chen et al. spray-deposited aqueous HgTe colloidal quantum dots to
fabricate shortwave infrared photoconductors with detection up to 1.4 microns. Chen et al. later
integrated plasmonic Au nanorods into a photovoltaic vertically stacked shortwave infrared
photodiode and showed the local field enhancement could improve the sensitivity for detection up

to 1.4 microns.11°

Today, PbS and HgTe CQDs are being developed as photoconductors,®1i!
photodiodes, 2114 and phototransistors*>17 for infrared detection. HgTe colloidal quantum dots
are a strong candidate for extended shortwave infrared photodetection. The quantum confinement
of HgTe results in a readily tunable band gap with the size of the quantum dots,?’ strong optical
absorption,!!8 and low Auger coefficients?® that may lead to higher operating temperature infrared

photodetectors.

In the following sections, the figures-of-merit are discussed with respect to the commercial
HgCdTe and InGaAs extended shortwave infrared photodetectors. The recent contributions to the
development of the extended shortwave infrared photodiode based on HgTe CQDs are informed,

qualitatively, by a microscopic theory of defects or surface speciation and charge carrier trapping.
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The discussion concludes with challenges to be addressed for proliferation of a HgTe colloidal

quantum dot shortwave infrared photodetector array in the commercial market.

4.2 Improving photoluminescence of shortwave infrared HgTe quantum dots

The purpose of this section is to describe the observation and discuss the results related to the
method for improving the HgTe CQDs photoluminescence. A qualitative model is introduced
based on other 11-VI and I11-V colloidal quantum dots to motivate the use of HgCl. solution to
modify the surface of the HgTe CQDs in a film. Experimental results are provided for the observed
enhancement of the photoluminescence, and a discussion is given to attempt to explain the origin
of the improved photoluminescence. In CQDs, the doping and mobility may change when the
ligands on the surface change. Therefore, important for the photodiode, these properties of the

HgTe CQD film with HgCl> were characterized and presented with a brief discussion of the results.

In a defect-free semiconductor colloidal quantum dot, the excitation of an electron-hole pair
by incident light would subsequently lead to emission of light as the electron relaxes from the
excited state to the ground state. However, surface defects can introduce inter-gap states that lead
to non-radiative relaxation of the excited electron to the ground state. Then, no light is emitted as
the electron relaxes through these mid-gap energy states. The quality of a semiconductor colloidal
guantum dot is then measured by the photoluminescence quantum vyield, the ratio of photons
emitted to photons absorbed or as the ratio of the radiative rate to the total effective recombination
rate. Increasing the photoluminescence quantum yield of infrared emitting quantum dots is an
ongoing area of research and important to the application of HgTe CQDs for infrared

photodetection.
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For 11-VI semiconductors, much work has focused on the use of core-shell nanocrystal
structures to improve the photoluminescence. The growth of a nearly lattice-matched shell material
to form a type-| heterostructure can both confine the electron and hole wavefunction to increase
the probability of recombination as well as passivate surface defect states that lead to increased
non-radiative recombination rates. More recent work has focused on the utility of Z-type ligands
such as metal halides to passivate the surface defects and improve the photoluminescence, which
is especially useful when shell materials are challenging to grow or cannot be used in devices, such
as zero-bias operated photodiodes. For example, the use of Z-type ligands containing a metal ion
(e.g. In**, Cd?") and a halide ion (e.g. CI") were shown to improve the photoluminescence of 11-VI

CQDs such as CdTe, CdSe, and CdS and I11-V CQDs like InP and In(Zn)P.1°

Since the specific detectivity of a photodiode is directly related to the radiative fraction,
i.e. quantum yield, of the semiconductor,’?® improving the photoluminescence is a primary
objective for HgTe CQDs. Motivated by the use of the Z-type metal halide ligands to improve the
quantum yield of other 11-V1 and 111-V semiconductor CQDs, here a solution of HgCl> in methanol
was introduced to the HgTe CQD films. After cleaning, films of HgTe CQDs were dropcast onto
substrates to measure the photoluminescence. Then the film was treated with either HgCl> solution
or the standard crosslinker EdT/HCI, and the relative intensity of the photoluminescence was

compared, using an untreated film as a reference.
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Figure 4-1 Relative photoluminescence intensity of HgTe colloidal quantum dots treated with
different ligand solutions.

Fig. 4-1 shows the relative photoluminescence intensity for an untreated HgTe CQD film
(green down-triangle), after treatment with a HgCl> ligand solution (orange up-triangle), and after
treatment with an EdT/HCI crosslinker solution (blue circle). The intensity of the HgCl.-treated
film is 10-fold stronger than the EdT/HCI-treated film. Additionally, the HgCl»-treated film was
then exposed to the EdT/HCI crosslinking solution and the photoluminescence intensity was
preserved. Improving the photoluminescence should improve the photodiode performance, as
previously mentioned, and a photodiode fabricated with the HgCl> solution treatment was tested.

A discussion of the characteristic photodiode performance follows in the next section.

The effect of the HgCl> solution was also investigated by electrochemistry to investigate

the mobility and doping of the HgTe CQD following HgCl> treatment. The mobility and doping
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of HgClo-treated and EdT/HClI-treated HgTe CQD films are shown in Fig. 4-2. From the
electrochemical conductance, it is apparent that the Fermi level of the HgTe CQD film treated with
HgCl> is much nearer the minimum of conductance, or intrinsic level, of the HgTe CQD film while
the EdT/HCI-treated film has a Fermi level more toward the valence band and away from the
center. From this it was determined that the HgCl, treatment decreased the doping level and made
the HgTe CQD film more intrinsic. The mobility was only different by as much as 2-fold,
decreasing slightly with the use of the HgCl> ligands. It is important that any treatment of the HgT
CQD film that preserves or improves the photoluminescence also preserve or, ideally, improve the
mobility to retain good transport of the charge carriers and high collection efficiencies. Again,
given the small change in the mobility but 10-fold increase in photoluminescence, the performance
of a photodiode treated with HgCl: is expected to be improved against a standard EdT/HCI-treated

HgTe CQD photodiode.
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Figure 4-2 Conductance (top) and mobility (bottom) measured by electrochemistry on HgTe CQD
films.

4.3 HgTe-based extended shortwave infrared photodiodes treated with HgCl, salts

The purpose of this section is the present the characteristics of the extended shortwave photodiode
with and without the method for enhancing the photoluminescence. First, results on current
rectification are presented and compared to explain why the HgCl, improved the photodiode
performance. Then, additional investigation into the difference in physical properties due to the
HgCl, are discussed. Insights from the discussion are summarized for the reader and used to inform

on further future work.

Beginning with a sapphire/ITO substrate, HgTe CQDs were dropcasted at 40°C from a
mixture of 5:1 butyl acetate:chlorobenze solvent system. Each layer was then soaked in a 10 mM

HgCl> methanolic solution for 10 seconds and rinsed with IPA. After the HgCl. exposure, the film
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was then treated with EdT/HCI crosslinker for 10 seconds and rinsed with IPA. This process was
repeated for 4-6 layers of HgTe CQDs to reach a final film thickness between 300-500 nm. To
complete the photodiode, as with the mid-wave photodiodes described in Chapter 3, a thin Ag2Te
nanoparticle layer was spin-coated and exposed to HgClz in methanol (10 mM) for 10 seconds at
20°C, rinsed with IPA, exposed to EdT/IPA for 10 seconds, rinsed, and dried with N2 gas. This
process was repeated a second time, and then a 50 nm Au electrode was evaporated through a

shadow mask to pattern the ~1 mm? photodiode.

It is first worth noting that the spectrum of the HgTe CQDs is not significantly affected by the
HgCl2 exposure in the conditions used here. Conversely, using a large excess of HgCl, salt may
lead to sintering of the HgTe CQDs and loss of the quantum confinement observed as a red-shift
in the absorption or spectral response of a photodiode. By comparing the spectral response of
photodiodes prepared by each method as shown in Fig. 4-3(a), one with HgCl. and one without
HgCl. and only EdT/HCI, the 50% spectral cutoff varies by a small margin of only 70 cm™. Such
a small shift can be attributed to the batch to batch variation in the synthesis of the HgTe CQDs as
shown in Fig. 4-3(b), and the HgCl. solution at a concentration of 10 mM does not lead to sintering

of ripening the quantum dots.
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Figure 4-3 (a) Spectral response of HgTe CQD-based photodiodes using HgCl. (orange) and
using only EdT/HCI (blue) measured at room temperature. (b) Absorption spectra of HgTe CQDs
synthesized at three different trials for detection near 2.4 um and showing the variation of the
synthesis.

