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Abstract

Uncooled High-performance Micro and Nanostructured Lead Selenide-Based MWIR
Photodetectors

by
Milad Rastkar Mirzaei

Lead selenide (PbSe) is a highly promising semiconductor for mid-wavelength infrared
(MWIR) photodetectors, offering a favorable combination of narrow bandgap energy, strong
optical absorption, and compatibility with low-cost manufacturing processes. Despite challenges
such as identifying suitable substrates for single-crystalline growth and mitigating defect-induced
performance degradation, sensitized PbSe has emerged as a cost-effective, high-performance
solution for uncooled sensing applications. This dissertation develops a comprehensive suite of
PbSe-based heterostructure and nanostructured photodetectors, demonstrating significant
advancements in device architecture, material quality, and photodetector performance.

As a foundational step, the integration of monocrystalline PbSe with vicinal germanium
(Ge) substrates was realized, establishing a new pathway for forming high-quality heterogeneous
interfaces despite the significant lattice constant and thermal expansion coefficient mismatch
between PbSe and Ge. This was achieved through an in-situ surface treatment of the Ge substrate
that enhanced adatom surface kinetics prior to PbSe deposition, resulting in crack-free, single-
crystalline n-type PbSe films on p-type Ge (100) substrates. The resulting heterojunction exhibited
strong diode-like rectifying behavior with a high rectification factor and low reverse-bias current
density. X-ray diffraction (XRD) measurements revealed narrow full width at half maximum
(FWHM), and strong photoluminescence (PL) confirmed the formation of high-quality PbSe (100)

epitaxial films on industry-standard vicinal Ge substrates. This integration not only demonstrated
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robust epitaxial alignment but also opened possibilities for dual-band detector architectures and
other PbSe-based heterojunction devices.

Building on this foundation, a novel epitaxial CdSe-on-PbSe type-1I heterojunction
photovoltaic detector was demonstrated via molecular beam epitaxy (MBE). For the first time,
high-quality, single-phase cubic CdSe was epitaxially grown on p-type single-crystalline PbSe
films, as confirmed by in-situ reflection high-energy electron diffraction (RHEED). The resulting
p—n junction exhibited rectifying behavior with a rectification factor exceeding 50 at room
temperature. Under zero-bias photovoltaic operation, a 30 um X% 30 um pixel achieved a
responsivity of 0.06 A/W and a specific detectivity (D*) of 6.5 x 10® Jones at room temperature.
Device performance improved significantly with thermoelectric cooling, reaching a responsivity
of 0.441 A/W and a D* of 4.4 x 10? Jones at 230 K, underscoring the effectiveness of epitaxial
interface engineering in enhancing carrier transport and suppressing recombination losses in PbSe-
based MWIR detectors.

The research further advanced toward scalable, low-cost device architectures through the
development of nanocrystalline PbSe/CdSe heterostructure photoconductors, fabricated via vapor
phase deposition (VPD) on commercially available SiO»/Si substrates. Optimization of post-
deposition oxygen annealing improved film quality and defect passivation, resulting in a room-
temperature D* of 8.57 x 10 Jones and a peak detectivity of 2.49 x 10° Jones, with an interband
cutoff wavelength of 4 um. Crucially, this approach demonstrated a clear pathway toward low-
cost, large-area MWIR detection systems while maintaining compatibility with silicon-based
readout integrated circuits (ROICs) for monolithic integration.

Further improvements were achieved by transitioning to PbSe/CdSe nanostructured

photoconductors with small pixel dimensions, building directly upon insights gained from the
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larger-area heterostructure devices. Aggressive pixel scaling and precise control of the annealing
process enabled the formation of highly interconnected nanostructures that facilitated efficient
photogenerated carrier transport and further defect suppression. The reduction in pixel size not
only enhanced device performance but also revealed critical insights into the underlying gain
mechanisms and the role of traps, which had been obscured in earlier large-area devices. These
small-pixel devices, defined with active areas of 17.5 x 20 um? via reactive ion etching, exhibited
tunable absorption edges at 3.75 um and 4.0 um, with room-temperature specific detectivities of
2.17 x 10" Jones and 1.61 x 10' Jones, respectively. External quantum efficiencies exceeding
100% confirmed strong photoconductive gain. Noise analysis indicated 1/f noise as the dominant
mechanism, with behavior consistent with Hooge’s empirical relation for homogeneous
semiconductors, validating the high electronic quality achieved through process optimization.
Collectively, the advancements presented in this dissertation chart a progressive trajectory
in PbSe-based MWIR photodetector development — from epitaxial, high-performance
heterojunction diodes to scalable heterostructure photoconductors, and finally to optimized
nanostructured small-pixel devices with record performance at room temperature. Through
deliberate control of material growth, interface engineering, and device scaling, this work
significantly advances the state of PbSe-based infrared detection. These developments establish a
robust framework for future PbSe MWIR sensing technologies, offering a pathway toward
compact, low-cost, high-performance detectors suitable for a wide range of commercial, industrial,

and defense applications.
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Chapter 1 Introduction and literature Review

I. ~ MWIR spectrum and its importance

Human vision is among the most advanced senses, yet nature restricts it to a narrow range
within the continuous electromagnetic radiation spectrum. The aim of the research field focused
on infrared detection is to extend human vision beyond its inherent limitations [1]. The infrared
spectrum encompasses all electromagnetic radiation with wavelengths longer than those in the
visible spectrum but shorter than millimeter waves [2]. Detecting and sensing infrared (IR)
radiation offers numerous advantages for various reasons. To begin with, IR radiation detection is
highly advantageous due to the inherent emissions from objects in the IR spectrum, obviating the
need for supplementary illumination. This principle is referred to as 'passive detection' and is
especially valuable in applications like night vision or extreme conditions where ambient light
sources are absent [1]. Secondly, IR radiation, particularly within the mid-wavelength IR (MWIR)
range (3—5 pm), possesses the ability to travel through the atmosphere with minimal losses, owing
to its significant transparency. This quality renders IR radiation suitable for diverse applications
such as free space communications and astronomy. In military contexts, IR detection finds critical
utility in enhancing soldier vision and tracking missiles [2], [3]. Thirdly, beyond its atmospheric
transmission characteristics, IR radiation can traverse various media without substantial intensity
reduction in certain atmospheric windows (Figure 1-1a). This attribute enables the use of non-
contact, non-destructive inspection methods, widely applied in industries and routine activities [4],
[5]. Fourthly, IR radiation, being emitted directly from thermal sources, carries intrinsic
information about the source itself. For instance, the temperature of an object can be deduced from
the received IR radiation intensity, facilitating non-contact and high-sensitivity temperature

measurements. Additionally, the wavelength spectrum of detected IR radiation can provide



extensive information about the source or the absorbing medium. As many materials, particularly
gases and organic compounds, exhibit resonant frequencies in the IR spectrum related to their
bonding energies, detecting these resonances, known as IR spectroscopy, serves as a potent tool
for analyzing chemical bonds in molecules and gas sensing (can be seen in Figure 1-1b). Therefore,
the MWIR spectroscopy finds its application in medical diagnosis ranging from cancer detection
to asthma [6], [7], [8], [9]. Furthermore, MWIR has a broad application in environmental sensing
and planet discovery. The MWIR range presents exceptional diagnostic capabilities for assessing
atmospheric composition because several crucial molecules necessary for investigating planetary
conditions exhibit pronounced absorption bands within the MWIR spectrum. These absorption
bands in the MWIR encompass key molecules such as ozone (O3) and methane (CHas).
Additionally, nitrous oxide (N20), which serves as another potential biosignature within Earth's
atmosphere, displays significant absorption bands in the MWIR, but, unlike methane, lacks
comparably strong absorption bands in the optical or near-infrared (NIR) wavelengths [10]. Due
to these distinctive properties, IR detection has consistently garnered significant interest in

research endeavors.
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Figure 1-1 a) Transmission of the atmosphere for a 6000 ft horizontal path at sea level [2]. b) Characteristic gas absorption in

infrared region. Reprinted from [11].
II.  Photon detector structures

Semiconductor photon detectors in can be classified into photoconductors (Figure 1-2b)
and photovoltaic detectors -or photodiodes- (Figure 1-2a). Both device structures follow a shared
sequence of three fundamental operations. Initially, there's optical absorption, where the
absorption of photons leads to the generation of electron-hole pairs (EHPs) inside the active area.
The quantity of photogenerated EHPs relies on factors such as the film's thickness, the absorption
cross-section of the constituent material, and refractive index difference between active material
and air. The second step involves charge separation. Photogenerated EHPs remain in an excited
state for a limited period and require spatial separation to prevent recombination (germinate

recombination). In photoconductors, this separation is achieved with the assistance of applied bias,



while in photodiodes, a built-in electric field formed at the junction plays a pivotal role in
separating charges. The final step encompasses charge collection. The separated electrons and
holes must be transported and gathered at the respective electrodes to generate the photocurrent.
In photoconductors, minimizing the gap between electrodes ensures that the time taken for
photogenerated carriers to reach the electrode (transit time) is shorter than the carrier
recombination (non-germinate recombination) lifetime. In photodiodes, ensuring the width of the
quasi-neutral region is shorter than the carrier diffusion length is crucial for efficient charge
extraction [12]. From an application perspective, photoconductors are often noted for harboring
long-lived trapped charges. To maintain charge neutrality, opposite charges circulate through the
device multiple times, resulting in a photoconductive gain. This characteristic renders them
suitable for high-sensitivity sensor applications, particularly in environments where photon
availability is limited [13], [14]. Conversely, photodiodes demonstrate a quicker response time and
reduced dark current, meeting the requirements for compatibility with current ROIC operation.
This enables their utilization in creating a 2D array for imaging at a high frame rate, eliminating

issues such as motion blur or ghosting [15], [16].
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Figure 1-2 Schematic for a) photoconductor, and b) photovoltaic photodetectors. Reprinted from [17].



[I.  Photodetectors Figure of Merits
Various commercial applications come with specific demands for the features of

photodetectors, making it of paramount importance to establish clear evaluation criteria. Today,
there exists a wide range of photodetector types, and when assessing and contrasting their
performance, it is essential to specify the methodology for deriving index parameters.
Consequently, defining the fundamental parameters of photodetectors becomes a crucial step in
assessing their appropriateness for various applications. Below, we provide a brief overview and
summary of some conventional parameter metrics.
Dark Current

Dark current represents the current that flows within the photodetector in the absence of
incident photons. Dark current holds significance in the characterization of photodetectors because
it is intimately linked to detector noise, which ultimately dictates the lowest detectable signal level
achievable by a photodetector. To ensure fair comparisons among photodetectors of varying sizes,
it is more insightful to consider the dark current density, as this parameter normalizes the dark
current concerning the device's area.
Photocurrent

The photocurrent represents the current produced by a photodetector when exposed to
optical radiation. In the case of a weak radiation signal, the photocurrent exhibits a direct
proportionality to the incoming radiation power:
Ipn = qnA®.g (1-1)
Where q is electron elementary charge, n quantum efficiency and it is a measure of number of
charge carriers generated per incident photons. @, is incident power (radiant flux), 4 is the active

area of the device and g is the photoconductive gain. If the lifetime of photogenerated carriers is



larger than the transit time, and one type of carrier (electron or holes) has higher mobility, the
device can have a high photoconductive gain because of a process known as photo-recycling [18].
On-off ratio

The on-off ratio (@) is determined as the ratio of the photocurrent (Ip;), or photocurrent
density (Jpp), to the dark current (I;4,%), or dark current density (J;4,%), at a specific voltage, as
represented by the following equation ([19]):

_ Ipn _ _JPn (1-2)

ldark Jdark

Increasing the photocurrent or decreasing the dark current are two methods to increase the on-off
ratio.
Response Time

Response time, 7, is usually employed to characterize the sensitivity and speed of the
photodetector. In Figure 1-3, the rise time (T,;s.) or decay time (Trq) is the duration of the
transient current density increase from 10% to 90% of the maximal current density, or decrease
from 90% to 10% of the maximal current density. The response time is in close relation with the

film quality, surface roughness, and traps [20], [21].
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Responsivity

The term "responsivity," represented as R, in the context of an infrared detector, signifies
the relationship between the detector's electrical output signal and the power of the incoming
radiation. The units for this responsivity can be expressed as A/W or V/W, and the choice between
them depends on the type of photodetector in use, whether it's a photodiode or a photoconductor.

The relation is shown below.

_ Ipn )
R =2 (1-3)
Noise

Different noise sources contribute to the total noise of a photodetector, which are presented
in the following paragraphs.
Shot Noise
Shot noise is related to the statistical fluctuation in both the dark current and the
photocurrent. Af is noise measurment bandwidth. It is typically chosen to be 1Hz. Also q is

elemental electron charge.

ish = \/Zq(lph+1dark)Af (1'4)

Ush = \/zq(lph+1dark)Af *R = \/ZqVBias+5ignalRAf (1-5)
Johnson or Thermal Noise

The source of thermal noise (or Johnson noise) is related to photodetector resistance. This
is because of the thermal generation of carriers. The magnitude of this noise current for

photoconductive and photovoltaic photodetectors are

Vi = JAKTRAf (1-6)

4KTAf
R

(1-7)

lth =



Where R is the equalant resistance, K is boltzman constant, and T is the temperature of operation.
Generation-Recombination Noise

The photocurrent depends on average carrier density, which is related to carrier generation
rate and lifetime. Thus, it stems from the random generation rate of carriers and the random lifetime
of each carrier. In other words, each carrier has a random generation and recombination rate. This
noise is similar to shot noise, but instead of the multiplier 2, we have 4 (both generation and

recombination).

lgr = JaqlgAf (1-8)
Where g is the gain of phototdector.
1/f or Flicker Noise

The 1/f noise, also known as flicker noise or pink noise, is a type of noise that is
characterized by a spectral density inversely proportional to frequency. In photodetectors, 1/f
noise refers to low-frequency noise that can affect the accuracy and sensitivity of the detected

signal [23].

. Kyl?A
iy = / “ i (1-9)

Ky is a proportionality constant that depends on the specific material and device characteristics. [

is the current, and f is the specific frequency for the i; /s noise measurment.

Total RMS noise current from all contributing currents is defined by equation below:

in = Jishz S P o P (1-10)
Noise Equivalent Power, Detectivity, and NEDT

The NEP is the minimum detectable power of the detector. Combining the responsivity and

the total detector noise i, , the expression of NEP is as follows



NEP =1i,/R (1-11)

To mitigate the impact of device size and signal bandwidth while concurrently acquiring a
more refined measure of a device's detection capability, Jones introduced a specific detectivity
(D*) to compare the performance of two detectors with varying sizes and testing bandwidths [24].
The D* is directly related to the signal-to-noise ratio as shown in the equation below. The D* is

measured in units of cm.Hz!"2/W or Jones.

. JAAF Ly, JAsAf

Another important metric for MWIR photodetectors is Noise Equivalent Temperature Difference
(NETD), which serves as a metric that defines the low-signal performance of thermal imaging
systems and holds greater relevance in the context of Focal Plane Arrays (FPAs) of infrared
detectors. It quantifies the temperature differential between a target and the background
temperature required to generate a signal in the detector equivalent to the root mean square (RMS)
detector noise. Another definition of NETD involves determining the temperature difference

between two blackbodies that corresponds to a signal-to-noise ratio of unity [25].

NEDT = Z—“ (T, — Tp) (1-13)

Where v, vs, T, and Ty are noise RMS voltage, signal RMS voltage, temperature of blackbody
target, and background temperature, respectively.
IV.  Bulk MWIR Photodetectors
Introduction to MWIR Photodetector Material systems

The development of high-performance mid-wavelength infrared (MWIR) photodetectors
continues to be critical for defense, aerospace, environmental monitoring, and industrial sensing

applications. The increasing demand for high-operating-temperature (HOT), low-cost, and high-



sensitivity solutions has directed focus toward three dominant material systems: mercury cadmium
telluride (HgCdTe or MCT), Type-II superlattices (T2SL), and lead selenide (PbSe). The pursuit
of HOT detectors is a technological battle against fundamental noise sources. Each of the
technologies discussed in this report—MCT, T2SL, and PbSe—employs a distinct strategy to
mitigate dark currents and enable operation at elevated temperatures. MCT technology focuses on
perfecting a mature material and optimizing device architecture to minimize known noise sources.
T2SL technology takes a more radical approach, using bandgap engineering to create an artificial
material with inherently suppressed noise mechanisms. PbSe leverages the unique physics of its
polycrystalline structure to achieve respectable room-temperature performance through a different,
less understood mechanism. Understanding these distinct strategies is key to evaluating their
respective strengths, weaknesses, and potential for future infrared systems.
MCT Photodetectors
Foundational Properties of the HgCdTe Alloy

Mercury Cadmium Telluride, chemically represented as Hgi—xCdxTe and commonly
known as MCT, has been the preeminent material for high-performance infrared detectors for
several decades [26]. Its dominance stems from a unique combination of fundamental properties
that make it exceptionally well-suited for IR detection across a wide range of wavelengths. The
most significant attribute of MCT is its tunable bandgap. By precisely controlling the molar
fraction 'x' of cadmium (Cd) relative to mercury (Hg) in the alloy, the material's bandgap energy
can be continuously adjusted [27]. This allows a single material system to be optimized for
detection in all of the critical atmospheric windows: the short-wave infrared (SWIR, 1-3 pm), mid-
wave infrared (MWIR, 3-5 um), long-wave infrared (LWIR, 8-12 um), and even the very-long-

wave infrared (VLWIR, >12 um). For example, an alloy with approximately 30% cadmium
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(x=0.3) is used for the MWIR band, while an alloy with 20% cadmium (x=0.2) is used for the
LWIR band. This unparalleled flexibility is a core reason for its widespread adoption in military,
space, and scientific applications.

However, MCT is not without its challenges. The material is notoriously difficult to
produce in large, highly uniform single-crystal wafers [28]. This is primarily due to the very high
vapor pressure of mercury, which leads to compositional non-uniformities across the wafer during
growth. These non-uniformities translate directly into variations in cut-off wavelength and
performance, reducing the yield of high-quality detector arrays and increasing their cost.
Furthermore, MCT is a mechanically soft material with low thermal conductivity, making it
unsuitable for high-power devices and requiring careful handling during processing. Finally, the
presence of mercury and cadmium, both heavy metals, raises environmental and regulatory
concerns, with restrictions on their use increasing in some markets, such as Europe [29].

The Evolution to High Operating Temperature (HOT) MCT

The drive to overcome the limitations of cryogenic cooling has spurred significant
innovation in MCT device architecture. The development of HOT MCT detectors is not based on
a new material but on a sophisticated evolution of the device design aimed squarely at suppressing
the dark current mechanisms that dominate at elevated temperatures [28]. The most critical
advancement has been the transition from the traditional n-on-p photodiode architecture to a p-on-
n structure. In a standard n-on-p device, the infrared radiation is absorbed in a relatively thick,
lightly n-doped layer grown on a p-type substrate. However, analysis of dark current sources
revealed that the dominant noise mechanism at higher temperatures is the Auger-1 recombination
process, which is particularly strong in p-type MCT [27]. The strategic shift to a p-on-n

architecture involves using a lightly p-doped absorbing layer grown on an n-type substrate [30].
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In this configuration, the dominant recombination mechanism in the absorbing region becomes the
Auger-7 process, which is significantly weaker than the Auger-1 process. This architectural
inversion directly attacks the primary source of thermal noise, enabling a substantial reduction in
dark current for a given operating temperature. This allows for the same dark current performance
at an operating temperature approximately 20 K higher than previous n-on-p technologies. This
architectural shift was enabled by parallel advancements in material doping. Historically, p-type
doping in MCT was achieved by creating mercury vacancies in the crystal lattice, which act as
acceptors. However, this method can lead to unstable doping levels and higher defect
concentrations. The modern approach utilizes extrinsic doping, where foreign atoms are
intentionally introduced into the lattice. Elements like gold (Au) or arsenic (As) are now commonly
used to create stable, well-controlled p-type regions. AIM INFRAROT-MODULE GmbH (AIM),
a leading manufacturer, reported that transitioning from vacancy doping to extrinsic gold doping
allowed them to suppress dark current considerably, enabling MWIR detectors to operate at ~140
K with good performance, a significant increase from the ~120 K limit of their standard technology
[30].
State-of-the-Art Performance and Commercial Products

These architectural and material advancements have translated into commercially available
MCT detectors with impressive HOT performance, particularly in the MWIR band. AIM has
demonstrated high-resolution (1024 x 768) MWIR detectors with a small 10 um pixel pitch that
exhibit excellent performance at an operating temperature of 160 K. Their detectors with a larger
20 pum pitch can achieve NETD of less than 30 mK at operating temperatures up to 170 K [30].
This level of performance at such elevated temperatures allows for the use of smaller, lighter, and

more reliable cryocoolers, directly addressing the SWaP+C requirements of modern systems.
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Commercial manufacturers also offer uncooled or thermoelectrically cooled MCT products
for applications where the ultimate sensitivity is not required. VIGO Photonics provides a wide
range of such devices. Their uncooled photovoltaic MCT detectors, like the PVM-10.6, are
optimized for LWIR applications such as CO: laser detection and offer a peak D* of >2.0x10’
Jones at room temperature with a cut-off near 12 pm [31]. When thermoelectric cooling is applied,
performance increases dramatically. A VIGO two-stage TEC-cooled MCT detector with a cut-off
around 7 pm can achieve a D* of 8.0x10'° Jones [31]. Teledyne Judson also offers room-
temperature photovoltaic MCT detectors, primarily for the SWIR/MWIR boundary. Their J19
series, with a 2.8 pm cut-off, achieves a typical D* of 3.5x10!° Jones at room temperature (295
K), demonstrating decent performance for an uncooled photon detector in this spectral range [32].

The development of HOT MCT is a clear example of evolutionary technological
refinement. It builds upon decades of investment and accumulated manufacturing expertise. This
gives it a significant advantage in terms of technology readiness, reliability, and supply chain
maturity compared to newer, more revolutionary technologies [29]. However, the fundamental
physics of Auger recombination in the bulk MCT material presents a formidable barrier to
achieving high performance at or near room temperature, particularly in the LWIR band. The best
uncooled LWIR MCT detectors have D* values in the 10’—10® Jones range, which is several orders
of magnitude below their cryogenically cooled counterparts [31]. This performance ceiling creates
a strategic opportunity for alternative technologies that are fundamentally designed to overcome

this limitation.
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Type-II Superlattice Structure Photodetectors
The T2SL Paradigm: Bandgap Engineering for Superior Performance

Type-II Superlattices (T2SLs) represent a fundamentally different approach to infrared
detection. Instead of relying on a bulk alloy like MCT, a T2SL is an artificial semiconductor
material constructed by growing a repeating stack of ultrathin layers of two different
semiconductor materials using techniques like Molecular Beam Epitaxy (MBE) [33]. The most
common T2SL systems for infrared detection are based on III-V materials, such as alternating
layers of Indium Arsenide (InAs) and Gallium Antimonide (GaSb), or InAs and Indium Arsenide
Antimonide (InAsSb) [34].

The defining characteristic of these structures is their "Type-II" band alignment. In this
configuration, the conduction band minimum of one material (e.g., InAs) is lower in energy than
the valence band maximum of the other material (e.g., GaSb) [35]. This staggered alignment
creates quantum wells for electrons and holes in different spatial layers (Figure 1-4). The result is
an effective bandgap for the superlattice that is not determined by the bulk properties of the
constituent materials, but rather by the quantum confinement effect, which is controlled by the
thickness of the individual layers. This gives T2SLs immense design flexibility, allowing their cut-
off wavelength to be precisely engineered anywhere from the MWIR to the VLWIR (3-30 um)

simply by adjusting the layer thicknesses during growth [36].
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from Ref. [35].

This bandgap engineering is not just for wavelength tuning; it is the key to the core
theoretical advantage of T2SLs: the suppression of Auger recombination. The engineered band
structure can be designed to increase the energy thresholds required for the Auger processes that
plague narrow-gap bulk semiconductors. By manipulating the energy bands, it is possible to create
a structure where Auger recombination is significantly less probable than in MCT with a
comparable bandgap [35]. This theoretical prediction of lower Auger rates translates directly into
a prediction of lower intrinsic dark currents, which should enable T2SL detectors to operate at
significantly higher temperatures than their MCT counterparts [37].

Despite this profound theoretical promise, the practical realization of high-performance
T2SL detectors has faced significant hurdles. A primary challenge is a lower optical absorption

coefficient compared to MCT [28]. The spatial separation of the electron and hole wavefunctions
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in the Type-II structure reduces the probability of optical absorption, necessitating thicker absorber
layers to achieve high quantum efficiency [38]. However, a thicker absorber layer means a larger
volume for thermal generation of dark current, which can counteract the benefits of Auger
suppression. Another major issue has been the material quality itself. The interfaces between the
superlattice layers are critical, and defects at these interfaces or within the layers can act as
Shockley-Read-Hall (SRH) recombination centers, creating a G-R dark current that can
overwhelm the low diffusion current [33]. Finally, carrier transport in a superlattice is anisotropic;
transport parallel to the layers is typically much better than transport perpendicular to them. This
poor vertical mobility can hinder the efficient collection of photo-generated carriers, reducing the
detector's overall responsivity [33].

