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Lead selenide (PbSe) emerged 70+ years ago for its unique photoconductive sensitivity to the mid-wave
infrared (MWIR) spectrum; however, new and exciting research continues to ignite interest in this material
to this day. PbSe has endured primarily due to its high IR responsivity at room temperature (uncooled),
large-area application space, and low-cost fabrication. PbSe has a large nominal Bohr exciton radius

(~46 nm) that allows bandgap tuning from 0.27 eV to as far as 2.0 eV by manipulation of grain size and
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morphology. This review aims to summarize the most recent state-of-the-art progress in PbSe

rsc.li/materials-advances photoconductivity research, including synthesized quantum-dots (QDs) and novel manufacturing methods.
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1. Introduction

Infrared (IR) imagers usually detect thermal radiation in the
form of photons emitting from objects and mapping (patterns)
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to identify any object’s presence or the object’s properties itself.
IR radiation wavelengths are generally categorized into four
regions, near-wavelength IR (NIR) ranges from 0.78 to 1.4 pm,
short-wavelength IR (SWIR) ranges from 1.4 to 3.0 um, mid-
wavelength IR (MWIR) ranges from 3.0 to 5.0 um, and long-
wavelength IR (LWIR) ranges from 8.0 to 12.0 um."” Lead salts
such as lead selenide (PbSe) and lead sulfide (PbS) are the first
semiconductor materials used as IR detectors and still the
leading choice of detectors for IR sensing applications operating
in the 1 to 5 um spectral range.>* All the forms of PbSe, such as
polycrystalline, monocrystalline, and QDs, are being researched
and used for IR imaging applications. Many new nanostructures
and technologies have been investigated in the last few decades
to reduce the cost and improve the IR detection system’s
performance. However, the current IR detection technology is costly,
difficult to fabricate, and operates in the low-temperature range.

The PbSe thin films have unique intrinsic physical properties
and band structure, widely used for the NIR and MWIR range
applications. The PbSe polycrystalline thin films are widely used
for IR detectors,”™ IR Photoluminescence,'® diode laser,
up-conversion imaging devices,'> imaging sensor devices,"*>™®
thermoelectric coolers,"” and IR solar cells.” Recently, the PbSe
QD thin films are also being used for IR photodetectors,'®>"
photovoltaic cells,*® IR electroluminescent,” thermoelectric,
laser,” and field-effect transistor (FET).>*>°

Some of the most common applications of IR imaging
sensors are night vision, military missile tracking, surveillance
systems, search and rescue, research, medical imaging, food
production, quality control, industry defect imaging, precision
temperature measurement, environmental sensing, meteorology,
climatology, and exoplanet exploration."”*'*'® The MWIR and
LWIR are important for lossless free-space communications and
astronomy due to their high transparency in the atmosphere.
IR detection is a non-contact and non-destructive method,
which is very useful for defect detection in electronic circuits,
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semiconductor chips, device control, paved road condition
control, and various other monitoring activities." Nowadays,
military aircraft use high-performance IR cameras to scan the
battlefield in weak visibility conditions. IR radiations mostly
come from a thermal source and are less absorbed and scattered
in the atmosphere compared to the visible light, which can
provide a large amount of information of the source such as
temperature, compounds, geometry, location in space, and
atmosphere of the source.” Even molecular level information
can be identified because each molecule has its unique IR
signature. Various medical tools such as blood vein monitoring,
brain trauma detection, diabetic neuropathy, thermography,
and cancer cell detection work based on IR imaging."

The lead salt materials (PbS and PbSe) offer some advan-
tages over competing materials, but some challenges need to be
addressed. Various detector materials are being used for IR
detection, which should be small in size, lightweight, low
power, and low-cost systems.*® One of MWIR imaging sensors’
essential requirements is that they should be operable in the
cryogenic temperature range to achieve a satisfactory signal-to-
noise ratio (SNR).° It is required to prevent the thermal generation
of charge carriers; otherwise, it will increase the noise in the device
performance.>*® The uncooled polycrystalline PbSe is an excellent
choice for this regime. It can outperform other materials such
as single crystalline indium antimonide (InSb) and mercury
cadmium telluride (HgCdTe, also known as MCT).® The indium
arsenide (InAs), InSb, and HgCdTe photodetectors also work
properly at very cold temperatures, but their system perfor-
mance requires the increased size, cost, and complexity.36 The
pyroelectric or bolometric materials-based photodetectors can
be considered for a broad range of wavelengths, but they have
low sensitivity and slow response speed.*® The indium gallium
arsenide (InGaAs) offers a good choice for photodetection (both
standard and extended). The standard InGaAs photodiode
provides excellent sensitivity and high speed but is limited to
upper wavelength sensitivity up to 1.7 pm.*® The extended
InGaAs photodiode also provides considerable sensitivity, but
it can only be extended up to 2.3 um.*® So, InGaAs photodiode
is not a good choice for general applications considering the 3
to 5 pm wide range of wavelengths.

The PbSe offers reduced size, weight, and low power require-
ments for IR imaging and sensing devices.® The lead salt
narrow bandgap IV-VI semiconductor alloys have provided an
exceptional degree of freedom in IR detector design because of
their energy bandgap tunability, high optical absorption coefficient,
high electron mobility, and low charge carrier thermal generation
rate.>” The PbSe is a direct bandgap material, which shows a
narrow bandgap of around 0.27 eV at room temperature (RT).>"°
The bulk PbSe semiconductor exhibits some crucial characteristics
such as crystal structure of cubic form, large exciton Bohr radius,
small effective masses for both electrons and holes, and a large
dielectric constant.’® The large dielectric constant leads to a
low exciton binding energy, and thus charges are almost free
due to low scattering loss,’” which inherently favors total
photocurrent generation. This semiconductor compound has
a multivalley band structure with band extrema at the L point of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Band structures of (a) bulk and (b) monolayer PbSe.*® (Reproduced
from ref. 38 with permission of The Royal Society of Chemistry, Journal of
Materials Chemistry C.)

the Brillouin zone (BZ).'® The energy bands of PbSe are arranged
in a nearly mirror-like configuration relative to the Fermi level.
The band structure of both bulk and monolayer PbSe is shown
in Fig. 1. Energy bands are shown by considering different
symmetry points, where the valence band maximum and the
conduction band minimum of bulk PbSe lie at the L point of the
BZ. The band structure is mirror-like due to the similar effective
mass of electrons and holes in the material (m.* ~ my*). It has
the advantage of reducing the nonradiative Auger recombination
by one or two orders of magnitude compared to the narrow gap
II-V and II-VI semiconductors.™

A photoconductor works like a resistor, where the conductivity
changes with the number of incident photons. Photons with
energy higher than the PbSe bandgap energy are absorbed to
produce electron-hole pairs, which controls the total conductivity
of the PbSe.*® Since the PbSe is a small bandgap material; it can
detect low-energy photons. The PbSe thin films can be made both
ambipolar and unipolar; thus, they show both n-type and p-type
conductivity. The conductivity of the as-deposited polycrystalline
PbSe depends on the ratio of Pb and Se, Pb-rich films are n-type,
and Se-rich films are p-type.***%%

The molecular beam epitaxy (MBE) grown monocrystalline
PbSe on CaF,/Si(111) heterostructure by Li et al*' showed
majority carriers mobility of 647 cm® V! s7' and 9.875 x
10® em® V™' 57" respectively at 300 K and 77 K, which increased
t0 1.073 x 10* em® V™' 7' and 29.912 x 10° em? V' s™' with
an in situ surface treatment. Zhao et al.** indicated the annealing
effect on mobility for a similar structure, where PbSe monocrystal-
line film showed p-type carrier mobility of 400 cm® V' s™* and
1.05 x 10* em® V' s~ respectively at 300 K and 77 K, which
increased to 530 cm® V' 57! and 2.19 x 10* cm® V™' 57" after
annealing at 300 °C for 2 hours.*” Tetyorkin et al.** reported
the n-type mobility of monocrystalline PbSe film as 1.5 x
10* em® V™' s at 77 K, using the thermal evaporation technique.

For monocrystalline PbSe films, mobility is relatively high,
but it is much lower for the polycrystalline films due to heavy
disorder in the film.** The mobility of polycrystalline n-type PbSe
film varies between 60-120 cm® V' s™" at RT and increases with
decreasing temperature, such as 210 cm® V' * s! at 100 K,
deposited using the physical vapor deposition (PVD) process.”
The mobility of polycrystalline p-type PbSe film was reported as
68.5 cm” V' s at RT, using the chemical bath deposition (CBD)
process.”> Recently, Yang et al*® reported high mobility of
8.323 x 10* em® V™' s™" at RT for nanostructured polycrystalline

© 2021 The Author(s). Published by the Royal Society of Chemistry
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PbSe thin film using electron beam evaporation and O" beam
implantation followed by an annealing process.

Recent reports show both ambipolar and unipolar quantum-
confined FET with different electron and hole mobility. Zhang
et al.'® reported an intrinsic PbSe QD vertical FET with hole mobility
and electron mobility of 2.5 em® V' s7' and 2 em®> V' ' s,
respectively. Oh et al.*” reported quantum-confined single nanowire
(SNW) PbSe FETs using a deposited p-type film with a hole mobility
of 65 (£10) cm® V' 57" at RT and 1000 (+100) cm®* V"' s~ ' at
20 K. Oh et al* also reported predominantly n-type PbSe
SNW FET with electron mobility of 10 (+5) cm®> V™' s™' at RT
and 100 (£10) cm®* V- ' s ' at 20 K.

Most of the literature suggested that oxygen could convert
n-type PbSe into p-type and form a p-n junction.” Humphrey
indicated that halogens could be used to convert a PbSe film
from n-type to p-type; however, the maximum sensitivity was
accomplished only through the use of oxygen.*®**° Qui et al.
showed that iodine plays the most critical role in the sensitization
procedure of p-type PbSe photoconductor, where oxygen can be
used to improve the PbSe sensitivity.” While, Zhao et al. proposed a
p—n junction charge separation model by showing that the iodine
converts the surface of p-type PbSe crystallites into n-type.”®

It has been shown that the p-n junction characteristics
strongly influence the photoconductivity performance, and it
also can provide optimal sensitivity at the highest possible
operating temperature.” Usually, a simple voltage divider bias
circuit is used to measure the radiation, where the voltage
across the load resistor varies with incident radiation.® So far,
the highest photo detectivity (D*) of the MWIR PbSe thin films
is reported as of 4.2 x 10'® cm Hz'?> W~ at RT by using a CaF,
antireflection (AR) coating.® Without the AR coating, the high-
est D* is reported as 2.8 x 10'*° cm Hz'?> W' at RT.’