For the photodiodes, the current density-voltage (JV) behavior provides information on the
quality of the photodiode by its ability to rectify the current. Shown in Fig. 4-4 is the JV behavior
for EdT/HCI-only reference photodiode (Fig. 4-4(a)) and a HgCl,-treated photodiode (Fig. 4-4(b)).
The photocurrent density was, on average, unaffected by the HgCl, treatment. In general, the
HgCl> treatment of the HgTe CQD films results in an increased rectification, more than 10-fold
increase in the shunt resistance, and more than 2-fold increase in the open-circuit voltage of the
photodiode. The increase in the shunt resistance is important here as it is proportional to the
decrease in the recombination processes in HgTe CQD films and highlights the significance of

addressing the non-radiative processes that limit the quantum yield.
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Figure 4-4 Current density-voltage (JV) behavior for (a) EdT/HCI-only and (b) HgCl.-treated
photodiodes with spectral cutoff near 2.5 um near room temperature.

An understanding of the temperature dependent processes in the photodiode can be helpful for
designing better photodetectors as well as determining the operating temperatures reasonable for
photodetector operation. Infrared photodetectors are often operated at decreased temperatures
using multi-stage thermoelectric coolers and Stirling coolers to reduce the thermally generated
noise currents and improve the detector sensitivity and stability. In Fig. 4-5, the temperature
dependence of the zero-bias shunt resistance and reverse-bias dark current density are provided as
an Arrhenius plot to determine the activation energy of the limiting noise currents. From Fig. 4-
5(a), it is apparent that the zero-bias shunt resistance, which determines the Johnson noise limit
for the photodiode, does not follow a single activation energy and has various temperature-
dependent mechanism of noise current generation. At high temperatures, the shunt resistance is
well described by a geminate recombination process with a fixed radiative fraction and activation

energy equivalent to the CQD band gap energy, as described by Eq. (4.1).
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Ry = ——5— eksT (4.1)

In Eq. (4.1), A is the area of the photodiode in cm?, 7 is the reduced Planck constant in Js, € is the
charge in Coulomb, ¥ is band gap energy expressed in wavenumbers (cm™), kg is the Boltzmann
constant in J/K, T is temperature in Kelvin, f. is the radiative fraction, and # is the quantum
efficiency. Here, f. was fixed at 10 for a HgTe CQD with band gap of 4000 cm™ and photodiode
with quantum efficiency (n) of 0.5 as given by the room temperature data as discussed later. As
the temperature decreases, the Ro deviates from a geminate recombination mechanism and

converges for both the EdT/HCI and HgCl treated photodiodes.
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Figure 4-5 Arrhenius plot of EdT/HCI-only and HgCl>-treated photodiodes operating at (a) zero
applied bias and (b) reverse bias of 100 mV (dashed) and 500 mV (solid). Black dashed lines in
(b) correspond to an activation energy of 320 meV.

While operating under reverse bias, a single activation energy is extracted from the

Arrhenius plot of the temperature dependence of the dark current density. Additionally, the
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activated process for dark current generation appears to be independent of the applied bias for
values between 100 mV and 500 mV. An activation energy of ~320 meV fits well the trend in the
temperature dependence of the dark current density, and is between half the gap and the total gap
energy, which indicates contributions to the dark current density due to both geminate
recombination and some non-radiative mechanism not well understood at this time. It worth noting
that the dark current density at 500 mV reverse bias of 4x10* A/cm? is nearly equivalent to the
extended InGaAs photodiodes of the same area and cutoff wavelength operating under a 500 mV

reverse bias at room temperature available from Hamamatsu (Hamamatsu model G12183-030K).

The temperature dependence of the figures of merit, responsivity and specific detectivity, are
shown in Fig. 4-6(a) and (b), respectively. As previously mentioned, the photocurrent density, and
therefore the responsivity, was on average unaffected by the HgCl, treatment. In Fig. 4-6(a), the
responsivity of the photodiodes was generally independent of the EAT/HCI or HgCl, solutions used.
Therefore, the difference in the specific detectivity was the result of the difference in noise due to
thermally generated carriers proportional to the shunt resistance, Ro. A similar trend in the specific
detectivity, as shown in Fig. 4-6(b), is observed as was previously seen for the zero-bias shunt

resistance previously shown in Fig. 4-5(a) above.
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Figure 4-6 Temperature dependence of the (a) responsivity and (b) specific detectivity for
EdT/HCI-only and HgCl,-treated photodiodes with a spectral cutoff near 2.5 um.

To demonstrate the range of operation in the extended shortwave infrared region,
photodiodes with cutoff wavelengths between 2.2 and 2.6 um were fabricated with different size
HgTe CQDs. From Fig. 4-7(a), a small difference in the responsivity may follow from the HgCl>
treatment, though the difference of average values was no more than 20%. For larger HgTe CQDs
with cutoff wavelengths greater than 2.4 um, the average quantum efficiency was near 50% and
decreased for smaller HgTe CQD-based photodiodes with spectral cutoff below 2.4 um. The
source of the decreased quantum efficiency of wider gap HgTe CQDs is made apparent by the JV
behavior for a 2.25 um cutoff HgCl.-treated photodiode measured at room temperature shown in

Fig. 4-7(b).

A kink in the JV curve was observed and, as discussed in chapter 2 for Ti(TiOx) electron
transport layers, this is possibly due to an interface dipole that forms at the ITO-HgTe CQD

interface.’®* Another explanation is the increasing conduction band edge of the HgTe CQD such
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that the energy offset between the HgTe CQD electron energy and ITO conduction level energy is
too large, leading to poor collection efficiency and increased electron accumulation at the ITO
cathode; however, decreasing the ITO work function has been shown to reverse this effect in
organic photodiodes.?? As an anecdote, a similar effect was observed when 1TO was cleaned with
peroxide and reused to make a 2.5 pum photodiode where the S-shaped kink emerged possibly due
to the oxidation and increased work function of ITO with respect to the HgTe CQD conduction
level energy. Therefore, reducing the ITO work function or using an alternative conductor such as
aluminum-doped zinc oxide (AZO) or fluorine-doped tin oxide (FTO) that have lower work
functions will lead to improved quantum efficiencies for HgTe CQD-based photodiodes with

higher energy spectral cutoffs.
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Figure 4-7 (a) Dependence of the responsivity of the HgCl»-treated and EdT/HCI-only HgTe
photodiodes on the size of the HgTe colloidal quantum dots. (b) Current density-voltage (JV)
behavior of a 2.25 um cutoff photodiode at room temperature.
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The zero-bias resistance-area (RoA) product is used as a proxy for the sensitivity of an
infrared photodetector and often quoted in place of the specific detectivity along with the quantum
efficiency. Fig. 4-8 shows the dependence of the RoA product for photodiodes as a function of the
cutoff wavelength proportional to the size of the HgTe CQDs. Like the observation that the Ro
increased by 10-fold for the 2.5 um cutoff photodiodes, the affect of the HgCl. solution on
increasing the Ro is observed for HgTe CQD films with spectral cutoff in the range from 2.2-2.6
pm and likely extends to below 2.2 um for HgTe CQD-based photodiodes. Also shown in Fig. 4-
8 is the trend in RoA for extended InGaAs (IGA Rule-17)'?® and HgCdTe (MCT Rule-07)*?*
photodiodes. The HgTe CQD-based photodiodes treated with the HgCl> solution follow closely to
the InGaAs heuristic, IGA Rule-17, and can potentially offer comparable sensitivity at operating
temperatures near 300 K. Improving the quantum yield of the HgTe CQD another 10-fold will
bring it on par with state-of-the-art HJCdTe and beyond the commercial performance of extended

InGaAs.

95



10° - - -
O EdT/HCI only
o HgCl -treated |

105 b=
_ —IGA Rule-17
e T e L - - -MCT Rule-07
o
=3
©
=
T
S
o
<
j=4
(14

2.2 2.3 24 2.5 2.6
Cutoff Wavelength (um)

Figure 4-8 The shunt resistance-area (RoA) product against the cutoff wavelength for the
EdT/HCI-only and HgCl.-treated photodiodes.

From the responsivity and RoA, the specific detectivity of a zero-bias operated, Johnson

noise limited photodiode can be calculated given by Eq. (4.2).