Architectural Innovations Enabling HOT and RT Operation

The success of modern T2SL detectors is a story of overcoming these practical challenges
through clever device engineering. The theoretical promise of the material was unlocked by a
series of architectural innovations designed to specifically target its weaknesses.

Arguably the most important of these is the development of the unipolar barrier detector
architecture, commonly known by names such as nBn ("n-type contact, Barrier, n-type absorber")
or XB-n, where X is a contact layer [39]. In a traditional p-n photodiode, the high electric field
exists across the junction, which is where defect-mediated G-R current is generated. In a barrier
detector, a thin, wide-bandgap semiconductor layer is inserted between the absorber layer and the
contact layer. This barrier is designed to block the flow of majority carriers (the primary source of
dark current) but allow the unimpeded flow of minority carriers ( including the photo-generated
signal) [38]. This architecture effectively eliminates the depletion region from the narrow-gap

absorber, thereby suppressing the G-R current component. This leaves only the much smaller
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diffusion current from the absorber as the dominant noise source, allowing the intrinsic advantage
of the T2SL's low Auger rate to be realized [35].

With the dark current problem addressed by barrier structures, the focus shifted to the low
absorption coefficient. To achieve high quantum efficiency without using a thick, noisy absorber,
researchers developed light-trapping structures that confine photons within a very thin detector
[40]. This has been achieved through two primary methods:

1. Plasmonic Detectors: In this approach, the T2SL barrier detector is integrated with a
metallic grating or nanostructure on its surface (Figure 1-5). This structure supports surface
plasmon polaritons—collective oscillations of electrons coupled to light—which can trap and
concentrate the incident infrared radiation into the very thin absorber layer (e.g., less than 400 nm
thick) [37]. This results in a dramatic enhancement of absorption and quantum efficiency at

specific resonant wavelengths, enabling high performance in an ultra-thin device.

Figure 1-5 Schematic of the plasmonic IR quantum-engineered ultra-thin epitaxial detector. Reprinted from Ref. [41].

2. Guided-Mode Resonance (GMR) Detectors: This is an all-semiconductor approach to light
trapping. A diffraction grating is etched into the top of the detector structure, which sits on an
epitaxial waveguide layer. At specific wavelengths and angles, the grating couples incident light

into a guided mode that propagates laterally within the waveguide and thin absorber [42]. This
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resonance traps the light, greatly increasing its interaction path length with the absorber and
boosting quantum efficiency. The resonant wavelength is tunable by changing the grating period,

allowing for spectrally selective detectors with high polarization sensitivity.

GasSb grating
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U.1.D InAsSb
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Figure 1-6. Schematic of GMR LWIR detector (left) and its upside-down epitaxial structure after GaSb substate removal (right).
Reprinted from Ref. [42].
Research Frontiers and State-of-the-Art Performance

The combination of advanced material growth and innovative device architectures has led
to a series of breakthrough results for T2SL detectors, particularly in the realm of high-temperature
and room-temperature operation. In the MWIR band, T2SLs have demonstrated true room-
temperature, high-performance photon detection. A landmark result was reported for a GMR-
based T2SL detector that achieved a room-temperature (296 K) peak specific detectivity (D*) of
approximately 1.2x10'° Jones at a wavelength of 4.4 um [43]. This level of sensitivity from an
uncooled photon detector is exceptional and rivals that of many thermoelectrically cooled

detectors. On the commercial front, Teledyne Judson has developed discrete HOT MWIR T2SL
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photodetectors capable of operating at 295 K. These devices show a peak D* of 1.9x10° Jones and
a responsivity of 2.47 A/W with a cut-off wavelength of approximately 5.5 um [44].

In the more demanding LWIR band, T2SLs are also pushing the boundaries of high-
temperature performance. A plasmonic T2SL detector was shown to operate at 230 K—a
temperature readily achievable with a two-stage TEC—while maintaining a peak D* of 2.29x10°
Jones at 9.6 um [37]. This performance is nearly an order of magnitude higher than commercially
available MCT detectors operating at the same elevated temperature, showcasing the tangible
benefits of the T2SL approach for SWaP-constrained LWIR systems.

Crucially, T2SL technology is rapidly transitioning from laboratory research to industrial
production. Major defense contractors like L3Harris are now in volume production, having
delivered over 3,000 T2SL FPAs for various programs [45], [46]. They are scaling their MBE
growth to larger wafer sizes (>125mm), which is essential for reducing costs and increasing the
production of large-format arrays. This maturation was accelerated by government-funded
programs like the Vital Infrared Sensor Technology Acceleration (VISTA) program [45], [46].
Similarly, European institutions like Fraunhofer IAF report that T2SL technology has reached
market maturity and is beginning to replace MCT in some applications [47]. This demonstrates
that T2SL is no longer just a promising challenger but a viable and producible technology. This
progress is creating a new and highly valuable performance tier in the infrared market, positioned
between low-cost, low-performance uncooled thermal detectors (microbolometers) and high-cost,
high-performance cryogenic photon detectors. This "HOT" tier, offering a compelling balance of
performance and SWaP-C, is set to disrupt the market by enabling a new generation of advanced

infrared systems.
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Lead-salt Materials

Lead chalcogenides, specifically lead sulfide (PbS), lead selenide (PbSe), lead telluride
(PbTe), and the ternary alloy lead-tin telluride (PbSnTe), represent a historically significant and
still highly relevant class of semiconductor materials for infrared detection in the MWIR and
LWIR regions. The prominence of PbSe and PbS detectors largely stems from their excellent
alignment with SWaP+C (size, weight, power, and cost) considerations [8]. These lead-salt
detectors exhibit substantial sensitivity and can operate effectively at room temperature or near-
room temperature conditions, particularly within the MWIR spectral range, thus substantially
reducing system complexity and operational power demands [49], [50]. Moreover, the inherent
cost-effectiveness of PbSe and PbS detectors, especially for single-element configurations,
distinguishes them from more complex cooled detectors such as MCT [51], [52].

The performance and applicability of lead salt detectors are intrinsically linked to their
fundamental material properties. These IV-VI narrow-gap semiconductors share a common
rocksalt crystal structure and a direct bandgap located at the L-point of the Brillouin zone [53],
[54], [55]. A distinctive feature is their anomalous positive temperature coefficient of the bandgap
(dEg/dT > 0), meaning their bandgap increases and thus the cutoff wavelength shifts to shorter
wavelengths with increasing temperature, which has significant implications for the temperature
stability of uncooled or thermo-electrically stabilized detectors[56], [57]. Another common
characteristic is their very high static dielectric constant, contributing to high carrier mobilities but
also resulting in high device capacitance, historically limiting high-frequency operation [58], [59],

[60]. Table 1-1 provides a comparative summary of these properties.
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Table 1-1. Fundamental Properties of Lead Salt Detector Materials

Property PbS PbSe PbTe PbSnTe
Typical Spectral Range(um) 1-3.3 1-5.2 1.5-5.5 8-14
Crystal Structure Rocksalt Rocksalt Rocksalt Rocksalt
Bandgap at 300K (eV) 0.41 0.278 0.31 Tunable
Electron Mobility at 300K (cm*V~'s™) ~600-800  ~1000-1020 ~6000  Varies with Sn
Hole Mobility at 300K (cm?V's™) ~700-900 ~900-1000 ~4000  Varies with Sn
Static Dielectric Constant at 300K ~170-175 ~200-280 ~400 -
High-Freq. Dielectric Constant ~17-18 ~23-25 ~33-38 -

Lead-salt Materials History

The journey of lead salt detectors began with early 20th-century scientific efforts,
significantly accelerating during and after World War II due to military requirements, including
Kutzscher's 1933 discovery of PbS photoconductivity [61] and Cashman's subsequent work on
PbS, PbSe, and PbTe [62]. Early applications were predominantly military, such as in missile
seekers [63]. As technology matured, a gradual shift towards commercial and industrial
applications occurred, driven by improving cost-performance ratios [64]. This transition
underscored the increasing need for cost reduction, enhanced long-term stability, improved
reproducibility, and more rigorously defined performance metrics, which remain key drivers for
contemporary research.
PbSe Anomalous Auger Coefficient and HOT Operation potential

The principal obstacle to achieving high performance at room temperature lies in the
fundamental physics of the narrow-bandgap semiconductors required for MWIR detection.

However, this narrow bandgap also makes them highly susceptible to the thermal generation of
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electron-hole pairs. At 300 K, the thermal energy (ksT=26 meV) is a significant fraction of the
bandgap energy, leading to a large intrinsic carrier concentration and, consequently, high dark
currents that obscure the desired photogenerated signal. While various noise mechanisms
contribute to this dark current, including Johnson-Nyquist noise, shot noise, and 1/f noise, the
performance of an intrinsically high-quality material is ultimately limited by the rates of thermal
generation-recombination (G-R) processes. Among the intrinsic G-R mechanisms—Shockley-
Read-Hall (SRH), radiative, and Auger recombination—it is the Auger process that represents the
most formidable performance bottleneck for narrow-gap semiconductors at elevated temperatures
[65]. Auger recombination is a non-radiative, three-carrier process in which the energy and
momentum released from the recombination of an electron-hole pair are transferred to a third
carrier (either an electron or a hole), exciting it to a higher energy state. As a third-order process,
its rate scales strongly with carrier concentration (e.g., as n’ in the intrinsic case). Consequently,
in the high-carrier-concentration environment of a room-temperature narrow-gap semiconductor,
Auger recombination becomes the dominant lifetime-limiting mechanism, generating a significant
thermal dark current that dictates the ultimate noise floor of the detector and its D*. The incumbent
material for high-performance IR detection, HgCdTe, exemplifies this challenge. Its performance
at or near room temperature is severely constrained by a strong Auger recombination rate, which
necessitates deep cryogenic cooling to suppress this intrinsic noise source and achieve high
sensitivity.

PbSe presents a compelling and fundamentally superior alternative for the development of
HOT MWIR photodetectors. This advantage stems not from complex device engineering but from
the intrinsic material properties of PbSe, which give rise to an anomalous and profound

suppression of Auger recombination. Recent first-principles investigations have revealed that the
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Auger processes in PbSe deviate significantly from the behavior observed in conventional narrow-
gap semiconductors. Understanding the physics behind this anomaly is critical to unlocking the
full potential of PbSe as a next-generation HOT detector material. Recent advancements in first-
principles computational materials science have elucidated the unique nature of Auger
recombination in PbSe, revealing three distinct anomalies that collectively explain its suitability
for high-temperature operation. These findings, detailed by Zhang, Shen, and Van de Walle,
challenge long-held assumptions about carrier recombination in narrow-gap semiconductors and
provide a robust theoretical foundation for PbSe's intrinsic advantages [66].
Anomaly 1: Profound Suppression of Direct Auger Recombination

The most striking anomaly in PbSe is the extreme inefficiency of the direct Auger process.
This process, mediated solely by the Coulomb interaction between carriers, is conventionally
believed to be the dominant recombination channel in narrow-gap materials. However, first-
principles calculations demonstrate that the direct Auger coefficient in PbSe at 300 K is
approximately 1.9x1073° cmSs™!. This value is a staggering four orders of magnitude lower than
that of other semiconductors with similar bandgaps [66]. For instance, MWIR HgCdTe exhibits
Auger coefficients typically greater than 1027 ¢m®s™! [67]. This is not a minor deviation but a
fundamental divergence in material behavior, pointing to a unique underlying physical mechanism.

The origin of this profound suppression lies in the distinctive electronic band structure of
PbSe. In its rock-salt crystal structure, the conduction band minimum (CBM) and valence band
maximum (VBM) are located at the L-points of the Brillouin zone. The bands in this region are
highly dispersive and exhibit a near-mirror-image symmetry with respect to the center of the
bandgap [66]. This symmetry and dispersion impose severe constraints on the simultaneous

conservation of energy and momentum required for a direct Auger event. For a three-particle
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collision to occur, the initial and final states of the carriers must satisfy both conservation laws. In
PbSe's band structure, the high dispersion means that a large change in carrier energy (e.g.,
excitation by an amount equal to the bandgap) necessitates a correspondingly large change in
momentum. Finding a set of four carrier states (two initial, two final) that simultaneously satisfies
these stringent conditions is statistically improbable, leading to a very low transition rate.

The most critical element of PbSe's band structure responsible for this suppression is the
location of its heavy-hole (hh) band. In stark contrast to conventional zincblende semiconductors
like GaAs or HgCdTe, where the heavy-hole and light-hole bands are degenerate at the I'-point
band edge, the heavy-hole band in PbSe is situated approximately 1.7 eV below the VBM [66].
This deep-lying heavy-hole band is therefore inaccessible to Auger processes occurring near the
band edge. In materials like HgCdTe, the dominant Auger-1 (or CCCH) process involves the
recombination of a conduction electron with a heavy hole, transferring the energy to another
conduction electron. The presence of a flat, high-density-of-states heavy-hole band at the band
edge provides a crucial "momentum reservoir." It allows for a wide range of momentum-
conserving transitions without a significant energy penalty, making the Auger process highly
efficient [68]. By lacking this accessible heavy-hole band, PbSe effectively closes the most
efficient channel for direct Auger recombination, resulting in its anomalously low coefficient. A
conceptual depiction of this is shown in Figure 1-7, which contrasts the band structure of PbSe
with that of a typical zincblende semiconductor, highlighting the crucial absence of a near-VBM
heavy-hole band in PbSe.

A schematic comparing the band structure of PbSe near the L-point is shown in (Figure
1-7 b) with a typical zincblende semiconductor like GaAs near the I'-point (Figure 1-7 a). The

PbSe bandstructure show highly dispersive, symmetric conduction and valence bands, and the
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heavy-hole band located ~1.7 eV below the VBM. The GaAs diagram shows the degenerate heavy-
hole and light-hole bands at the VBM, illustrating the availability of the heavy-hole states for

efficient Auger recombination.
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Figure 1-7 (a) Conceptual Band Structure Comparison for different auger recombination for GaAs and (b) PbSe band structure

shoeing location of hh band and mirror-like CB and VB at L point. Figures reprinted from Ref. [66], [69].

Anomaly 2: The Ascendancy of the Indirect, Phonon-Assisted Pathway

The extreme suppression of the direct Auger channel in PbSe creates an environment where
a higher-order, and typically much weaker, process can become dominant. This second anomaly
is the finding that phonon-assisted indirect Auger recombination prevails in PbSe, a conclusion
that upends the conventional wisdom for narrow-gap semiconductors [66].

The indirect Auger process involves the participation of a lattice vibration, or phonon, in
addition to the three interacting charge carriers. The phonon can be either emitted or absorbed
during the event, contributing its momentum, q, to the overall conservation equation. This relaxes
the strict momentum conservation constraint that cripples the direct process. The condition

becomes k1+k3=k2+k4+q, where the ki are the carrier wavevectors. This relaxation of momentum
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conservation dramatically increases the available phase space for final states, opening up a vast
number of transitions that were previously forbidden. Consequently, even though it is a higher-
order process, the sheer number of available pathways allows the indirect mechanism to have a
higher overall rate than the severely constrained direct one. This is conceptually illustrated in
Figure 1-8 (A schematic E-k diagram illustrating the mechanics of (a) a direct Auger process,
where the vector sum of initial and final carrier momenta must be zero, and (b) a phonon-assisted
indirect Auger process, where the inclusion of a phonon momentum vector q allows for a much

broader range of momentum-conserving transitions).

(a) AE (b) ME

Figure 1-8 Schematic diagram of (a) direct and (b) indirect electron-electron-hole Auger recombination processes. (a) In the direct
case, an electron in the conduction band (1) recombines with a hole in the valence band (3) while the excess energy and momentum
is transferred to a second electron (2) that gets excited to a higher conduction-band state (4). (b) The indirect process is assisted by
a carrier-scattering mechanism, such as electron-phonon coupling, which provides additional momentum and enables Auger

transitions to a wider range of final conduction-band states throughout the first Brillouin zone. Reprinted from [70].

This theoretical prediction is strongly supported by quantitative analysis. First-principles

calculations yield a room-temperature indirect Auger coefficient for PbSe of approximately
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1.1x1072 cm®s™! [66]. This value is not only more than an order of magnitude larger than the
calculated direct coefficient (1.9 x1073% cm®s™ but also falls squarely within the range of
experimentally measured values for PbSe, which have been reported as 1.1x1072% ¢m®™! and
0.8x10727 ¢cm®! [66]. The strong agreement between the calculated indirect coefficient and
experimental data provides compelling evidence that it is this phonon-assisted mechanism, not the
direct one, that governs the total Auger rate in PbSe.

Anomaly 3: A Consequence of Indirect Dominance: Weak Temperature Dependence

The third anomaly, which has been an experimental puzzle for decades, is the remarkably
weak temperature dependence of the Auger coefficient in PbSe. This behavior stands in sharp
contrast to materials like HgCdTe, where the Auger rate exhibits a strong exponential dependence
on temperature, a direct consequence of the thermal energy required to promote carriers to the
threshold energy for the direct process [66]. The dominance of the indirect Auger pathway in PbSe
provides a clear and direct physical explanation for this observation.

The key lies in the nature of the phonon interaction. The scattering processes that mediate
indirect Auger recombination are dominated by phonon emission. Phonon emission is a
spontaneous process that can occur at any temperature, as it does not require a pre-existing thermal
population of phonons to proceed. This means the indirect recombination channel remains open
and efficient even as the temperature is lowered. While phonon absorption also contributes to the
indirect rate, this process is temperature-dependent (requiring thermal phonons) and its
contribution is secondary to the dominant emission pathway [66]. The overall result is an Auger
coefficient that is only weakly dependent on temperature.

This new understanding refutes the long-standing hypothesis that attributed PbSe's weak

temperature dependence to its anomalous positive temperature coefficient of the bandgap (i.e., Eg
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decreases as temperature decreases). While accounting for the temperature-dependent bandgap
does lessen the precipitous drop of the direct Auger coefficient at low temperatures, this is only a
"secondary effect." Calculations show that even with this correction, the direct coefficient still
drops by many orders of magnitude between 300 K and 50 K. It is only the temperature-insensitive
nature of the dominant indirect, phonon-emission-assisted process that can fully explain the
experimentally observed trend [66]. This is visualized in Figure 1-9b, which compares the
theoretical temperature dependencies of the different processes with experimental data. A semi-
log plot showing the Auger coefficient as a function of temperature, Figure 1-9b, feature two
distinct curves: (1) the calculated direct Auger coefficient for PbSe, showing a dramatic decrease
of over 10 orders of magnitude from 300 K to 50 K; (2) the calculated indirect Auger coefficient
for PbSe, showing a nearly flat, weak dependence over the same range, as well as, experimental
data points for PbSe overlaid, demonstrating their excellent agreement with the calculated indirect

curve.
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Figure 1-9 Calculated Auger coefficients as a function of carrier density at 300 K. (b) Calculated Auger coefficients as a function

of temperature at a fixed carrier density of 10" cm™ [66].

A Fundamental Advantage over HgCdTe and Sb-based T2SL

A direct comparison of intrinsic recombination rates reveals the significant edge held by
PbSe. At room temperature, the performance of narrow-gap detectors is overwhelmingly dictated
by the Auger-limited carrier lifetime.

Comparison with HgCdTe (MCT): The primary advantage of PbSe over MCT for HOT
applications is its intrinsically lower Auger rate. In MWIR MCT (e.g., Hgo.7Cdo3Te), the Auger
coefficient at 300 K is typically in the range of 10727 to 10726 cm®s ™!, a rate dominated by the highly
efficient direct Auger-1 (CCCH) process enabled by its band structure. This rate is at least one to
two orders of magnitude higher than the dominant indirect rate in PbSe (1.1x1072% cm®s™") [66].
This fundamental difference implies that, for a given intrinsic carrier concentration, the Auger-
limited carrier lifetime in PbSe is significantly longer. A longer lifetime corresponds directly to a

lower thermal generation rate, and thus a much lower theoretical dark current. This is precisely
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why MCT detectors must be cooled to cryogenic temperatures—to suppress this powerful intrinsic

noise source and achieve usable sensitivity.

Table 1-2 Typical Auger lifetime at room temperature for different doping concentrations.

Doping
Material Auger Lifetime @300K (s) Bandgap (eV)
Concentration (cm™)

10"7 107

PbSe 0.27
10'8 108
107 3x10°%

T2SL 0-1.6
10'8 3x107°
107 10°

MCT 0.17-1.425
1018 10-10

Comparison with Sb-based T2SLs: Antimonide-based Type-II Superlattices (T2SLs)
represent a sophisticated, engineered approach to solving the Auger problem. These are complex
heterostructures, typically composed of alternating layers of materials like InAs and GaSb or
InAsSb, that are meticulously designed to suppress Auger recombination by spatially separating
electron and hole wavefunctions and tailoring the band structure to eliminate resonant final states
for Auger transitions. While this "band structure engineering" has proven successful, with reported
Auger coefficients in the MWIR and LWIR ranges (10727 to 10726 ¢cm®s™!) that are competitive
with or better than MCT, this suppression is an extrinsic property of an artificial, complex structure
[71].

In contrast, PbSe's Auger suppression is an intrinsic property of a simple, bulk, binary
compound. It is a "naturally optimized" solution provided by its rock-salt crystal structure and

inherent electronic properties. This distinction is not merely academic; it has profound implications
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for material growth and device manufacturability. While T2SLs demonstrate the power of quantum
engineering, their complexity—involving hundreds of ultra-thin layers and hetero-interfaces—
makes them highly susceptible to growth-related defects. These defects often introduce mid-gap
states that open up efficient Shockley-Read-Hall (SRH) recombination pathways, which can
become the dominant noise source, preventing the devices from ever reaching their theoretical
Auger-limited performance [72]. The engineering challenge for PbSe is conceptually simpler:
improve the crystalline quality of a single material to reduce SRH defects, rather than managing
the intricate growth of a multi-layer superlattice. This suggests a potentially more robust and
scalable path to achieving Auger-limited performance. Below is comparison for Auger Coefficient

foe different material systems.
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Figure 1-10 Auger Coefficient for different material systems. Reprinted from Ref. [73]
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Current Status of Lead-Salt Photodetectors

Although MCT and Type-II superlattice structures exhibit superior performance at
cryogenic temperatures, their near-room-temperature operation still lags behind that of PbSe
photoconductors. The Auger recombination coefficient in IV—VI semiconductors such as PbSe is
approximately an order of magnitude lower than that of Sb-based T2SLs, which themselves exhibit
significantly reduced Auger recombination compared to other III-V and II-VI semiconductors,
including MCT, for equivalent bandgap energies [74], [75], [76], [77], [78], [79], [80]. There is a
demand for high-performance uncooled MWIR photodetectors with low SWaP+C. Need for
cryogenic cooling hinders lowering SWaP+C. Single-element lead salt detectors predominantly
operate based on the photoconductive effect, where the electrical conductivity of a polycrystalline
semiconductor film changes upon illumination. A critical aspect is the sensitization process, as as-
grown films exhibit very low photoresponse. To activate infrared sensitivity, a thermal treatment
in specific atmospheres, usually involving oxygen and/or iodine, is required [81]. This complex
process involves chemical and structural modifications, leading to the formation of various lead
oxides, oxysulfides, or oxyselenides such as PbSeOs at grain surfaces and boundaries[82], [83].
For PbSe detectors, iodine exposure is often critical, potentially acting as an n-type dopant,
forming compounds like Pblz, or serving as an oxidation enhancer that facilitates recrystallization
[84], [85], [86], [87]. To date, there is ongoing debate about the dominant operation mechanism.
Proposed models include barrier mechanisms, where illumination modulates grain boundary
potential barriers changing carrier mobility [88]; charge-separation mechanisms, particularly for
PbSe, where sensitization may form p-n junctions at crystallite surfaces creating an n-type shell
around a p-type core to spatially separate photogenerated carriers, reduce recombination, and

enhance lifetime and responsivity, with oxygen passivating defects or facilitating separation[52],
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[89], [90], [91]; and trap-assisted conduction mechanisms, where some researchers suggest
oxygen-related traps are central, with iodine acting as an oxidation enhancer[84], [92], [93].

Chemical Bath Deposition (CBD) has been a widely adopted, relatively low-cost, solution-
based method for depositing lead salt thin films, particularly for photoconductive devices, and can
be adapted for large-area deposition [94]. However, CBD faces challenges in reproducibility and
achieving highly uniform films, with properties sensitive to substrate conditions [95], [96], though
its simplicity and the high performance of resulting detectors maintain its appeal. Alternatively,
Vapor Phase Deposition (VPD) techniques, including thermal evaporation and sputtering,
generally provide better control over film uniformity and reproducibility and are more readily
compatible with standard semiconductor manufacturing processes [97]. While potentially more
expensive for small-scale single-element production, VPD can be more cost-effective for mass
production.