The PbSe bulk resistance is temperature-dependent, typically
in the order of 3%/°C.>® Sun et al.”>* showed that the electrical
resistivity of the sputtered polycrystalline PbSe thin film has
negative temperature dependence, measured in the 25 °C to
100 °C temperature range. Recently Ganguly et al®® also
reported linear response of resistance versus temperature (R-T)
and benchmarked with Northrop Grumman Corporation (NGC)
polycrystalline PbSe detectors, shown in Fig. 5(c). Generally, lead
chalcogenide QD films exhibit positive temperature coefficients of
resistance except for PbSe QD films, in which resistance decreases
with increasing temperature.>>>* When bulk resistance of the
sensitized polycrystalline PbSe thin film decreases due to the
rising temperature, then the bolometric signal overlaps with
the photoconductive signal. During film performance analysis,
it becomes very difficult to differentiate between bolometric
signal and photoconductive signal. The best solution is to keep
the photodetector under constant temperature.

Several researchers have reported PbSe QDs based devices by
shifting bandgap energy allowing different optoelectronic appli-
cations to cover a large spectral range from MWIR to NIR." The
strong quantum confinement effect is used to tune the bandgap
by controlling their size (the QD diameter).'®' The PbSe
QDs offer attractive optoelectronic properties such as multiple
exciton generation (MEG), small exciton binding energy, large

Mater. Adv,, 2021, 2, 3133-3160 | 3135


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D0MA00965B

Open Access Article. Published on 18 April 2021. Downloaded on 12/9/2025 10:47:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

dipole moment, high purity crystals, strong light absorption, and
good photo-stability, which ultimately increases the quantum
efficiency.>'®'® The PbSe QD is a promising material for IR
imaging applications, which also have the advantages of low-
cost solution processability, flexibility, and easy scale-up production
compared to other photodetector semiconductors.’® However, the
conductivity and photoresponsivity of the QDs are limited by the
low carrier mobility because the photocurrent is proportional to
the carrier mobility."® Great efforts need to be focused on improving
the carrier concentration, carrier mobility, and carrier lifetime.

The performance of lead salt IR detectors depends on many
factors of the fabrication process, such as crystallization, annealing
atmosphere, including gas concentration and temperature,
number of annealing stages, the final size of crystallites, and
crystal morphology.® So, understanding the operation mechanism
and providing a quantitative experimental model for optimization
of those factors is crucial to have higher efficient PbSe IR detectors.
Researchers have used different types of fabrication methods to
prepare PbSe devices, such as CBD, PVD, chemical vapor deposi-
tion (CVD), MBE, electrodeposition (ED), atomic layer deposition
(ALD), synthesized QD (SQD), and e-beam defined QD (EBDQD).
Among those, CBD and PVD are most widely used by industry due
to their high-quality crystal structure.® The physical properties
of the developed PbSe thin films are controlled by different
parameters such as the method of deposition, substrate
material, substrate temperature, cleanliness of the substrate,
rate of deposition, deposition periods, and the background
pressure.'” There is still research going on for PbSe thin film
process improvement of existing deposition technology, as well
as some new techniques are offered such as photochemical,
sonochemical, pulsed laser deposition (PLD), and laser-sintered
deposition (LSD)."”

Monocrystalline PbSe photovoltaic detectors are also getting
researchers’ attention for MWIR and LWIR large format focal
plane array (FPA) thermal imaging applications.® With advanced
fabrication technology, it is possible to integrate photodetectors
with electronic readouts to make detector FPAs, which is now
one of the key research focus.” Single crystalline or polycrystal-
line PbSe thin films can be grown on silicon substrates to
fabricate FPA because it allows large area uniformity and easy
integration with Si wafer.> However, it faces a fundamental
challenge of high dislocation density because of a large mismatch
in lattice constant and thermal expansion coefficient between
PbSe film and Si wafers.® Further research is needed to reduce

Table 1 List of useful properties of PbSe>®
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film defects and their impact on charge recombination. Several
techniques are already being experimented with and proposed,
such as buffer layer and strained layers techniques, lateral
growth, selected area growth, and ex situ treatment techniques
such as annealing, even though the success is limited due to the
nature of fundamental material physics.’

2. Properties
2.1 Intrinsic properties of PbSe

This review focuses on PbSe; however, much of what is covered
applies to PbTe and PbS as well. There are many properties of
PbSe that attract researchers; its narrow and direct bandgap
(0.27 eV)>® and large nominal Bohr exciton radius (~46 nm)°>>°
offer superior versatility for tuning of the spectral photo-
response. The narrow intrinsic (bulk) bandgap of PbSe makes
it sensitive to the MWIR regime of the electromagnetic (EM)
spectrum. The relatively large Bohr exciton radius enables its
strong quantum confinement characteristics. Each of these
properties is interesting alone, but combined, it allows for an
exceptional ability to shift the bandgap and spectral range of
optical photoresponsivity precisely. Furthermore, the large Bohr
radius allows relatively reproducible and straightforward thin-film
processing to obtain nanocrystals with unique properties. This
allows investigations of quantum size effects of a more stable
material with dimensions that do not have a large surface to
volume ratio.”®

PbSe attracts interests in both solar cells and thermoelectric
research as well. The presence of an intrinsic electric field is
imperative for enhancing third-generation solar cells.”” The MEG
phenomenon has been explored for the next generation of
photovoltaic devices and could play an important role.”” Gordi
et al. show that the intrinsic electric field of all Pb-chalcogenides
affects the absorptivity spectra yet has a relatively insignificant effect
on the MEG quantum probabilities, allowing enhancements in solar
cell efficiency.>” Table 1 lists the useful properties of PbSe.

Many optical properties are energy and wavelength (1) depen-
dant. Table 2 summarizes the dielectric constant (e* = & + i),
complex refractive index (* = n + ik), absorption coefficient () and
normal-incidence reflectivity (R). As for thermoelectric properties,
recent work by Du et al. has shown that high-pressure sintering
(HPS) following mechanical alloying (MA) of PbSe can achieve a
figure of merit (ZT) of ~0.57 at 600 K. PbSe is now attracting

Crystal properties

Physical properties

Crystal type Cubic Density (g cm ) . 8.15
Structure Halite Lattice constant (A) 6.124
Space group Fm3m Molecular weight (g mol ) 286.2
Electronic properties (293 K) Thermal properties

Bandgap (eV) 0.26 Thermal conductivity (W m™* k%) 1.7
Electron mobility (cm® V™' s7") 1000 Melting point (°C) 1067
Hole mobility (em” v~ s 900 Heat of formation (k] mol™) 393
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Table 2 Summary of the dielectric constant (¢* = & + iep), complex
refractive index (n* = n + ik), absorption coefficient (x), and normal-
incidence reflectivity (R) at RT.%2 These values can vary due to temperature,
material synthesis, and stoichiometry. Plots are available in the ESI
(Fig. 51)%2

ev 7 (nm) &1 &2 n k a(ecm™) R
0.001 1240000 —169.7 960.3 20.1 239 2.4 x 10° 0.92
0.005 248000 —94.3 3224 11.0 14.7 7.4 x 10° 0.88
0.01 124000  —50.1 248 1.7 7.3 7.4 x10° 0.89
0.05 24 800 20.2 0.2 45 0.02 8.7 x 10" 0.41
0.1 12400 22.31 4.7 0.42
0.2 6200 23.3 4.8 0.43
0.3 4133 25.3 1.1 50 01 3.2x10° 0.45
0.4 3100 24 29 49 03 1.2 x10* 0.44
0.5 2480 0.3 1.5 x 10*

1 1240 0.6 5.8 x 10"

1.5 827 24.6 16,6 52 1.6 2.4 x 10° 0.49
2 620 20.0 211 50 21 43 x10° 0.54
2.5 496 10.3 324 47 34 8.7 x10° 0.57
3 413 -9.7 242 29 42 13 x10° 0.65
4 310 —5.9 75 14 28 1.1 x10° 0.59
4.5 276 —4.7 58 1.2 2.5 1.1 x10° 057
5 248 -3.7 43 1.0 22 1.1 x10° 0.54

attention as an alternative to PbTe due to the lower cost of Se
compared to Te, high stability, and wider operating temperature.*
Recent work by Ekuma et al. shows evidence of improvements in
ZT by introducing defect states in a monolayer of intrinsic PbSe, in
the form of Se vacancies.®'

One of the most exciting aspects of PbSe is how its properties
contrast with other semiconductors. The bandgap of most semi-
conductors widens with pressure and decreases with temperature,
while the bandgap of PbSe narrows with pressure and increases
with temperature.®® This is discussed in detail by Wei et al.** and
Svane et al® and is related to spin-orbit phenomena as a
consequence of band ordering at the L point.®® Using the potential,
Ekuma et al. calculated a 1% compression of the lattice parameter
for PbSe, resulted in a 0.11 eV bandgap decrease.®® Streltsov et al.
showed that with sufficient pressure (13-25 GPa), PbSe transitions
from a cubic (NaCl) semiconductor to an orthorhombic (CsCl)
metal and superconductor.®”

Thin films are susceptible to the coefficient of thermal
expansion (CTE) mismatch, which can translate to strain. This is
particularly important in stacked thin-films and nanocrystalline
geometries where confinement occurs. Many groups monitor
crystalline strain with X-ray diffraction (XRD); however, one must
be mindful of the convolution between the XRD parameters used
for determining nonuniform ecrystalline strain and grain size.®®
The changes in stress and changes in grain size can be hard to
delineate. Nonuniform induced lattice strain broadens XRD peaks
and changes full-width half-maximum (FWHM) parameters. Ther-
mal annealing can relieve nonuniform lattice strains; however, it
can also grow and cause grain merging. The FWHM parameter is
used to determine grain size using Scherrer’s equation.

b K
" Ppcosd

&)

The value D represents the diameter of the average grain based
on a dimensionless factor of (k) close to unity, the wavelength of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the X-ray source (1), the fullwidth half-maximum (fp), and the
Bragg angle (0).

Transmission Electron Microscopy (TEM) is the most accurate
method for determining domain size and variation as well as
crystalline quality, albeit TEM analysis offers only a localized
representation of the material properties.