R,A

T (4.2)

D*=R

Fig. 4-9 shows the specific detectivity of the HgTe CQD-based photodiodes in comparison with
commercial extended InGaAs and HgCdTe single element photodiodes of area 1 mm? and operated
at room temperature. On average, the specific detectivity increased between 3-fold and as much as
6-fold when HgTe CQD films are treated with the HgCl. solution. In comparison with InGaAs,

HgTe CQD are about 2-fold worse but improving the short-wavelength photodiode quantum
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efficiency and reducing the non-radiative recombination of HgTe CQD films can lead to rapid
advancement of HgTe CQD on par or beyond InGaAs. Also provided is the specific detectivity of
a HgTe CQD-based photodiode of ITO/Bi.Ses/HgTe/Ag>Te/Au inside a Fabry-Perot cavity where
the cavity enhanced the responsivity 2-fold, increasing specific detectivity from 3x10*° Jones to
7.5x10% Jones at 2.2 pm spectral cutoff.!?® The HgCl treatment brings the shortwave infrared
photodiode on par with the cavity-enhanced photodiode, and coupling the HgCl, treated
photodiode to a cavity should lead to a similar 2-fold enhancement for specific detectivity

equivalent to extended InGaAs at room temperature and 2.2 pm spectral cutoff.
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Figure 4-9 Specific detectivity for photodetectors of area 1 mm? at 20-25°C as a function of the
detector cutoff wavelength for extended InGaAs, HgCdTe, and HgTe CQD-based photodiodes
treated with EdT/HCI only, HgCl. treated, and included in a Fabry-Perot cavity'?®.
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4.4 Summary

HgTe colloidal quantum dots were fashioned into a photodiode and used for the detection of
shortwave infrared light up to 2.5 um. The quality of a semiconductor is determined by its
photoluminescence quantum yield, and the use of a HgCl> methanolic solution was shown to
improve the photoluminescence of HgTe CQD films by 10-fold compared to the EdT/HCI
crosslinker solution generally used when fabricating HgTe CQD-based photodiodes. Therefore,
photodiodes fabricated using the HgCI, solution during the layer-by-layer film deposition
demonstrated improved specific detectivity due largely to a reduction of the photodetector noise
and increase in the rectification of the photodiode at room temperature. The influence of the HgCl»
solution was most apparent for photodiodes at shorter cutoff wavelengths down to 2 um. From
these results, a better understanding of the HgTe CQD surface will lead to further improvements
in photodiode performance. Determining the origin of the non-radiative recombination and ligands
that both reduce the non-radiative recombination rate and improve the charge carrier mobility will
be beneficial to the development of competitive HgTe CQD-based extended shortwave infrared

photodetectors.
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Chapter 5  Dual-Band Infrared Photodetection

This chapter describes the development of a HgTe CQD dual-band infrared photodetector.
Multi-spectral and hyperspectral photodetection is analogous to the transition from black-and-
white imaging to color images, providing a greater amount of detail and information to the user.
One of the challenges today in infrared multi-spectral imaging is the complex processing of multi-
stack photodetectors from epitaxial materials. Here, colloidal quantum dots have a major
advantage in additive manufacturing for multi-spectral photodetection, and work on the
development of HgTe CQD photodiodes for shortwave and mid-wave infrared photodetection is

presented.

5.1 Designing infrared multi-spectral photodetectors

Development on third-generation infrared detectors, multi-band infrared detection began
in 2000 and efforts to improve multi-band technologies continue today.>® Individually, shortwave
infrared imaging provides visible-like imaging with textural and chemical information while mid-
wave and long-wave infrared capture thermal information and enhance night-vision imaging
capabilities. Combining the information and imaging capabilities of each spectral region extends
and improves infrared imaging for applications such as missile tracking, surveillance, object
recognition, non-invasive inspection, and remote sensing.'*'% Multi-band detector technologies,
most commonly dual-band for MWIR/LWIR detection, are based on HgCdTe,*?" 1% [11-V-based
Type-11 superlattices,®**** and quantum well infrared photodetectors.'* Though these
technologies are mature in development, their manufacturability is low due to long run times and
complex production processes with low yields. Improving the production efficiency of high-

quality epitaxial semiconductors remains an active area of development.1®13¢ HgTe CQDs with
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tunable infrared absorption present an opportunity to increase the manufacturability of dual-band

detectors through solution-processed additive manufacturing.

Dual-band detectors can be designed consisting of either a two-terminal device or a three-
terminal device. The three terminal device consists of a common ground and two electrical contacts
for measuring currents or applying voltages to each detector pixel. Fig. 5-1(a) is an example of a
three-terminal photoconductive device for SWIR/MWIR imaging. The device in Fig. 5-1(a) has
pixels for each region of detection lying next to each other and light is incident normal to the
surface. The voltages V1 and V> at each terminal can be different from each other and optimized
for sensing in each spectral region, or equivalent, in which case the number of terminals can be
reduced to two to simplify the electrical requirements. For HgTe CQDs, such photoconductive
detectors have been demonstrated for multi-band photodetection in the SWIR/MWIR®’ and
SWIR/MWIR/LWIR.?® These devices required additional processing steps to pattern each pixel
with different sizes of CQDs for different spectral regions. Consequently, the additional processing

steps reduce the scalability and manufacturability of this design.

A two-terminal device has, first, the advantage of one less electrical connection required
to operate the detector. As shown in Fig. 5-1(b), the operation is analogous to a single-band
detector, consisting of two electrodes for the detector and the materials are vertically stacked.
However, the two-terminal device now contains two layers of different sized CQDs for SWIR and
MWIR infrared photodetection in this example. The light is incident from the top-side and requires
that the wider gap material, i.e. the SWIR absorber, be placed on top of the narrower gap absorber.

In this way, the SWIR absorber acts as a window to the MWIR absorber and ensures that incident
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radiation reaches the MWIR detector in the stack. Fig. 5-1(b) also shows a simple electrical
diagram, indicating that the two-terminal device consists of two photodiodes stacked back-to-back.
A single voltage supply operated at either a positive or negative voltage controls which photodiode
is forward bias, or “off,” and which photodiode is reverse bias, or “on,” for bias-selectable infrared
detection. The second advantage to this design is the reduced processing requirements as each
pixel is identical and eliminates the need for patterning each pixel with different CQDs as in the

three-terminal device.

For its advantages, the two-terminal device poses a design challenge. In Fig 5-1(b), the
photodiode stack consists of both a p-on-n photodiode (i.e. p-type layer on top and n-type layer on
bottom as in the MWIR photodiode) and a n-on-p photodiode. The p-type layer is common to both
photodiodes and facilitates hole transport across the interface. Until now, the discussions of the
HgTe CQD photodiodes in Chapters 2, 3, and 4 have focused on the normal type p-on-n
photodiode. The challenge here is to design an inverted photodiode, i.e. a n-on-p photodiode, with
HgTe CQDs to realize the two-terminal dual-band photodetector and take full advantage of the

scalability and manufacturability afforded by CQDs.
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Figure 5-1 (a) Three-terminal dual-band infrared photodetector composed of a shortwave
infrared (SWIR) photoconductor pixel and a mid-wave infrared (MWIR) photoconductor pixel.Vy
and V> are external voltages applied to each photoconductor. (b) Simple circuit diagram (left) and
multi-layer design (right) for the two-terminal dual-band infrared photodetector. The device
consists of a SWIR photodiode in series with a MWIR photodiode. Light is incident through the
SWIR photodiode.

5.2 Development of the inverted HgTe CQD photodiode

This section describes the development of the inverted photodiode and its characteristics
with respect to the normal photodiode. First, a design principle is put forth based on insights from
chapter 2 and, by fortuity, a suitable material is identified as an n-type layer. Second, a sequence
of device iterations are presented to outline the path to designing a well-behaved inverted
photodiode. Finally, SWIR and MWIR inverted photodiodes are demonstrated and the

performances are compared to the normal-type (p-on-n) photodiodes.
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Single-band HgTe CQD photodiodes as described in Chapters 3 and 4 consisted of
ITO/HgTe/Ag2Te/Au to form the normal type, or p-on-n, photodiode. To understand the challenge
with the inverted photodiode, begin by considering the SWIR/MWIR dual-band design, adapted
from the single-band structure, that consists of
ITO(n)/HgTe(SWIR)/Ag-Te(p)/HgTe(MWIR)/Au(n). One immediate problem with such a
structure is the HgTe/Au junction of the inverted photodiode, which is typically Ohmic and has
previously been unreliable in the design of rectifying photodiodes with HgTe CQDs. The strategy
then is to introduce an n-type semiconductor layer that would form a junction with HgTe CQDs to

rectify the current and facilitate the collection of electrons at Au.

In Chapter 2, commonly used n-type metal oxides were evaluated and largely unsuccessful
at forming rectifying heterojunctions with HgTe CQDs. Additionally, many of these commonly
reported n-type semiconductors require post-processing at temperatures well above 100°C. In the
inverted photodiode, the n-type layer will be deposited atop the HgTe CQD film and the processing
of the layer must be compatible with the HgTe CQDs, i.e. processed at room temperature to prevent
sintering or damage to the absorber layer. Under these constraints, one option is a n-type colloidal
nanoparticle solution. The nanoparticles can be processed and synthesized independent of the
photodiode and then integrated with the HgTe CQD film at room temperature. An obvious choice

is the n-type non-aggregated HgTe CQDs described in Chapter 2.3.