The performance of single-element lead salt detectors is characterized by metrics including
D*, R, NEP, and response time. For PbS At room temperature (295K), D* values typically range
from 10° to 10! Jones. Uncooled detectors can achieve D* around 10'° Jones, and cooling
improves it beyond 10'! Jones. For example, Laser Components' uncooled PB25 series offers
typical D* values of 3.5x10'° Jones at 90 Hz, increasing to 1.1x10'! Jones at 650 Hz with
responsivity of 8x10° V/W [98]; time constants are typically in the hundreds of microseconds to
milliseconds range [99]. The PbSe are typically faster than PbS with time constant of less than 10
us [100]. Laser Components lists a typical D* of 1.8x10'° Jones at 1 KHz for uncooled CBD-
grown PbSe photodetectors, which cooling it to -50 °C improves it to 3.6x10'° Jones [100]. The
highest reported detectivity for a CBD-grown PbSe detector, incorporating an antireflection layer,

is 4.2 x 10" Jones [101]. Although CBD-grown PbSe detectors are low-cost and high-
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performance, challenges with uniformity and reproducibility have led researchers to explore
alternatives like VPD, which offers uniform films and with monolithic integration with silicon
readout circuits capability [102], [103]. New Infrared Technologies (NIT) LEPTON series (VPD
PbSe) quotes typical uncooled Peak D* of 2x10° Jones, and 1x10'° Jones for cooled versions
[104].

Few papers published in PbTe photodetectors when compared to more popular PbSe and
PbS materials. Resonant cavity enhanced (RCE) PbTe detectors have shown D* 0.72x10!° Jones
for a 3.5 um RCE device [105]. For PbSnTe operating in the LWIR, D* values around 10'° Jones
are typically achieved at 77K [63], [106]. A D* of 5.8x10'° Jones at 85K has been shown for
MBE-grown PbSnSe detector on CaF>-BaF; on silicon substrate with 10.2 um cutoff wavelength.
While PbS and PbSe perform well near room temperature for MWIR, PbTe and PbSnTe require
cryogenic cooling for competitive LWIR D*, reducing their SWaP+C advantages over alternatives
like microbolometers.
Lead Salt Market Position and Application

Single-element lead salt detectors, particularly PbS and PbSe, are widely used in non-
military applications due to their cost-effectiveness and reliable MWIR performance. Major
applications include non-dispersive infrared (NDIR) gas sensing for gases such as CO., CO, and
CHa4 [107], [108], [109]. Their fast response times also make them ideal for flame and spark
detection in industrial safety systems [110], [111]. In pyrometry, they enable non-contact
temperature measurements [112]. Additional uses span industrial process monitoring, medical
diagnostics, and environmental monitoring [113], [114], [115], [116], all benefiting from MWIR
spectral sensitivity for selective measurements without the complexity or cost of cryogenic

systems.
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Core Comparative Performance Table

A direct comparison of key performance metrics is essential for understanding the relative
strengths and weaknesses of MCT, T2SL, and PbSe detector technologies. The following table
consolidates data from academic research and commercial product datasheets, organized by
operating temperature to facilitate a clear, evidence-based assessment. This table quantifies the

trade-offs between operating temperature, spectral range, and sensitivity.
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Table 1-3 Comparative Performance of High-Temperature Infrared Detectors

Cut-off Peak Specific
Sub-Type/  Operating Peak Responsivity
Technology Wavelength Detectivity Reference
Model Temp. (K) (A/'W)
(nm) (Jones)
GMR
T2SL 296 4.8 1.2x10'° N/A [43]
(Academic)
T2SL Teledyne 295 54 1.29x10° 1.8 [44]
T2SL Hamamatsu 77K 14.5 1.6x10'° 2.6 [117]
InAsSb Hamamatsu 293K 53 1x10° 0.08
Vigo
InAs 293 3.5 7.0x10° 1.1 [119]
System
MCT Teledyne 183 5 6.8x10'" 2.2 [120]
Vigo
MCT 293 54 2.5x10" 1.3 A/W [31]
Systems
Laser
PbSe Component 296 ~4.7 1.8x10'° 42,000 V/IW [100]
S
Uncooled
PbSe with AR 298 ~4.7 4.2x10'° - [101]
(Academic)

Some of the Best reported D* for room-temperature photodetectors for lead-salts as well as

competing material systems are depicted in Figure 1-11.
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Figure 1-11 D* Comparison between best reported room-temperature MWIR photodetectors. Data gathered from [121], [122],

[123], [124].

V.  Quantum Dot MWIR photodetectors

QD-based photodetectors have gained significant attention for mid-wave infrared (MWIR)
applications due to the unique advantages introduced by quantum confinement. By controlling the
size and composition of QDs, their bandgap and cutoff wavelength can be precisely tuned,
enabling detectors tailored for specific spectral regions required in gas sensing, thermal imaging,
and other MWIR applications. QDs also provide strong and broadband absorption relative to their
volume, offering high responsivity and enhanced performance at targeted wavelengths of interest.
Additionally, the discrete energy levels in quantum-confined structures can introduce a phonon
bottleneck, slowing carrier relaxation and offering the potential for improved high-temperature
operation compared to conventional bulk materials. These capabilities position QD-based MWIR
detectors as a versatile and powerful platform for next-generation infrared sensing technologies.
In the next section the focus is on discussing these properties as well as reviewing the MWIR QD-

based photodetectors.
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Quantum Effects and their Unique Properties

In a bulk crystal, absorbing a photon create an excited electron in the conduction band and
a positively charged "hole" in the valence band. The electron and hole are electrostatically attracted
to one another, forming a quasi-particle known as an exciton. This exciton has a characteristic
average separation between the electron and hole, termed the exciton Bohr radius. Traditionally,

the Bohr exciton radius is defined as [125]:

o = 4me,h?
B nq?

(1-14)
Where, where ¢, is the relative dielectric constant for the material, q is the electronic charge, h is
the reduced Plank’s constant, and p is the reduced mass of the electron-hole bound state. Where it
can be calculated from
U= ;T”r‘nhh (1-15)
where m}, and my, are the effective mass of electrons and holes, respectively. This radius represents
the intrinsic length scale of the electron-hole pair in the material. The quantum confinement regime
is entered when the physical dimensions of the semiconductor crystal become smaller than the
exciton Bohr radius. In this scenario, the electron and hole are no longer free to adopt their natural
separation; their motion is spatially restricted by the physical boundaries of the nanocrystal. This
spatial enclosure fundamentally alters the energy spectrum of the charge carriers, moving the
system from the classical domain of bulk properties into a quantum mechanical domain where size
and shape dictate behavior [126].

In a quantum well, such as a thin film of GaAs sandwiched between layers of AlGaAs,

carriers are confined in only one dimension (e.g., the growth direction, z). Their energy associated

with motion in this direction becomes quantized into a set of discrete levels (En). However, they
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remain free to move in the other two dimensions (the x-y plane). The total energy of a carrier is

h?(kZ+k3)

thus the sum of a quantized component and a continuous component: Er,;q; = E,, + )2
This results in the formation of a series of two-dimensional "sub-bands.

When confinement is applied in two dimensions, carriers are only free to move along the
length of the wire. This results in the formation of one-dimensional sub-bands, where the energy
along the wire are determined by the quantization in the two confined directions.

Quantum dots (QDs) are semiconductor nanocrystals with zero dimensions, characterized
by their sizes that are either smaller than or similar to the exciton Bohr radius of the semiconductor
material. The small dimensions of the QDs lead to quantum confinement effects, including the
vanishing of band energies in favor of discretely quantized energy states. This results in narrower
photoluminescence peaks, adjustable bandgap, and cutoff wavelength, and enhanced material
quality in each QD [127], [128]. If the size of QDs becomes smaller than the Bohr radius in a
specific semiconductor material, the conduction and valence bands change to discrete energy
levels, instead of a continuous band structure. The discrete energy levels in the band structure can

be seen in the absorption spectra of CdTe QDs in Figure 1-12. The first absorption peak can be

ascribed to the 1S(h) to 1S(e), and 2S(h) to 1S(e) excitonic transition.
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Figure 1-12. The steady-state absorption spectrum reveals the 1st exciton 1S(h)—1S(e) and the 2nd exciton 2S(h)—1S(e)
transitions within CdTe quantum dots. The inset energy band diagram illustrates these absorption transitions between the
quantum-confined electron (e) and hole (h) energy states. Potential energy wells in the conduction band (CB) and valence band
(VB) are represented by the black lines. For clarity, the energy levels are not depicted to scale, and higher energy levels have

been excluded. Reprinted from Ref. [129].

Engineering the Electronic Bandgap and Optical Properties

The quantization of the energy spectrum provides a powerful toolkit for engineering the
optoelectronic properties of semiconductor materials. In bulk semiconductors, properties like the
bandgap are intrinsic and fixed. In the quantum confinement regime, these properties become
extrinsic, designable parameters.

The most prominent and technologically significant consequence of quantum confinement
is the size-dependent tunability of the effective bandgap. The total energy of the lowest-energy
electron-hole pair (the exciton) in a QD is the sum of the bulk material's bandgap energy and the
confinement energies of the electron and hole. The confinement energy term is inversely related
to the size of the dot. Therefore, as the size of the quantum dot decreases, the confinement energy
increases, leading to a larger effective bandgap and a corresponding blue-shift in the onset of
optical absorption and the peak of photoluminescent emission. This principle is famously

demonstrated in materials like Cadmium Selenide (CdSe), where simply by varying the
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nanocrystal diameter during synthesis, the emission color can be tuned across the entire visible
spectrum, from red for larger dots to blue for smaller dots [126].

Furthermore, quantum confinement directly enhances the efficiency of light emission. The
radiative recombination rate—the probability that an electron-hole pair will recombine and emit a
photon—is proportional to the square of the overlap integral of the electron and hole
wavefunctions. In a QD, both carriers are forced into the same small volume, leading to a very
strong spatial overlap and a high probability of radiative recombination. In contrast, an exciton in
a bulk semiconductor is not spatially confined and can dissociate more readily, allowing the
electron and hole to diffuse apart and encounter defects or other non-radiative recombination
centers. This intrinsic enhancement of radiative efficiency is a key reason why QDs are highly
promising for applications like displays and lighting. The composition can be engineered by
creating core/shell heterostructures. Using a shell material with a specific band alignment relative
to the core can be used to spatially separate the electron and hole (a "Type-II" alignment), which
can be used to tune recombination lifetimes and suppress non-radiative processes like Auger
recombination.

Density of States as a function of dimensionality

The influence of quantum confinement in quantum dots can be understood through the
density of states (DOS) function. DOS characterizes the number of states per unit of energy within
a system and holds significance in determining the carrier concentration and energy density in a
semiconductor. In larger, bulk semiconductors, the DOS function within a single band is
continuous, signifying that carriers (electrons and holes) aren't physically confined in any
direction. In a bulk semiconductor, electrons are free to move in all three dimensions. The number

of available states in momentum space (k-space) up to a certain energy is proportional to the
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volume of a sphere. This leads to a DOS that is continuous and increases with the square root of
energy above the band edge.

When one dimension is confined, the energy is quantized into a series of sub-bands. Within
each sub-band, the electrons behave as a 2D gas. The DOS for a 2D system is constant with respect
to energy for each sub-band. The total DOS is therefore a step-like function, with a new step
appearing at the onset of each successive sub-band.

With confinement in two dimensions, the DOS becomes even more sharply peaked. The
function exhibits singularities at the bottom of each 1D sub-band. These sharp peaks signify a high
concentration of states at the band edges.

In a quantum dot, with confinement in all three dimensions, the concept of a continuous
band of states vanishes entirely. States exist only at discrete, quantized energy levels. The DOS,
therefore, becomes a series of Dirac delta functions. In a real ensemble of dots, inhomogeneous
broadening due to size variations will smear these delta functions into a series of Gaussian-like

peaks. Figure 1-13 shows the density of states for different material structures.

3D Bulk 2D Quantum Well 1D Quantum Wire 0D Quantum Dot
Materials

Density of State

Energy

Figure 1-13 Density of States in different material structures. Reprinted from Ref. [130].
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Electron Dispersion Relations (E-k Diagrams)

The E-k diagram, which plots electron energy versus crystal momentum, provides a
complementary and equally crucial perspective. It can be viewed as the "road map" for electron
motion and interactions within the crystal. Any process that changes an electron's energy and
momentum, such as scattering, must begin and end at valid points on this map.

3D (Bulk): For a typical direct-gap semiconductor, the E-k diagram near the center of the

Brillouin zone consists of continuous, parabolic bands for both the conduction and valence bands.

h?(k?)
(m"Hz’

The energy is a quadratic function of the momentum, E(K) = E, + This continuous

relationship means that for any given energy change, there is a continuum of final momentum
states available for a scattering event. The E-k diagram, which plots electron energy versus crystal
momentum (wavevector k), provides a complementary and equally crucial perspective (Figure
1-14 a). It can be viewed as the "road map" for electron motion and interactions within the crystal.
Any process that changes an electron's energy and momentum, such as scattering, must begin and
end at valid points on this map.

2D (Quantum Well): The E-k diagram for a quantum well reflects its hybrid nature. The
energy axis shows the discrete quantization levels from confinement in the z-direction. From each
of these discrete levels, a continuous parabolic sub-band extends in the kx-ky plane, representing
the free motion of carriers parallel to the well (Figure 1-14 b).

1D (Quantum Wire): The dispersion relation for a quantum wire consists of a series of 1D
parabolic sub-bands, where energy is continuous only for momentum along the axis of the wire
(Figure 1-14 ¢).

0D (Quantum Dot): For a quantum dot, the concept of a dispersion relation breaks down.

Since the electron is confined in all directions, it cannot be described by a propagating wave with
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a well-defined crystal momentum k. The E-k diagram collapses into a series of discrete, horizontal
lines at the quantized energy levels. The energy levels are "flat" with respect to k (Figure 1-14 d).

The transformation of the E-k diagram from continuous parabolas to discrete flat bands is
the graphical representation of the localization of the electron wavefunction. This localization has
profound consequences for any process that requires momentum conservation, most notably
electron-phonon scattering. The absence of a continuum of final states in the QD E-k diagram is

the fundamental origin of the phonon bottleneck.

¥
=/

a) Bulk (3D) b) Quantum Well (2D) c) Quantum Wire (1D) d) Quantum Dot (0D)

Figure 1-14 Electron Dispersion (E-k) for a (a) Bulk (3D) Semiconductor. A standard E-k diagram for a direct-gap bulk
semiconductor. The vertical axis is Energy (E) and the horizontal axis is momentum (k). It shows a continuous parabolic
conduction band and a continuous parabolic valence band, both centered at k=0 (the I" point). Reprinted from Ref. [131] (b)
Electron Dispersion (E-k) for a Quantum Well (2D). The energy axis shows discrete levels. From each of these levels, a 2D
parabolic sub-band extends, representing free motion in the unconfined plane. The overall structure looks like a series of stacked
parabolas. Reprinted from Ref. [132](c) Electron Dispersion (E-k) for a Quantum Wire (1D). The dispersion relation for a
quantum wire consists of a series of 1D parabolic sub-bands, where energy is continuous only for momentum along the axis of
the wire. (d) Electron Dispersion (E-k) for a Quantum Dot (0D). The diagram shows a series of discrete, horizontal lines. The

energy levels do not change with k, indicating they are localized states with no dispersion.
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Carrier Relaxation Dynamics and the Phonon Bottleneck

Charge carriers that are optically or electrically injected into a semiconductor are typically
created with excess kinetic energy, so-called "hot carriers." For most optoelectronic devices to
function efficiently, these hot carriers must rapidly relax, or "cool," to the bottom of the conduction
band (for electrons) or the top of the valence band (for holes) before they can recombine
radiatively. This cooling process is overwhelmingly mediated by the interaction of carriers with
the crystal lattice vibrations, or phonons. The unique electronic structure of quantum dots, as
detailed in the previous section, dramatically alters these relaxation dynamics, leading to a
phenomenon known as the phonon bottleneck.

Phonons are the quantized modes of vibration in a periodic, elastic arrangement of atoms,
such as a crystal lattice. They are the quasiparticles of sound and heat. In semiconductors, two
main types of phonons are relevant for carrier relaxation:

Acoustic Phonons: These correspond to long-wavelength vibrations where adjacent atoms
move in phase, analogous to sound waves. They have a linear dispersion relation near the Brillouin
zone center and possess a continuous spectrum of low energies. Scattering with acoustic phonons
is a quasi-elastic process, meaning it changes the carrier's momentum significantly but its energy
only by a small amount [133]. This type of scattering is primarily responsible for limiting carrier
mobility at moderate temperatures.

Optical Phonons: These involve out-of-phase motion of adjacent atoms in the crystal's
unit cell. They have a much flatter dispersion relation and a relatively large, discrete energy,
typically in the range of tens of meV (e.g., ~36 meV for longitudinal optical (LO) phonons in
GaAs) [134]. In polar semiconductors (like most III-V), the oscillation of oppositely charged ions

in an LO phonon mode creates a macroscopic electric field. This field couples very strongly with
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charge carriers via the Frohlich interaction, making LO-phonon emission the most efficient
mechanism for hot carrier cooling. A hot electron can lose a large quantum of energy in a single,
rapid (~100 fs to 1 ps) scattering event by emitting an LO phonon[135].

When carriers are confined in one dimension (quantum-well, 2D) the electronic spectrum
becomes a set of discrete subbands (Figure 1-14 b) in the confinement direction but remains
continuous in the in-plane k-space. This partial quantization reduces the available phase space for
vertical (out-of-plane) transitions and can narrow the set of final states that satisfy AE = Awro; as
a result LO-mediated cooling can be slow relative to bulk in specific transitions (for example
between subbands), but—because in-plane momentum is still continuous—complete suppression
of single-phonon relaxation is rare. The QW case therefore occupies an intermediate regime:
confinement reduces but does not eliminate LO pathways, as other effects control the actual
relaxation rate [136].

Full zero-dimensional confinement (quantum dots) produces discrete electronic levels and
is where the idealized phonon bottleneck argument originates: if the interlevel spacing AE is not
equal (within the phonon linewidth) to an integer multiple of available optical-phonon quanta,
single-phonon transitions are energetically forbidden (Figure 1-15). With the primary relaxation
pathway blocked, the carrier must resort to much slower, higher-order processes to lose energy:

Multi-phonon Emission: The electron could simultaneously emit multiple phonons (e.g.,
several LO phonons or a combination of LO and acoustic phonons) whose total energy sums to
AE. Such multi-particle processes have a much lower probability and are therefore significantly
slower.

Acoustic Phonon Emission: Relaxation via acoustic phonons is possible, but since each

acoustic phonon carries away only a very small amount of energy, a vast number of such scattering
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events would be required to bridge a large energy gap, making the process extremely inefficient
[137].

Despite the compelling theoretical prediction of a phonon bottleneck, its experimental
observation has proven to be exceptionally challenging. Most time-resolved spectroscopic studies
on QDs have revealed hot-carrier relaxation times on the picosecond scale, nearly as fast as in bulk
materials, and often showing that relaxation rates increase as the dot size decreases (and the energy
spacing increases) [138]. This discrepancy points to the existence of alternative, efficient
relaxation pathways that circumvent, or "break," the phonon bottleneck.

Several key mechanisms have been identified that can provide these fast, alternative
relaxation channels [138]:

o Auger-type Processes: This is one of the most significant bottleneck-breaking
mechanisms. In this process, the excess energy of the hot electron is not transferred to the lattice
as phonons, but is instead transferred via Coulomb interaction to another charge carrier, typically
a hole. The hole is excited deep into the valence band. If for examplebb the valence band states
are much more closely spaced than the conduction band states, the hole can then rapidly relax back
to the band edge by emitting a cascade of phonons. This electron-to-hole energy transfer provides
a very efficient bypass of the electron's phonon bottleneck [138].

o Surface and Defect States: Real-world QDs are not perfect crystalline structures. The
surface of the dot, often coated with organic ligands, can host a variety of electronic states.
Similarly, crystalline defects can introduce energy levels within the bandgap. If these extrinsic
states have energies that lie between the QD's intrinsic excited and ground states, they can act as
intermediate steps, mediating rapid, sequential relaxation and effectively short-circuiting the

bottleneck [138].
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The existence of these competing pathways explains why the phonon bottleneck is
observed only under very specific conditions, such as in highly perfect core/shell structures
designed to minimize surface defects and spatially separate electrons and holes to reduce Auger-

type interactions.
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Figure 1-15 Phonon-assisted hot carrier relaxation in a) Bulk semiconductor. The continuous parabolic bands make the electron
relaxation with acoustic and optical phonons very easy and accessible. b) QD the discrete energy bands reduce probability of
relaxation of electron or hole via acoustic phonons and make it difficult via optical phonon if the energy difference between sub

bands are larger than the LO phonon energy.

Colloidal Quantum Dot Photodetectors

CQD synthesis involves a chemical approach to produce nanoscale semiconductor particles
suspended in a solution, known as colloids. This process typically utilizes precursors—such as
metal salts and coordinating organic molecules—that are thermally decomposed or reacted under
controlled conditions, leading to the nucleation and growth of nanocrystals. The synthesis can
occur in organic solvents or aqueous solutions and is often conducted in the presence of stabilizing

ligands or surfactants to control particle size, and shape, and prevent aggregation [139]. Precise
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control over reaction parameters, including temperature, precursor concentrations, and reaction
duration, plays a crucial role in determining the size, composition, and optical properties of the
resulting colloidal QDs. The versatility and tunability of these synthetic methodologies enable the
production of QDs with tailored characteristics, making them valuable for a wide range of
applications [140]. Different material systems with interband and intraband absorption can be used
to synthesize MWIR-sensitive QDs, which will be discussed below.
Photoconductive HgTe CQD-based devices

The leading material for MWIR CQDs is HgTe [141]. It is considered a semimetal or zero-
bandgap with an inverted band structure [142]. Therefore, with quantum confinement, it can cover
MWIR. The first demonstration of MWIR HgTe CQD photoconductors in 2011 established the
foundation for this field [143]. Simple deposition techniques, such as drop-casting CQD films onto
interdigitated electrodes, yielded devices with room-temperature responsivity exceeding 100
mA/W at a 6 um cutoff wavelength [144]. Detectivity reached 2 % 10° Jones at 130 K, with
response times as fast as 100 ns, making them suitable for imaging applications. However, these
early devices were limited by substantial 1/f noise, high dark current, and environmental instability
[144].

Subsequent work introduced inorganic ligands like As.Ss to enhance carrier mobility and
air stability, while reducing noise. This approach improved detectivity by 30 times, reaching 10
Jones at 230 K for CQDs with a 3.5 um absorption peak [142], [145]. Additionally, the
transparency of As:Ss in the MWIR region helped maintain optical performance, whereas organic
ligands introduced parasitic vibrational absorption [12].

Efforts to expand the spectral versatility of HgTe CQDs enabled multicolor imaging

through the fabrication of 2x2 multicolor pixel arrays on flexible substrates, employing four
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distinct CQD sizes to cover cutoffs from 2.3 to 4.3 um [146]. Room-temperature detectivities
ranged from 6 x 10% to 8 x 10° Jones, depending on the pixel’s targeted wavelength [146],
indicating the potential of HgTe CQDs for multispectral imaging platforms.

However, scale-up to full focal plane arrays (FPAs) revealed processing challenges. The
first MWIR CQD-based FPA (320x256 pixels, 30 um pitch) suffered from non-uniform CQD
layers due to drop-casting, leading to high variability in dark current and responsivity across the
array [147]. While under-optimized, the array still achieved an average detectivity of ~1.46 x 10°
Jones at 95 K, with an NEDT of 2.3 K, demonstrating feasibility despite material and process
limitations [148].

Photovoltaic HgTe CQD-based devices

To mitigate the 1/f noise inherent in photoconductors, researchers transitioned to
photovoltaic architectures, operating under zero-bias conditions to suppress dark current. Schottky
diode devices utilizing ethanedithiol/HCI ligand-exchanged CQD films, with Ag top contacts,
exhibited responsivities of ~80 mA/W, and detectivity improved to 10 Jones at 140 K [98].
Integration of an Ag.Te CQD interlayer between the HgTe layer and metal contact further
improved junction quality, raising detectivity to 4 x 10 Jones at 90 K and extending spectral
response up to 5.25 um [149].

Next-generation photovoltaic devices introduced ITO bottom contacts for improved band
alignment with the CQD conduction band and incorporated HgCl>-treated Ag.Te CQD interlayers
for stable junction formation. These advanced designs achieved detectivities exceeding 10! Jones
below 100 K, with ~10° Jones at 230 K, outperforming conventional microbolometers and moving

closer to cooled semiconductor detector performance [150]. When combined with interference-
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based optical enhancement structures, the devices further demonstrated thermal imaging with an
NEDT of 56 mK at 90 K [150].