While single-crystalline PbSe can be readily produced with
MBE or ALD, polycrystalline forms of PbSe offer many advantages
to IR sensor applications. This will be described in more detail
under the photoconductivity section. Due to the absorption
coefficient (Table 2) and to maximize the S/N of the photo-
response, polycrystalline thin films of 200 nm-2.0 um thick-
ness are generally targeted. Polycrystalline grain size can be
modulated in many ways like substrate temperature and surface
conditions but typically ranges from 100 to 500 nm. It should be
noted that crystallite size can be the same or smaller than gain
size. Grain size should not be confused with crystallite size as
individual grains are often polycrystalline.

2.2 Photoconductivity

The high electron and hole mobility of intrinsic (bulk) PbSe
allows for highly electrically conductive polycrystalline thin
films at RT. This, as well as good optical absorption properties,
enables high photoresponsivity under photon excitation. The
blue-shift in the band absorption edge is the result of the strong
confinement characteristics of PbSe. This shift is so easily
achieved, many groups have shifted the bandgap from the
intrinsic gap of 0.27 eV to as much as 1.8 eV, corresponding
to wavelengths of 4.6 pm to 690 nm, respectively.

While PbSe has been used as an infrared responsive material
for over 70 years, the photoconductive mechanisms are still under
debate. The models depend heavily on the grain morphology,
sensitization, and deposition/synthesis method. PbSe films are
often near stoichiometrically balanced (1:1); however, this is
highly dependent on the deposition method and conditions
during material deposition. It is well understood that intrinsic
PbSe (p-type or n-type) is not IR responsive-without additional
processing referred to as sensitization. While this section
focuses on the intrinsic properties of PbSe (bulk), photoconduc-
tivity cannot be described without a description of the process
required to enable this property.

Some groups refer to sensitization as oxidation or thermal
annealing in the air; however, while the process is simple and
many groups can achieve IR responsivity with relative ease, the
conditions have significant implications for maximizing photon
absorption, achieving linear responsivity (Fig. 2), and detectivity.
There are a variety of accepted models for how thermal oxidation
enables an IR response in PbSe. The general understanding is
that oxidation between PbSe grain boundaries (core-shell p-n
junction model) or layered film interfaces (vertical p-n junction
model) forms a potential barrier that acts as an electron trap. The
incident photon generates an e-h pair, and the barrier traps
the electron, resulting in enhanced hole carrier lifetime. This
influences the conductivity and, under an external electric
field, translates to a change in conductance. Optimization of
sensitization for applications such as FPA usually utilizes

Mater. Adv., 2021, 2, 3133-3160 | 3137
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Fig. 2 Photocurrent response curves of a sensitized PbSe polycrystalline
thin film (2 pm), dark and illuminated, with a 4-5 pum light source
(18 mW cm™2).”* (Reproduced from ref. 71 with permission of the Elsevier,
Journal of Alloys and Compounds.)

halogen doping, often iodine. This is necessary to increase the
IR photoconductivity signal. Hechster et al. observed that
annealing in a chlorine environment, as opposed to oxygen,
improved the signal-to-noise ratio in thin films of PbSe.”

3. Thin-film fabrication

Research in PbSe-based photodetector development can be
broken down into two categories based on the targeted wave-
length of photosensitivity. Historically, PbSe has been used for
MWIR photodetector applications based on the intrinsic (bulk)
optical bandgap of 0.27 eV, centering the IR photosensitivity
around a wavelength of 4.4 um. In the recent decade, however,
much of the research in PbSe is focused on exploiting the
quantum confinement phenomena by modulating and redu-
cing the crystallite size below the Bohr radius. The modulation
of photosensitivity of PbSe can be shifted to a wavelength as
short as 690 nm, with an optical bandgap of 1.8 eV. This
potentially allows the broadband photosensitivity of PbSe to
span across MWIR, SWIR, NIR, and into the optically visible
regime (690 nm-4.4 um). For this reason, a delineation will be
made between reviewing PbSe-based photodetector fabrication for
MWIR application and those intended for shorter wavelengths.

3.1 Fabrication of MWIR PbSe thin films

Vast amounts of research have gone into increasing the infra-
red responsivity of PbSe thin films and better understanding

Table 3 List of common precursor chemicals for CBD of PbSe
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the properties around its intrinsic (bulk) optical bandgap
(0.27 eV), centered around a wavelength of ~4.4 pm. The
majority of progress in this area has been accomplished using
the CBD method, which is also the preferred deposition
method for achieving the highest IR responsivity.”>”>

The CBD process is low-cost, and the setup is straightfor-
ward, requiring commonly available chemical lab facilities and
equipment. Various precursor chemistries shown in Table 3 are
used as sources of lead and selenium. The deposition rates and
film properties are primarily controlled by chemical concentra-
tions, bath temperature, pH, and surfactants. The morphology
can vary significantly from a very highly ordered cubic poly-
crystalline thin-film to a vertically columnar grain or even
loosely packed precipitated (just-touching) crystal particles.
The substrate conditions (material type, crystallinity, rough-
ness, and type) can influence the polycrystalline orientation
from a random mix of crystalline orientation’® to a single
preferred orientation.””

3.1.1 PbSe IR sensitization for enhanced photoconductiv-
ity. There are many methods for depositing and synthesizing
PbSe thin films for photodetectors. Regardless of the method
chosen, additional processing is necessary to activate the IR
photoresponse of PbSe, particularly for the MWIR regime.
While there are variances of sensitization, it generally com-
prises two thermal steps, often referred to as oxidation and
iodization. These are both thermal processes (usually between
280 °C and 450 °C), sometimes referred to as thermal annealing
in air, oxygen, and/or iodine vapor. To activate the MWIR
photoresponse of PbSe, recent attention is shedding light on
a better understanding of the device physics behind these steps
and the role oxygen and iodine play. Still, many questions
remain (Fig. 3 and 4).

All discussion of MWIR sensitization of PbSe should be
prefaced with a heavy emphasis on the fact that all films are
not created equal. The many ways to form, deposit or synthesize
PbSe along with significant variations of morphology and the
volatility of selenium is crucial when comparing one group’s
results from another. Many oxidized forms of PbSe exhibit
p-type conduction properties with larger bandgaps (Table 5).
Also, while iodine is used as an n-type dopant in PbSe, the
iodization process reacts with PbSe and the many forms of

Source Year Substrate Recipe
Grozdanov® 1998 Glass, 10-12 mL 0.5 M Pb(NO;), + 2 M NaOH + 10 mL 1 M Na,SeSO;. T = 70 °C; pH = 10. Selenosulfate:
polyester 1 M Na,SO; + 1 M Se followed by sintering
Sarkar®’ 2006 Glass 60 mM Pb(CH3COO), + 50 mM Na,SeSO; + 0.6 M KOH. pH = 13. Selenosulfate: 0.5 M Na,SO; + 0.2 M Se
2006 60 mM Pb(CH;COO), + 50 mM Na,SeSO; + 160 mM TSC. pH = 10.5. Selenosulfate: 0.5 M Na,SO; + 0.2 M Se
Hankare®® 2003 Glass 10 mL 0.25 M Pb(NO3), + 1 M tartaric acid + 1 M KOH + 10 mL 0.25 M Na,SeSO;. T = 4.85-25 °C
Kassim®” 2010 Glass 20 mL 0.15 M Pb(NO;), + 10 mL triethanolamine + 20 mL 0.15 M Na,SeO,. T = 25-80 °C; pH = 6
Jang”>7* 2019  SiO,/Si 1 M Pb(CH;CO0), + 1 M CH,4N,Se + KOH. T = 80 °C; ¢t = 1 h; pH = 10. Oxidation at 460 °C for
6.25 min. Iodization at 300 °C for 6.25 min
Templeman®® 2014 GaAs 60 mM Pb(CH;COO), + 50 mM Na,SeSO; + KOH. pH > 13. Selenosulfate: 0.5 M Na,SO; + Se
Gorer® 1995 Glass 60 mM Pb(CH;COO0), + 160-320 mM TSC + 50 mM Na,SeSO; + KOH. pH = 10. Selenosulfate:
0.5 M Na,SO; + 0.2 M Se (70 °C, several hours)
60 mM Pb(CH;COO), + 0.6-4.3 M KOH + 50 mM Na,SeSO;. pH > 13. Selenosulfate:
0.5 M Na,SO; + 0.2 M Se (70 °C, several hours)
3138 | Mater. Adv., 2021, 2, 3133-3160 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Interface model and band diagram of a junction between PbSe
grains and Pbl, layer.** (Reproduced from ref. 44 with permission of the
AIP Publishing, Journal of Applied Physics.)
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Fig. 4 Core-shell junction interface for the charge separation model for
PbSe.>° (Reproduced from ref. 50 with permission of the AIP Publishing,
Journal of Applied Physics.)

Pb,Se,0, to form a layer of Pbl,, which is a p-type semi-insulator
(Eg = 2.3 €V). While a particular process may form a specific p or
n-type PbSe film, all thermal processing, with or without oxygen or
iodine, impact the stoichiometry of PbSe and begin to transition
and change the homogeneity of the film regardless of the deposition
method. The initial film conduction type, film morphology, thick-
ness, film density, grain size, porosity are just a few film properties
that should be considered before making any conclusions. Many
researchers have successfully formed different junctions with
different combinations of sensitization. For example, Yang et al.”®
reported MWIR response with oxidation alone on p-type PbSe but
not on n-type, and Jang et al.”* reported a p—p isotype heterojunction
on a layered film stack of Pbl, on p-type PbSe.

Many groups reported that both oxidation and iodization
must occur to achieve any appreciable IR photoresponse in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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thin-films of PbSe.”>”>7%#° Until recently, the understanding is
that oxidation of the top ~ 50% of the polycrystalline PbSe film,
as well as along grain boundaries, produces forms of PbSeO; or
Pb;0,(Se0;), which acts as a large bandgap, potential barrier,
selectively trapping electrons and extending hole carrier life-
time to allow transport to electrodes. The role of iodine was
accepted by most as aiding in the recrystallization and assisting
in the controlled incorporation of oxygen into the PbSe lattice.
Regardless of the model, the electron traps must be formed for
PbSe to have a photoconductive response to IR light. Whatever
the way it is achieved, the sensitization process results in a
significant increase in the film’s conductivity.