A second option is the class of bismuth chalcogenide semiconductors, i.e. Bi2Ss, Bi>Ses, and
Bi>Tes. Bismuth chalcogenides are well known to form n-type semiconductors with doping

densities of 101" cm for Bi»S3,1*° >108 cm for Bi»Se3,*? and >10%° cm™ for Bi>Tes.!*! In PbS
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CQD photovoltaics, Bi»S3 nanoparticles have been employed as an n-type semiconductor layer to
realize both the normal and inverted devices while using standard 1TO and metal contacts.*? Bulk
BiSes has been well-documented as an n-type semiconductor due to its inherently high
concentration of selenium defects,*® though only a limited number of colloidal synthetic processes
have been developed for Bi>Ses nanoparticles, which includes sonochemical* and micellular
colloidal methods.1*> Colloidal n-type Bi>Tes nanoparticles are more developed due to interest in

its application for thermoelectrics.4®

To evaluate the bismuth chalcogenides as n-type layers in the HgTe CQD heterojunction,
the band gaps of each were considered. Following from the challenges of band engineering and
energy matching wide band gap layers to the narrow band gap HgTe CQDs described in Chapter
2, awide band gap bismuth chalcogenide is less desirable here. Bi»Sz was reported to have a wide
band gap of ~1.3 eV and low electron affinity;3%42 therefore, it is expected Bi>Ss would form a
large barrier to electron transport, which would adversely affect the performance of the MWIR
photodiodes. The reported bulk band gaps of 0.27 eV and 0.15 eV for Bi,Ses and BiTes,4"148
respectively, are promising for good energy alignment with the HgTe CQDs owing to their narrow
band gaps. Following from the common anion rule, the valence band matching of HgTe and Bi>Tes
and small valence band offset between HgTe and Bi,Ses are expected to contribute to the favorable
energy alignment of these semiconductor heterojunctions. However, these assumptions neglect the
surface effects that are especially important in determining the energy levels and work function of
colloidal nanomaterials. Physical investigation will be required to assess band alignment of the

HgTe-Bi>Ses or HgTe-Bi>Tes heterojunctions.
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From a practical perspective, the ability to synthesize a clean colloid for the formation of
high-quality thin films precludes any physical measurement. Therefore, the synthesis of Bi>Tes
was evaluated. The synthesis here was adapted from a reported procedure,*® where bismuth
acetate (0.1 mmol) is dissolved in oleic acid (2.5 mL) and octadecene (2.5 mL) at 100°C to form
the bismuth oleate reagent. Then, trioctylphosphine-telluride (TOPTe, 1 M, 0.15 mmol) was
injected and the reaction proceeded for 2 minutes. Finally, the reaction was cooled to room
temperature, cleaned by precipitation with toluene and acetone, the supernatant was separated by
centrifugation, and the Bi>Tes nanoparticles were dissolved in chlorobenzene with sonication. The
Bi>Tes nanoparticles that formed was relatively large, ~250 nm in width, hexagonal platelets with

a tendency to aggregate as shown in Fig. 5-2.

@) P~ (b)

Figure 5-2 Transmission electron microscope images of Bi;Te> nanoparticles showing (a)
aggregation and (b) hexagonal nanoplatelets. Scale bars (a) 1 um and (b) 50 nm.

Even with sonication, the Bi>Tes nanoparticle solutions demonstrated limited colloidal
stability. Similar syntheses were attempted, adding ligands such as trioctylphosphine and

dodecanethiol, to improve the colloidal stability without much success. Until the Bi.Tes
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nanoparticle solutions improve in quality, it cannot be used in HgTe CQD photodiodes. For this
reason and those to be discussed in the remainder of this section, Bi,Ses nanoparticles were
ultimately selected as the electron transport layer to form an inverted photodiode with the p-type

HgTe CQDs.

5.2.1 Method 1 for the synthesis of bismuth selenide nanoparticles

The first method described here for the synthesis of Bi>Ses nanoparticles was adapted from the
previous Bi>Tes synthesis. In a nitrogen glovebox, bismuth acetate (0.1 mmol) was dissolved in
oleic acid (5 mL) at 100°C to form a bismuth oleate reagent. Separately, a solution of oleylamine-
selenourea (0.2 M) was prepared by dissolving selenourea in oleylamine at 180°C for 3-5 hours.
Oleylamine-selenourea solution (0.75 mL) was injected into the bismuth oleate solution and
immediately turned black. The reaction proceeded for 1-2 minutes before removing from heat and
cooling to room temperature. The solution was cleaned by precipitation with excess amounts of
acetone, separating the supernatant by centrifugation, and dissolving the Bi>Ses nanoparticles in
chlorobenzene with sonication. While the colloidal Bi>Ses nanoparticles had a tendency to
aggregate during the synthesis, careful sonication and cleaning could yield reasonably stable

colloids such that quality thin films could be prepared.

The Bi>Ses nanoparticles, shown in Fig. 5-3(a), varied in shape from triangular to
hexagonal and in width, up to 10 nm. The low contrast in the transmission electron microscope
image was partly due to the thin nature of the Bi>Ses nanoparticles. Bi»Sez is a layered
semiconductor that inherently grows as hexagonal sheets'#® and can be exfoliated.'*® For very thin

materials, fewer electrons scatter under the electron beam and thinner areas appear light, thus
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reducing the image contrast. Therefore, it is reasonable to conclude that the Bi>Ses nanoparticles

here are in fact thin sheets, though the exact thickness was not measured. Fourier transform

infrared (FTIR) spectroscopy of the Bi>Ses nanoparticles is shown in Fig. 5-3(b) and a plasmonic

peak is observed, indicating a heavily doped semiconductor nanoparticle. The Drude model®!

relates the free carrier density of a material to the plasmon frequency,
2

,  MNe€
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where wp is the plasmon frequency, ne is the free carrier density, e is the elementary charge, ¢ is
the vacuum permittivity, and m” is the electron effective mass. The effective mass for bismuth
selenide is 0.124m. where me is the free electron mass.'>? Therefore, with a plasmon frequency of
2.8x10 Hz (or 950 cm?) as observed in Fig. 5-3(b), the estimated carrier density is ~ 1.2x108

cm3,
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Figure 5-3 (a) Transmission electron microscope image of Bi>Sez nanoparticles. Scale bar is 50
nm. (b) Fourier transform infrared spectrum of Bi>Sez nanoparticles with a low-energy infrared
plasmon resonance.

With a n-type doped Bi>Ses nanoparticle solution prepared, the first design of the
photodiode consisted of ITO/HgTe(MWIR)/Bi.Ses/Au. Bi>Ses nanoparticles were spin-coated
onto the HgTe CQD film and each layer was crosslinked with EdT/HCI/IPA. Despite the n-type
doping of the Bi>Ses nanoparticles, the photodiode still showed p-type polarity with respect to Au,
i.e. holes were still collected at the Au electrode. This was thought to be the consequence of a
Schottky junction between the Au and the Bi>Ses nanoparticles, which could form a barrier to
electrons. A lower work function silver (Ag) paint electrode replaced the Au in a structure
ITO/HgTe(MWIR)/Bi>Ses/Ag paint and the polarity readily became n-type with respect to Ag
paint as the contact became Ohmic. Indeed, the work function of the Bi>Ses nanoparticles was
measured to be within ~50 mV of the HgTe CQD work function (treated with EdT/HCI/IPA) and,

for a n-type semiconductor, would be expected to form a Schottky junction to high work function
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Au and an Ohmic junction to low work function Ag (refer to Chapter 2, Table 2-1). Despite the
improved control of the polarity, the electrical performance was non-rectifying for both photodiode

designs upon cooling to 80 K.

The next iteration of the inverted photodiode included the AgzTe p-type layer at the HgTe
CQD and ITO interface. As with the normal p-type photodiodes, Ag.Te could improve the
selective transport of holes from HgTe CQDs and contribute to the diode rectification. Indeed, a
device consisting of ITO/Ag.Te(EdT)/HgTe(MWIR)/Bi,Ses/Ag paint showed inverted polarity
with a responsivity of 50 mA/W and a specific detectivity near 4x10° Jones at 80 K. Still, the

rectification was weak and the shunt resistance on the order of ~1 kQ.

Alongside the Bi>Ses, the non-aggregating n-doped HgTe CQDs (described in Chapter 2.3)
were also considered to form a homojunction in the inverted photodiode design with p-type HgTe
CQDs. Here, a device consisting of ITO/Ag-Te(EdT)/HgTe(MWIR)/HgTe(n)/Au was fabricated
and demonstrated n-type inverted polarity with respect to Au at room temperature and at 80 K.
Like the inverted photodiodes containing Bi>Ses nanoparticles, the rectification was weak and the
responsivity and specific detectivity were 0.1 A/W and 2x10° Jones, respectively. The surprising
advantage in this design compared to the photodiode containing Bi>Ses nanoparticles was the use
of the evaporated Au electrode. It seems the HgTe(n)/Au junction does not present a significant

barrier and could be used to form an electron selective contact for the inverted photodiode.

In the previous iterations of the inverted device, a solid-state cation exchange process was
not performed on the Ag>Te nanoparticle film. Therefore, introducing the cation exchange process

to these inverted devices might also improve the performance analogous to the photodiodes
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discussed in Chapter 3. To test the effect of the solid-state cation exchange process in the inverted
photodiode, the film consisting of ITO/Ag.Te/HgTe was soaked in a 10 mM HgCl> methanol
solution for 5 seconds and rinsed with IPA. Then, the remaining HgTe(n) layer and Au electrode
were added to the structure consisting of ITO/Ag.Te/HgTe(HgCl.)/HgTe(n)/Au. Here, the
notation HgTe(HQgCl>) refers to the addition of the HgCl. soak after the deposition of the HgTe
CQD film. Unexpectedly, the photodiode was p-type at room temperature before becoming n-type
at low temperature with a 3-fold increase in the photocurrent density, a 3-fold increase in open-
circuit voltage, and a specific detectivity of 3x10%° Jones, which is 8-fold greater than the previous
inverted photodiodes. Based on these results, the HgCl. treatment is favorable for improving the

photodiode operation and performance.