Recent breakthroughs have integrated plasmonic nanostructures with interference-
enhanced device architectures to maximize optical absorption and responsivity. By optimizing
CQD layer thickness, metal contact geometries, and plasmonic resonance conditions,
responsivities as high as 1.46 A/W at 4.5 um have been reported, with detectivities of ~10' Jones
at 220 K. These devices achieved exceptional thermal imaging performance, recording an NEDT
of 14 mK, competitive with high-end cooled detectors [151].

The highest performing MWIR HgTe CQD device to date employs a gradient-doped p-i-n
homojunction architecture with tailored doping profiles across the CQD layers, optimized for
carrier extraction and reduced recombination [152]. This design maintained a high detectivity of
>10" Jones below 200 K, and ~7.6 x 10° Jones at 300 K, with a cut-off wavelength of 3.5 pm
[152]. Importantly, the external quantum efficiency (EQE) reached 77% at 80 K, approaching that
of epitaxial MCT photodetectors [152]. The introduction of gradient doping notably increased
open-circuit voltage and photocurrent, while extending the background-limited infrared
photodetection (BLIP) temperature from 120 K to 200 K, a significant milestone for CQD
technologies [152].

Ag2Se CQD-based devices

The pursuit of alternative colloidal quantum dot (CQD) materials for mid-wavelength
infrared (MWIR) detection has intensified, motivated by the toxicity concerns associated with
mercury-based compounds such as HgTe and HgSe. Among the potential candidates, silver
chalcogenides, particularly Ag.Se CQDs, have emerged as promising materials. While initial

expectations focused on leveraging interband transitions for MWIR detection, the unique
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electronic properties of Ag.Se CQDs have shifted attention toward intraband transitions, offering
distinct pathways to achieve tunable MWIR response. Bulk Ag»Se possesses a narrow bandgap of
0.05-0.18 eV [153], theoretically suggesting suitability for interband absorption in the MWIR
range through quantum confinement. However, practical studies revealed that Ag.Se CQDs
predominantly exhibit near-infrared interband absorption features, as the expected interband
MWIR peak is effectively bleached under operating conditions [154]. This unexpected spectral
behavior is attributed to the intrinsic silver-rich stoichiometry of Ag.Se CQDs, which results in an
excess of free electrons within the quantum dots. These surplus carriers facilitate prominent
intraband transitions, whose absorption peaks can be finely tuned by controlling CQD size.

The first photoconductive devices fabricated from Ag.Se CQDs, utilizing ethanedithiol
(EDT) ligand-exchange techniques, displayed limited performance with responsivity on the order
of just a few pA/W—several orders of magnitude lower than the performance of comparable HgSe
CQDs [155]. These early results highlighted the challenges in achieving effective carrier extraction
and electronic coupling in Ag:Se CQD solids and underscored the need for improved device
architectures.

Recognizing the limitations of standalone Ag.Se CQDs, Hafiz et al. proposed an innovative
strategy by integrating Ag.Se with PbS CQDs to form a binary CQD system, specifically designed
to suppress free carrier densities and enhance photodetector performance [156]. The approach
leverages the immobility of ground state carriers in both materials to achieve a significant increase
in dark resistivity—from 1 % 10° Q-cm in pure AgSe CQD films to 2 x 10° Q-cm in the binary
composite [156]. This dramatic improvement mitigates dark current and enhances detector
sensitivity. Device fabrication involved constructing a layered architecture starting with Cr/Au

bottom electrodes, followed by a 15 nm MoOy interlayer to improve hole injection into the PbS
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QD layer. A 200 nm-thick binary film of PbS/Ag.Se CQDs was deposited through iterative spin-
coating and EDT ligand exchange, ensuring good electronic coupling. Subsequently, an 80 nm
ZnO nanoparticle layer was added to form the n-side of the p—n junction, topped by an Al electrode
with finger openings to define a 200 x 200 um? active area. The energy band alignment in this
heterojunction design facilitates effective separation of photoexcited carriers: upon infrared
illumination, electrons generated in the Ag.Se CQDs are efficiently transported toward the Al
cathode, functioning analogously to epitaxial quantum dot infrared photodetectors (QDIPs). The
device demonstrated strong rectifying behavior, with a rectification factor of 6000 at 5 V bias,
confirming effective junction formation [156]. Performance metrics of this heterojunction
photodiode were notably improved compared to initial photoconductive devices. The reported
peak responsivity reached 19 mA/W, and the specific detectivity achieved 7.6 x 10¢ Jones at 300
K, with an absorption cut-off at 6 um [156]. While these values are modest relative to state-of-the-
art HgTe CQD devices, they represent a substantial step forward for mercury-free CQD MWIR
photodetectors operating at room temperature.
Lead-chalcogenide interband QDs

One of the most studied QD systems for infrared optoelectronics is the lead-chalcogenide
CQDs. Lead-chalcogenide materials with a direct band gap of 0.41 for PbS [157], 0.36 for PbTe
[158], and 0.28 for PbSe, [158] have been widely used in bulk MWIR photodetectors[89], [95],
[159], [160]. Therefore, photodetectors of lead-chalcogenide QD can be fabricated with great
tunability. Lead-chalcogenide CQD photodetectors demonstrate considerable potential in
responsivity; however, their exploration has predominantly focused on NWIR [161], [162] and
SWIR ranges. This narrowed scope is primarily due to constraints in synthesizing sizable CQDs.

Challenges include low air stability and difficulties associated with cation exchange, particularly
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for growing shell cadmium-chalcogenides [147]. The air stability limitation concerning larger-size
PbSe CQDs stems from ineffective surface defect passivation. These larger PbSe CQDs often
develop in the (100) orientation, characterized by a precise balance between lead and selenium
atoms, leaving minimal available dangling bonds essential for efficient ligand binding.
Consequently, these larger PbSe CQDs exhibit elevated levels of surface defects, significantly
hindering their overall performance [24].

In 2019 our group demonstrated the creation of MWIR uncooled PbSe-QDs/CdS p—n
heterojunction photodiode through wet-chemical synthesis. After annealing at 673 K for 0.5 hours,
the ligand-free PbSe-QDs/CdS photodiode showcased an MWIR spectral photoresponse with a
4.2um cutoff at room temperature. A 300nm CdS film was deposited onto thermally grown CdSe
on a silicon substrate with the CBD method. Later, 1.2um lead-salt QD films were deposited
directly in ambient atmosphere conditions, which is one of the advantages of CBD-grown PbSe
QDs. Later 200x200 pum? pixels are created by etching the film and gold contact deposition on top.
Additionally, indium-doped cadmium selenide (CdSe:In) films exhibited promising qualities for
MWIR transparent conductive electrodes due to their low sheet resistance, high optical
transmission, and excellent chemical stability. A maximum room-temperature peak responsivity
and specific detectivity of 0.36 + 0.04 A/W and (8.5 + 1) x10® Jones, respectively, is achieved for
this device. Higher annealing temperatures not only increased QD size but also improved
crystallinity and reduced interface defect density between PbSe-QDs and CdS, significantly

enhancing device performance [163].
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Chapter 2 Experimental Methods

L. Introduction

Advancing mid-wave infrared (MWIR) PbSe-based optoelectronics requires a
multidisciplinary toolkit that spans thin-film growth, materials analysis, and device fabrication.
This chapter surveys the key equipment and procedures that underpin those activities, framing
each technique in terms of the fundamental principles most relevant to the research presented in
our work. Rather than reproducing the full theoretical formalisms or exhaustive derivations that
govern every process, the discussion distills the concepts, operating modes, and practical
considerations that enable reliable experimentation. Two physical-vapor deposition platforms—
molecular beam epitaxy (MBE) and vapor-phase deposition (VPD)—anchor the section on
thin-film growth. Their inclusion reflects both their central role in achieving the crystal quality,
stoichiometric control, and interface engineering demanded by single-element lead-salt
photodetectors operating near 4 um, and their complementarity to more conventional sputtering or
evaporation approaches used elsewhere in the field. Subsequent sections outline the
characterization methods that translate raw films into quantified materials knowledge. Structural
probes (e.g., X-ray diffraction, AFM), and optical and electronic spectroscopies (e.g., FTIR,
photoluminescence, Hall, and time-resolved measurements) are introduced with schematic visual
aids to clarify data-generation mechanisms and typical interpretation pathways. The presentation
then follows the process flow from lithography and metallization through dicing, mounting, and
wire-bonding. By integrating these growth, characterization, and fabrication perspectives, the
chapter aims to furnish readers—and especially the next cohort of students at the University of

Oklahoma—with a concise yet functional roadmap for developing thin-film lead-salt materials,
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heterostructures, and MWIR devices. The intent is to lower the activation barrier for future
investigations, accelerate iterative design cycles, and ultimately catalyze further contributions to
the OU Electrical and Computer Engineering program.

II.  Molecular Beam Epitaxy

Introduction to MBE System

MBE is an ultra-high-vacuum (UHV) deposition technique that delivers atomic-scale
control over flux, stoichiometry, and interface abruptness—capabilities that are essential for
engineering single-element lead-salt photodetectors operating in the mid-wave infrared
MWIR. By supplying thermally evaporated elemental beams into a background pressure below
1 x 107 Torr, MBE enables in-situ monitoring of surface reconstructions, adatom nucleation
kinetics, and layer-by-layer growth through reflection high-energy electron diffraction (RHEED)
and quartz-crystal microbalance (QCM) feedback. Such precision has moved the technique
beyond its traditional role in basic research; commercial foundries now employ MBE for infrared
focal-plane arrays, III-V lasers, and quantum cascade structures whose compositional accuracy is
unattainable with sputtering or metal-organic chemical vapor deposition (MOCVD).

The custom IV-VI MBE platform used in our laboratory (Figure 2-1) consists of two UHV
chambers joined by a buffer module and serviced by an independent load-lock. The primary
growth chamber houses seven effusion cells—dedicated to n-type and p-type PbSe, Se, CdSe, Pbly,
SnSe, and BixSes—and an electron cyclotron-resonance (ECR) oxygen plasma source for
controlled oxidation studies. A secondary chamber is optimized for substrate thermal desorption
and for depositing CaF. buffer layers that mitigate lattice mismatch on silicon wafers. This

dual-chamber architecture is critical for IV-VI growth: volatile species such as Se can readily
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back-stream and poison neighboring sources, whereas segregating CaF. growth averts
cross-contamination without breaking vacuum.

Despite the system’s versatility, prolonged operation revealed a damaged knife-edge on
the beam-flux housing that compromised base pressure and shutter integrity. Consequently, all
PbSe and PbSe/CdSe heterostructures reported after the second year of our Ph.D. work were
synthesized in a mini-MBE vapor-phase-deposition (VPD) system. Although the VPD chamber
lacks the full effusion-cell complement, its smaller volume and simplified pumping architecture
restored UHV conditions (<5 x 10~ Pa) and ensured reproducible flux stability for subsequent
experiments. The transition underscores the contingency planning required for complex vacuum
hardware and highlights the modular approach adopted throughout this dissertation: whenever
hardware constraints arise, growth protocols are migrated to alternate platforms while preserving

the stringent interface and stoichiometric control demanded by MWIR device fabrication.

Figure 2-1. Custom two chamber MBE for IV-VI deposition at OU.

Molecular Flux
Unlike precursor-driven chemical-vapor-deposition (CVD) methods, molecular-beam

epitaxy operates through a solid-vapor-solid pathway in which the only species introduced to the
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chamber are those intentionally incorporated into the crystalline film. Elemental or compound
source materials are thermally evaporated from effusion cells under ultra-high-vacuum conditions,
forming low-energy molecular beams that impinge directly onto a heated substrate. Aside from
auxiliaries such as a selenium cracker used prior to co-deposition, MBE growth therefore avoids
parasitic gas-phase reactions and permits atomically abrupt doping and heterointerface control that
are difficult to achieve with metal-organic or halide chemistries.

Because adatoms arrive in an essentially collision-free environment, film stoichiometry is
dictated by the ratio of molecular fluxes rather than by complex gas-phase kinetics. A classic
illustration is GaAs, where the arsenic vapor pressure far exceeds that of gallium; achieving a
stoichiometric film typically requires an As:Ga beam-equivalent-pressure ratio well above
5:1. Under these conditions the growth rate becomes limited by the arrival rate of gallium
adatoms, while excess arsenic re-evaporates. Although only a fraction of the impinging species
are ultimately incorporated, every evaporated atom interacts with the surface—adsorbing,
migrating, desorbing, or nucleating—so systematic variation of source temperatures, substrate
temperature, and background pressure provides researchers with a finely tunable parameter space
for optimizing film quality.

Figure 2-2 schematically depicts an effusion cell: the solid source rests in an ultra-pure
graphite or pyrolytic-boron-nitride crucible surrounded by a resistive heater.

Precise temperature control (to 0.1 °C) determines the vapor pressure and thus the
molecular flux. For compound semiconductors this first control point is already non-trivial:
heating a PbSe charge, for example, can yield a beam composed of Pb, Se, PbSe, Se:, Pb.Ses, and

related species. Preferential evaporation of selenium drives the remaining melt progressively
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Pb-rich, which in turn promotes Pb droplet formation on the growing film and introduces Se
vacancies—both deleterious to carrier transport.

To circumvent these issues, our PbSe layers are grown by co-evaporating a stoichiometric
PbSe source and an independent Se cell. The additional selenium flux compensates for Se-rich
species lost to re-evaporation, maintains near-ideal Pb : Se incorporation, and suppresses metallic
lead agglomeration. This co-flux strategy exemplifies the central theme of MBE process
engineering: by isolating each elemental supply and manipulating its flux in real time, one can
tailor defect chemistry, interface abruptness, and film morphology with a level of precision

unmatched by any other thin-film deposition technique.

To buffer chamber
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Figure 2-2 A schematic diagram of MBE with 4 effusion cells. Reprinted from [164].
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Ultra-High Vacuum Pumps

Maintaining the ultra-high-vacuum (UHV) environment required for molecular-beam
epitaxy hinges on a sequential, three-stage pumping architecture that incrementally reduces the
chamber pressure from atmosphere to the 107" Torr regime. The rough-pumping stage employs
an Edwards XDS 351 dry scroll pump, selected for its hydrocarbon-free compression and rapid
throughput, to evacuate the load-lock and growth chambers from ambient pressure to
approximately 107 Torr. Once this threshold is reached, the system transitions to high-vacuum
pumping: a magnetically levitated Shimadzu turbomolecular pump, backed by the scroll pump,
drives the pressure down a further four orders of magnitude to the 1077 Torr range. The absence
of mechanical bearings in the mag-lev design minimizes particulate generation and vibration, both
of which are critical for preserving effusion-cell alignment and RHEED beam stability during
subsequent bakeouts.

To achieve and sustain true UHV conditions, the final stage relies on a 400 L s™' Gamma
Vacuum Titan ion pump directly flanged to the growth chamber. Operating by ionizing residual
gas molecules and burying them in titanium cathodes, the ion pump excels at removing chemically
active species that would otherwise compromise chalcogenide film stoichiometry. Under
steady-state operation the base pressure routinely falls below 1 x 107'° Torr, affording mean free
paths well in excess of the source-to-substrate distance and ensuring ballistic transport of
molecular beams.

Initial pump-downs from atmosphere necessitate aggressive chamber degassing to
eliminate adsorbed moisture and volatile organics. The entire vacuum envelope is wrapped with
heating trapps and over-layered with aluminum foil to homogenize the thermal profile and mitigate

differential expansion at welded joints or view-ports. Bakeouts are conducted at 150-170 °C for
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24-t0-72 hours, during which the combined action of elevated temperature and continuous
pumping accelerates desorption kinetics by several orders of magnitude. This protocol not only
expedites the attainment of UHV but also stabilizes the base pressure between growth campaigns,
thereby minimizing flux drift and extending effusion-cell lifetime throughout the experimental
program documented in this dissertation.

Reflection High Energy Electron Diffraction (RHEED)

Real-time reflection high-energy electron diffraction RHEED provides the most immediate
feedback on crystalline quality during molecular-beam epitaxy in this dissertation. A 14kV
electron beam enters the growth chamber at a glancing incidence of < 10°, strikes the film surface,
and diffracts into a pattern recorded on a phosphor screen. Because the electrons travel almost
parallel to the substrate, the diffraction condition is governed by the intersection of
surface-sensitive reciprocal-lattice rods with the Ewald sphere (radius =1 /1). Rods that intersect
the sphere and satisfy Bragg’s law scatter strongly, generating the streaks or spots that make up a
RHEED image. Consequently, every frame captured on the screen is a two-dimensional map of
the topmost atomic layers, revealing surface reconstructions, in-plane lattice spacing, crystal

orientation, and even monolayer-scale roughness (Figure 2-3).
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Figure 2-3. RHEED Image Formation. Reprinted from [165].

Monitoring the temporal evolution of these patterns establishes a closed feedback loop for
growth optimization. Sharp, continuous streaks correspond to atomically flat terraces and
two-dimensional, Frank—van der Merwe (layer-by-layer) growth. By contrast, spotty or ring-like
patterns signify three-dimensional Volmer—Weber islanding, while mixed streak-plus-spot motifs
mark the Stranski—Krastanov transition from nucleation-limited islands to smoother overgrowth.
III.  Microscopy
Introduction to Microscopy

Correlating growth conditions with device performance requires a direct, nanoscale view
of the materials we fabricate. Microscopy—specifically electron microscopy (EM) and
scanning-probe microscopy (SPM)—provides that view by translating surface topography, crystal
structure, and compositional variations into quantitative, image-based data sets.

Electron microscopy (SEM and TEM) exploits the wave nature of high-energy electrons:
a 10kV beam has a de Broglie wavelength orders of magnitude smaller than visible or even
ultraviolet light, enabling sub-nanometer spatial resolution. Magnetic lenses, rather than refractive

optics, focus the beam, while a high-vacuum column suppresses scattering and prevents
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electrostatic charging of dust or residual gases. Secondary-electron and back-scattered-electron
contrasts reveal surface roughness, grain size, and orientation distributions, whereas bright-field,
dark-field, and high-resolution TEM images expose lattice defects, interfaces, and heterostructure
abruptness across individual atomic planes.

Scanning-probe microscopy (exemplified by atomic-force microscopy) approaches the
sample from the opposite angle—literally. A nanometer-sharp tip raster-scans the surface, and
deflections caused by tip-sample forces are converted into a three-dimensional height
map. Because AFM monitors mechanical interactions rather than scattered photons or electrons,
it bypasses diffraction limits and operates under ambient, liquid, or controlled-gas environments
without the vacuum constraints of EM. Various AFM modes—tapping, contact, phase, and
conductive—extend its reach to mechanical modulus mapping, adhesion quantification, and
spatially resolved electronic transport.

Together, EM and SPM furnish complementary insights: EM links crystal quality to
processing history, while AFM quantifies surface roughness and local electronic behavior that
directly influence carrier mobility and noise in MWIR PbSe detectors. The following section
details the instrumentation, operating modes, and data-analysis protocols used throughout this
dissertation to translate raw micrographs into the material parameters that guide our growth and
device-fabrication strategies.

Scanning Electron Microscopy

Scanning electron microscopy is the primary electron-beam technique used in this
dissertation to visualize PbSe thin films at nanometer length scales. A finely focused, high-energy
electron probe (typically 1-10 kV) grazes across a pre-selected area, and the resulting electron—

sample interactions generate signals that are converted into grayscale contrast. The spatial
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resolution—well below that of optical microscopy—derives from the sub-angstrom de Broglie
wavelength of the incident electrons, while high-vacuum operation (<10~° Torr) prevents beam
scattering and surface charging by airborne contaminants.

Inelastic collisions between the primary beam and the uppermost 5—10 nm of the sample
eject low-energy (=30-70 eV) secondary electrons (SE). An Everhart-Thornley detector biased
positively collects these electrons and translates their local yield into image intensity. Because SE
yield is highly sensitive to surface curvature and edge effects, SE mode excels at revealing
topography: grain-boundary ridges, voids, and surface roughness are all rendered with sub-10 nm
clarity (Figure 2-4).

Elastic scattering events return a fraction of the primary electrons to the surface with much
higher energies. A segmented solid-state BSE detector positioned above the sample records these

electrons, producing contrast that scales with the local atomic number (Z).
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Figure 2-4 Schematic of scanning electron microscopy. Reprinted from [166].
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Atomic Force Microscopy

Atomic-force microscopy extends the scanning-probe family by translating nanoscale tip—
surface interactions into quantitative three-dimensional maps of thin-film topography and related
properties. In our measurements a silicon cantilever, terminated by a sub-10nm radius tip,
raster-scans the PbSe surface while a laser—photodiode system records its deflection. Two
principal operating modes are relevant:

The tip remains in continuous contact with the sample in contact AFM (c-AFM), and a
feedback loop adjusts the vertical piezo stage to maintain a constant normal force. The z-motion
required to uphold that force recreates the surface profile, yielding sub-nanometer height resolution
and enabling roughness metrics such as R_q and R a. Because lateral tip—sample interaction can
distort soft chalcogenide films, c-AFM is reserved for robust substrates or for simultaneous current
mapping when conductive coatings are present.

In non-contact AFM (nc-AFM) (Figure 2-5) the cantilever oscillates at, or slightly below,
its resonant frequency (= 100-300 kHz) while hovering a few angstroms to nanometers above the
surface. Attractive van-der-Waals forces dampen the oscillation amplitude; the control electronics
restore the set-point amplitude by adjusting the tip—sample separation, thereby tracing the surface
without mechanical deformation. This mode is deployed in dissertation to preserve as-grown PbSe
morphology and to capture terrace structure, grain-boundary topography, and local roughness.

Coupled with SEM, AFM completes the morphological dataset: SEM provides rapid,
wide-area context; and nc-AFM quantifies the angstrom-level roughness that governs interface

recombination and dark current in MWIR lead-salt photodetectors.
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Figure 2-5 AFM Operation Modes: a) c-mode AFM, b) nc-mode AFM, and c) inter-atomic force regimes respective to sample-

cantilever separation distance [167].

IV.  X-Ray Diffraction

X-ray diffraction is the workhorse crystallographic probe in this dissertation because it
demands virtually no sample preparation yet returns a wealth of structural information—Ilattice
parameters, preferred orientation, micro-strain, defect density, alloy composition, and even vicinal
tilt. In a typical lab system, a high-energy electron beam strikes a copper anode, generating
characteristic Cu Ka radiation (A= 1.5406 A). A monochromator and collimator stack purify and
shape this beam before it impinges on the film at a controllable incident angle; a scintillation or
pixel-array detector then records the diffracted intensity as the source—sample—detector geometry
is swept.

The key interaction is elastic scattering from the periodic atomic planes of the crystal
lattice. When the path-length difference between reflected waves satisfies Bragg’s law

(nk=2dsin0), constructive interference produces a diffraction peak. For poly-PbSe films,
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multiple (hkl) planes meet this condition at distinct 26 angles, so a conventional 620 scan yields
a fingerprint of phase purity and grain texture. Peak positions reveal out-of-plane lattice constants;
full-width-at-half-maximum (FWHM) values quantify mosaic spread and strain; and integrated
intensities gauge relative orientation fractions. Reality, of course, diverges from this ideal. The
crystal departs from perfection: point defects, dislocations, micro-strain, and grain-boundary tilt
all perturb the periodic spacingd and force Bragg’s condition to be met over a finite angular
range. Because modern optics suppress most instrumental broadening, the measured full width at
half maximum of a diffraction peak now serves as a sensitive fingerprint of crystalline quality.

Because these metrics are derived from the same Cu Ka wavelength used worldwide, data
sets acquired here can be compared directly with literature values and with complementary
techniques, AFM for surface relief linked to strain relaxation, and SEM for correlating grain size
with peak broadening. Throughout the ensuing chapters, XRD thus serves as the quantitative
backbone for evaluating how MBE and VPD growth parameters translate into crystalline quality
and, ultimately, MWIR detector performance.
V.  Photoluminescence spectroscopy

Photoluminescence spectroscopy complements the electrical and radiometric tests by
probing the radiative recombination pathways that ultimately limit detector quantum efficiency.
Emission spectra were acquired on a Bruker Invenio-R Fourier-transform infrared spectrometer
configured for mid-infrared operation at a spectral resolution of 16 cm™. An InSb high-gain
detector, immersion-cooled in liquid nitrogen, provided the necessary sensitivity in the 2—5 um
band and held its dark-current floor low enough to resolve sub-picowatt signals. Because PbSe
films emit only weakly at room temperature, the FTIR’s internal photoluminescence (PL)

accessory was routed through an external Stanford Research Systems SR830 lock-in amplifier.
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Lock-in detection referenced to the excitation source suppresses the broadband thermal
background that would otherwise swamp the MWIR emission and raises the signal-to-noise ratio
by more than an order of magnitude.