Many believe the purpose of iodine is to aid in the solid-state
sintering and rapid recrystallizaiton”® of PbSe and PbSeOj;.
Golubchenko et al. reported that the presence of iodine reduces
the formation temperature of the oxyselenites such as PbSeO;
by more than 100 K.*"** While this may be one of its roles,
recent work by Jang et al. and Suh et al. show that the symbiotic
relationship between oxygen and iodine is multipurpose.”®”>%3
Regardless of the order and role of oxygen and iodine, both
thermal processes reduce selenium content in the upper part of
the PbSe film to form PbI, and various PbSe,l, 0, and PbSe,O;_,
complexes. The net results are reduced selenium content, the
formation of lead oxide/Pbl, layers, and the diffusion of
iodine and oxygen into the PbSe film and/or along PbSe grain
boundaries. Both Jang et al. and Suh et al. show that iodine
incorporation in the actual CBD deposition bath is necessary to
incorporate iodine into the PbSe lattice during the film deposi-
tion, in addition to a subsequent thermal iodization process to
form a Pbl, layer.”>”>%?

Jang et al. reported the chemical reactions during oxidations
and iodization, respectively.®® Qiu et al. reported the iodization
of PbSe releasing Se gas during Pbl, formation.

6PbSe + 90, — 2Pb302(S€O3) + 4Se02(g) (2)
2Pb;0,(Se0;) + 6I, — 6PbI, + 2Se0,(g) + 30,(g)  (3)

PbSe + I, — Pbl, + Se(g) (4)

Jang et al.®® reported and proved experimentally that the

upper part of the Pbl, layer acts as passivation, a high E, barrier
(Eg = 2.3 eV), and aids in reducing the non-radiative recombination
of e-h pairs. Jang also reports the interaction of the oxidation and
iodization is complex and thoroughly explains the significance of
band alignment of the materials and the location of the Fermi
level.”” However, Jang states iodization without oxidation can
result in rapid conversion of the entire thin-film to Pbl,. This
agrees with reaction (4) above in that iodization, alone, will
volatilize all the Se to form a 100% PbI, film. Jang et al. report
that following iodization, XRD data suggest very little oxygen
remains in a crystalline form of their fully sensitized film. They
suggest that the oxidation of the top layer serves both to better
control the iodization process in the formation of the top Pbl,
layer and form electron traps by incorporating oxygen into the
bottom layer PbSe crystals and grain boundaries. It is stated that
iodization without oxidation may be possible under appropriate
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process conditions.”* Oxygen is still necessary to act as electron
traps, but this suggests sufficient oxygen content may be
incorporated into the PbSe lattice during the CBD deposition
process and thermal iodization. This is supported by documen-
ted improvements in photoconductivity for thermal evaporative
deposition of PbSe under poor vacuum conditions, allowing
oxygen incorporation during film formation.”

Suh and Humphrey et al. state that “the photoconductive
responsivity is proportional to the resistivity and the response
time of the sensor. Therefore, for a photoconductive sensor to
have a high responsivity, it is necessary to have a high resistivity
and long response or carrier lifetime”.****”> Suh et al. reports
that vapor pressure during iodization following oxidation play a
significant role in forming of the Pbl,.”> Suh further concludes
that iodine atoms both inside and outside of the PbSe micro-
crystals may work together to induce effective solid-state sintering
leading to the redistribution of oxygen atoms in the effective
atomic sites.”

Contrary to the commonly accepted sensitization process,
several groups have adopted a hybrid sensitization process
whereby iodization occurs first by annealing in an I, and O,
atmosphere at 220 °C for 15 minutes followed by annealing in O,
only, at 450 °C for 1 hour.”**>°" The reduced hybrid iodization
temperature suggests that minimal reaction occurs between the
iodine and the PbSe, possibly lending to slow diffusion of iodine
along grain boundaries. Even if only interstitially, the presence
of the iodine may help promote the recrystallization and
incorporation of oxygen into the bottom PbSe in the subse-
quent oxidation step at 450 °C. Suppose Golubchenko et al. are
correct, and the presence of iodine reduces the formation
temperature of oxyselenites by 100 °C; in that case, this process
may be successfully forming the critical electron traps inside
the PbSe crystallite and along grain boundaries.*"*> Any Pbl,
formed during the hybrid-iodization step would reflow during
the subsequent 450 °C oxidation process given the 402 °C
melting point of PbL,.

Many groups report XRD data revealing different forms of
PbSe-oxides and PbSel-oxides. High IR responsivity is achieved
in thin films of PbSe spanning all forms. Some groups report
better performance with one form; however, the evidence is
supported with empirical data only. Regardless, the one common
property of all forms of these lead-oxide and lead-iodide compounds
is a large bandgap (Table 4), providing an electron trapping barrier.

A fascinating study by Hechster et al. shows that annealing
in a chlorine environment, instead of oxygen, improved the
signal-to-noise ratio in thin films of PbSe.”® While many groups
report evidence of high IR responsivity in PbSe thin-films with a
particular setup, there is still a significant amount of contradicting

Table 4 Table of QD properties'©®

Lead Bohr Bulk bandgap QD E,
chalcogenide radius (nm) Eg (eV) range (eV)
PbS 18 0.41 0.60-1.6
PbSe 46 0.28 0.35-1.7
PbTe 150 0.31 0.60-1.1
3140 | Mater. Adv, 2021, 2, 3133-3160
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data suggesting a more systematic bottom-up approach may be
necessary to better understand the complexities of the sensitiza-
tion of PbSe thin-films for MWIR photodetector.

3.1.2 Chemical bath deposition (CBD). Chemical bath
deposition is the most common and currently produces the highest
IR responsivity of all the deposition methods.”””> CBD films are
generally deposited on silicon, glass, or GaAs substrates of thick-
nesses ranging from 0.2-2 pm. The typical randomly oriented
polycrystalline morphology produced by CBD seems to lend well
to the subsequent sensitization processing, which requires diffusion
and incorporation of both oxygen and iodine in and around the
grain boundaries. Of all the deposition methods for MWIR applica-
tions, CBD appears to be the most appropriate for photoconductive
photodetector applications and allows the most simple, controllable,
and repeatable deposition method, balanced with low-cost.

Ganguly et al. published the first comprehensive physics-
based material-to-system model for monolithic polycrystalline
PbSe photodetectors for a CBD process developed by industry.**
Characterization data from fabricated photodetectors were fed
into the model, interconnecting the band structure of the PbSe
film to the SPICE-based compact model from Northrop Grumman
and the University of Virginia experimental teams. This accounted
for effects such as material variability and operating conditions
and was validated on two independent sets of experiments by
benchmarking -V, low bias R-T, and D*-V data provided by
experiments.** The results of these data are shown in Fig. 5.**
Additionally, the group projected future photodetector perfor-
mance based on anticipated materials improvements and
operating conditions. This is the first step towards developing
a comprehensive model for PbSe photodetectors design.

While this section is specifically focused on CBD fabrication
for MWIR photodetector application, Borousan et al. reported
an impressive level of grain size control using a CBD method
they refer to as coprecipitation®® developed by Shiravizadeh
et al. Borousan’s work was intended for solar applications in
the Vis-NIR regime; however, they show by using surfactants in the
CBD process, they can modulate the morphology and crystallite
size from 2.0 pm to 35 nm.”* The surfactant-free sample produced
with the coprecipitation method (larger grains) can make PbSe
films in the MWIR regime.

The use of surfactants in the CBD process for MWIR photo-
detectors is promising. Smirnova et al. reported the addition of
ammonium iodide (NH,I) in the CBD bath, influencing
the grain size and morphology. It did not impact the ~1:1
stoichiometry of the PbSe. In contrast, the concentration of
NH,I in the bath linearly affects the Pb:I atomic ratio and
increases the PbSe lattice parameter suggesting iodine is being
incorporated into the PbSe crystals during deposition.”* This work
does not report any influence on the oxidation step of the sensitiza-
tion process nor impact on IR photoconductivity or responsivity.
Subsequent work reported by Yurk et al. and Maskaeva builds on
this by evaluating the influence of adding antioxidants and NH,I to
the CBD bath during PbSe deposition.**

Several antioxidants were evaluated by Yurk and were found
to heavily impact the stability of the selenurea precursor
chemistry for up to five days. Higher alkalinity was found to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Benchmarking dark and light IV of a classic experiment (1970).%°
(b) Benchmarking RT IV of detectors fabricated at Northrop Grumman
(2017). (c) Linear response RT benchmarked with NGC detectors. (d)
Benchmarking of various noise mechanisms with experimentally mea-
sured noise. (e) Benchmarking of DV between the theoretical model and
the experimentally measured detector performance.** (Reproduced from
ref. 44 with permission of the AIP Publishing, Journal of Applied Physics).

increase the decomposition of selenurea, but Na,SO; and
CeHCs were found to have a stabilizing effect. A small amount
of reduction in the PbSe lattice constant and an increase in the
share of nanocrystals and optical bandgap were also reported
(0.78-1.0 eV).** Maskeave et al. combined the NH,I and anti-
oxidants and reported a PbSe crystallite size ranging from 60 to
2 nm; however, the bandgaps reported, post anneal, were found
to range from 0.27 to 0.35 eV.?® It is unclear what caused the
discrepancy between their reported optical bandgap. Maskaeva
also introduced both NH,I and performed a thermal anneal.
The anneal may have merged the crystallites to a scale above
the Bohr radius of PbSe to achieve an optical bandgap of bulk
PbSe. The presence of elevated iodine levels (NH,I) may have
influenced PbSe crystal growth and oxygen incorporation into
the PbSe grain, making the films optical bandgap correlate to
larger crystallite geometry associated with MWIR wavelengths.

PbSe deposition via CBD is reported as being highly sensitive to
substrate type and surface conditions with respect to morphology,
crystalline preference, and adhesion. Shandalov et al. reported that
their CBD process resulted in superior wetting and adhesion to
GaAs substrate as opposed to SiO, and glass.”” They reported poor
adhesion and lack of a continuous film for SiO,. Others success-
fully deposited a high-quality continuous PbSe film on thermally
oxidized silicon substrates by roughening the surface for better
adhesion and grain nucleation.”>”*%?

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Kim et al. synthesized colloidal PbSe particles using a novel
CBD-like solution-based method and spin-coated to form a PbSe
film on various substrates (glass, ITO, and PET). The films
were annealed in an Ar atmosphere, and a near-perfect (200)
preferential orientation PbSe films were achieved by controlling
the acetate (CH3COO™):nitrate (NO;3 ) ratios. The choice of
chemistries modified the polarity of the chemistry, leading to
this highly preferred crystalline orientation.’®

Kumar et al. deposited a PbSe film on a glass substrate
and fully sensitized to achieve an impressive D* of 2.8 x
10*° em HzY? W1.7%77 Kumar provides extensive TEM and
SAED analysis and thoroughly documents the key finding of
this high D* film. A schematic depicting the TEM and SAED
results in the layout of a comprehensive picture of the chemical
and morphological properties for fabricating high IR respon-
sive PbSe film.