The inverted photodiode designs consisting of Bi>Ses nanoparticles were n-type at all
temperatures so long as the contact junction was Ohmic, as demonstrated with Ag paint. Then, in
an effort to guarantee inverted n-type polarity at all temperatures, a thin film of Bi>Ses
nanoparticles was placed between the HgTe(HgCl.) soaked film and the HgTe(n)/Au electrode
junction for a device consisting of ITO/Ag.Te/HgTe(HgCl,)/Bi.Sez/HgTe(n)/Au. The result was
room temperature n-type polarity with responsivity of 8 mA/W and specific detectivity of 4x10’
Jones. At 80 K, the performance was like the ITO/Ag.Te/HgTe(HgCl2)/HgTe(n)/Au photodiode,
having a responsivity of 0.4 A/W and specific detectivity of 4x10'° Jones. Fig. 5-4 provides a
comparison of the photodiode JV behavior at 80 K without (Fig. 5-4(a)) and with (Fig. 5-4(b)) the
Bi>Ses nanoparticle layer. It becomes clear from these results that the HgCl. soak contributes to
improved rectification, responsivity, and detectivity of the photodiode while the Bi.Ses

nanoparticles contribute to current rectification at operating temperatures up to 300 K.
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Figure 5-4 Current density-voltage (JV) behavior for (a) ITO/Ag2Te/HgTe(HgCl2)/HgTe(n)/Au
and (b) ITO/Ag2Te/HgTe(HgCl2)/Bi>Sez/HgTe(n)/Au photodiodes.

In another attempt to control the room temperature device polarity, the use of heavily doped
HgTe, or HgTe(n+), CQDs in a photodiode consisting of ITO/Ag-Te/HgTe(HgCl.)/HgTe(n+)/Au
was shown to yield inverted polarity at all temperatures up to 300 K. The doping of the n-type
non-aggregated HgTe CQDs was increased by growing larger HgTe CQDs with a size of 15 + 2
nm as shown in Fig. 5-5(a). The significant doping is apparent from Fig. 5-5(b) given the
appearance of an intraband absorption at 1000 cm™* with equal intensity to the interband absorption
with a cutoff at ~2100 cm™. For both HgTe(n+) CQDs and Bi;Ses nanoparticles, the increased

doping resulted in reliably inverted photodiode polarity.
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Figure 5-5 (a) Transmission electron image of the non-aggregating HgTe CQDs captured by
electron transmission microscopy. Scale bar is 20 nm. (b) Absorption and photoluminescence of
the HgTe CQD from (a) with interband transition at 2100 cm™ and intraband transition at 1000
cm™,

5.2.2 Method 2 for the synthesis of bismuth selenide

A method of making colloidally stable Bi>Ses nanoparticles was discovered wherein
bismuth neodecanoate (0.2 mmol) was dissolved in oleylamine (5 mL) using dodecanethiol (0.2
mmol) at 70°C. A yellow solution formed, indicating the formation of the bismuth thiolate
complex.?>® After equilibration for 5 minutes, oleylamine-selenourea (0.3 mmol; 0.2 M, 1.5 mL)
solution was injected and the reaction rapidly turned black. The reaction proceeded for 1 hour
without any loss of colloidal stability. The reaction was removed from heat, cooled to room
temperature, and cleaned under ambient conditions with acetone followed by centrifugation. The
yellow supernatant that contained unreacted bismuth thiolate complex was discarded and the
precipitate was dried lightly with N2 gas. Finally, the Bi>Ses nanoparticles were readily dispersed

in tetrachloroethylene, forming a stable dark brown or black colloid. The Bi>Ses nanoparticles had
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an average size of 12 £ 1 nm with irregular faceting as shown in Fig. 5-6(a). For the same
procedure, increasing the reaction to 150°C resulted in many thin, hexagonal nanoplatelets, as
shown in Fig. 5-6(b), with widths as large as 50 nm. Below 60°C, the reaction had very low yields

and the nanoparticles were unstable after cleaning one time.

Figure 5-6 (a) Transmission electron microscope images of Bi>Sesz synthesized by method 2. Scale
bar is 100 nm. (b) Bi2Sez nanoparticles synthesized by method 2 at a reaction temperature of
150°C. Scale bar is 50 nm.

A preliminary investigation of the effect stoichiometry has on the method 2 synthesis was
also conducted. The goal here is to evaluate the control of the n-type doping by increasing the
fraction of metal in the synthesis where metal-rich nanoparticles are increasingly n-type in
character. For the bismuth-rich synthesis at 70°C, the stoichiometry was increased from 2:3

(normal stoichiometry) up to 10:3 Bi:Se. The resulting bismuth selenide nanoparticles in Fig. 5-
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7(a) showed irregular faceting, commonly featuring 3, 4, or 6 edges, and had an average width of

15 + 3 nm with a Gaussian size distribution, shown in Fig. 5-7(b).

<d>=14.5+/-26 nm

6 8 10 12 14 16 18 20 22 24
Diameter (nm)

Figure 5-7 (a) Transmission electron microscope image and (b) size distribution of Bi>Ses
nanoparticles synthesized by method 2 using a 10:3 Bi:Se ratio. In (a) the scale bar is 50 nm. The
average size in (b) is 14.5 £ 2.6 nm.

In the discussion of Bi>Ses nanoparticles synthesized by method 1, the FTIR spectrum
showed an absorption feature indicating a plasmon resonance due to the high free carrier density
of the materials. Fig. 5-8 compares here the FTIR spectrum of bismuth selenide nanoparticles
synthesized with 2:3 Bi:Se at 70°C (blue), 2:3 Bi:Se at 150°C (orange), and 10:3 Bi:Se at 70°C
(yellow). From the FTIR spectra, increasing either the reaction temperature or the Bi:Se ratio leads
to increased doping in the bismuth selenide nanoparticles. Here, high temperature synthesis has a
plasmon frequency of ~ 2.8x10% (945 cm™) and corresponding free carrier density of ~ 1.2x10%8
cm3. The Bi-rich bismuth selenide nanoparticles have a higher doping density with a plasmon

frequency at ~ 3.75x10% Hz (1250 cm™) for a corresponding carrier density of ~ 2.2x10® cm,
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Synthesis at 70°C using 2:3 Bi:Se significantly reduced the doping density of the Bi»Ses

nanoparticles in contrast to the results of synthesis method 1.
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Figure 5-8 Absorption of thin films of Bi>Ses nanoparticles prepared as described by synthetic
method 2 for reaction conditions of 2:3 Bi:Se at 70°C (blue), 2:3 Bi:Se at 150°C (red), 10:3 Bi:Se
at 70°C (yellow).

Inverted photodiodes fabricated with Bi>Sez nanoparticles prepared by synthesis method 2
were, serendipitously, better in performance than those using Bi>Ses synthesized by method 1. The
inverted photodiodes here consist of ITO/Ag.Te/HgTe(HgCl2)/Bi>Ses/HgTe(n+)/Au with JV
behavior at low temperature as shown in Fig. 5-9(b-d). At room temperature, the specific
detectivity ranges from 1x108 Jones to 3x10® Jones with responsivity between 10 and 30 mA/W
(or EQE of 0.3-1%) at a cutoff wavelength of 4 um (Fig. 5-9(a)). At 80 K, the performance was
equal to the best normal photodiodes (refer to Chapter 3) with specific detectivity between 8x10°

Jones and 1x10'! Jones and responsivity of 0.4-0.7 A/W (or EQE 10-17%) with a spectral cutoff
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at 5 um. The electrical behaviors shown in Fig. 5-9(b) and (c) are for photodiodes using less doped
(i.e. 2:3 Bi:Se, 70°C, method 2) Bi>Ses while Fig. 5-9(d) shows the behavior for a photodiode with

heavily doped (10:3 Bi:Se, 70°C, method 2) Bi>Sez nanoparticles.
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Figure 5-9 (a) Spectral response of ITO/Ag.Te/HgTe(HgCl2)/Bi-Ses/HgTe(n+)/Au photodiode
measured at room temperature (orange) and 80 K (blue). (b,c) Current density-voltage (JV)
behavior for photodiodes using Bi>Ses nanoparticles prepared by method 2 at 70°C with a 2:3
Bi:Se ratio. (d) JV behavior for photodiode using heavily doped Bi>Ses nanoparticles prepared by
method 2 at 70°C with a 10:3 Bi:Se ratio. Light source for JV measurement was a 600°C calibrated
blackbody source.