Excitation was supplied by a diode-pumped solid-state laser at 980 nm operating in
quasi-continuous mode: 1 ms pulses at 700 Hz with a 70 % duty cycle. The wavelength sits well
above the PbSe band gap, ensuring efficient carrier generation while avoiding excessive
free-carrier absorption that can complicate interpretation of the emission tail.

Each scan accumulated 256 interferograms to average out pulse-to-pulse fluctuations; the
resulting spectra were phase-correlated by the SR830 at the 700 Hz chopping frequency and
exported to OPUS for analysis. Peak wavelength and full width at half maximum served as proxies
for band-gap energy and compositional uniformity, while integrated intensity normalized to pump
power tracked relative quantum efficiency across growth recipes. By comparing these PL metrics
with Hall mobility and detectivity data, the study establishes direct links between microscopic
radiative processes and macroscopic detector performance, completing the multidimensional
characterization framework for the PbSe MWIR devices presented in this dissertation.

VI.  Device Fabrication
Introduction to Photolithography

Photolithography bridges the gap between film growth and electrical testing by translating
a continuous semiconductor layer into a fully patterned device structure. The process begins with
spin-coating a thin film of photoresist, a light-sensitive polymer whose solubility changes when it
is exposed to ultraviolet radiation. A chrome-on-glass mask defines where that radiation reaches

the resist: transparent windows admit light and induce a chemical transformation, whereas opaque

68



regions shield selected areas. After exposure and development, the wafer carries a sharply defined
resist pattern that serves as a temporary stencil.

Depending on the subsequent step, that stencil can play one of two roles. In an etch
sequence the resist protects underlying regions while reactive ions or wet chemicals remove the
exposed film, sculpting mesas, pixels, or access vias with micrometer accuracy. In a lift-off
sequence metal, dielectric, or passivation layers are deposited across the entire surface; when the
resist is finally lifts-off, the overlying material stays, where there was no photoresist.

Mask Design and Photoresist

Photoresist chemistry lies at the heart of successful pattern transfer, and its behavior under
ultraviolet exposure dictates both the image polarity and the final side-wall profile. A positive
resist such as AZ 5214 E becomes more soluble in the developer wherever it is illuminated, so the
pattern that remains on the wafer reproduces the mask openings. A negative resist like
AZ nLof 2020 behaves in the opposite manner: light exposure cross-links the polymer, making the
irradiated zones insoluble and leaving an inverted replica of the mask after development. Negative
resists develop with a slight under-cut that act as a built-in shadow mask, allowing metal or
dielectric films deposited afterward to break cleanly at the resist boundary; the lift-off step
therefore proceeds without the bridging or encapsulation problems that often plague positive-resist
processes. Positive resists, by contrast, yield nearly vertical side walls that are preferable when the

patterned resist must withstand aggressive etch.
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1. PbSe Growth
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3. Dry Etching
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5. Metal deposition
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Figure 2-6. Fabrication Steps for Photoconductor Device

Because the polarity determines how every subsequent layer aligns, mask layout must be
planned with the full lithographic sequence in mind. Figure 2-6 depicts schematic fabrication
process for photoconductor device. Each device in this dissertation was drafted in K-Layout and
Layout Editor, incorporating alignment keys that repeat at every level so that successive patterns
register to within a micron across the entire wafer. The finished designs were written onto
chrome-quartz plates with a Heidelberg uPG-101 laser writer. Before coating, wafers were

solvent-cleaned, rinsed, and prebaked at95°C for at least five minutes to expel
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moisture. Spin-coating followed: positive resist at 4000 rpm with a 95 °C soft-bake for one-
minute, negative resist at the same speed but with a 110 °C soft-bake to drive off residual
solvent. After mask alignment the positive resist received a four to ten-second exposure (Figure
2-7), whereas the negative resist required one-minute post-exposure bake at 110 °C to complete

cross-linking.

Figure 2-7. Mask Aligner Used to Expose the Pattern

Development proceeded for 30—60 seconds in AZ 300-MIF or AZ 726-MIF, respectively,
and every wafer was inspected under a Normarski interference-contrast microscope (Figure 2-8)
to verify pattern integrity before moving on to etching, deposition, or lift-off. By matching resist
tone and side-wall profile to the demands of each fabrication step, the lithographic flow produced
clean mesas, well-isolated metal contacts, and precisely aligned multilayer structures essential for

reproducible PbSe detector performance.
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Figure 2-8. Normarski interference-contrast microscope

Reactive Ion Etching

Reactive ion etching completes the pattern-transfer sequence by sculpting the exposed
PbSe into well-defined mesas without attacking the surrounding photoresist stencil. Dry etching
was carried out in a Trion Technology MiniLock Il reactor (Figure 2-9), whose inductively coupled
plasma delivers high ion density while the capacitive bias at the chuck accelerates ions normal to
the wafer surface, ensuring vertical side walls. For the chalcogenide chemistry used here, a mixed
Ar/CH4/H2 plasma was chosen at a flow-rate ratio of 5:10: 10 SCCM. Argon provides physical
sputtering to initiate surface activation, methane contributes reactive carbon radicals that form
volatile Pb- and Se-containing organometallics, and hydrogen assists in breaking Pb—Se bonds,
together producing a synergistic etch that is faster and cleaner than any single-gas recipe.

Typical process conditions were 150 W RF power and 35 mTorr chamber pressure. Under
these settings the etch rate averaged 50 nm min~'. The low operating pressure suppressed side-wall
scattering, while the hydrogen fraction reduced polymer deposition that otherwise roughens the

etched profile. This RIE step thus produces the clean, high-aspect-ratio geometries required for
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isolating individual detector pixels and for maintaining uniform current flow across the active area

of the MWIR PbSe devices.

Figure 2-9 Trion Technology MiniLock II reactor

Metallization via thermal evaporation

Metallization of the patterned PbSe detectors was carried out in a Kurt J. Lesker Nano 36
thermal evaporator (Figure 2-10), a compact system equipped with dual resistive sources, a
motorized shutter, and a quartz-crystal microbalance for closed-loop rate control. After
lithographic definition, samples were loaded through the Nano 36 load-lock and pumped to a base
pressure below 9 x 107¢ Torr, a level low enough to suppress oxide formation on the chalcogenide
surface before metal arrival. Gold’s high work function and chemical inertness yield a
low-resistance ohmic interface to p-type PbSe while preserving surface stoichiometry.

To save cost and have good ohmic contact with CdSe, Indium was evaporated at 1.5 A s
to a thickness of 400 nm. Throughout both depositions the planetary rotation stage maintained

uniform thickness, and the negative-resist under-cut produced earlier in the lithography step
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guaranteed a clean lift-off: immersion in warm acetone for ten minutes released the unwanted
metal over the resist without tearing the fine-line features anchored to the wafer. Post-lift-off
inspection by SEM confirmed sharply delineated edges and step-free coverage over the etched
mesas, completing the contact fabrication sequence and readying the devices for electrical probing

and mid-wave infrared responsivity measurements.

Figure 2-10 Kurt J. Lesker Nano 36 thermal evaporator

VII. Electrical measurement

Electrical characterization links the structural quality of the PbSe films to their
optoelectronic performance. Current—voltage (I-V) data were collected with a Keithley 2400
SourceMeter configured for automatic source-sweep and measure mode. Each sample was
contacted in a shielded probe station; for photovoltaic (PV) devices both bias polarities were

scanned from —0.5 V to +0.5 V in 2 mV increments, whereas photoconductor were swept across a
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broader -1V to+1V range. The Keithley’s embedded buffer stored the full I-V trace and
transferred it via GPIB to a dedicated computer, where custom MATLAB scripts converted the
raw current into current density by normalizing to the mesa area measured previously by optical
profilometry.

Subsequent analysis extracted the key diode and detector figures of merit. The zero-bias
dynamic resistance—area product (RoA) was obtained from the inverse slope at V=0V; the
parallel-plate model then yielded the shunt resistance R _sh. A high-bias linear fit isolated the
series resistance R s, while the semi-log forward-bias region was fitted to the Shockley equation
to determine the ideality factor n. For photoconductive devices the dark current density J dark at
the intended operating field furnished a baseline for noise calculations and detectivity estimates
presented in Chapter 1.

Free-carrier properties were measured independently with a four-probe Hall technique on
unpatterned films using an Ecopia HEM-2000 Hall Measurement System. Van der Pauw
geometries were cleaved to 8 mm X 8 mm squares, indium contacts were ultrasonically soldered at
the corners, and the samples were loaded into the HEM-2000’s 0.55 T electromagnet stage. The
instrument alternated current direction and magnetic-field polarity to cancel thermoelectric and
offset voltages, yielding sheet resistance, carrier concentration, and Hall mobility. These
room-temperature mobility and carrier-density values complete the electrical dataset, enabling
correlation of growth parameters with charge-transport mechanisms.

VIII. Radiometric measurement

Optical testing closes the loop between growth, device processing, and ultimate detector

performance by converting the mid-wave infrared (MWIR) flux of a calibrated source into

electrical figures of merit. Illumination is provided by an Infrared Systems Development Corp.
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collimated black-body that operates at 823 K, a temperature chosen because Planck’s law places
its spectral peak squarely inside the 3—5 um atmospheric window that our PbSe devices target.
A Thorlabs MC1F10 mechanical chopper modulates the beam at 750 Hz, producing a reference
wave that the subsequent electronics can lock onto.

During the measurement each pixel is biased sequentially through the Keithley 2400, as
described in the previous section. The photocurrent passes through a voltage divider that contains
a load resistor matched to the nominal dark resistance of the device, converting the current into a
small-signal voltage that is fed into the differential input of a Stanford Research Systems SR830
digital lock-in amplifier. The SR830 references the 750 Hz chopping frequency, averages over a
1 Hz detection bandwidth, and simultaneously outputs the in-phase signal amplitude and the
root-mean-square noise voltage for every bias point. All measurements are performed at room
temperature (298 K); the detector substrate sits on a temperature-stabilized stage to eliminate
thermal drift that could masquerade as responsivity changes.

With the signal, noise, bias voltage, and the calibrated black-body flux in hand, standard
radiometric parameters follow directly. Responsivity is obtained by dividing the lock-in voltage
by the incident optical power, corrected for the black-body aperture and the detector area. The NEP
is calculated by normalizing the measured noise to the responsivity, and the D* then emerges by
scaling the NEP with the square root of the active area, removing size as a variable so that devices
fabricated under different conditions can be compared on equal footing. In this way the radiometric
experiment provides a quantitative bridge from growth chemistry and device architecture to
functional metrics—responsivity, NEP, and D*—that define the competitiveness of the PbSe

MWIR technology developed in this dissertation.
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Chapter 3 Epitaxial PbSe/Ge and CdSe/PbSe Heterojunction Growth and

MWIR Photovoltaic Detector !

L. Introduction

Lead selenide has a long history in MWIR optoelectronic development, with more recent
attention focused on the fabrication of MWIR detectors pushing beyond the cryogenic barrier. A
room-temperature high-detectivity D* MWIR PbSe PC has been demonstrated [168], [169], [170].
To date, low-cost PbSe MWIR photoconductors operating at uncooled or Thermoelectric (TE)-
cooled temperatures remain the choice for many sensing and imaging applications [171]. Such
high performance is attributed to its low Auger recombination rate at high temperatures. The Auger
coefficient in IV-VI semiconductors such as PbSe is roughly an order of magnitude lower than
those in Sb-based type-II QWs, which are in turn significantly suppressed relative to other I1I-V
and II-VI semiconductors such as MCT with the same energy gaps [74], [75],[76], [77], [78], [79],
[80]. Although very promising performance has been demonstrated by polycrystalline PbSe PC

FPA, several problems are still associated with their design, including film inhomogeneity, large
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1/f noise and limited FPA resolution due to contact configuration for PC detectors [103], [172],
[173], [174], [175], [176], [177]. Ideally, if one could develop PbSe photovoltaic detectors with
the same performance as its PC counterpart, these problems could be solved. Due to fast dopant
diffusion, it is hard to make an abrupt p-n homojunction. Therefore, the heterostructure p-n
junction would be one potential option. The challenge for forming heterojunction is finding a
substrate that PbSe can grow on, and at the same time making a viable type-II heterostructure. We
proposed n-type PbSe/ p-type germanium type-II heterostructure [53], [178]. Although there is
more than eight percent lattice mismatch between germanium and PbSe, single crystal PbSe were
successfully grown on a surface-treated vicinal germanium substrate, resulting in an [-V curve
with a very high rectification factor.

n-PbSe/p-Ge heterostructure

In this work we create a novel heterogeneous material structure by depositing MWIR
absorbing monocrystalline n-PbSe film on p-Ge substrate, forming a p-n heterojunction with room
temperature MWIR photovoltaic detector capabilities. Traditionally, materials such as PbSe and
Ge have been found difficult, if not unsuitable for fabricating heterogeneous structures due to their
large difference in lattice constant and thermal expansion coefficient. These dissimilar properties
often give rise to strain-induced defects, ruining interface and bulk phenomena that researchers
may hope to exploit with their material system. While IV-VI materials such as PbSe show promise
in numerous MWIR optoelectronic and topological applications, the limitations of growing high-
quality monocrystalline films on both low-cost and scalable substrates have been a major point of
interest for researchers in recent years [179], [180], [181], [182], [183]. Due to both availability
and scalability, IV-VI Pb-chalcogenide semiconductors such as PbSe are often grown on many

dissimilar substrates inhibiting the formation of high-quality monocrystalline films. Further, while
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most of the substrates being used for epitaxial growth such as BaF», CaF>, KCl, and SrTiO3 may
provide beneficial mechanical, thermal, and optical properties, they are also electrically passive
insulators in the heterostructure acting only as a platform to grow epitaxial films. Direct Growth
of PbSe on an electrically active substrate could combine the merits of two materials and offer new
device structures to advance state-of-the-art performance while reducing cost and increasing
scalability [184]. Combining high-quality monocrystalline PbSe with relevant Si, Ge, or III-V
material systems would improve a host of device applications including MWIR lasers, detectors,
thermoelectric devices, and topological crystal insulators. However, the direct growth of high-
quality PbSe films on electrically active substrates is exceedingly difficult due to the challenges
discussed above. For example, direct growth on Si substrate without a CaF, buffer layer tends to
form cracks or has inferior material quality [185]. More recently, efforts have been made to expand
the list of suitable substrates for epitaxial growth of PbSe to include III-V materials such as GaAs,
GaSb, and InSb [186], [187], [188]. While there has been promising success on these substrates,
each material system comes with its own design hurdles, such as small critical thickness, high
defect densities, or electrically inactive use of the substrate/ film interface. Additionally, growth
of IV-VI/III-V heterostructures face challenges regarding growth orientation due to the nature of
defect slip planes. IV-VI rock salt structure materials like PbSe have a primary slip system along
{001}<1 -1 0> resulting in preferential dislocation gliding along the {001} plane. The result of
which is that the slip system for accumulated dislocations in PbSe films grown in the (100)
orientation feel no resolved shear stress from in-plain strain, locking dislocations in place. This
handicap for PbSe films grown in the (100) orientation is often avoided by using (111) orientated
substrates. However, demonstration of high-quality monocrystal PbSe films grown in the (100)

direction would allow for the utilization of the more industry standard (100) substrates, improving
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both production costs and scalability. For this reason, we chose to deposit PbSe films on Ge (100)
substrates to take advantage of these attractive attributes. Conversely, epitaxial IV-VI films grown
directly on CdTe substrates or composite CdTe/Si (211) substrates have been demonstrated, and
mid-infrared detectors using PbTe/CdTe interface properties have also been reported [189], [190],
[191]. However, there has been no report of devices that utilize the direct growth of thick
monocrystalline PbSe film on electrically active substrates for device applications. Table 3-1
provides an extensive summary of PbSe growth’s current progress on both similar and dissimilar

substrates.
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Table 3-1 List of relevant substrate electrical and optical properties compared with PbSe.

Material Substrate  Lattice Mismatch Thermal Bandgap Electron Crystallinity
System Treatment A) Expansion Coef. (eV) Affinity
Mismatch (eV)
PbSe/CaF2 - 12.1% 1.5% (19.4/19.1)  0.27/12/1. 4.6/1/4.0 Single
/Si (6.126/5.464/5.43) 17 5
PbSe/BaF2 - 1.19% (6.126/6.2) 2% (19.4/19.8) 0.27/9.1 4.6/2.1 Single
[185]
PbSe(111)/ - 12.7% 746% (19.4/2.6) 0.276/ 4.6/4.05 Poly
Si(111) (6.126/5.431) 1.17
[185]
PbSe/KCl 2.63% 46% (19.4/36) 0.27/ 4.6/0.5 Single
[192] (6.126/6.292) 8.4
PbSe(100) Te 8.3% 338% (19.4/5.73) 0.27/ 4.21/4.0 Single
/GaAs(100) (5.653/5.431) 1.41 7
[193]
PbSe (511)/ Te 4.1% 338% (19.4/5.73) 0.27/ 4.6/4.07 Single
GaAs(211) 1.42
[193]
PbSe(001)/ - 0.5% 250% (19.4/7.75) 0.276/ 4.6/4.06 Single
GaSb(001) (6.126/6.095) 0.726
[194]
PbSe(001)/ PbSe 1.1% 429% (19.4/4.52) 0.276/ 4.6/4.9 Single
InAs(001) (6.126/6.058) 0.36
[194]
PbSe(111)/ PbSe 1.1% 429% (19.4/4.52) 0.276/ 4.6/4.9 Single
InAs(111)A (6.126/6.058) 0.36
[195]
PbSe/SrTi 56.8% 202% (19.4/9.6) 0.276/ 4.6/3.57 Topological
03[196] (6.126/3.905) 32 Crystal
Insulator
PbSe/Ge Se 8.2% 328% (19.4/5.9) 0.276/ 4.21/4 single
(6.126/5.658) 0.67

In addition to the interface and material quality, the band alignment of the heterojunction

is exceedingly important for device applications. Figure 3-1 shows reported values of electron

affinity (EA) and energy bandgap for PbSe and its most common substrate materials.
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Figure 3-1 Conduction and valence band edge alignment for PbSe and other relevant material systems.

Based on the electron affinity values in Figure 3-1, PbSe forms a type-I band alignment
with Si, GaAs, and InP, making them suitable for heterojunction light emitting devices, while the
PbSe/InAs material system has a staggered type-III band alignment. Among the listed substrate
materials, Ge forms a type-II heterojunction with PbSe while adding its own host of attractive
attributes, making it a suitable candidate for p-n heterojunction photovoltaic device structures. To
date, low-cost PbSe MWIR photoconductors operating at uncooled or Thermoelectric (TE)-cooled
temperatures remain the choice for many sensing and imaging applications [171]. Polycrystalline
PbSe MWIR photoconductors have reported D* values at room temperature of 2.8x10'° Jones and
4.2x10'° Jones at ~3.8 um, without and with antireflective coating [168], [169], [170]. Such high
performance is attributed to its low Auger recombination rate at high temperatures. Auger

coefficient in IV-VI semiconductors such as PbSe is roughly an order of magnitude lower than
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those in Sb-based type-II QWs, which are in turn significantly suppressed relative to other I1I-V
and II-VI semiconductors such as MCT with the same energy gaps [74], [75], [76], [77], [78],
[79], [80]. Although very promising performance has been demonstrated by polycrystalline PbSe
photoconductor FPA, several problems are still associated with their design, including film
inhomogeneity, large 1/f noise and limited FPA resolution due to contact configuration for PC
detectors. Ideally, if one could develop PbSe photovoltaic detectors with the same performance as
its PC counterpart, these problems could be solved. Previous efforts to make PbixSniSe PV
detectors using epitaxial films on Si with Pb Schottky junction have made significant progress, but
the performance is inferior to MCT detectors [195]. One key performance limiting factor is the
difficulty to make a p-n junction detector that can outperform its Schottky counterpart. The
problem is due to impurity diffusion at the p-n junction interface. To solve these problems and
further improve the performance, heterojunction CdS/epi-PbSe on Si substrate detectors directly
grown on conductive oxide/metal for monolithic integration with Si readout integrated circuit
(ROIC) have been made [197], [198], [199]. However, the conduction band of CdS seems
somewhat higher than that of PbSe which could block some of the photo-generated carriers. For
IV-VI MWIR/LWIR semiconductors with bandgap energies of interest in the range of 0.1- 0.3 eV,
it is very challenging to find proper materials to form heterojunction structures for photovoltaic
detectors. The n-PbSe/p-Ge heterojunction has several unique advantages over the previous
approaches. First, Ge serves not only as a substrate, but also as part of the heterojunction being a
SWIR absorber and hole transport layer. Therefore, PbSe/Ge heterojunction monolithically
integrates Ge and PbSe, naturally forming a dual-band MWIR/SWIR or PV detector. Second, the
heterojunction could significantly reduce the dark current. Third, since Ge on Si substrate is

commercially available, large-format PbSe/Ge/Si heterojunction detectors can be fabricated, as
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well as monolithically integrated PbSe /Ge/Si FPA on Si ROIC. Figure 3-2 shows a schematic
drawing of band alignment of PbSe and Ge, and carrier transport of PbSe/Ge heterojunction.
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Figure 3-2 Schematic drawing of: (a) n-PbSe/p-Ge band alignment and (b)carrier transport in n-PbSe/p-Ge heterojunction

structure.

In this work, we demonstrate a method for growing monocrystalline n-type PbSe on a p-
type Ge substrate without the use of a thick buffer layer. The result of our efforts showcases both
the ability to grow a thick monocrystalline film on a dissimilar substrate along with the formation
of high-quality p-n heterojunction. The growth of monocrystalline PbSe on Ge has not been
previously demonstrated, and the techniques employed here may allow for the introduction of
other new combinations of materials to be explored.

II.  Experimental Methods n-PbSe/p-Ge Heterostructure

The n-PbSe/p-Ge heterojunction was formed in a custom MBE system by direct
evaporation of 99.9999% pure Se-rich PbSe in combination with a 99.999% pure BizSe; as the n-
type dopant. PbSe deposition was performed on a clean vicinal p-Ge substrate with carrier
concentration of 1x10'7cm and surface orientation <100> with a 6° miscut towards <111> at a
substrate temperature of 375°C. A Bi>Se; beam flux was maintained at 0.01% of the PbSe beam

flux to achieve n-PbSe films with carrier concentrations of 8x10!7cm. Before PbSe deposition,
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Ge substrates were cleaned by chemical method then loaded into the MBE for thermal cleaning to
encourage desorption of the surface oxide layer. Surface treatment of the germanium substrate was
performed at 400°C using a 99.999% Selenium before depositing PbSe films. In-situ RHEED
analysis was performed using the KSA 400 data acquisition and analysis software. Cross-section
and surface morphology were observed by SEM and AFM operating in non-contact mode. High-
resolution XRD analyses were performed using a Rigaku Ultima IV diffractometer. Cu Ka
radiation (40 kV, 44 mA) was used in parallel beam mode, and data analysis was completed using
the MDI Jade2010 software with the ICDD (International Centre for Diffraction Data) PDF4+
database. Photoluminescence measurements were conducted in CW mode using a Bruker FTIR
apparatus. Current-voltage analysis was performed using a Keithley 2400 Standard Series Source
Measure Unit.
III.  Results and Discussions - n-PbSe/p-Ge Heterostructure
Crystallography In-Situ RHEED Analysis

In-situ RHEED measurements were performed before, during, and after PbSe growth on
germanium substrates. RHEED pattern changes were observed for both the Se surface treatment
period as well as the nucleation stage and bulk growth portion of PbSe films. Transformation of
the characteristic Ge RHEED lines were observed during the Se treatment period, with the
disappearance of Ge reconstruction lines along with the formation of dots, indicating the presence
of a new surface. This RHEED transformation could be caused by Ge-Se bonding that results in
Se terminated surface, or formation of a very thin compound material such as GeSe, or GeSeo.
However, there is no noticeable change in the diffraction pattern and line spacing, indicating the
surface layer maintains the same crystal structure and orientation as the germanium substrate.

Immediately after opening the PbSe shutter, the RHEED pattern quickly changes back to lines
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while decreasing in line spacing until stabilizing for the duration of the growth. Figure 3-3 shows

the evolution of the RHEED pattern as the growth process develops.
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Figure 3-3 RHEED images of the: (a) cleaned vicinal germanium substrate with reconstruction, (b) substrate surface after Se

treatment, (c) film surface during the first monolayers of PbSe growth (d) and the final 1um thick PbSe film surface.