Qiu et al. reported a thin-film fabrication method to better
tune a PbSe-based thin-film sensitive to a specific optical
bandgap/wavelength.®® They used a two-step CBD process to
deposit PbSe NC on top of CdS NCs to form a heterojunction.
Instead of growing a film with specific wavelength sensitivity,
Qiu formed a PbSe-based film with significant quantum con-
finement characteristics (blue-shift) followed by thermal
annealing to both repair crystalline order, reduce interface
defects and grow the PbSe grains (red-shift).

Red-shifting via thermal annealing allows a more controllable
means of tailoring the film to a specific IR wavelength as opposed
to controlling with only a film deposition process. Thermal
annealing potentially offers a linear and cumulative solution of
tuning the film bandgap and band alignment. Qui et al. show how
with increasing temperature and time, they can adjust the optical
sensitivity of a PbSe-QD/CdS heterojunction between Visible to
MWIR. With increasing temperature, both crystalline defects are
reduced, and the dark photocurrent is suppressed. They achieved a
sensitivity Rpear 0f 0.36 AW " and a D* of 4.2 x 10° cm Hz'> W
with a cutoff wavelength of 4.2 pm.*

Templeton et al. reported a unique morphology controlled by
substrate temperature during their CBD deposition process.'*® By
varying the substrate temperature between 15-40 °C, they were
able to obtain distinct PL signals ranging from 1.9-4.4 pm in
wavelength, respectively.'® The deposition rate was slow; however,
the columnar morphology could be beneficial for maximizing
absorption by scattering light. There was no mention of
sensitization.

Rapid progress in using different complexing agents, pre-
cursors chemistries, and QD precipitation methods proves CBD
has the flexibility to cover the IR spectrum while remaining
relatively simple and inexpensive. While other deposition processes
are used to grow thin films, CBD is a very mature process, and this
assures CBD will remain in heavy use. While other methods are
increasing in use and offer advanced process control, there is still a
need for material development and process maturation.

3.1.3 Physical/chemical vapor deposition (PVD/CVD). Both
PVD and CVD are grouped based on the nature of their process.
PVD includes all types of thermal evaporation and physical
sputtering, including pulsed laser deposition. CVD includes thermal,
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low pressure (LPCVD), and plasma-enhanced (PECVD) but also
includes ultra-high vacuum methods like MBE and ALD. CBD
offers a simple and low-cost process that provides many options
for thin films for IR-sensitive photodetectors. However, the
inherent nature of a chemical bath processing lacks many of
the necessary controls for more complex photodetectors with
the potential for multiple layers, precise doping, and uniformity
over larger substrates.

The PVD is grouped with thermal evaporation and sputter-
ing from high purity, physical targets in a very controlled
chamber environment with precision vacuum, temperature-
controlled platens, and a choice between inert and reactive
carrier gasses.

These vapor-based processes offer the benefit of a more
controlled deposition rate and better uniformity. Sinh et al.
used a thermal evaporation process to deposit thin-films of
PbSe doped with Cd, CdI, CdSe, and Sn."*" The group deposited
layers of these doped and alloyed films on both silicon and
glass substrates. The morphology varied from randomly oriented
nanocrystals to preferentially oriented cuboids (20-500 nm). They
also show a transition from an ordered cuboid morphology to a
much smaller and flat film of elongated nanorod'®" and control
of the morphology with doping and subsequent thermal annealing.
The Sn doping significantly influences the morphology, allowing
nanorods of 50 nm diameter, yet interestingly had no impact on
bandgap (0.27 eV). The Cd and CdI doped samples showed a similar
change in morphology with annealing yet showed a significant
bandgap shift. Addition results from this group were reported
by Saraf and showed similar results with additional optical
characterization. The Cd-doped PbSe films were reported of having
a bandgap of 0.52-0.54 eV, corresponding to an optical wavelength
sensitivity of 2.4-2.3 um, respectively.'®

Sun et al. acknowledged, “the optical and photoelectric
properties of PbSe thin-films are intensely affected by the crystal
structure which is mainly determined by the growth process.””*%
Sun reported results from a thermodynamic simulation, con-
firmed with experimental results, the optical characteristics of
PbSe grain grown via PVD on different substrates. Sun deposited
PbSe on monocrystalline silicon substrates of (100) and (111)
orientation. They reported the complex relationship between the
two primary preferred PbSe (200 & 220) orientations with substrate
orientation, and dependency on the interface and strain energy
variation.'%

Sun et al. reported that the preferred orientations are obtained
with variations of interface and strain energies during the growth
process.®® It should be noted that some PbSe photodetectors are
grown on insulators, such as on thermally grown SiO,, which is
amorphous. This is an important finding as control of crystal
properties is critical to achieving a repeatable and manufacturable
photodetector process.

While many groups chose to continue to perform research
on the more mature CBD deposition method, physical vapor
deposition will undoubtedly produce mature and enable much
more advanced photodetectors as well as other device types.
The advantage of tight process controls will become key, and
the costs will go down as the volume of demand increases. It is
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expected that more integration of deposition methods will become
more common, as seen with the reports above by Qiu et al.*’

3.1.4 Laser sintering method for deposition (LSD). Recent
work completed by the authors of this review introduces a new
low-cost, flexible, and environmentally friendly alternative method
for depositing thin-films of polycrystalline PbSe.”* The process
involves integrating three commonly available techniques. Ultra-
pure bulk PbSe ingot is planetary ball milled in a methanol
solution to produce colloidal nanocrystals followed by centrifugal
deposition of the nanocrystals on silicon substrates. The centrifuge
is used to drop out the colloidal nanoparticles on a submerged
substrate. The final step uses laser sintering to both sinter and
forms a continuous and highly conductive thin film of polycrystal-
line PbSe.’®* The process allows in situ-laser-patterning, in situ-
doping, and superior adhesion to a variety of substrates with
unique and spatial morphology manipulation. This new method
provides processing at a low cost and excellent morphological
control for MWIR and NIR-Vis photodetection. This laser sinter-
ing deposition method is environmentally friendly as it allows
near-zero hazardous waste, making it an attractive alternative to
chemical bath deposition. Finally, this process is much more
rapid than CBD and allows post-processing to locally adjust
properties using the laser rastering system.”"'%*

3.2 Fabrication for VIS-SWIR PbSe thin films

The vast majority of SWIR to visible photodetector research
relating to lead chalcogenides is PbS-based. As a result, PbS is a
much more mature and understood material; however, interest in
PbSe for photodetectors and photovoltaics is building momentum.
Research in PbSe is beginning to eclipse PbS due to its smaller
bandgap, larger Bohr exciton radius, and wider QD bandgap range
(Table 4). The bandgap can be tuned to large or shorter values by a
further change in QD size, and the values shown in Table 4 are just
for a limited range based on the cited paper. Eqn (5) is a simplified
form of the Brus equation showing the relationship between the
bulk bandgap and the effect of quantum confinement in QDs with
QD radius (R) and carrier effective mass (m*). PbSe is also gaining
traction on PbTe for thermoelectric applications due to its high
performance and lower costs.

D BULK I
ES (R) = E, * 8m* R? 5)

3.2.1 Fabrication of PbSe nanocrystals. Much of the more
recent research focuses on tailoring the photosensitivity of
PbSe to wavelengths between SWIR and as far down as visible
wavelengths. Much of the literature is application-agnostic;
however, many are reporting material parameters that apply
to photodetectors (D*, R, fast response, S/N, etc.) as well as for
solar cells (broad-spectrum, efficiency, MEG). They accomplish
this by controlling and reducing crystallite size, alloying with
larger bandgap materials, and doping with impurities or other
metallic nanoparticles (NP).

Fabrication of reduced crystallite sizes below the Bohr exciton
radius of 46 nm can be accomplished using many different
methods, including but not limited to CBD, PVD, and CVD.
However, the most successful and widely used method for

© 2021 The Author(s). Published by the Royal Society of Chemistry
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synthesizing nanocrystal (NC) or QD PbSe, is the hot-injection
method. While other methods are capable of producing and
modulating PbSe QD size and thus spectral photoresponse, it is
unclear how well these methods can repeatably target a specific
spectral response for a given application. QD size is just one
variable of many that can impact spectral response, so tight
process controls must be achievable for any fabrication method
to prevail past the research phase. Deposition methods with less
process control, such as CBD, may potentially struggle to fabricate
on a larger scale and maintain tight process controls such as
chemical bath concentrations leading to a cross-wafer nonunifor-
mity and wafer-to-wafer variation. Many research groups using other
synthesizing methods for fabricating QD do so by varying process
parameters such as temperature to scale the QD size; however,
determination of the photoresponse is often limited to optical
characterization with photoluminescence (PL) or optical absorption
spectra (Tauc plots).

3.2.2 Hot-injection synthesis of QD. This method has a
variety of forms and is described in detail by many.'°®*°” While
some synthesis methods inherently produce a wide distribution
of QD sizes, hot-injection often produces a very narrow size
distribution, which is advantageous for understanding the
impact of QD size on optical bandgap. “By controlling the chemical
precursors’ concentration, ligands, temperature, and reaction time,
QDs of the desired size and shape can be obtained.”"”” The ligands
are necessary for QD stability but hinder conductivity between the
QD and must be chemically replaced by shorter ligands reducing
inter-nanocrystal distance, improving charge transport, and passi-
vating the surface. Passivation is essential for bulk PbSe films;
however, it is critical for QD due to their high surface-to-volume
ratio and higher surface trap states.’®” This is often referred to
as capping or forming a QD core-shell. These long ligands can
be replaced using a simple chemical process called ligand
exchange (Fig. 6).

Hu et al. report that the most effective and widely-used
ligand exchange process uses purely atomic ligands such as
iodine and bromine or a hybrid of these halogens with a short
organic ligand such as mercaptopropionic (MPA) or ethane-
dithiol (EDT).'®” Hu reports a comprehensive description of the
ligand exchange process as well as the entire fabrication process
from synthesis to choosing appropriate capping materials for
band-aligning metal contacts'®” (Fig. 7). The ligand-induced
surface dipole presents a means of control over the absolute
energy of QD by as much as 0.9 eV, as shown in Fig. 7 (right).