The most significant differences between these photodiodes and those prepared with Bi.Ses

nanoparticles prepared by method 1 (see Fig. 5-4) are the magnitude of the shunt resistance and
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the increasing reverse bias leakage current density. These attributes depend on the non-radiative
recombination rates due to defects and non-radiative energy losses in the absorber or at interfaces
of the device.X®? To understand the origin of these differences, one can begin by considering the
energy alignment between the levels of the HgTe CQD and the Bi>Ses nanoparticles. Poor band
alignment between the conduction and valence band energy levels has been identified as one
source of increased recombination detrimental to photovoltaic devices.'® % A preliminary
measure of the relative differences in work functions between the HgTe CQDs and the Bi»Ses
nanoparticles supports the idea that band discontinuities may contribute to increased

recombination.

By synthetic method 1, Bi>Sez nanoparticles had a potential ~0.11 eV higher than HgTe
CQDs. The high doping level of the Bi>Ses implies that the conduction band energy and work
function are nearly equivalent; therefore, a conduction band discontinuity of at least 0.25 eV (for
a HgTe CQD with band gap 0.3 eV) may be present in the respective photodiodes. For Bi>Ses
prepared by synthetic method 2, the potential difference for heavily doped Bi>Ses nanoparticles
was 0.37 eV below HgTe CQDs, which could result in a conduction band offset of at most 0.12
eV when the HgTe CQDs are intrinsic and (Ec — Er) is ~0.15 eV. The less doped (i.e. no plasmon
resonance) Bi>Sez nanoparticles work function was less than 0.09 eV above HgTe CQDs. Then,
the expected offset will be less than 0.2 eV and decreases as the Bi>Sez doping decreases. The
expected differences in performance following from the predicted conduction band offsets provide
only partial insight into the physics of the inverted photodiodes. This first look at the differences
in behavior due to the Bi>Ses nanoparticles is limited in that the formation of interface dipoles at

heterojunctions can make such predictions unreliable.*>’
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The device design using Bi>Sez nanoparticles (method 2), heavily doped HgTe(n+) CQDs,
and a HgCl> soak was generally applicable to HgTe CQDs of different sizes as demonstrated with
an extended shortwave infrared photodiode. Fig. 5-10(a) provides a comparison of the JV behavior
for the normal and inverted photodiodes operating at 80 K with a 5 um cutoff. The behavior of the
normal and inverted MWIR photodiodes is nearly identical. Fig. 5-10(b) provides a comparison of
the extended short-wave infrared normal and inverted photodiodes operating at 300 K with a 2.5
pm cutoff. Here, the electrical behaviors of the normal and inverted photodiodes differ in their
series resistance, shunt resistance, photocurrent density, and current rectification. Still, the specific
detectivity of each photodiode was ~2x10%° Jones and the responsivities differed by only 20% with
an average value of 300+30 mA/W. Overall, the performance of the inverted HgTe CQD
photodiodes is equivalent to the performance of the normal type HgTe CQD photodiodes for both

shortwave infrared and mid-wave infrared photodetection.
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Figure 5-10 Comparison of the current density-voltage (JV) behavior for (a) normal and inverted
mid-wave infrared (MWIR) photodiodes operating at 80 K and (b) normal and inverted shortwave
infrared (SWIR) photodiodes at 300 K. The light source in the measurement was a 600°C
calibrated blackbody source.

5.3 SWIR/MWIR dual-band HgTe CQD photodetector

Following from the development of the inverted photodiode, dual-band detection with HgTe
CQDs could be realized. This section discusses the design, operation, and characteristics of the
HgTe CQD dual-band infrared photodetector. Finally, a demonstration of the imaging capabilities
enabled by dual-band infrared sensing in the short-wave and mid-wave infrared is presented. The
discussion to follow is adapted from X. Tang, M. M. Ackerman, P. Guyot-Sionnest, “Dual-band
infrared imaging using stacked colloidal quantum dot photodiodes,” Nature Photonics, 13, 277—

282(2019), Springer Nature Limited.

Dual-band infrared photodetectors for operation in the short-wave and mid-wave infrared
were fabricated with simple solution processes. Beginning with the HgTe CQDs, two batches were
synthesized with one absorbing in the MWIR and the other in the SWIR. The spectra of the HgTe
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CQDs used to make the dual-band photodiode are shown in Fig. 5-11(a). In designing the dual-
band detector, it is necessary to keep in mind the direction of incident radiation. Here, the light is
incident from the top-side of the substrate, directly onto the photodetector (referred to as top-side
illumination). Therefore, the top layer should be transparent to the range of light to be detected by
the bottom photodiode. Thus, the SWIR HgTe CQD photodiode would be the top layer and act as

a window, allowing MWIR light to reach the bottom MWIR HgTe CQD photodiode.

Fabricating the dual-band detector begins with spincoating Bi,Ses nanoparticles were onto the
ITO/sapphire substrate. Two layers were spincoated and each layer was crosslinked with a solution
of 1,2-ethanedithiol (EdT) and hydrochloric acid (HCI) in isopropanol (IPA) at a 1:1:20 volume
ratio. Then, MWIR HgTe CQDs were dropcast layer-by-layer at 40°C and crosslinked with
EdT/HCI/IPA solution and rinsed with IPA to form a film with thickness of ~400 nm. Ag.Te
nanoparticles were spincoated and the solid-state cation exchange was performed with 10 mM
HgCl. in methanol, rinsing with IPA, and crosslinking with an EdT/IPA solution (2% by volume).
Another Ag.Te nanoparticle film was dropcast and only crosslinked with EdT/IPA as in the
inverted photodiode fabrication described in the previous section. Layer-by-layer dropcasting of
the SWIR HgTe CQDs was then repeated for a film thickness of ~400 nm, crosslinking each layer
by EDT/HCI/IPA. Finally, two layers of the Bi>Ses solution was spin-coated on the SWIR HgTe
CQDs and each layer was crosslinked with EdT/IPA. Finally, 5 nm Au was deposited by electron-
beam evaporation as the top contact. A representation of the total device structure is shown in Fig.
5-11(b). Note that here the heavily doped HgTe CQDs previously used in the inverted photodiodes
has been omitted. It was discovered that Au could be directly evaporated onto Bi>Ses and maintain

an inverted photodiode so long as the Bi>Ses nanoparticle solution was well cleaned. Fig. 5-11(c)
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shows a cross-sectional scanning electron microscope image of the dual-band photodetector. In
this configuration, infrared light was incident through the Au electrode such that the SWIR layer

acts as a window to the MWIR incident radiation.
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Figure 5-11 (a) Absorption spectra of shortwave infrared (SWIR) and mid-wave infrared (MWIR)
HgTe CQDs superimposed on a spectrum of the atmospheric absorption. The atmospheric
windows are indicated. (b) Cartoon and (c) cross-section of the dual-band photodetector.

An energy diagram of the photodetector at equilibrium is provided in Fig. 5-12(a). The
representative band diagram shows that in the npn-type photodetector, the valence band offset will
be sufficiently small and enable the transport of holes across the junction for operation of the
photodetector. Efficient transport across the diode interface is achieved by minimizing the energy
offset. For HgTe CQDs, the heavy holes contribute less to the confinement energy than the light
electrons; 18158 therefore, the change in the valence energy should be much less than the
conduction energy as the CQD size changes. Indeed, such an observation has been made by
studying thin films of HgTe CQDs using electrochemistry,? and the valence band offset here is
predicted to be less than 60 meV. Due to the high doping density of the HgTe CQD film at the
interface following from the cation exchange, this remaining barrier is expected to be thin such

that holes can easily tunnel across the interface. In contrast, the energy offset in the conduction
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band that is approximately equivalent to the difference in the band gaps of the CQD films and
would be undesirable for the operation of a similar pnp-type photodetector. As shown in Fig. 5-
12(b) and (c), the detector operating under a positive bias with respect to the n-doped side of the
SWIR diode “turns-off” the SWIR diode and reverse biases the MWIR diode, while a negative
bias with respect to the n-dopde side of the SWIR diode “turns-off” the MWIR and reverse biases
the SWIR photodiode, respectively. Thus, switching the polarity of the potential on the

photodetector will change the region of spectral detection.
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Figure 5-12 Relative energy level diagram of the dual-band photodetector in (a) zero bias, (b)
MWIR reverse bias, and (c) SWIR reverse bias operating modes.