The initial RHEED pattern of the PbSe nucleation stage and thin bulk growth begins with
a relatively diffuse line profile. As PbSe thickness increases, line intensity continues to increase
along with decreasing line spacing and diffusivity. After roughly 11nm of PbSe deposition,
RHEED line spacing stabilizes and remains unchanged for the duration of the growth. This
phenomenon indicates the presence of a compressive lattice strain during the initial stages of PbSe
growth, gradually relaxing with increasing film thickness until it reaches roughly 11nm. Further,
the vicinal nature of the substrate can be observed in the RHEED line profile with the presence of

a slight tilt and separation in the RHEED lines. Rotating the substrate 180° results in the same
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observed RHEED pattern but tilted in the opposite direction. Post growth RHEED analysis reveals
a strong monocrystalline PbSe (001) orientated surface with no signs of polycrystalline grains.
Microscopy

Scanning electron microscopy and atomic force microscopy were used to both visually
observe and investigate cross-section and surface morphology for the n-PbSe/p-Ge crystal
structure. The SEM cross-section observed in Figure 3-4 reveals the epitaxial nature of PbSe

deposited on vicinal germanium substrate.

Figure 3-4 SEM image of PbSe on Ge: Surface image indicates a meandering growth mode of epitaxial PbSe films with no
observable cracks over a large area, with the in-set cross-sectional image corroborating the RHEED observations of a bulk single

crystalline PbSe film.

Within the resolution of the SEM, no indication of a sufficiently thick interface layer is
present at the PbSe/Ge interface despite the Se surface treatment of the Ge substrate and resulting
RHEED transformation. Glancing angle XRD, XPS, and Raman have been employed to further

investigate on the Se treated germanium substrates without deposition of PbSe films, but there is
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no indication of any new surface material. Future work aimed at investigating the presence of a
possible interface layer between PbSe and germanium will involve cross-section transmission
electron microscopy (TEM) in attempt to directly observe the bonding nature of this novel
heterojunction interface.

PbSe surface morphology observed by AFM surface profile indicates a slight surface
roughening due to the apparent step-meandering nature of the PbSe growth, along with observation

of long-range order parallel peaks and valleys as seen in Figure 3-5 [200].
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Figure 3-5 AFM image of step-meandering growth observed in PbSe films: (a) 2pm x 2um NCM surface profile scan, (b) 1pm x
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1um NCM surface profile scan, (c) 3D surface view, and (d) height profile measurement.

The AFM surface profile in Figure 3-5 reveals a surface morphology dominated by parallel
growth peaks, separated by thin valleys of shallow depth. With most of the surface area dominated

by the atomically smooth growth peaks, the average surface roughness of 1.8nm is mostly due to

88



the thin valleys with an average depth of 5Snm. However, with an average depth of only 5nm,
coalescence of these growth areas is likely to occur in the bulk film resulting in a uniform
monocrystalline bulk PbSe layer as observed in cross-sectional SEM. While the influence of
growth temperature and deposition rate has been previously reported for films grown on vicinal
substrates, for materials with dissimilar lattice constant and thermal expansion coefficient, the
effectiveness of these parameters on enhancing epitaxial growth becomes drastically reduced
[201]. In our case, the Se treatment period of the Ge substrate seems to play a critical role in
lowering the interface energy of Pb adatoms on the growth surface, allowing for sufficient surface
diffusion contributing to enhanced nucleation and subsequent layer-by-layer growth. Without this
procedure, Pb and Se adatom interactions dominate over the Ge surface inducing three-
dimensional adatom clusters, resulting in Volmer-Weber growth, leading to the formation of
polycrystalline grains.
Photoluminescence and X-Ray Diffraction

XRD was used to identify characteristic PbSe peaks and verify the in-situ RHEED
measurements which indicate the successful growth of monocrystalline PbSe on germanium. First,
a wide-angle scan was performed to identify all possible contributing peaks, followed by ®»-26

XRD to investigate PbSe full-width half maximum (FWHM), as seen in Figure 3-6.
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Figure 3-6 XRD pattern for the n-PbSe surface deposited on vicinal germanium substrate: (a) wide-angle scan and (b) rocking

curve.

The only major identifiable peak belongs to PbSe (002), with minimal contribution from
the equivalent (004) PbSe peak. High-resolution rocking curves taken along the (002) axis reveal
a FWHM of 248 arcsec for the dominating PbSe peak. Table 3-2 provides a comparison of the
measured FWHM value for PbSe deposited on Ge (100) with PbSe films deposited on other
dissimilar substrates with the potential for type-II band alignment, along with FWHM values
reported for PbSe grown on nearly lattice matched and thermal expansion coefficient matched

insulating BaF, (111) and CaF»/Si (111) substrate respectively.

Table 3-2 Comparison of measured and reported XRD FWHM values for PbSe films on foreign substrates.

Structure Orientation Thickness (nm) FWHM (arcsec)
PbSe/Ge (100) 1,000 248
PbSe/GaSb[194] (100) I5SML -
PbSe/InAs[194] (100) 310 181
PbSe/InAs[195] (111) 2,000 1700
PbSe/BaF;[202] (11D 1,000 90-275
PbSe/CakF,/Si[203] (11D 1,000 140-300

Compared to PbSe films deposited on other dissimilar substrates, the PbSe on Ge shows a

markedly improved FWHM value, indicating strong crystalline material quality. The low measured

90



FWHM value for PbSe on InAs (100) was only achievable for the optimized 310nm film thickness.
Thinner PbSe films on InAs (100) were found to have a larger FWHM of 444 arcsec, while thicker
PbSe films formed cracks and increased dislocation densities due to the buildup of stress [194].
Further, while the PbSe film on lattice matched BaF, substrates often obtain the lowest FWHM
values, the PbSe film on Ge has a measured FWHM falling neatly within the typical range expected
for PbSe films deposited on the nearly lattice matched and thermal expansion coefficient matched
BaF» and CaF»/Si substrates. Photoluminescence measurements were also employed to investigate
material quality. Figure 3-7 compares room-temperature continuous wave (CW) PL intensity

values for the n-PbSe/p-Ge crystal structure with PbSe films deposited BaF» substrate.
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Figure 3-7 Room-Temperature CW PL spectra of PbSe films deposited on Ge and BaF2.

Significant blue shift of the PbSe PL peak was observed for both PbSe on Ge and BaF»

substrates. This is attributed to the heating effects associated with CW pumping of the samples,
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where the low thermal conductivity of germanium (60.2 Wm™'K!) and BaF, (11.72 Wm'K"")
result in a higher PbSe lattice temperature than the heat sink temperature [204]. In comparison,
PbSe on Ge shows promising CW PL properties with more than a magnitude higher PL intensity
compared with monocrystalline PbSe on lattice matched BaF. substrate, indicating strong
crystalline material quality. With such promising PL recorded for PbSe on electrically active Ge
substrates, this novel heterostructure may also find use in MWIR light emitting device
applications.
Current-Voltage Statistics

Current-voltage (I-V) measurements were taken on the 270um x 270um pixel contacts,
ranging from -0.5V to 0.5V. Strong p-n junction behavior was observed at room temperature, with
consistently large rectifying factor and low reverse bias current densities for all pixels as seen in
Figure 3-8. Current density (J) calculations used only the pixel area covered by the Au contact
fingers to avoid overestimation of J-V performance. The low series resistivity measured for the n-
PbSe/p-Ge material structure indicates the formation of an ohmic contact, ensuring direct
characterization of the heterojunction behavior absent any influence from poor contact formation.
Table 3-3 provides a list of both measured and calculated values of interest indicating strong p-n

junction behavior suitable for room temperature MWIR detector applications.
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Figure 3-8 Room Temperature J-V statistics.

Table 3-3 Measured and calculated values of interest.

Structure Contact Shunt Series Rectifying Current
Dimension Resistivity Resistivity Factor for Density at
(Q cm) (Q cm) 0.5V to -0.1v
-0.5V (mA/cm?)
n-PbSe/ p-Ge 270pum x 4.03x10° 0.766 2,609 1.9
270pum

IV.  Conclusion on n-PbSe/p-Ge Heterostructure

J-V analysis of the n-PbSe/p-Ge heterostructure reveals a high resistance reverse bias p-n
junction formation with a low reverse bias current density of only 1.9mA c¢m™ under -100mV
reverse bias. Such strong p-n heterojunction behavior utilizing the MWIR PbSe absorber with
SWIR Ge absorber could find great success in MWIR and SWIR photodetector applications, with
easy integration into two-color detector systems [205]. Despite good rectification factor, additional
work is required to optimize the growth conditions and enhance the detectivity. In the second part

of this chapter another novel epitaxial heterostructure with PbSe is studied.
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n-CdSe/p-PbSe heterostructure

II-VI/IV-VI heterostructures such as PbSe/CdSe(S) offer another promising alternative.
Initial demonstrations of thermally evaporated polycrystalline CdS thin films on PbSe were
fabricated to produce the photovoltaic structure for MWIR detection. While the initial results from
these experiments have shown great potential, issues with photogenerated carrier blocking and
band alignment issues at lower operating temperatures have stunted their progress [198]. The
group Il-selenide CdSe and group IV-selenide PbSe form an interesting pair. As shown in Table
3-4, the lattice constant of CdSe (6.08 A) and PbSe (6.12 A) is close (0.66% mismatch). However,
their bandgaps of bulk materials are significantly different, with CdSe being a “wide” bandgap
material and PbSe being a narrow bandgap material with room temperature bandgaps of 1.71 eV
and 0.27 eV, respectively [206], [207], [208]. These properties offer opportunities to fabricate
nearly lattice-matched high-quality PbSe/CdSe heterogeneous devices. CdSe has been widely used
as the shell material for PbSe/CdSe core/shell colloidal quantum dots [161], [209], [210], [211],
[212], [213], [214], [215], [216]. Two types of crystal structures, cubic zincblende, and
wurtzite hexagonal crystal structures have been reported for CdSe with different bandgap energies
[207], [208], [217]. Reported band alignments between CdSe and PbSe are not consistent, with the
reported electron affinity value of CdSe either slightly higher or lower than that of PbSe resulting

in either type-I or type-II band alignment [218], [219], [220], [221].
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Table 3-4 Material Properties of PbSe and CdSe

Material Crystal Lattice Constant Bandgap (eV) Reference
Structure A)

PbSe Rock Salt 6.12 0.27 [206]

CdSe Zincblende 6.08 1.71 [207], [208]

CdSe Hexagonal 4.3 1.8 [208], [217]

In previous works, we have investigated the polycrystalline II-VI n-CdSe films and IV-VI
p-PbSe heterojunction [222], [223]. While PbSe has a cubic rock salt crystal structure,
polycrystalline CdSe films typically include hexagonal crystal structure [222]. Such structural
difference could introduce interface defects and likely forming type-I band alignment. In this part
of chapter, we report a new method for fabricating an all-epitaxial single-phase (cubic) n-CdSe/p-
PbSe heterostructure and link its changes in detector behavior to its polycrystalline II-VI
predecessors. The aim of this chapter is fabricating an uncooled photovoltaic mid-infrared
photodetector with a decent performance. The growth of a single-phase (cubic-zincblende)
epitaxial CdSe thin-film on single crystalline PbSe has never been previously reported, and its
demonstration here showcases its potential for the future design of enhanced MWIR PbSe-based
photovoltaic detectors. In following sections, the growth method of the heterostructure is
discussed, then the material quality is characterized with RHEED and X-ray diffraction methods.
Then the I-V characteristic is shown, and after all the radiometric measurement is carried out.

V.  Experimental Methods n-CdSe/P-PbSe Heterostructure
Epitaxial Heterojunction Growth
The epitaxial n-CdSe/p-PbSe heterostructure was deposited by MBE on freshly cleaved

BaF, (111) substrate with a background pressure of 1x10® Torr. BaF, substrates were used for
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their excellent long-wave optical transmittance and similar crystal structure with PbSe, enabling
epitaxial growth and subsequent back-side illumination detector design for device testing. 1.2um
PbSe thin films were deposited by direct evaporation of 99.9999% purity PbSe with 0.1% Se-rich
effusion source (49.9% wt% lead atoms and 50.1 wt% selenium atoms) in combination with
99.9999% purity elemental Se effusion source to achieve a p-type carrier concentration of
2x10'7c¢cm3. Epitaxial 200nm CdSe thin films were then deposited using 99.999% purity CdSe
compound effusion source in combination with 99.999% purity Bi>Ses effusion source to achieve
n-type doping.
Device Fabrication

A backside illumination detector structure was fabricated by a photolithography process
involving etching of CdSe mesa using a 3:1:1 mixture of 35% HCl acid, 85% phosphoric acid, and
DI water for 20 seconds. Se washing was necessary immediately following the CdSe etching to
remove the deposited selenium residue from the sample surface. This process consists of 98 wt%
H>SO4 + 30 wt% H202 in a 3:1 volume-to-volume ratio.

After forming the mesa structure, 300 nm gold was thermally deposited using Lesker Nano
36, and then lift-off of the gold contacts was performed, and the sample was wire bonded using a
wedge gold wire bonder for current—voltage analysis and radiometric measurements. The proposed
band structure diagram in Figure 3-9b predicts a type-II heterojunction formation between an n-
doped cubic CdSe epitaxial thin film with a p-PbSe layer. After PbSe absorbs the mid-infrared
light, an electron—hole pair is generated. Then, the electron—hole pair is separated by the
heterostructure’s built-in potential. Finally, the electrons are diffused into CdSe, and holes are

transported within the PbSe layer until they reach the contact.
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Figure 3-9 (a) Configuration schematic of the n-CdSe/p-PbSe heterojunction mid-IR photodiode with backside illumination 1.2um
PbSe deposited on 2mm BaF2 substrate. Then 200nm CdSe film deposited on top. 300 nm thick gold was deposited on top of CdSe
pixel and PbSe to create the contacts. (b) suggested energy band diagram of the n-CdSe/p-PbSe heterostructure (In the figure, Evac,
EC, EF, EV, EEA, VBI, EG, AEV, § stands for vacuum energy, conduction band energy, Fermi energy, valence band energy,
electron affinity, built-in potential, energy band gap, valence band offset, and energy difference between Fermi energy and

conduction band, or Fermi energy between valence band, respectively).

VI.  Results and Discussion n-CdSe/P-PbSe Heterostructure
Crystallography and Surface Morphology of Epitaxial CdSe films on PbSe

RHEED is an in-situ powerful tool in MBE to monitor and evaluate the real-time growth
procedure. RHEED employs an electron gun to graze the substrate with high-energy electrons.
Based on the atomic spacing and crystal structure of the surface of the sample, as well as the
wavelength of the incident electrons, diffraction results in the constructive interference of the
electrons at specific angles. We used this powerful tool to watch the layer-by-layer growth. In-situ
RHEED monitoring of the growth evolution was captured and analyzed using the KSA 400 data
acquisition and analysis software tool. XRD was used to corroborate the RHEED observations and
examine the surface morphology and crystallography of the epitaxial CdSe thin films on PbSe. In-
situt RHEED measurements were performed during the MBE deposition of lead selenide and

cadmium selenide epitaxial films on barium fluoride substrates. Special interest was focused on

97



the nucleation and growth evolution of CdSe thin films on PbSe since the single phase (cubic)

epitaxial growth of CdSe on the IV-VI rock salt crystal structure has never been reported.

PbSe 1pm CdSe 3SML

CdSe Snm CdSe 200nm

Figure 3-10 . In-Situ RHEED measurements of the characteristic [110] orientation for (a) 1um thick PbSe film on BaF2, (b) 3ML
nucleation of CdSe on PbSe, (c) 5Snm of CdSe, and final 200nm bulk CdSe thin film. The nucleation on growth of CdSe suggest

that the CdSe followed the PbSe crystal structure and orientation.

Observing Figure 3-10 the nucleation of CdSe shows a strong correlation with the growth
surface, matching the structure and orientation of the PbSe seed layer while proceeding in a layer-
by-layer growth mode. After the initial deposition accumulation exceeds 5Snm, RHEED
observations begin to show signs of roughening, with the formation of 3D spots along the [110]
direction. The rest of the bulk 200nm thick CdSe growth proceeds virtually unchanged, with no

noticeable contributions from varying CdSe crystallites, such as off-orientation cubic CdSe grains
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or the formation of a secondary phase of wurtzite CdSe. Interestingly, line profile analysis of the
CdSe RHEED images shows an identical diffraction spacing between the [110] CdSe and the [110]
PbSe fringes. This indicates that the epitaxial growth of CdSe maintained roughly the same lattice
parameter as PbSe during the bulk of the 200nm thin film growth. Only during the last few
nanometers of thickness did the line spacing begin to increase, indicating a decrease in the lattice
parameter. While PbSe has a relaxed lattice constant of 6.12A, the literature indicates an expected
lattice constant of 6.08A for cubic CdSe. However, here we observe a slightly larger lattice
parameter for the bulk CdSe film deposition closer to the 6.12A of PbSe. This phenomenon is
further investigated in the following XRD measurement and analysis of the as-grown

heterostructure.
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Figure 3-11. XRD measurement of the epitaxial n-CdSe/p-PbSe heterostructure on BaF2 (111) substrate. The inset shows a

simulated overlapping peak of PbSe and CdSe.

High-resolution x-ray diffraction measurements were taken of the as-grown CdSe/PbSe

heterostructure on BaF,. XRD scans of the main (111) substrate and layer peaks for PbSe and

99



CdSe show a striking overlap of their diffraction peak contributions, as was expected from the
RHEED investigation. The inset image in Figure 3-11 shows the deconvoluted peak contributions
from the PbSe and CdSe layers, with a PbSe (111) peak position of 25.30° and a CdSe peak
position of 25.38°. No off-orientation peak contributions were observed for either PbSe or CdSe,
and neither were there any contributions from wurtzite CdSe, with characteristic peak positions at
23.4°, 24.8°, 26.5°, and 38.4°. The observations here corroborate the in-situ RHEED
measurements observed during the growth of CdSe on PbSe, indicating unambiguously the
successful formation of a single phase (cubic) bulk epitaxial CdSe thin film deposited directly on
PbSe.
Current-Voltage and Radiometric Measurements

Processing of a 30pum % 30um pixel for -V measurement was performed to investigate the
potential p-n junction behavior between the epitaxial n-CdSe and p-PbSe films. Current-voltage

measurements were performed using a Keithley 2400 source meter instrument.
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Figure 3-12. (a) Room-temperature J-V and (b) I-V characteristic of the epitaxial n-CdSe/p-PbSe heterojunction structure shows

a strong room temperature p-n junction behavior.
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Figure 3-12 (a) shows the J-V statistics for the as-grown n-CdSe/p-PbSe heterojunction
structure, demonstrating strong room-temperature p-n junction behavior similar to previous
investigations on poly-CdSe/PbSe devices [223]. Notably, a strong rectifying factor is observed
indicating the formation of a barrier for the reverse bias current, with a rectifying factor of 50 when
comparing the current density at 0.5V forward bias and reverse bias respectively (Figure 3-12 (b)).
Subsequently, the reverse bias current density at -100mV is only 7.5mA/cm?. While reports of
similar levels of dark current density have been observed before in PbSe-based PV structures, the
report here distinguishes itself in that the low leakage current was observed for the as-grown
material structure without any post-growth passivation treatments.

Figure 3-13 shows temperature-dependent radiometric measurements, which were
performed from room temperature down to 230K to investigate the signal-dampening phenomenon
observed in our previous CdSe/PbSe efforts. The as-grown n-CdSe/p-PbSe structure displays a
temperature-dependent signal increase at lower temperatures while maintaining similar noise

levels resulting in higher detectivities.
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Figure 3-13. Temperature-dependent peak Responsivity and D* measurements from 300K down to 230K under zero bias

photovoltaic mode. It shows almost an order of magnitude of higher signal when the device is cooled down to 230K.

To measure the specific detectivity and responsivity, a calibrated 500°C blackbody from
Infrared System Development is used for infrared light source. A Thorlabs mechanical chopper is
used to modulate the mid-infrared light of the blackbody with a 750Hz chopping frequency.
Measurements were done under zero-bias condition The signal and noise currents from the device
are collected from a Stanford Research System SR830 lock-in amplifier. The R and Specific D*

was calculated using the following formulas.

D* =R*@ (Jones) (3-1)
R=2 (4/W) (3-2)

Where [ and I, are the measured detector output signal and noise currents, A is the device detection
area, Af is the noise bandwidth, and P; is the incident radiant power. The room temperature 30um
x 30um pixel achieved a peak responsivity of 0.06A/W and a D* of 6.5x10%Jones under zero bias

photovoltaic operation. With decreasing temperature, the optical signal increased by almost an
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order of magnitude as it approached 230K while maintaining a similar level of noise, achieving a
responsivity of 0.441A/W and a D* of 4.4x10°Jones at 230K. The temperature-dependent behavior
observed in this new single-phase epitaxial n-CdSe/p-PbSe heterojunction device sheds light on
the inverted temperature-dependent behavior phenomenon observed by the previous explorations
of similar CdSe/PbSe PV detector structures. Here, this new epitaxial interface between cubic PbSe
and CdSe films without any contributions from hexagonal-CdSe grains demonstrates the first
example of the CdSe/PbSe PV detector structure's continued increase in signal and detector
performance down to thermoelectric-cooled operating temperatures. Further, the as-grown
detector performance of this new technology demonstrates an almost 3x D* increase at room
temperature compared to the as-grown poly-CdSe/PbSe PV detector structure. Combined with the
previous studies on device enhancement using post-growth treatment techniques and enhanced
device structure design, this new epitaxial p-n heterojunction structure demonstrates a promising
advancement in the fabrication of enhanced II-VI/IV-VI interfaces and heterojunctions, with the
potential for developing new state-of-the-art MWIR photodetectors operating above cryogenic

cooling temperatures.
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Chapter 4 Room-temperature Nano-structured PbSe/CdSe Mid-Infrared

Photodetector: Annealing Effects?

L. Introduction

Reducing SWaP+C while maintaining good range and resolution has been the key goal for
FPA imagers [53]. In MWIR, a low SWaP+C imager is highly desirable for many applications
such as small unmanned aerial vehicles, smart munitions, and missile defense. Elimination of
bulky and expensive cryogenic cooling systems and monolithic integration on Si ROIC to reduce
fabrication cost and to increase yield become two essential requirements for low SWaP+C MWIR
imagers. Polycrystalline IV-VI semiconductor PbSe PC meets both requirements. PbSe MWIR
photoconductor detector has demonstrated room temperature D* of 2.8x10!° Jones and 4.2x10'°
Jones at ~3.8 pum, without and with anti-reflective coating [89], [101], [224]. Monolithic
integration of MWIR FPA on Si ROIC has been demonstrated [225], [226]. However, one key
challenge for the state-of-the-art PbSe PC FPA grown by CBD is the large inhomogeneity of
polycrystalline film which requires ROIC to perform powerful non-uniformity correction on pixels
and thus increases the power consumption and cost. Besides PbSe, narrow gap MCT , and Type-
I superlattice structures, are leading material systems for high-performance MWIR photodetectors
[227], [228]. However, their growth necessitates a lattice-matched substrate and the costly MBE

method for high performance, which makes the monolithic integration with Si ROIC difficult [24].

2 This chapter is based on: Milad Rastkar Mirzaei, and Zhisheng Shi " Room-temperature Nano-structured
PbSe/CdSe Mid-Infrared Photodetector: Annealing Effects ", Journal of Vacuum Science and Technology B (2024).

M. Rastkar Mirzaei author contribution: M. Rastkar Mirzaei contributed to conceptualization (supporting), data

curation (lead), investigation (lead), methodology (lead), software (lead), visualization (lead), writing—original
draft (lead), and writing—review and editing (supporting).
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In recent decades, nanostructures such as QDs have emerged as one of the most compelling
technologies in the field of optoelectronics to replace bulk materials [229], [230]. QDs are minute
semiconductor clusters where the wave functions of electrons and holes are determined by
quantum confinement effects. In simpler terms, the energy levels of QDs are quantized due to their
size being smaller than the Bohr radius. This leads to unique attributes including an adjustable
bandgap for tailored cutoff frequencies, effective light absorption, and the potential for high-
temperature operation [229], [231], [232], [233]. There are two prominent methods for producing
QDs. The first method is the epitaxial-self-assembled QDs (ESAQDs). In the deposition
procedure, epitaxial islands spontaneously emerge on the crystal surface due to the strain of
mismatched substrate [234]. Subsequently, these islands are transformed into QDs. The
performance of MWIR photodetectors made with these QDs is often limited by low absorption,
primarily due to the less dense distribution of QDs [235]. Also, the cost of synthesizing these QDs
is high because of the use of expensive epitaxial methods, such as MBE or MOCVD [236]. Another
method for synthesizing QDs is through wet chemical process, resulting in what is known as CQD.
CQDs offer numerous advantages, such as the ease of synthesizing them through a solution-based
process that doesn't necessitate expensive instruments. Additionally, this method provides a robust
growth technique, ensuring the production of homogeneous QDs [237]. Nevertheless, the
requirement for ligand exchange in CQDs contributes to elevated production costs and demands
additional labor [147], [238]. Furthermore, in the case of lead-chalcogenide, synthesizing giant
high-performance CQD to cover the MWIR range remains a challenge [236].