Dai et al. proposed a new core-shell model where the PbSe
core QD is stoichiometrically balanced while the shell (surface
atoms) are free of Se and effectively a pure Pb layer."'® It was
unclear if this was inherent to the synthesis process; however,

Spin Coating

\Q‘?b Solution state ligand exchan?e\ ’

Va g ) - =~
Fig. 6 QD Ligand formation and exchange process. Reproduced from
ref. 108 with permission of The Royal Society of Chemistry, Energy &
Environmental Science.)
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Fig. 7 QD Ligand exchange types for PbS with absolute band energies
and their respective bandgap shifts with different ligands due to their
respective surface dipole.}°® (Reproduced from ref. 109 with permission of
the American Chemical Society, Nano.)

Table 5 List of bandgaps (energy barriers) for oxygen and iodine compounds
of Pb

Material Crystal Eg (eV)
PbSe Cubic 0.27
PbSeO; Monoclinic 3.2
Pbl, Rhombohedral 2.3
PbO Orthorhombic 2.8
PbO Tetragonal 1.9
Pb;0, Tetragonal 2.1
Pb;,046 Monoclinic 1.3
Pb,0O; Monoclinic 1.4
PbO, Tetragonal, rutile 1.5
PbO, Tetragonal, columbite 1.4

this appeared to be the case and is consistent regardless of the
Se-precursor, Se-TBP (tributylphosphine), or Se-TOP (trioctyl-
phosphine). Dai reported through convincing and rigorous
means that a single layer of Pb exists on the surface of the
QDs and was consistent across a population of 18 samples.'*°

The outer pure-Pb layer of QDs may react and form a
passivation layer of Pbl, during the ligand exchange process.
Compared to tightly packed grains of PbSe thin films, the QD’s
higher exposed surface and higher surface to volume ratio allow
for a higher Pbl, or PbO/PbSeO, to PbSe ratio. This may provide
the necessary electron trapping barrier as well as passivation of the
surface. It may also be accomplished without a high-temperature
thermal process due to the nanoscale geometries. A native oxide,
similar to RT native oxides of silicon, maybe all that is necessary to
form a high-bandgap electron trap barrier for QD. Table 5 lists the
various forms of PbSe-oxides and Pbl, with their respective
bandgaps. The presence of a halogen-based barrier may further
improve this minority carrier trapping mechanism.

Shuklov et al. reported a comprehensive review specifically
for lead chalcogenide QD synthesis, including an evaluation of all
the most effective methods.'® Shuklov provides substantial
detail from a chemistry perspective as well as the latest under-
standing of advantages and disadvantages for each synthesis of
PbSe QDs."*> According to Shuklov, there are dozens of methods
for synthesizing PbSe QDs, and all come with different trade-offs.

3.3 Discussion on Fabrication of PbSe QD

One interesting observation that is not clearly explained between
the bulk property of PbSe versus those exhibiting quantum
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confinement (blue-shift) is the need for thermal sensitization. As
described above (MWIR section), thin-films of PbSe with E, closer
to the bulk level (~0.35-0.28 €V) require oxidation and iodization
to enable any measurable photoconductive response. Many
researchers have achieved a substantial photoresponse using QD
without thermal oxidation or iodization. Iodine has been shown to
impact many parameters in PbSe; however, it is still unclear which
are essential to enabling substantial photoconductivity for thin
films. The use of halogens in QD films to enable a photoresponse
may support the notion that iodine’s primary role in PbSe films is
to passivate and form a large bandgap barrier for electrons.”” QD
also uses halogen-based ligands to shift the bandgap (Fig. 7) by
applying their surface dipole and controlling the carrier density.
The ligand-induced surface dipole presents a means of control
over the total energy of QD by as much as 0.9 eV, as shown in Fig. 7
(right). We know that iodine also acts as a substitution site for
oxygen into the PbSe lattice and lowers the activation energy of
recrystallization. These may be less critical in QD films as their
surfaces are more sensitive to oxygen exposure. Additionally, the
large surface to volume ratio may allow a larger percent of PbSe to
get more sufficiently doped with oxygen atoms from the colloidal
solution and precursor chemistry in the QD synthesis.

While a separate thermal sensitization step with oxygen and
halogens does not appear to be necessary to enable a high
photoresponse for QDs, many researchers are using halogen-
based coatings on QDs to replace the organic ligands inherent
in the synthesis of QD. Many are finding the benefits of coating
QD with halogens (iodine, bromine, and chlorine) to increase
conductivity and passivate QDs to stabilize them from degradation
due to oxidation.'*

It should also be noted that while many researchers have
successfully modulated the photoresponse of PbSe nanocrystals
between Vis and MWIR, the data is empirically collected, and the
correlation between crystallite size and optical spectra is usually
performed using Scherrer’s formula taken from XRD spectra.
While TEM is usually used to determine the size and monodisper-
sing of PbSe QDs, XRD is often used for determining crystallite
sizes for more traditional thin film deposition of PbSe. This has
many sources of error, and crystallite size correlation to optical
spectra varies significantly between literature, even within the
same group.’**® For this reason, much work is needed to address
the accuracy and precision for repeatability of any nanocrystal or
QD synthesis process and understand these discrepancies. This is
expected as this field is in the material development phase. Many
challenges lay ahead; however, the progress looks promising for a
wide variety of applications from thermoelectric, optoelectronics,
photovoltaics, and photodetectors.

Eqn (6) is provided by Moreels et al. for correlating optical
bandgap of PbSe QD of various diameters (d) between 2 and
20 nm.">"" This allows a determination of the spectral posi-
tion of the first optical transition based on particle size.

1
0.0164d> 4 0.209d + 0.45 (6)

Ey=0.278 +

The value E, represents the optical bandgap of PbSe QDs
and d represents the diameter of the QD (Fig. 8).
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Fig. 8 Plot of egn (6)**! showing the relationship between the optical
bandgap based on QD diameter.

4. IR photodetector devices

IR detection devices work based on a photo-sensitive material,
which can absorb IR radiation and convert the absorbed light
into a detectable electrical signal. Semiconductor-based materials
are leading this field due to their strong light absorption
properties. Other materials are being researched and proposed
as an alternative, but their quantum efficiency (QE) is very
low. Different types of semiconductor materials (i.e., different
bandgaps) are required for detecting different IR ranges. The
photodetector performance can be improved by engineering
the electronic properties (detectivity and quantum efficiency) of
the absorbing material and increasing the coupling of light to
the electronic states of the absorbing material. Despite the
advantages and ranges of applications of highly sensitive IR
cameras, they require cryogenic cooling, which makes them
bulky and increases the maintenance cost."”

There are mainly three parameters considered in the market
point of view: volume, performance, and cost.” The IR photonic
detectors are being fabricated with low volume and quite a high
efficiency, but their cost is high. Even though the applications
of IR imaging systems are increasing rapidly. The key research
focus of future IR technologies is to reduce the cost of IR cameras or
devices and improve performances. The vital research of PbSe
photodetector is focused on: (1) improving efficiency, (2) fabricating
large imaging FPAs (most applications require arrays of detectors),
(3) fabricating RT or thermoelectric cooled imaging systems (ie.,
increasing operating temperature), (4) integrating with silicon
microcircuit technologies to make more compact and low-cost
systems, and (5) fabricating at mass production."? The trade-off
between all of the above factors will be required for the best
figure of merits.

4.1 Types of photodetectors

The IR imaging systems mainly use three types of basic device
architecture, based on photoconductor, phototransistor, and
photodiode. Different types of substrates for the detector devel-
opment have been used, such as glass, Si, quartz, sapphire,
GaAs, and transparent conductive oxides, but mostly glass and
silicon are preferred based on cost.> However, glass is not so
well suited for MWIR range photodetection due to the lack
of transparency. The choice of substrate depends on the type
of structure and application. Different electrodes as ohmic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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contacts are being experimented for efficient generated carrier
collection such as with their work function, silver (Ag, 4.7 eV),*”"'>
gold (Au, 5.1 eV),"#*7"13114 platinum (Pt, 6.35 €V),">""* titanium
(Ti, 4.33 eV),”"*!"> chromium (Cr, 4.5 eV),"”'"* aluminium (Al
42 eV)”" and graphene (~4.56 €V)."'*'"” Choosing a proper
electrode is a major concern for appropriate ohmic contact design
while reducing the overall cost of the IR imaging devices.

4.1.1 Photoconductor. The traditional PbSe photoconductor
device structure based on the polycrystalline thin film is shown in
Fig. 9. The PbSe thin film can be deposited on a Si and/or glass
substrate. Flexible substrates can also be considered as the
research on this area is improving. IR photodetectors are widely
used in health care and thermal imaging. For these applications,
wearable devices such as human physical sign detection need to be
lightweight and deformable."'® However, existing IR detectors are
rigid and cannot be fabricated on soft, flexible, and curvilinear
matter.'™ So, the necessity of manufacturing flexible, lightweight,
and transparent IR detectors on bendable substrates is getting
significant attention. For example, some recent reports include
optoelectronic NIR spectroscopy-based detectors™® smart textile
which gauges blood oxygenation levels, and flexible IR detectors
have used graphene'* and carbon nanotubes''® (CNTs).

Photoconductor-based devices are generally used for IR applica-
tions such as imaging sensors and motion detection.'*" Generally,
the electrodes are placed on top of the film using a mask to create
ohmic contacts and have the window for incident light absorption.
Two ohmic contacts (considered as source and drain electrodes) are
separated by a window known as the photoactive layer. The ohmic
contact resistance is an essential parameter for the photo-sensing
properties because the ratio of electrical resistance under illumina-
tion to dark conditions is maximized when the junction resistance
is negligible.""* The device works under an applied bias voltage. The
photoactive layer generates carriers (temporary changes in carrier
density) under illumination, which are collected by the electrodes.
The majority type of carriers has a shorter transit time than minority
carriers and quickly traverse to an electrode, while the other
electrode maintains the charge neutrality by providing additional
carries, which defines the total gain.'?’