The effect of the external potential on the sensing of the dual-band photodetector is
presented in Fig. 5-13(a) where the region of infrared detection switches between SWIR and
MWIR with the polarity of the potential. The specific detectivity for the photodetector operating
in either the SWIR or MWIR mode is presented in Fig. 5-13(b) as a function of operating
temperature. For dual-band detection, the operating temperature of the photodetector is limited by
the cooling required for sensitive MWIR detection. Notice that at low temperatures the MWIR
performance is on par with the best reported photodiodes, however the D* quickly falls when

operating at higher temperatures. Approaching room temperature, the MWIR photodiode is likely
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Ohmic and the D" is rather poor with a value of ~1x107 Jones. Therefore, depending on the
operating temperature, the photodetector is either a single band SWIR detector (at high operating
temperatures) or a dual-band infrared detector (operating at low temperatures). As with the single
element detector, improving the quantum yield, charge mobility, and absorption in the thin film

detector will lead to improved sensitivity and higher temperature operation.
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Figure 5-13 (a) Bias dependence of the 80 K spectral response for the SWIR/MWIR dual-band
photodetector. (b) Temperature dependence of the specific detectivity under optimal operating
bias for photodetection in each spectral region.
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A demonstration of the infrared imaging capabilities with the dual-band detector are
presented in Fig. 5-14. Shown in Fig. 5-14(a), the single-element camera setup consists of a dual-
band detector operating at 80 K and an infrared lens, here BaF, that is rastered along the x and y
axis while the signal is measured at each coordinate. A data acquisition system processes the output
signals and coordinates to reconstruct an image. Here the image resolution is 75x500 (HxL) and
provides a first look at the potential for dual-band imaging with HgTe CQDs. Single-band
detection is enabled by fixing the external bias for either SWIR or MWIR detection. For SWIR
imaging, a tungsten lamp was used as the light source. Such imaging where an external light source
is required is referred to as active imaging. In the SWIR, active imaging captures images with
qualities like visible imaging. As shown in Fig. 5-14(b), the visible (top) and SWIR (bottom)
images share common information about the textures of the objects, but the SWIR can also see
through the silicon wafer as Si is transparent to light beyond 1 pm. SWIR imaging can provide
chemical or material information as different chemicals have different absorption in the SWIR and
appear lighter or darker, as shown in Fig. 5-14(d) for a series of common solvents. Fig. 5-14(c)
highlights the difference in information between a MWIR image that provides thermal information
but lacks quality spatial information and a SWIR image where the facial features can be well
resolved. Active SWIR and thermal MWIR can also act together to provide spatial, chemical, and

thermal information for added value as shown in Fig. 5-14(e).
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Figure 5-14 (a) Experimental setup for single pixel camera imaging. (b) Short-wave infrared
(SWIR) imaging of fruit and a silicon wafer illuminated by a tungsten lamp. The silicon is
transparent in the SWIR (bottom) but not in the visible image.(top) (c) Mid-wave infrared (MWIR)
thermal image (top) and SWIR (bottom) image of human face. (d) Visible (top) and SWIR (bottom)
images of a solvent series illuminated by a tungsten lamp. (e) SWIR (left), MWIR (center), and
superimposed SWIR/MWIR (right) images of two cups containing either hot or cold water. The
thermal images are presented in a blue (cold) to red (hot) false color scale.

Dual-band detection can also be used for remote detection of hot objects. For objects at
temperatures of at least 400°C, as the object becomes hotter, the amount of SWIR light emitted
increases while the MWIR light emitted decreases. Therefore, given a calibration curve for the
ratio of SWIR/MWIR light as a function of blackbody temperature, the object temperature can be
determined. For the dual-band detector, this means taking the ratio of the SWIR/MWIR signal
output by the detector that will correspond to the temperature of the object. The calibration of the
detector is performed by measuring the ratio of the SWIR/MWIR signals for a series of blackbody

temperatures, like the setup shown in Fig. 5-15(a). Fig. 5-15(b) exemplifies the difference in the
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ratio of the SWIR/MWIR signal for a series of hot objects, and Fig. 5-15(c) shows both a
calibration curve and the measurement of temperatures for a soldering iron and heat gun at high
(H) and low (L) setting. The ratio of the SWIR/MWIR signal could measure object temperatures
up to 1 m away without a lens (Fig. 5-15(d)) and at operating frequencies as fast as 100 kHz (Fig.

5-15(e)), thanks to the fast response times of the individual photodiodes.
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Figure 5-15 (a) Experimental setup for calibrating the dual-band photodetector for remote
infrared sensing. A calibrated blackbody was used with radiation incident on the photodetector,
which was operated at a frequency set by the function generator. (b) Signal due to the operation
of the photodetector in the SWIR (blue) and MWIR (red) operating modes. The ratio of the
response at each operating mode was measured for a (top, left) 500°C blackbody, (bottom, left)
950°C blackbody, (top, right) soldering iron, and (bottom, right) heat gun at high (H) heat. (c)
Calibration curve of the SWIR/MWIR signal ratio to the temperature of a source for remote
temperature sensing. (d) Dependence of the SWIR signal (blue), MWIR signal (red), and
SWIR/MWIR ratio (black) signal on the object distance from the detector. (e) Ratio of the
SWIR/MWIR signals measured as a function of operation biasing frequency, demonstrating the
fast response of the dual-band photodetector up to operation at 100 kHz.
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Though only SWIR/MWIR dual-band detection and imaging was demonstrated here, the
application of CQDs to other types of infrared dual-band imaging such as SWIR/SWIR,
MWIR/MWIR, LWIR/LWIR, SWIR/LWIR, and MWIR/LWIR is made possible by this work.
Extending the application to LWIR detection would first require improvements on the LWIR HgTe

CQD synthesis and a demonstration of a LWIR photodiode based on HgTe CQDs.

5.4 Summary

HgTe CQDs present a unique opportunity for the development of next-generation infrared
imaging technologies. Compared to the epitaxial processes used today, HgTe CQDs leverage
solution processing for scalable production of imaging systems. Specifically, two or more different
sizes of HgTe CQD solutions can be integrated onto silicon electronics in an additive

manufacturing process.

The development of the inverted HgTe CQD photodiode was a key step in the realization of
a HgTe CQD dual-band infrared photodiode. Inverted polarity photodiodes were realized by
introducing doped Bi>Ses nanoparticles as the n-type layer in the HgTe CQD heterojunction and a
HgCl.-methanol processing step. Together, these modifications improved the device rectification
and detection sensitivity with performance on par with previously reported normal HgTe CQD
photodiodes. Then, the normal type and inverted type photodiodes were integrated into a two-
terminal dual-band infrared photodetector designed for shortwave and mid-wave infrared

photodetection.

The two-terminal photodetector consisted of back-to-back photodiodes where changing the

bias switched the detection from MWIR to SWIR sensing. The advantage to this design is both the
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reduced electrical demands of the integrated circuit and simplified processing requirements for
operation and production. A first look at infrared imaging with a HgTe CQD dual-band
photodetector was presented alongside a demonstration of its remote temperature sensing
capabilities. In principle, the design used here is generalizable for dual-band detection in other
spectral regions by simply changing the CQDs in the absorber layers. Future work on multi-
terminal back-to-back photodiodes or two-terminal tandem photodiodes for simultaneous multi-
band photodetection will be beneficial to the development of HgTe CQD infrared photodetectors.
Vitally important is increasing the operating temperature of the photodetector and reducing
spectral crosstalk (i.e. overlap in photoresponse between spectral regions) to bring the HgTe CQD

multi-band photodetectors on par with epitaxial 11-V1 and I11-V technologies.
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Chapter 6  Future Direction and Conclusion
6.1 Future Direction

High mobility HgTe colloidal quantum dots

For the HgTe CQD photodiodes described in Chapter 3, the quantum efficiency of the
photodetector MWIR response at room temperature was typically on the order of 1%.
Improvement of the efficiency is limited by the diffusion lengths of charge carriers, which are
much shorter than the thickness of the film at high operating temperatures. However, decreasing
the thickness of the film will lead to losses in the absorption. Therefore, there is a tradeoff between

charge collection efficiency and absorption in CQD thin films. The diffusion length is defined as

Lp = “'Z’Tr , proportional to the charge carrier mobility, (. Then, increasing the mobility of the

charge carriers in HgTe CQD films is expected to improve the high temperature operation,
assuming the carrier lifetime is not adversely affected by the means of enhancing the mobility.
Indeed, HgTe CQDs with mobility >1 cm?/Vs realized with a polar phase ligand exchange!*®
demonstrated an 8-fold improvement of the specific detectivity up to 7x10’ Jones at room
temperature for a photoconductive device.®® The next step then is to integrate these high mobility
HgTe CQDs into the photodiode designs to realize high operating temperature MWIR detectors.
An 8-fold improvement in the performance of the HgTe CQD photodiodes will realize D* >10%

Jones at operating temperatures that are accessible by low-power thermoelectric coolers.

Doping in HgTe colloidal quantum dot films

The success of much of the work described in this thesis is due to the discovery of the
solid-state cation exchange process that underlies the device designs of Chapters 3, 4, and 5. The
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utility and contribution of such a simple processing step to the robustness of the HgTe CQD
photodiode operation cannot be understated. Of course, there is still much to improve in the way
of learning to manipulate this process and predict the change in the performance of the HgTe CQD

photodiodes.