Three primary material systems have been explored for QD MWIR photodetectors,
specifically, lead-chalcogenide, mercury-chalcogenide, and silver-chalcogenide. Mercury

chalcogenides belong to a group of binary semiconductors characterized by narrow or even
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negative band gaps [239]. Among the mercury-chalcogenides (HgS, HgSe, and HgTe), HgTe QDs
are the most studied from the synthesis and application viewpoint [141]. HgTe is considered a
semimetal with an inverted band structure attributed to its significant spin-orbit coupling [240].
Consequently, its QDs possess the capability to span the entire MWIR spectrum [240]. In contrast
to HgTe QDs which behave as intrinsic material, HgSe [241] and HgS [242] QDs are inherently
n-doped and display intraband transitions rather than interband transitions [243]. HgTe QD devices
demonstrate superior performance compared to other QD mercury chalcogenide materials. In
2018, researchers achieved a room-temperature D* of 3 x 10® Jones with a photovoltaic HgTe
CQD photodetector, featuring a cut-off wavelength of 3.8um at 290K [150]. In a recent paper, Xue
et. al., achieved D* of 7.6 x 10° Jones with photovoltaic HgTe CQD Photodetector having a cut-
off wavelength of 3.5um [244]. Despite the good performance of mercury-chalcogenides QDs,
researchers are exploring alternatives to mercury-based photodetectors due to concerns about the
toxicity of mercury. One candidate is silver-chalcogenide. Ag>Se is another option showing a
strong intraband absorption peak in MWIR because of its self-doping ability with excess silver
ions [147]. In 2021, Hafiz et. al. reported a heterostructure of Ag>Se and PbS QDs with a cutoff
wavelength at 6pum and a specific detectivity of 1 x 107 Jones operating at room temperature [156].
Nevertheless, photodetectors utilizing self-doped silver-chalcogenide QDs encounter challenges
in their ongoing enhancement journey. The most studied material for infrared QDs photodetectors
is lead-chalcogenide [245], [246], [247]. However, the majority of dedicated research is conducted
in the SWIR and even the NIR regions due to the challenges associated with the colloidal method
in producing large, high-quality PbSe QDs that can effectively cover the MWIR region [24], [147].
In this study, we report a novel interconnected PbSe/CdSe nanostructure grown by VPD for RT

MWIR detector with much-improved homogeneity. In comparison to epitaxial QDs, this approach
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offers cost-effectiveness and the potential to monolithically integrate with Si ROIC, thanks to the
growth on Si02/Si (100) substrates. VPD presents a range of favorable attributes, including cost-
efficiency, precise growth control, uniformity, reproducibility, and compatibility with CMOS
technology [97], [248]. The nanostructure also offers other advantages over its bulk PbSe
photoconductor counterpart including the tunability of cut-off wavelength and potential
performance improvement due to quantum effects. To evaluate the performance of the
photodetector, we have performed blackbody radiometric measurements on samples with different
annealing conditions and achieved peak D* of 2.49x10° Jones.
II.  Experimental Details

Material and Device Structure

High purity (99.999%) PbSe and CdSe source materials are used for the growth of 60
alternating PbSe and CdSe layers. The structure was grown on a commercial SiO2/Si substrate at
350°C using a custom-designed thermal evaporator under a background vapor pressure of 2 x 10
4 Pa. The deposition rates for PbSe and CdSe are 2.9 A/second and 1 A/second, respectively, with
a deposition time of 25 seconds for PbSe and 70 seconds for CdSe to form heterogeneous
nanostructures. The total thickness is 850nm. After the growth, the samples are cleaved into
dimensions of 2mm x 4mm. Subsequently, the as-grown films undergo annealing within the
temperature range of 425-450°C, utilizing ultra-high purity oxygen gas at a flow rate of 40 standard
cubic centimeters per minute (SCCM). Following that, gold contacts, each measuring 200nm in
thickness, are deposited to both sides of the photoconductor using a Kurt J. Lesker Nano360
thermal evaporator, resulting in an active area of 2mm x 2mm for light absorption. The schematic

for the device is shown in Figure 4-1a.
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Figure 4-1. (a) Schematic structure of the PbSe/CdSe NC photodetector (it should be noted that nanostructures are depicted in
spherical shape only for simplicity of presentation). (b) band diagram of the PbSe/CdSe type-II heterostructure.
Material and Device Structure

The as-grown films undergo characterization using a Zeiss Neon-40 EsB high-resolution
field-emission scanning electron microscope (FE-SEM). A Bruker Invenio-R Fourier transform
infrared (FTIR) spectrometer with a 16 cm™! resolution is used to measure transmission in the

MWIR range and is used to determine the absorption edge.
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Signal, noise, and subsequently detectivity measurements are conducted at room
temperature (300K) employing an SR830 DSP lock-in amplifier from Stanford Research System,
in conjunction with an Infrared System Development Corp. collimated blackbody source
maintained at 823K and modulated at 750Hz (MC1F10 from Thorlabs). The calculations for

Responsivity in volts per watt and D* in Jones are determined using the following equations.

hc
Pin = (AgerApstB/d?) X 2¢2h [ 1/(A5 X (€3kT — 1))dA (4-1)
R = (V/W) (4-2)
D* = R x ¥-%— AdStXAf = X A‘;e.tXAf (Jones) (4-3)

Where, P, is the incident optical power up to the cut-off wavelength of the active area of the
device from blackbody radiation, and £(=0.45), T(=300K),#(=0.7, based on the refractive index
of PbSe and CdSe.), A 4.:(=0.04cm?), Agp(=0.2cm?), d (=40cm), A,(=4um), v, v,,, and Af (=1Hz)
are the Blackbody chopper modulation coefficient, blackbody temperature, transmission
coefficient of the detector film, detector active area, blackbody aperture, detector to blackbody
distance, cut-off wavelength, signal voltage, noise and noise measurement bandwidth,
respectively. The noise spectrum is measured by the SR760 FFT Spectrum Analyzer. The Agilent
E3612A source and ST-500 probe station from Janis Research serve for device biasing, with a load
resistor tailored to match the detector resistance. Also, the bias voltage given in this paper is the
voltage drop on the detector. Peak D* is calculated using the method in ref [249].
[I.  Experimental Details
Band structure and carrier transport mechanism

It has been shown that the cubic p-PbSe and cubic n-CdSe form type-II

heterojunction[211], [247]. The band alignment for the type-II p-PbSe/n-CdSe is shown Figure
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4-1b [95]. Similar to the epitaxial self-assembled quantum dots, the nucleation process of the
PbSe/CdSe deposition on SiO2/Si can be described below. Due to the large dissimilarity of the
Si0O2 substrate and deposited PbSe, self-assembled three-dimensional PbSe islands will be formed.
Then, most of the following CdSe atoms will tend to nucleate on top of the PbSe island and some
may form nucleation sites on uncovered SiO, substrate. As the process goes, the film will be
smoothened. By controlling the island size with deposition rate, the as-grown alternating layers of
PbSe and CdSe should form some shape of core/shell nanostructure. Our previous studies have
shown that PbSe, CdSe, and heterojunction PbSe/CdSe grown at such substrate temperature form
polycrystalline films. Following annealing, it is reported that the CdSe shell fractures reconfigure
and ultimately form a heterostructure with PbSe in a Janus-like configuration [213, p. 022], [250].
With the appropriate sizes of the nanostructures, annealing could connect the PbSe cores and the
CdSe shells, resulting in a hetero-nanostructure composed of interconnected PbSe and CdSe. The
type-1I p-PbSe/n-CdSe junction will separate the photo-generated carriers. As shown in Figure
4-1a, when bias is applied across the two contacts, the holes are conducted through the
interconnected p-PbSe nanostructure, while the electrons flow through the interconnected n-CdSe.
If a PbSe core remains unconnected to other PbSe cores, and the holes within it cannot tunnel
through the CdSe barrier to reach the next PbSe core, it becomes a dead cell, as illustrated by the
isolated PbSe cell in Figure 4-1a. While these dead cells do absorb light, they do not contribute to
the photocurrent.
Surface morphology and absorption spectrum

Figure 4-2a and b show cross-sectional SEM images of as grown and annealed PbSe/CdSe
films. The surface roughness is less than 150nm which is much smoother than CBD-grown PbSe

films with typical roughness of 200-300nm [103]. As can be estimated from Figure 4-2, the
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majority of polycrystalline grain size of the as-grown PbSe/CdSe film is between 150-300 nm.
After annealing the typical grain size increases to 0.5-1um, indicating recrystallization and
restructure. Annealing in oxygen passivates the defects [82] at the grain boundary and could create
the suggested 3-dimensional networks comprising interconnected PbSe and CdSe nanostructures.

Fourier transform infrared is employed for absorption analysis. The PbSe/CdSe film is
grown on sapphire substrates transparent to MWIR along with SiO2/Si (100) substrates in the same
VPD run. The film on sapphire is utilized to examine the absorption edge and absorbance
spectrum. The film on Si0,/Si (100) on the other hand is used for detector fabrication and other
analyses. To minimize potential variations between the samples, the sample on the sapphire
substrate undergoes the same annealing process as the samples on Si0»/Si substrates. The inset of
Figure 4-2c illustrates the absorption spectra of PbSe/CdSe film on the sapphire substrate with a
total thickness of 850nm annealed at 430°C. Utilizing the absorbance and transmission spectrum,
we generate the Tauc plot (Figure 4-2¢), which exhibits two linear regions. These linear regions
aid in calculating absorption band edges, yielding values of 0.31eV and 0.44 eV. The 0.31eV
absorption edge exceeds the bulk PbSe bandgap of 0.278eV, suggesting a quantum confinement
effect. The absorption edges at 0.44 eV are attributed to higher sub-band transitions of PbSe
nanostructure [251]. The low absorption edge of 0.31 eV (4 um) is used as the cutoff wavelength

for the photoconductor annealed at the same temperature.
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Figure 4-2. Cross-sectional SEM of as grown (a) and annealed (b) sample. (c) Tauc plot for annealed sample. The inset shows the

absorption spectrum of the sample.
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Device Optimization Through Annealing Conditions

We investigated four different annealing conditions across all four samples, while keeping
the annealing time and oxygen flow constant at 30 minutes and 40 SCCM, respectively. The
annealing temperatures are 425°C, 430°C, 440°C, and 450°C for samples #1, #2, #3, and #4,
respectively. Figure 4-3b depicts the annealing temperature effect on the resistivity of different
samples. As evident from the data, there is a substantial rise in resistivity corresponding to an
increase in annealing temperature. Bulk PbSe, characterized by its inherently high carrier
concentration, significantly contributes to dark current levels in as-grown PbSe photoconductors.
The elevated background carrier concentrations pose considerable challenges in the detection of
MWIR light using bulk PbSe photoconductors. Hence, researchers have explored annealing
techniques involving oxygen, and in some cases, oxygen and iodine, aimed at reducing background
carrier concentrations [252], [253], [254]. Figure 4-3a shows the signal and noise characteristics
for four different samples at 7.5V bias voltage. The signal exhibits an increase from 0.92 mV to
1.94 mV as the annealing temperature is raised from 425°C to 430°C. This initial signal
enhancement with increasing annealing temperature can be attributed to several advantageous
processes. Firstly, defect passivation plays a crucial role. Previous studies have demonstrated that
oxygen annealing can enhance the photoresponse of lead-salt photoconductors by passivating
selenium vacancies and interstitial defects [82], [224]. Annealing could also reduce defects at
PbSe/CdSe interfaces and grain boundaries. Additionally, the annealing process could result in the
proposed hetero-nanostructure of interconnected PbSe and CdSe 3D networks. As mentioned in
Ref. [89], the nano-structured p-PbSe/n-CdSe heterojunction could effectively separate the
electrons and holes leading to reduced carrier concentration and improved mobility. For a given

as-grown PbSe/CdSe nanostructure, an optimal annealing temperature should passivate defects
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most effectively and create the interconnected 3D network. With the four annealing conditions,
annealing at 430°C shows the highest signal of 1.94mV. Signal decreases at higher annealing
temperatures to 1.1mV and 0.67mV for 440°C and 450°C, respectively. The decline in signal could
be attributed to over annealing which may lead to formation of thicker oxide layers at grain
boundaries, blocking some of the carrier transport pathways. As shown in Figure 4-3a noise on the
other hand decreases with increase in annealing temperature. The noise decrease could be due to
the decrease in dark current since resistivity increases with annealing temperature as shown in
Figure 4-3b. Higher annealing temperature could also improve the defect passivation which
reduces generation and recombination (GR) noise. To discuss the noise contribution, we plotted

the calculated Johnson and shot noise (in voltage) shown in Figure 4-3a from the equations below:
Ve = A/ 4KTRAf (4-4)
Vsn = +/2qIAf X R = \/2qVRAf (4-5)

Where K is the Boltzmann constant, T is temperature, R is the detector resistance, Af is the noise

measurement bandwidth (=1Hz), I is the sum of dark current and photocurrent, and V is the sum
of DC bias voltage and AC signal voltage. As can be seen in Figure 4-3a, the sum of the thermal
noise and shot noise is smaller than the measured noise with annealing temperatures below 440°C,
suggesting that GR noise is the dominating noise and that higher annealing temperature reduces
the GR noise by passivating defect more effectively. However, at 450°C, the calculated shot noise
value is close to the measured noise value due to current increase at higher voltage. Figure 4-3a
also shows that sample #2 annealed at 430°C has the highest signal-to-noise ratio. Figure 4-3c
shows the RT specific detectivity (D*) and a peak D*. Sample #2 annealed at 430°C achieved D*

of 6.75x10® Jones and peak D* of 1.96x10° Jones at 7.5V bias voltage.
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We noticed that the 430°C annealing temperature used in this paper is about 30 degrees
higher than that of the typical CBD PbSe photoconductors. Although monolithic integration of
annealed CBD PbSe photoconductor FPA on Si ROIC has been demonstrated, lower annealing
temperature is much preferred to make this technology more Si-CMOS friendly. Future work will
aim to lower annealing temperature by optimizing device structures, oxygen flux, and annealing

time.
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Figure 4-3. (a) Signal and noise, (b) resistivity, (c) D* and peak D* intensity of four different samples annealed at 425°C to

450°C.

Device Radiometric Characteristics
Because of the better performance of sample #2, bias-dependent radiometric measurements
and frequency-dependent noise analysis are performed as shown in Figure 4-4. The signal (Figure

4-4a) exhibits a linear increase from 1.94mV to 14.5mV in the bias range of 7.5V to 45V.
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Conversely, the noise does not escalate at the same rate as the signal does. As shown in Figure
4-4a, the sum of calculated voltage-dependent shot noise and Johnson noise is smaller than the
measured noise. This suggests that the voltage (E-field)-dependent GR noise, likely from
surface/interfaces is dominant. Figure 4-4b shows frequency-dependent noise spectrum. The knee
frequency for bias voltages up to 30V is around 300Hz. It is apparent that the 1/f noise can be
ignored at 750Hz chopper frequency of the measurement in the bias range, though at 45V 1/f noise
contributes a small portion of the total measured noise value. As shown in Figure 4-4c, the highest
signal-to-noise ratio occurs at 30V bias and D* and peak D* are determined to be 8.57 x 108 Jones
and 2.49 x 10° Jones, respectively, using the measured 4 pm absorption edge as the cut-off

wavelength.
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Figure 4-4. (a) Bias-dependent signal and noise for sample #2. (b) 1/f noise spectrum. (c) Specific detectivity D* and peak D*

VS. bias for sample #2.

IV. Summary and Conclusion

This research introduces a new PbSe/CdSe nano-structure network grown by VPD for

potential high-performance RT MWIR photoconductor with improved surface morphology.
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Through oxygen annealing interconnected 3D nanostructures are believed to be formed,
facilitating charge separation for photogenerated carriers and passivating defects. The annealing
temperature impacts the performance of the photoconductor. This optimal temperature under
current annealing conditions for the structure is found to be 430°C with a resultant encouraging
peak D* of 2.49 x 10° Jones. VPD method produces significantly improved surface smoothness
compared to the state-of-the-art CBD method. Further performance enhancement is anticipated
due to the quantum effect of the nanostructured PbSe/CdSe. In our future efforts, we will focus on
lowering the annealing temperature to enhance compatibility with the silicon ROIC.
Simultaneously, we aim to optimize the device structure to enhance the detector performance.
The ability to fabricate MWIR detectors on cost-effective Si0»/Si(100) substrates via the
affordable VPD method enables low-cost monolithic integration with Si-based ROIC for large-

scale FPAs and potentially MWIR-integrated photonics on the Si platform for sensing applications.
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Chapter 5 High-performance uncooled PbSe/CdSe nanostructured Mid-

Infrared Photodetector with Tunable Cut-off Wavelength?

L. Introduction

For several decades, MWIR photodetectors (PDs) have been intensively explored, and their
capabilities are well-proven for applications in gas and bio-marker sensing, security and defense,
medical diagnostics, and astronomy [255], [256], [257]. Epitaxial mercury-cadmium-telluride and
type-II superlattice structures are the leading MWIR PDs in detectivity performance [227], [228].
However, due to the requirement of cryogenic cooling to maintain high performance, these PDs
are facing challenges in reducing SWaP+C at RT [258], [259]. Therefore, there is a demand for
high-performance uncooled MWIR PDs with fast response times and low SWaP+C. To date, the
low-cost solution for uncooled MWIR PDs is CBD polycrystalline PbSe photoconductors (PCs)
[224]. PbSe PC FPA grown by CBD with promising performances have been demonstrated [225],
[226]. Some challenges still remain including film inhomogeneity for such PbSe PC FPA which
requires implementation of complex Si ROIC to mitigate non-uniformities in performance.

Promising progress has been made to grow PbSe PC films by alternate methods [50], [175],
[260], [261], [262], [263], [264]. However, the performance lags behind that of the CBD

technology. Vapor phase deposition (VPD) is a competing technology to produce more uniform

3 This chapter is based on: Milad Rastkar Mirzaei, and Zhisheng Shi " High-performance uncooled PbSe/CdSe
nanostructured Mid-Infrared Photodetector with Tunable Cut-off Wavelength", Applied Physics Letters
(2024).

M. Rastkar Mirzaei author contribution: M. Rastkar Mirzaei contributed to conceptualization (supporting), data

curation (lead), formal analysis (supporting), investigation (lead), methodology (lead), visualization (lead),
writing—original draft (lead), and writing—review and editing (supporting).
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lead-salt PDs with promises such as low cost, good uniformity, and CMOS compatibility [97],
[248], [265]. A RT peak D* of 1.6x10'° Jones is reported [103] for VPD-grown PbSe with a more
uniform morphology, which approaches the best reported RT peak D* of 2.8x10'° Jones by the
CBD method [101].

QD MWIR thin film PDs are another promising approach, especially when specific
wavelength photodetection is required, making them particularly intriguing for gas sensing
applications [266]. QD MWIR PDs offer several advantages over conventional PDs, including
quantum confinement and tunable bandgaps [267], enhanced photoresponse from efficient light
absorption [231], [232], [233], and improved operability at elevated temperatures owing to reduced
thermal carrier generation [244]. Among various promising approaches of QD PDs [141], [143],
[239], [267], [268], [269], [270], [271], [272], [273], the best performance is demonstrated by
CQD Mercury-telluride PDs with RT D* of 7.6x10° Jones at 3.5um [244]. Another MWIR
material is PbSe with a bulk bandgap of about 0.278eV (4.46pum) and a large Bohr radius of 46nm.
However, reported PbSe CQDs have predominantly been in the NWIR and SWIR spectrum [161],
[162]. This is due to synthesis limitations of high-quality large-size PbSe CQDs, such as low air
stability and difficulty in cation exchange for shell growth [147]. The air instability of large PbSe
QDs stems from inadequate surface defect passivation, as they grow in the (100) orientation with
no available dangling bonds for effective ligand binding. Consequently, these larger QDs exhibit
high surface defect levels, impeding performance [24]. Thus, there's a need for tunable RT high-
performance photodetectors that can match CBD PbSe PCs' performance without their drawbacks.

In previous chapter, we developed a large-area (2mm x 2mm) nanostructured PbSe/CdSe
photoconductor with a 4um cut-off wavelength using the VPD method to address wet chemical

synthesis issues and studied the impact of annealing [102]. In this chapter, in addition to the much-
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improved surface smoothness of our VPD film compared to CBD film, we demonstrate cutoff
wavelength tunability with nanostructures of two different sizes. RT peak D* of 2.17x10'° and
1.61x10'° Jones for pixels with absorption edge at 3.75um and 4um, respectively, is demonstrated.
Such PbSe/CdSe NC PC detectors demonstrate promise for RT high-performance MWIR PDs

with tunable bandgaps and pave the way for large-scale, low-cost production, and monolithic

integration with silicon ROIC.

II.  Experimental Details

The samples were grown using a custom-designed VPD system with high-purity
(99.999%) PbSe and CdSe sources on commercial SiO2/Si and sapphire substrates. An automatic
shutter control system ensured precise multi-stacked growth. For samples #1 and #2, 120 and 90
alternating squence of PbSe and CdSe were deposited at PbSe rate of 0.91A/Sec for 29 and 64
seconds, respectively. The CdSe deposited with a rate of 0.28A/Sec for 63 seconds for both
samples at 350°C substrate temperature, at 2x10* Pa background vapor pressure. During PbSe
deposition, the CdSe shutter remains closed, and vice versa, to prevent co-deposition and minimize
the risk of ternary PbCdSe compound. Similar to the epitaxial self-assembled QDs [234], [274],
and as discussed in previous chapter [102], The nucleation process of PbSe/CdSe deposition on
Si0/Si starts with the formation of self-assembled three-dimensional PbSe islands due to the
dissimilarity between the SiO» substrate and PbSe. Subsequent CdSe atoms mostly nucleate on
these PbSe islands, with some forming on the unfilled SiO, substrate. The film smoothens over
time, and by controlling the deposition rate, alternating layers of PbSe and CdSe are expected to

form a core/shell nanocrystal of some kind ( 5-4 (a)).
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XRD Analysis

Figure 5-1c depicts the XRD analysis for both as-grown and annealed sample. The crystal
structure of both the as-grown and annealed samples exhibits the presence of cubic PbSe.
Specifically, peaks are observed at 26=25.27°,29.17°, 41.79°, 49.41°, 51.84°, 60.45°, 68.76°, and
76.3°, corresponding to (111), (200), (220), (311), (222), (400), (420), and (422) facets,
respectively. The growth of PbSe NCs is dominated by the (200) and (400) planes, followed by
(220) and (111) planes. After annealing, {111} planes are significantly suppressed, while {100}
planes remain unchanged. This is likely due to oriented attachment and Ostwald Ripening, as
observed in sensitized VPD-PbSe and QDs [103], [163]. During this process and at lower
annealing temperatures, the PbSe NCs with the same orientation combine to form larger ones
[275]. At higher annealing temperatures, all crystallites transform into {100} or react with oxygen,
which is because the {100} facet is a non-polar surface, consisting of both lead and selenium
atoms. That is why among other facets, it is the most stable one [103] with a surface energy of
0.184 J m 2. In contrast {110}, and polar {111} facets have a significantly higher surface energy
of 0.318 J m™2 and 0.328 J m2, respectively [276]. The peak at 20=41.86° corresponds to
hexagonal CdSe (110), whereas multiple peaks of cubic CdSe are observed at 26=25.45° (111),
44.45° (200), 49.47° (311), 61.68° (400), and 65.85° (420).

To estimate the crystallite sizes (D) before and after annealing, we obtained data from the
PbSe (400) and CdSe (400) XRD peaks (dominant peaks) and calculated the crystallite sizes using
Scherrer's equation with a shape factor (K) of 0.9 and the X-Ray wavelength (1) 1.5406 A and

summarized the data in:

_ KA
- B.cos6

(5-1)
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Table 5-1. As-grown and annealed Scherrer equation parameters and crystallite size

Bragg Angle Crystallite
Sample B (radianx1073)
0() Size (nm)
As-grown PbSe (400) 30.25 7.5 21.4
Annealed PbSe (400) 30.25 5.76 2791
As-grown CdSe (400) 30.84 2.27 71.1
Annealed CdSe (400) 30.84 2.79 58.04

Using the Scherrer equation to estimate crystallite size from the XRD peaks of the
dominant PbSe (400) and CdSe (400) reflections reveals a PbSe core size of 21.4 nm and a CdSe
size of 71.1 nm. These results suggest that CdSe may wrap around a PbSe core, forming a
core/shell nanocrystal configuration. The cubic PbSe and CdSe (with bandgap of 1.71eV [208])
Shell form a type-II band alignment [95], [102], [211], [247], where electrons and holes will be
separated. The presence and dominance of cubic PbSe and CdSe is confirmed via XRD analysis
(Figure 5-1 (¢)). Following the growth, the as-grown films are annealed at the temperature range
of 365-400°C with a flow rate of 45SCCM ultra-high purity oxygen gas. The Si ROIC can

withstand annealing temperatures around 400°C [248].
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Figure 5-1 FE-SEM and XRD images of as-grown and annealed sample #2: (a) Cross-sectional FE-SEM of as-grown sample #2
displaying a smooth film surface. (b) Cross-sectional FE-SEM of oxygen-annealed sample #2. (c) XRD patterns for both as-

grown and annealed samples, with the dominant PbSe growth orientation observed along {100}.