The responsivity of a detector depends on the amount of gain
from the device. However, if the photodetector is limited by the
noise then there is a possibility that the higher gain signals will
also have higher noise levels. These kinds of photodetectors are

hv
Au ’ ’ ' ! { Au
PbSe Thin Film

Substrate (i.e., Si)

Fig. 9 Device schematic of PbSe thin-film photodetector.?* (Repro-

duced from ref. 121 with permission of the Multidisciplinary Digital Publish-
ing Institute, Nanomaterials).
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not appropriate for highly sensitive applications. So, the design
parameters should be optimized for high quantum efficiency
and lower dark current."”>

Generally, four types of noise mechanisms** are considered
for photodetector performance analysis, which are (1) thermal
(Johnson-Nyquist) noise due to the carriers thermal agitation,
(2) shot noise due to a finite number of carriers passing through
the detector film, (3) flicker (1/f) noise due to an averaging effect
of stochastic paths taken by the carriers through the transport,
and (4) generation-recombination noise due to stochasticity of
the generation-recombination (G-R) of carriers in the detector.

The Johnson noise current (i;),"*'** shot noise current
(is),**"** 1/f noise current (if),** and G-R noise current (ig;)"**
are given by the following equations, respectively.

4kTA
ij = \/R—df )
is = /2q|I|Af (8)
. landf
If = /7 plA (9]
igr = 2qG\/NEqANf + gl AAf (10)

where k is the Boltzmann constant, T is the temperature, Af'is
the noise spectral bandwidth, R, is the detector resistance, q is
the charge, |I| is the mean direct current flow, fis the operating
frequency, oy is the material-dependent Hooge’s constant, p is
the carrier concentration, [ is the detector thickness, A is the
device area, G is the photoconductive gain, n is the quantum
efficiency, E, is the photon irradiance, and gy, is due to the
thermal generation of carriers.

So, the total noise current (i,)'** can be expressed as the sum
of the power of all noise sources, given in the following eqn (11).

(11)

For the last two decades, researchers are more focused on
the QD form of PbSe for IR imaging devices. Because the PbSe
QD can expand the range of current technologies and easily
integrate with the complementary metal-oxide-semiconductor
(CMOS) technology.'*" However, ligands and dangling bonds
on the surface of PbSe QDs work as barriers in charge transfer,
which deteriorates the performance of the devices.'™* The
general device structure is the same as shown in Fig. 9, while
the PbSe layer is developed using a QD form of the material,
which is shown and discussed by Nakotte et al.'**

4.1.2 Phototransistor. Phototransistors are light-sensitive
photoconductors and function like FETs, which can be referred
to as photoFETs. The photoFETs are extremely sensitive to the
variations of light because the incident light generates a gate
voltage, which is used to control the drain-source current trans-
port into the conductive channel. So, the device is off (no current
flows) under dark conditions. The photoFETs are fabricated by
bridging a metal or degenerately doped semiconductor ‘“gate”
electrode separated by a dielectric (i.e., SiO,) spacer layer.'**

: 2

— ;2 22 © 2 2
In =4 + 157+ If +lgr
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Fig. 10 Schematic of a PbSe photoFET device structure.*®! (Reproduced
from ref. 121 with permission of the Multidisciplinary Digital Publishing
Institute, Nanomaterials.)

A simple schematic of a photoFETs is shown in Fig. 10, which
was fabricated on an n-doped Si substrate.

The modulation of drain-source current transport is controlled
through the gate electrode by using an applied gate voltage.'*
Charges are introduced into the conductive channel due to the
applied gate voltage, which can be used to tune transport and
control the total conductivity. For example, holes can be intro-
duced by a negative applied bias to increase the conductivity
of p-type lead chalcogenide QD films."”" Thus, the photoFETs
architecture is more preferred for the QD-based detectors design
to control the carrier modulation dynamics. For the same
reason, the photoFETs design architecture is more effective
than the photoconductors design.

The QD-based PbSe photoFETs with metallic (Au/Ag) nanowire
transparent electrodes have been reported for the NIR regime
applications with a high responsivity of 2 x 10* AW and a high
specific D* of 7 x 10'* Jones at low operation voltage (~1 V).'®

4.1.3 Photodiode. The PbSe QD photodetectors are also
fabricated like light-emitting diodes (LEDs) because the key
point is to enhance carrier mobility and collection. In photo-
diode, an electric field is formed within the absorbing layer by
pairing the materials with majority carriers of opposite charge,
where recombination near the junction creates a depletion
region with a charge gradient and built-in field."*" This induced
built-in field forces the photogenerated electrons and holes for
fast unidirectional transport in opposite directions and thus
reduces the recombination. However, the carriers generated
outside the depletion region travel slowly by the diffusion
process to reach either an electrode or the depletion region,
and thus the carriers have more time for recombination.*** So,
the performance of the photodiode depends on the size of the
depletion region. The photodiodes with different types of
junction have been experimented with so far, such as Schottky
junction, p-n junction, and p-i-n junction. However, the
operation principle of using a built-in field to separate and
collect generated carriers is the same for all types. Thus, the
performance of the device is critically dependent on the rela-
tion between device thickness and carrier diffusion length
(controlled by carrier lifetime and mobility)."**

The D* of a photodiode can be defined by the following
eqn (12).">* The D* indicates the signal to noise (S/N) ratio in an
AC signal obtained from a detector to the input incident energy
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of 1 watt (W). The D* is normalized to the detector area of 1 cm?
and a noise bandwidth of 1 Hz, for easier comparison of
different detectors.

_S/N-/A V4
~ " pP. V4  NEP

where NEP (noise equivalent power) is the quantity of incident
light equal to the detector’s intrinsic noise level. The NEP can
be defined by eqn (13)."**

D* [cm Hz'/? W’l} (12)

P-4 N,
NEP|W Hz'/?| = ——2__ -5
[ z ] S/N'\/H R

where, the noise signal density,"** Ng (: \/ i,,z) comes from the

(13)

total noise current eqn (11) and R, is the photoresponsivity at
the peak wavelength /p.

Several papers calculated and reported D* for QD-based
photodiode detectors by ignoring G-R noise, and sometimes even
Johnson noise in MWIR. This could potentially lead to unrealisti-
cally high D*. Even though the G-R noise in high-quality mono-
crystalline photodiode can be ignored, but it should be considered
for polycrystalline and nano-structured (QD, NW, etc.) films in
which recombination at interfaces could be high.

A photodiode device structure with a p-n junction is shown
in Fig. 11, which is more like a planar architecture. A PbSe thin
film (n-type) was deposited on top of an intrinsic Si wafer
followed by a sensitization process to convert the top part of
the thin film from n-type to p-type.'* Thus, it forms a p-n
junction. Usually, in the photodiode, a moderate reverse bias is
used to operate and create an effective depletion region, which
results in a unity gain. However, under a large bias voltage, it can
work in the avalanche mode and results in a gain higher than
one."*" Applications necessitating fast response time usually use
the photodiode configuration for detection.

4.1.4 The QD structure. The main challenges faced by
epitaxially grown semiconductors are the prohibitive cost and
the difficulty of increasing the operating temperature.'®® The
recent significant development of QD-based materials is showing
the possibility to address these challenges and achieve production
because the technological readiness level (TRL) is above 3 now.'*®
The QD-based PbSe material is now the focus of research for IR
imaging applications, mostly using the photodiode configuration
of vertical structure. The PbSe QD photodiode structure based on
vertical geometry is more explored, and a typical device structure

Au
Treated area (p-type)

As-deposited PbSe (n-type)

Substrate (Intrinsic Si, <100>)

Fig. 11 Schematic of a p—n junction type photodiode device.** (Reproduced

from ref. 114 with permission of the Elsevier, Journal of Alloys and
Compounds.)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 The general architecture of QD-based photodiode in vertical
geometry.*?® (Reproduced from ref. 125 with permission of the Frontiers
in Chemistry, Nanoscience.)

is shown in Fig. 12. The complete structure is grown on a
transparent substrate, which could be glass, but it also depends
on the applications as well as the wavelength range.

The most important gain of this structure is to utilize two
separate layers for carrier transport (electron transport layer
(ETL) and hole transport layer (HTL)). The key advantage of this
configuration is that it induces an in-built electric field which
makes the device operate nearly at zero volts biasing; thus, it
can provide low dark current.'*®

A transparent conductive oxide (TCO) layer is deposited on
top of the substrate. The conducting layers are indium tin oxide
(ITO) and fluoride doped tin oxide (FTO).'*® The ETL layer is
deposited on top of the TCO layer and then annealed at high
temperature; most widely used materials are inorganic layers
made of ZnO or Ti0,."*® The PbSe QD layer is deposited on top
of the ETL layer with an average thickness of 200 to 400 nm
considering the light absorption requirement, fabrication chal-
lenges, and transport diffusion length.'®> The HTL layer is
deposited on top of the QD layer; the most widely used material
is M0O;."*® Finally, the metallic contact layer is deposited on
top of the HTL layer. This general structure can also be applied
with inverted geometry depending on the combination of the
n- and p-type layers. At first, Chuang et al. reported a photo-
voltaic device architecture consisting of 10 layers of tetra-
butylammonium (TABI)-capped PbS QDs and two layers of
1,2-ethanedithiol (EDT)-capped PbS QDs."*° Similarly, a double
thin layer PbSe-EDT QDs, and PbSe-TABI QDs photodetector
was fabricated by Zhu et al. for broadband applications."”
Interestingly, the QD-based photodetectors are commercially
available (by SWIR Vision Systems). However, it is necessary to
address the challenges such as material (synthesis and QD
coupling), device (light-matter coupling, band alignment, noise, and
responsivity), and camera integration (stability, FPA, pixel scaling,
and hybrid fabrication with readout integrated circuit, ROIC)."*®

4.2 Advanced PbSe photodetector devices (state-of-the-art)

These various results of the fabrication of photodetectors were
published in peer-reviewed journals. The reported figures of
merit (R and D¥) can vary significantly. While D* is intended to
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normalize the photoresponse for comparing many types of
detectors, the method of determining D* is not trivial. It should
also be noted that while many of the following photodetector
devices, as fabricated, produce impressive figures of merit, the
fabrication method and or device designs are not practical for
practical applications. For instance, many of the active areas of
these devices are covered by metal pads that are opaque to IR
wavelengths. The illumination angle is limited to a very narrow
range from an oblique angle.

Hu et al. provided a thorough review of lead chalcogenide-
based QD photodetectors and describes many important properties
and characteristics as well as a description of the many types of
photodetector configurations and synthesis methods."”” While
much of the content of Hu’s review is PbS-based, it provides a
good overview of recent QD-based photodetectors beyond the
scope of this review article.