Beyond Ag.Te nanoparticles, other metal tellurides such as CuzTe and ShoTes with
solubility constants larger than HgTe might also be investigated as sacrificial host materials for
the metal dopant ions.!'® The cation exchange with Sh,Tes is particularly interesting as a method
for n-type doping HgTe CQD films with aliovalent Sb** ions and extending the solid-state cation
exchange process for designing n-type HgTe CQD films. Thus, changing the metal telluride layer
is one direction for investigating the differences in doping of HgTe CQD films by solid-state cation

exchange.

The solid-state cation exchange process might also be used to explore different HgTe CQD
heterojunctions that are challenging to realize directly. For example, in Chapter 5, heterojunctions
of HgTe-Bi>Tes were considered for the inverted photodiode design. However, the Bi>Tes
nanoparticles solutions were not suitable for making quality thin films. Instead, the HgCl> solution
in the solid-state cation exchange could be replaced by a Bi salt solution to convert the Ag.Te to

n-type Bi>Tes and, ideally, form a Bi>Ses-HgTe CQD heterojunction diode.

The solid-state cation exchange is only one method for doping HgTe CQDs and the control
of the doping is limited. Beyond this, non-aggregated HgTe CQD doping is directly tunable with
both the size of the nanocrystal® and by polar ligand exchange into different concentrations of

HgCl. polar ligand solutions.®® Together, these processes allow for control of the n-type doping in
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the solution phase. Throughout this work, EdT/HCI/IPA was commonly used as the crosslinker,

but different ligand solutions might also be considered to tune the doping of the HgTe CQD films.**

Clearly, many paths may be taken to investigate the doping in HgTe CQD films and its
effect on the photodiode performance. To guide the investigative work, simulation and modeling
of the HgTe CQD photodiodes would be immensely beneficial. Modeling of HgCdTe
photodetectors has led to the discovery of unique device designs to reduce recombination and
increase the overall performance.'®1%2 Similarly, a 1D numerical model of the HgTe CQD
photodiodes would provide insights into the doping techniques that may lead to an optimal infrared

detector at high operating temperatures.

Enhanced absorption in thin films

Due to the thin film thickness of the HgTe CQDs, much of the incident light is not
absorbed, leading to low quantum efficiencies, especially at high temperature operation. The goal
then is to enhance the absorption such that the film might also be made thinner to enhance the
charge collection efficiency and improve high temperature operation in the mid-wave infrared. In
Chapter 3, a Fabry-Perot cavity and plasmonic metal disks were integrated into a photodiode to
increase the absorption in the film nearly 8-fold.'®® The enhanced absorption in the photodiode
resulted in a 3-fold improvement of the specific detectivity at all operating temperatures and the
highest reported quantum efficiency of 45% for a HgTe CQD photodiode in the mid-wave infrared
operating at 85 K. In these photodiodes, the film thickness was held constant at 400 nm, still much
thicker than the diffusion length at high temperatures. One direction then for MWIR HgTe CQD

photodetectors is to integrate the cavity and plasmonic absorbers into thinner film devices, possibly
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composed of high mobility HgTe CQDs,*®® such that both the absorption and charge collection are

enhanced for greater quantum efficiency at higher operating temperatures.

The room temperature quantum efficiency of the shortwave infrared photodiodes described
in Chapter 4 is already quite high at ~50% for a cutoff wavelength of 2.5 um. For a thin film
device, such a high quantum efficiency would imply the photodiode performance is limited by the
absorption in the film. Therefore, optical enhancement of the SWIR HgTe CQD photodiode is an
obvious direction for improving the overall performance. Indeed, the integration of a cavity into
the photodiode stack enhanced the detectivity by 7-fold up to 7.5x10° Jones at 2.25 pm and
operating temperature of 300 K.1%* A 7-fold enhancement of the photodiodes described in Chapter
4 would lead to HgTe CQD photodiodes with quantum efficiency and specific detectivity

exceeding the commercial extended InGaAs technologies.

High guantum yield HgTe colloidal quantum dots

The most significant challenge HgTe CQDs face is the low photoluminescence quantum

yield. The specific detectivity of a HgTe CQD detector scales as the square root of the radiative

fraction, i.e. D*a +/f.,'° and would lead to significant improvements as the radiative fraction
approaches unity. However, the quantum yield of HgTe CQDs is low, especially in the MWIR 16
The photoluminescence is reduced by non-radiative processes such as energy transfer to the high
frequency vibrations of the organics ligands'®® or longitudinal optical phonons at the nanocrystal
surface.’®” Improvements in the visible photoluminescence for colloidal quantum dots have
followed from either passivating the surface with inorganic ligands'®® or a shell material %

However, improving the HgTe CQD quantum yield by such methods has seen limited success.*”
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While researchers continue to address these limitations and identify opportunities for improving
the photoluminescence, the near-term improvements in the detectivity are expected to come from
better photodiode design through doping control, increasing the mobility, and enhancing the

absorption in HgTe CQD thin films.

Long-wave infrared detection with HgTe CODs

Long-wave infrared photodetection with HgTe CQDs is much less explored than the
shortwave and mid-wave detectors. Detection up to 12 um was first demonstrated in 2014 with a
photoconductive device?” and later up to 9.5 pm in a multi-spectral photoconductive detector.®
Just as with mid-wave infrared detection, HgTe CQDs in the long-wave infrared should,
theoretically, achieve higher operating temperatures than the epitaxial technologies owing to the
lower Auger coefficient in colloidal quantum dots compared to bulk HgCdTe.?® Currently, the
limitation to the development of LWIR HgTe CQD photodetectors is the synthesis, which yields
HgTe CQDs with broad size distributions and broad absorption that is detrimental to device
operation.?”2817L |f the synthesis of monodisperse HgTe CQDs with a reasonably sharp absorption
edge in the LWIR can be realized, then the photodiode designs described in Chapters 3 and 5 will

likely extend to HgTe CQDs to enable LWIR single- and dual-band detectors.

An alternative direction for LWIR detection is to use the intraband absorption of the doped,
non-aggregating HgTe CQDs.2° For sizes of HgTe CQDs greater than 8 nm in diameter, the
intraband absorption peaks in the LWIR and intraband detection might be possible.*’? Intraband
HgSe CQDs were shown to have suppressed Auger recombination’”® and this effect likely

translates to the intraband transition of HgTe CQDs. The complete suppression of Auger
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recombination with ambiently doped HgTe CQDs could then lead to higher temperature operation

of LWIR photodetectors.

6.2 Conclusion

Chapter 1 introduced the shortwave, mid-wave, and long-wave infrared spectral regions,
and the figures-of-merit for infrared photodetectors relevant to the work of this thesis. A brief
review of the bulk epitaxial technologies was provided to motivate the advantages of HgTe
colloidal quantum dot infrared detectors in terms of manufacturability. More specifically, HgTe
CQDs were highlighted for the potential advantages in performance and operating temperature due

to theoretically predicted reduced Auger recombination.

A strategy for improving the performance of HgTe CQD photodiodes was described and
set into motion in Chapters 2 and 3. The focus was on improving the current rectifying behavior
of the photodiodes using charge transport layers and doped HgTe CQDs. The success with the
charge transport layers was marginal while the homojunction between p-type HgTe and n-type
non-aggregated HgTe®® showed greater promise with the exception of a temperature-dependent
polarity inversion. Finally, strongly rectifying photodiodes were formed with the introduction of a
solid-state cation exchange process wherein Ag-doped HgTe thin films are the result of a Hg cation
exchange on Ag.Te nanoparticle thin films. A preliminary description of the HgTe CQD
photodiodes as a one-sided abrupt junction diode provides a starting point for understanding the
physics and for future work investigating methods for manipulating the doping guided by

numerical models.
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In Chapter 4, the solid-state cation exchange process was implemented in an extended
shortwave infrared HgTe CQD photodiode, and the figures-of-merit were on par with commercial
epitaxial technologies. Interestingly, the performance of the extended SWIR detector was
enhanced by soaking each layer of HgTe CQD in HgCl. solution before crosslinking. The result
of the process was an improved photoluminescence concurrent with the reduction in the noise,
ultimately leading to high performance detectors. It was reported that the metal halide ligands can
enhance the quality of I1-VI colloidal quantum dots,''® and the results here suggest further

investigation of different metal halides might lead to optimized extended SWIR performance.

The significance of HgCl, cannot be understated here. In Chapter 5, the realization of
inverted photodiodes with performance equivalent to the normal type photodiodes relied on a
HgCl> soaking step in addition to using a n-type Bi>Ses nanoparticle thin film. With designs for
both the normal and inverted photodiode, this work culminates in the demonstration of
SWIR/MWIR dual-band detection with a two-terminal photodetector operating at 80 K. The
processes developed in Chapters 3 and 5 enable the design of inverted and normal photodiodes for
SWIR and MWIR detection; therefore, it is reasonable to think that these designs might be general
to HgTe CQD photodiodes and apply to LWIR HgTe CQDs. Tunable infrared detection from 1-
12 um, the potential to operate at higher temperatures, and the low-cost, scalable solution
processing altogether make HgTe CQDs an emerging and versatile technology for infrared

photodetection and imaging.
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