SEM Analysis

As can be seen from cross-sectional FE-SEM (Figure 5-1 (a) and 1(b)) our VPD film both
as-grown and annealed has a much smoother surface than that of the CBD-grown sample.[224]
The total film thickness of 480nm and 689nm (Figure 5-1(a)) is confirmed by SEM for sample #1
and sample #2, respectively. It is worth noting that the striation marks on SiO> in Figure 5-1(b) are
a result of the non-ideal cleavage of the film. Figure 5-2(a) and (b) show the Energy Dispersive
Spectroscopy (EDS). The film in its as-grown state exhibits nearly identical atomic ratios of lead
to selenium, along with some traces of cadmium. The morphological transition after oxygen
annealing is attributed to the reshaping and recrystallization of PbSe/CdSe NCs, along with oxide
formation in the crystal (Figure 5-1(b)) [102]. EDS analysis after annealing (Figure 5-2(b)) shows
a significant increase in O, content and a decrease in Se content, indicating the escape of Se as

gaseous SeO> or elemental selenium. The PbSe and CdSe reaction with oxygen at high

125



temperatures resulted in the creation of PbO, PbSeO3, PbSeO4, and CdO, which has been

previously demonstrated through reactions 5-2 to 5-6 [163], [277], [278].

PbSe(s) + 1.50,(g) - PbO(S) + Se0,(g) (5-2)
CdSe(s) + 1.50,(g) - CdO(S) + Se0,(g) (5-3)
PbSe(s) + 1.50,(g) — PbSe0;(S) (5-4)
PbSe05(s) + 0.50,(g) — PbSe0,(S) (5-5)
PbSe(s) + 20,(g) — PbSe0,(S) (5-6)

25um 25um

Figure 5-2 EDS images of as-grown and annealed. (a) (b) EDS image of the as-grown sample #2 showing peaks of lead, selenium,
and cadmium. (b) EDS image of the annealed sample #2 displaying oxygen peaks. SEM image and EDS region of (c)as-grown

film (Spectrum 7) and (d) annealed film (Spectrum 21).

Absorption, Photoluminescence, and Tauc Plot
Absorption and photoluminescence were analyzed via FTIR spectroscopy. The films on

MWIR transparent sapphire and SiO2/Si substrates (for both sample #1 and sample #2) were
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annealed simultaneously to ensure consistent annealing conditions for studying absorption edge
and absorbance. Figure 5-3 (b) and (c) show the absorption spectra for samples #1 and #2,
respectively. The absorbance and transmission spectra are used to obtain the Tauc plot (Figure 5-3
(a)), revealing absorption edges of 0.33eV (3.75um) for sample #1 and 0.31eV (4um) for sample
#2. These values exceed the bulk PbSe bandgap of 0.278eV (4.46um), indicating the quantum
confinement effect. The shorter PbSe growth duration in sample #1 (resulting in a smaller core
size) led to a blue shift in the absorption edge compared to both sample #2 and bulk PbSe [251].
Both samples after annealing with oxygen exhibit strong photoluminescence at 3.35pum and
3.56um (Figure 5-3 (b) and (c)). After annealing, both samples show significantly enhanced
photoluminescence intensity, approximately 100 times higher for sample #1 and 88 times higher
for sample #2 compared to the as-grown samples. This emphasizes the significance of oxygen in

defect passivation, aligning with conclusions from previous research [82].
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Figure 5-3 (a) Tauc plot for annealed PbSe/CdSe NC films revealing band edge absorption of 3.7um and 4pum, respectively. (b),
(c) Absorbance and photoluminescence of the annealed PbSe/CdSe NCs showing a photoluminescent peak of 3.35um and 3.56pum

for samples #1 and #2, respectively. (d) SEM topography of 17.5um x 20pm pixel.

Pixel Fabrication

Positive photoresist photolithography patterns are applied to annealed samples for subsequent
etching using reactive ion etching (RIE). The etching process operates at a rate of S0nm/min with
an Ar/CH4/H» ratio of 5/10/10. This etching recipe, originally tailored for PbSe [279], proves
effective for this material system as well. The detector pixel is etched down to SiO> to delineate

the active area. Following RIE, thermal deposition and lift-off techniques are employed to create
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Indium contacts with a thickness of 450nm. As shown in Figure 5-3 (d), the detector area for top
light illumination is 17.5um x 20um (350pum?) with sideline ruggedness of about 0.5um.
[I.  Results and Discussion
Electrical and Radiometric Measurement and Discussion

The dark current-voltage (I-V) measurements for pixels fabricated from both samples are
illustrated in Figure 5-5(a). The linearity in the I-V curve suggests symmetrical contact formation
between the film and indium, confirming film electrical homogeneity. The signal and noise
measurements, conducted at a modulation frequency of 750Hz using a Locked-in amplifier, are

depicted in Figure 5-5 (b). Photocurrent in PCs can be written as:

Ly = gnNqAgecPs = EQE X qAger Ps, (5-7)
Where Ipn, g, M, q, Adet, and ®s are photocurrent, photoconductive gain, quantum efficiency,
electron charge, detector active area, and signal photon flux density. As shown in Figure 5-5(b),
for both samples, the signal increases linearly with bias up to 0.8V (E= 400V/cm). Upon further
increase in the electric field, the signal begins to saturate, an indication of sweep-out [90], [280].

Measured signal and noise are used to determine responsivity and D* of the detector, as shown

below:
R = L/ Py (A/W), (5-8)
P, = (AgetAppB/d?) X ZCzthAC 1/(25(e"/* KT — 1))da, (5-9)

D* = (R/in) X \/AdetAf = (Iph/in) X \/AdetAf/Pina (5'10)
Where R, Pin, and D* are responsivity and incident blackbody optical power up to the cut-off

wavelength of each sample, and specific detectivity. Device active area (Ag¢e=350um?), blackbody
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aperture (Aps=0.2cm?), chopper modulation coefficient (p=0.45), Blackbody temperature
(T=823K), blackbody to device distance (d=40cm), cut-off wavelength (A:=3.75 and 4um), the
noise current (i, derived from noise voltage measured with locked-in amplifier, and respective
sample resistance), and noise measurement bandwidth (Af=1Hz) are used to calculate the R and
D*. We use the absorption edge as the cutoff wavelength in this paper.

The blackbody responsivity along with External Quantum Efficiency (EQE) is depicted in
Figure 5-5 (c). For detectors with 100% EQE under a blackbody illumination at 823K, the
theoretical responsivity is 2.33A/W and 2.43A/W for cutoff wavelengths of 3.75um (sample #1)
and 4pm (sample #2), respectively. As shown in Figure 5-5 (c), both examples show over 100%
EQE when bias voltages exceed a certain value. This is a clear indication of photoconductive gain.
Based on the reference [281], we attribute the underlying gain mechanism to oxygen-related
electron traps in our p-type film. The oxygen-related trap model [282], [283] is widely accepted
for explaining photoconductive gain in Pb-salt PCs. Our sensitization process involving only
oxygen supports this model. It suggests that oxygen-related traps significantly increase carrier
lifetime, contributing to the photoconductive mechanism. However, a challenge remains: minority
carrier traps alone cannot explain the over three orders of magnitude increase in resistivity. The
barrier model [284] could potentially resolve this issue by adjusting barrier heights to match
experimental resistivity. Typically, sensitizing PbSe PC films involves oxygen and iodine. Since
Pb- and PbSe-oxides as well as Pb-iodides have larger bandgaps than PbSe, it's challenging to
understand how these barriers achieve desired heights in the model. Furthermore, explaining high
EQE becomes challenging if photogenerated carriers must traverse multiple potential barriers via

thermionic emission. The charge separation model [89] explains the increase in resistivity and
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carrier lifetime. Introducing oxygen traps at grain boundaries into this model can explain
experimental observations, including the photoconductive gain of sensitized Pb-salt PCs.

As suggested in reference [102], annealing in oxygen may facilitate the formation of
interconnected p-type PbSe and n-type CdSe, thus initiating the process of charge separation ( 5-4
(¢)). There are multiple reports of PbSe/CdSe core/shell QD structures where, after annealing, the
CdSe shell can break and reorganize into a Janus-like heteronanocrystal with PbSe, facilitating the
melting of PbSe cores (Figure 5-4 (b)) [213], [250], [285]. Using the Scherrer equation to estimate
crystallite size of PbSe and CdSe after annealing shows the PbSe crystallite size increased from
21.4 nm to 27.91 nm due to grain boundary growth and Ostwald Ripening [163], [275]. The CdSe
crystallite size decreased from 71.1 nm to 58.04 nm, which supports the idea that the CdSe shell
undergoes reconfiguration after annealing (Figure 5-4). Annealing at excessively high
temperatures or for prolonged durations could result in the formation of thick oxides at the
boundaries of PbSe and CdSe, hindering charge flow Figure 5-4 (d)) [102], [286]. Considering the
observed photoconductive gain, we believe that oxygen-related electron traps are induced into the
grain boundaries during the oxygen annealing. These traps capture minority electrons while
allowing holes to transport, recombine in one contact and inject from the other contact. This
process repeats Tiife/Ti times, preserving charge neutrality until the trapped electrons are released
and thus generating photoconductive gain (Figure 5-4 (c)), where Tt is carrier lifetime and 7ty is

the majority carrier transit time between electrodes. T« can be calculated from 7,,_;2,,,,. Taking

the measured Hall mobility of 9.49¢cm?/V s into account (Table 5-2), the carrier transit time at 0.8V
and a device length (L) of 20um would be 0.52us. With EQE 218% at 0.8V for sample #1, the
carrier lifetime is estimated to be 1.13ps. If carrier trapping serves as the predominant mechanism

affecting response time, the detector response time is 1.13us. When compared to the typical
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response time range of commercial PbSe devices, which falls between 2 and 25us [287], it's
evident that the carrier lifetime enhancement due to traps does not adversely affect the device

speed.

. . d
a As-grown PbSe/CdSe b CdSe Breaking during ¢ Post-annealed Structure Over-annealed Structure

Nano-structure Annealing (Janus Structure) (Gain Mechanism)
m m N o o
PbSe PbSe Oxides ® Electron —Oxygen Related Electron Trap % Blocked Current by Overoxidation
Il CdSe Il CdSe Oxides OHole Hole Current ¥ photon

Figure 5-4 Schematic depicting the evolution and photoconduction mechanism of the material system: (a) As-grown PbSe/CdSe
Core/Shell structure. (b) CdSe shell reorganization facilitating connections between PbSe cores and some oxide formation at
boundaries. (c) Optimized structure with threaded PbSe cores enabling hole transportation, recombination, and injection of new
holes while trapping minority electrons. (d) Over-annealed structure causing carrier blocking. Note: NC shapes may not be

spherical.

Table 5-2 The Hall measurement for annealed sample #1 and #2

Sample Carrier type Mobility Carrier Concentration
#1 As-grown P-type 56.7 8.3x10!7
Annealed P-type 9.49 5.2x10'
#2 As-grown P-type 39.2 1.2x10"8
Annealed P-type 6.1 6.2x10'

The blackbody Peak-D* is calculated using the method in reference [249] by assuming a
sharp absorption edge. As shown in Figure 5-5(d), maximum D* is observed at 0.4V for both
samples with calculated peak D* of 2.17x10'° Jones (blackbody D*=7.5x10°) and 1.61x10'° Jones

(blackbody D*=5.56x10°), for sample #1 and sample #2, respectively. These D* values are
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comparable to the best commercially available CBD-grown PbSe PCs [287], [288]. By factoring
in the refractive index of PbSe and CdSe, roughly 30 % of light would be lost due to reflection.
This reflection loss could be reduced by anti-reflection a coating [101], increasing D* to 9.75x10°
and 7.2x10° Jones for samples #1 and #2, respectively. Assuming effective PbSe thickness (t) to
be 320 nm for sample #1, and estimated absorption coefficient (a) of 8000cm! (at 0.33eV) [289],
only 22% of MWIR light is absorbed. It's established that D* « (1 — e~%%)/+/at [290]. To
optimize the signal-to-noise ratio, the thickness should ideally be 1.27/a, ignoring the interface
reflection. In such case, for maximum signal-to-noise ratio, the PbSe thickness should be 1.57um,
resulting in a 48% increase in D*. However, it's important to note that achieving uniform

sensitization for thicker films could be challenging.
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Figure 5-5. Radiometric and noise measurement of the device. (a) The dark current-voltage characteristics of both samples. (b)
The signal and noise current of the devices under different bias voltages. (c) Responsivity and EQE, (d) specific detectivity, and

peak specific detectivity of devices vs. different bias voltages.

The frequency-dependent noise was measured using an FFT spectrum analyzer in dark
conditions, as shown in Figure 5-6 (a) for sample #2 (Similar results are also observed for sample
#1). No knee frequency was observed in the measured frequency range of 1-1.56kHz, indicating
dominance of 1/f noise. This aligns with observations in other reported Pb-salt PCs, where 1/f-like
noise is the primary noise source [291]. At zero bias voltage, the measured noise floor corresponds
to the Johnson noise level. Increasing the bias voltage results in higher current, causing the noise
levels to rise accordingly. The root cause of 1/f noise has not been extensively studied in lead-salt

PCs. The 1/f noise has been attributed to either mobility fluctuations [292], [293], [294] or
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fluctuations in the barrier height resulting from carrier trapping at grain boundaries [295] aligning
with a typical number-fluctuation model. Another root cause of 1/f noise is related to trapping and
detrapping in the surface and bulk trap states. When carriers are captured and subsequently
released (detrapped) from these traps, they cause fluctuations in the carrier population, leading to
current or voltage noise [296], [297]. Since different trap states have varying trapping and
detrapping times, these processes contribute to a broad range of frequency-dependent fluctuations,
which manifest as 1/f noise. Moreover, the temporal dynamics of trapping and detrapping can also
be influenced by the chopper frequency when light is periodically modulated, linking the observed
noise behavior to the optical excitation conditions. Interestingly, the 1/f noise spectra in
polycrystalline semiconductors still adhere to the empirical relation discovered by Hooge for a

homogeneous semiconductor and resistor [23], [298], [299].

B
S, (1/f) =y (5-11)

Nof®

Si,(1/f) is the power spectral density of the noise current (i), I, is the mean value of
dark current, and N is the total number of charge carriers. ¥ is the Hooge coefficient. In the
polycrystalline 1/f noise models, y carries information on crystallites and interfaces [300]. o and
B are fitting parameters with ideal values of 1 and 2, respectively, in scenarios where 1/f noise is
the dominant mechanism. For an inhomogeneous semiconductor, values of B larger than 2 are
observed [260], [299], [300]. If the measured Hall concentration of 6.2x10'® cm™ (Table 5-2) is
used to calculate No. Figure 5-6 (b) exhibits measured noise spectral density and fitted line for
voltages of 0.4-1.2V. We found the range of o to be 1.02-1.03 under different bias voltages,
indicating that 1/f noise predominates in our device. f3 is determined to be 2.01, suggesting that the

VPD-process can produce much more uniform films compared to wet chemical approaches [50],
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[260]. Additionally, y is found to 3.2x10°3, falling within the typical range of non-single crystalline

materials [298], [299].
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Figure 5-6 Spectral noise current (a), noise spectral density and analysis (b) of sample #2.

While VPD yields films with superior uniformity compared to CBD, annealing in oxygen-
rich, high-temperature environments still causes surface roughening, which is detrimental for FPA
PDs [82], [223]. Group’s future work will explore alternative approaches to high-temperature
oxygen annealing. Additionally, frequency modulation is essential for lead-salt photoconductors
to mitigate 1/f noise, limiting the use of commercially available Si ROICs for high-performance
FPA applications. Figure 5-7 depicts the D* measurements versus the modulation frequency for
sample #2. The D* and Peak D* are calculated from measured spectral noise at different
frequencies and 0.4V bias for sample #2. Due to the dominance of 1/f noise at lower modulation
frequencies, the D* decreases rapidly from 5.97x10° Jones to 2.57x108 Jones as the frequency
decreases from 835 Hz to 4 Hz. While the device still shows acceptable D* at near-DC modulation,
it is not as high as preferred for imaging applications. Therefore, future efforts will concentrate on

reducing 1/f noise.
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Figure 5-7 The D* and Peak D* versus modulation frequencies measured at 0.4V bias.

IV. Summary and Conclusion

In conclusion, we developed high-performance MWIR PbSe/CdSe heterostructure
nanocrystal photoconductors on SiO/Si substrates using vapor phase deposition (VPD). By fine-
tuning the growth conditions and employing oxygen annealing, we achieved tunable absorption
edges at 3.75pum and 4.0pm. Our devices exhibited high morphological and electrical uniformity,
as confirmed by SEM and noise analysis. This enhanced uniformity is crucial for achieving high-
performance focal plane arrays (FPAs) in practical applications. The investigation into noise
mechanisms revealed the dominance of 1/f noise, consistent with Hooge's empirical equation for
homogeneous materials. Despite the presence of 1/f noise, the devices achieved external quantum
EQE exceeding 100%, indicating significant photoconductive gain. This gain is attributed to
oxygen-related electron traps, which enhance carrier lifetime and contribute to the observed high

performance. The room-temperature peak D* of 2.17x10!° and 1.61x10'° Jones for pixels with
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absorption edges at 3.75um and 4.0pm, respectively, highlight the potential for VPD-grown

PbSe/CdSe photoconductors in practical MWIR applications.
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Chapter 6 Conclusion, Summary, and Future Directions

L Summary and conclusion

This dissertation has charted a comprehensive and progressive investigation into the
development of uncooled mid-wavelength infrared (MWIR) photodetectors based on lead selenide
(PbSe), culminating in the demonstration of a high-performance, scalable, and manufacturable
device architecture. The research trajectory systematically evolved from foundational materials
science on epitaxial substrates to the fabrication of state-of-the-art nanostructured devices on
industry-standard silicon substrates.

The work began in Chapter 3 with a fundamental exploration of epitaxial growth to
overcome the inherent challenges of lattice and thermal mismatch. We demonstrated, for the first
time, the successful growth of crack-free, monocrystalline n-type PbSe films on highly
mismatched p-type vicinal Ge(100) substrates. The critical enabling technology was an in-situ
selenium surface treatment that modified the adatom kinetics, suppressing 3D islanding and
promoting layer-by-layer growth. The resulting n-PbSe/p-Ge heterojunction exhibited excellent
diode characteristics, with a rectification factor exceeding 2,600 and a low reverse-bias current
density, validating a new pathway for integrating PbSe with mature Group IV electronics for
applications like dual-band SWIR/MWIR sensing. Building on this, we also achieved the first-
ever epitaxial growth of single-phase cubic n-CdSe on p-PbSe. This was a significant materials
science breakthrough, as in-situ RHEED monitoring confirmed that the CdSe growth proceeded
layer-by-layer, adopting the cubic crystal structure of the PbSe seed layer rather than its typical
hexagonal wurtzite phase. Both RHEED and XRD analysis confirmed the growth of a single-phase
cubic CdSe film. This all-epitaxial, single-phase interface was critical: the resulting photovoltaic

detector showed a clear photoresponse at room temperature (D* of 6.5 x 10® Jones) and,
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significantly, exhibited the correct temperature-dependent behavior—improving performance
upon cooling. This resolved the inverted temperature-dependence issues that had plagued previous
polycrystalline CdSe/PbSe devices, which were compromised by mixed-phase (cubic and
hexagonal) interfaces. This chapter established that meticulous interface and epitaxial engineering
could produce high-quality PbSe-based heterojunctions with superior electronic properties.

Recognizing the cost and scalability limitations of epitaxial methods, the research pivoted
in Chapter 4 to a more manufacturable approach: vapor phase deposition (VPD) on amorphous
Si02/Si substrates. This work translated the PbSe/CdSe heterostructure concept into a
nanostructured, polycrystalline photoconductor. The key finding was that a post-deposition
oxygen annealing step is critical for device performance. We systematically optimized this
annealing process, demonstrating that an ideal thermal budget (430°C) passivates defects and
likely facilitates the formation of an interconnected 3D network of p-PbSe and n-CdSe, which
enhances charge separation and carrier lifetime. This low-cost, large-area (2 mm x 2 mm)
photoconductor achieved a promising uncooled peak D* of 2.49 x 10° Jones, proving the viability
of the VPD-on-silicon platform.

Finally, Chapter 5 consolidated all previous findings to produce a device with state-of-the-
art performance and features. By refining the VPD process, we demonstrated tunable cutoff
wavelengths (3.75 um and 4.0 um) by controlling the PbSe nanocrystal core size via deposition
time—a clear manifestation of the quantum confinement effect. More importantly, we scaled the
devices down to small, FPA-compatible pixels (17.5 x 20 um?) using standard photolithography
and reactive ion etching. These small-pixel devices yielded a record uncooled peak D* of 2.17 %
10'® Jones, placing them in direct competition with the best commercial PbSe detectors. This high

performance was linked to photoconductive gain (EQE > 100%), attributed to an oxygen-trap-
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assisted charge separation mechanism. Crucially, noise analysis revealed that the dominant 1/f
noise spectrum followed Hooge's empirical relation for homogeneous materials (f = 2.01). This
finding is of profound significance, as it provides the first quantitative evidence that our VPD-
grown nanostructured films are far more electrically uniform than conventional, non-uniform
CBD-grown films, addressing a primary obstacle for large-format FPA production.

In summary, this dissertation established a complete pathway for uncooled PbSe MWIR
photodetectors: from proving the fundamental quality of epitaxial heterojunctions (Ch. 3), to
developing a scalable VPD-on-silicon process (Ch. 4), and ultimately demonstrating a highly
uniform, quantum-tunable, small-pixel device with state-of-the-art performance (Ch. 5).

II.  Future Directions:

The results presented in this dissertation establish a strong foundation for uncooled PbSe-
based MWIR photodetectors and highlight several promising directions for further research.
Building on the insights into epitaxial interface quality, defect control, and trap-assisted transport,
the following paths are expected to advance both the scientific understanding and practical
performance of [IV-VI infrared detectors.

1. Broadband bulk PbSe/ nanostructured PbSe/CdSe photodetector: A promising
future direction is the development of broadband PbSe-based photodetectors by
integrating bulk PbSe and nanostructured PbSe/CdSe layers into a single
heterostructure. Bulk PbSe, with its narrow bandgap and strong intrinsic absorption
extending up to ~4.6 um, can efficiently detect the mid-infrared portion of the
spectrum, while nanostructured PbSe/CdSe layers—with quantum confinement—
induced bandgap widening—can be engineered to absorb shorter wavelengths down to

~2 pm. By carefully controlling nanostructure size, shell thickness, and layer
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composition, it is possible to tailor the spectral response of each region, enabling a
broadband, room-temperature detector that spans the entire 2—4.6 um range. Such a
vertically graded or hybrid design would allow simultaneous detection of multiple
spectral bands within a single device architecture, improving spectral selectivity and
responsivity without the need for cooling. Future work should focus on optimizing the
coupling between bulk and nanostructured regions to ensure efficient carrier transfer
across interfaces while minimizing recombination, paving the way for compact,
tunable, and cost-effective broadband MWIR photodetectors.

Investigation and Mitigation of 1/f Noise in PbSe Photoconductors: The strong
photoconductive gain observed in the nanostructured PbSe/CdSe devices arises from
trap-assisted carrier recycling, yet these same traps are also possible dominant source
of 1/f noise, making it essential for future work to balance the beneficial and
detrimental effects of trap states through deliberate trap-state engineering. This effort
could include correlating trap lifetimes with gain and noise behavior by employing
time-resolved photoconductivity measurements and low-frequency noise spectroscopy
to directly link carrier trapping dynamics with photoconductive gain and flicker-noise
mechanisms. At the materials level, advanced passivation strategies—such as
annealing in alternative gas ambients like nitrogen or forming gas, or implementing
targeted chemical passivation treatments such as mild halide exposure—could be
explored to selectively neutralize or stabilize the interfacial and grain-boundary trap
states most responsible for noise. In parallel, device-level engineering could investigate
how pixel geometry influences trap-assisted fluctuations, since prior results indicate

that both pixel size and layout significantly impact 1/f noise; systematically varying
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pixel dimensions and shapes may uncover pathways to suppress noise through
optimized device architecture. Together, these approaches will enable a deeper
understanding of the interplay between trap physics, gain, and noise, guiding the design
of PbSe/CdSe photodetectors with higher stability, lower noise, and improved room-

temperature performance.
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