4.2.1 Broadband photodetectors using PbSe QD. Not only
QD size but morphology and microstructure of nanoscale forms
of PbSe are critical, as well as methods for closely packing the
QDs for improving carrier transport. Variable geometries for a
broader spectral response can also allow broadband photodetectors.
Borousan et al. reported their mesostructured PbSe (mix of nano
and micro-scale PbSe) had a broad spectral photocurrent (Vis-NIR)
with a fast response.’®® They attributed the improved photo-
conductive parameters to high levels of Se vacancies in their
Pb-rich samples (Se/Pb = 0.7) deposited with their co-precipitation
process. Borousan reports that their porous mesostructured film
morphology is critical.'*® Direct electrical (/V) measurements were
obtained, but no D* or R values were reported.

The potential for broadband photodetectors using PbSe QDs
is rapidly being realized due to the need for scientific, commercial,
and industrial applications. Zhu et al. successfully produced a
broadband PbSe QD-based photodetector with high photo-
responsivity and detectivity from UV to MWIR (350-2500 nm)."*”
The group reportedly produced a multi-layer broadband photo-
detector that circumvented the low absorption coefficient of
PbSe QDs by forming an n-type TBAI - (tetrabutylammonium
iodide) capped layer of QDs on top of a p-type EDT (ethylene
diamine tartrate (EDT)-capped PbSe QD layer. The group reported
success in applying a hole-trap-assisted photomultiplication
effect to boost the external quantum efficiency (EQE) ranging
from NIR to MWIR." They reported an EQE of over 450% in the
visible range and 120% in the NIR range.

Additionally, the group modified their ZnO electron extraction
layer (EEL) used for suppressing the dark current by applying
conjugated polyelectrolyte, which reduces hole transport in the
dark but improves conductivity under illumination with photo-
induced self-doping. They reported this dramatically improved
the D* from the UV to the MWIR region. The group reported a
D* of over 10'? Jones in the visible and 4 x 10 Jones in the
MWIR region. It should be noted that the EDT and TBATI used for
capping the PbSe QD are used in a ligand exchange process that
removes the organic ligands. In the case of TBAI, the capping
material is iodine-based (tetrabutylammonium iodide).

As mentioned in the MWIR section above, Qui et al. report a
promising method of first achieving strong quantum confinement
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(blue-shift) properties with their ligand-free CBD process followed
by a thermal anneal for fine-tuning the specific spectral response
(red-shift).”® This group formed a PbSe-QD/CdS heterojunction
allowing a photodetector tuning starting at visible with a potential
range (red-shifting) back to MWIR (4.5 um). With the growing
demand for broadband IR photodetectors, the intermingling of
multiple synthesis methods and materials will continue to stretch
the capabilities of this rapidly growing technology. Hybrid films
and stacked layers forming creative junctions and band alignment
are sure to advance.

4.2.2 PbSe-Based photodiode detectors. Ren et al. reported
a very impressive Rpeai 0f 0.35 AW ™' and a D* of 1.2 x 10" cm
Hz'> W' with their patterned PVD deposited PbSe device.'**
The patterned PbSe films were n-type (Pb-rich) and were only
sensitized with an oxygen plasma treatment. The testing was
performed at NIR wavelength. Minimal information was pro-
vided on the optical response characteristics; however, this is
an impressive figure of merit, considering this appears to be
sensitized with oxygen only.

One type of IR photodiode detector was demonstrated by
forming a p—n junction between PbSe and n-type metal oxides
like ZnO or TiO,. The metal oxide layer acts as an electron-
transporting layer, and the dark current of this configuration is
reportedly two orders of magnitude lower than a Schottky-type
photodiode.'®” Sulaman et al. configured a PbS, 4Se, ¢/ZnO(NP)/
ITO photodiode and reported a D* of 1.3 x 10" Jones'®
illuminated under a 980 nm laser. The same group configured
a broad IR photodiode by blending CH;NH3;PbBr; QDs
with PbS, 4Seqs QDs and reported an equally impressive R of
21.48 AW ' and a D* of 3.59 x 10'* Jones under 532 nm laser
illumination and an R of 22.16 A W ! and a D* of 3.70 x
10" Jones under 980 nm laser illumination.*®”

4.2.3 Tandem photodiode detectors. The performance of
photodiodes has been enhanced significantly with the advent
of tandem photodiodes, which suppresses dark current due to
the intermediate layer acting as an energy barrier.'®” It is
believed that the dominant electrical transport mechanism
transitions from carrier hopping between QDs to charge carrier
recombination at the intermediate layer.

Jiang et al. reported in 2015 the figure of merit performance
of a tandem photodiode using a stack of glass/ITO/PEDOT:PSS/
PbSe QDs/ZnO/(poly-TPD)/PbSe QDs/ZnO/Al. The group reported a
D* of 4.7 x 10" Jones at RT illuminated under an 1100 nm source
of 34 mW cm > According to the group, this performance
was achieved by addressing the dark current by introducing
the intermediate Poly-TPD (poly(N,N’-bis-4-butylphenyl-N,N'-
bisphenyl)benzidine) layer (IL), which fundamentally transitions
the carrier transport mechanism from the previously dominant
nearest-neighbor hopping (NNH) to recombination of carriers at
the IL interface."*

Sulaman et al. reported a tandem broadband photodiode
composed of a stack of ITO/PEDOT:PSS/CsPbBr3:PbS0.4Se0.6/
ZnO/PVK/CsPbBr3:PbS0.45€0.6/ZnO/Au with a maximum D* of
6.8 x 10" Jones with an R of 27 A W™ illuminated with a
980 nm wavelength using a 57.8 mW source."*" While this perfor-
mance was impressive, it was further improved by introducing a
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50 nm PMMA dielectric between the ZnO and PVK layers. This
further enhanced the performance by increasing the maximum D*
to 1.32 x 10 Jones and an R of 27.72 A W ' under the same
illumination conditions.”*" This research group explained that the
presence of an appropriately thin dielectric layer of 50 nm of PMMA
between the two sub-photodetectors acts as a trap-induced
capacitor on either side of the PMMA, allowing holes and
electrons to be repeatedly stored and extracted by the trap states.
“The two interfaces play the role of ‘capacitor’ to cause the high
photocurrent after re-setting applied voltage under illumination.”**'
The group reports their enhanced tandem photodiode perfor-
mance is above any previously reported traditionally inorganic
or perovskites-based photodetectors.***

4.2.4 PbSe-Based field effect transistor detectors. According
to the literature and intended application of FET detector
devices, maximizing photogenerated carrier mobility is critical
for high-performance. For this reason, many QD FET-based
photodetectors are fabricated by integrating high mobility polymers
or two dimensional materials.'®” Vertical oriented field-effect photo-
transistors have the added benefit of easy fabrication due to
ultra-short channels that can be obtained by the film thickness
of the QD and eliminating the need for precision patterning via
photolithography.

Che et al. produced a PbSe-based vertical phototransistor
(VPT) with a graphene electrode.”® The group reports the
Schottky barrier height between the graphene and the PbSe
NCs can effectively modulate the carrier transport by utilizing the
tuneable Fermi-energy properties of graphene.'*” An illustration of
the device can be seen in Fig. 13. Che reports a D* of 1.3 x
10'° Jones and an R of 1.1 x 10* A W' illuminated under
36 mW cm™2."3? The group reported the measurements using a
wavelength of 808 nm for absorption spectrum. It was not clear
if they used 808 nm for the figure of merit measurements.

Wang et al. reported a successfully implemented vertical field-
effect transistor (VFET) photodetector using an inverted design
(compared to common gate orientation) with a solution-based
PbSe QD fabrication. The group fabricated a device, as shown in
Fig. 14, with an Au(Gate)/PMMA(930 nm)/P3HT:PbSe(55 nm)/Au
(source, drain) configuration."** The device performance was a

PbSe NCs

Graphene

Fig. 13 lllustration and x-section of PbSe NC-based VPT.**? (Reproduced
from ref. 132 with permission of the Elsevier, Optical Materials.)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 lllustration and top-down of PbSe NC-based VFET.*** (Repro-
duced from ref. 133 with permission of the IEEE, Photonics Technology
Letters.)
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Fig. 15 [lllustration of top-down and cross-section of PbSe NC-based
VFET.'8

D* of 5.02 x 10" Jones and an R of 500 A W~ " by illumination
using a 980 nm laser with a 40 mW cm ™2 and biased at Vpg of
—40 V and a Vg = —40 V. The group reported that the inverted
configuration is highly stable in air and further improvements
will be realized by implementing a ligand exchange process.'*
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Zhang et al. fabricated a traditionally oriented VFET using
Au and Ag nanowires as a transparent source electrode (Fig. 15).
By defining the channel length via the ultra-thin PbSe QD layer,
(260 nm), superior photoconductive properties were observed,
such as ambipolar operation at voltages as low as 1 V at RT."®
Their device D* and R reported as of 7 x 10" Jones and 2 x
10* A W', respectively, and was illuminated with an 808 nm
source with an irradiance of 1.25 mW cm ™ 2.*8 Liu et al. reported
work that addresses progress on air-stabilized QD mobility by
infilling their sulfide-capped PbSe QD films with ALD deposited
amorphous alumina. They achieved a 7 em® V™' s™* electron
mobility.**

4.3 Focal plane array (FPA) structure

Irrespective of the design structures, the fabrication of the PbSe
detectors in the FPA format is the key to many applications.
Next, we examine the development of the general FPA format
improved over time and the requirements for the current
technology (Fig. 16), which is applicable for all IR imaging
devices with different materials.

The 1% generation was based on linear arrays of photo-
conductor without multiplexing functions. The 2"¢ was based
on 2-D arrays of photodiodes with multiplexing on a focal plane
silicon chip for electronic scanning of more than a megapixel of
elements. The 3" generation first added bi-color functionality
by implementing two layers of thin-film to capture two different
wavelength ranges simultaneously. This system is still evolving
and improving while the 4™ generation is already being intro-
duced. However, the 4™ generation is not well defined yet but
expected to extract more information from a scanned system. It
supports the largest number of pixels, higher frame rates,
better thermal resolution, multicolor functionality, advanced
color processing algorithms to further improve sensitivity, and
other on-chip functions that require a high processing ROIC
implementation in the device."***%°

Last few decades, IR imaging device fabrication is completely
based on FPA, including the ROIC system, because FPA technology

Ofulical _
coupler/polarization

Indium
MWIR LWIR bump-bonds
con!

|
tact contact
Q

[ JSWIR cap lsyer\ | _|

Subslrate
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Fig. 16 Four generations of IR detector systems that have evolved for all types of applications: first generation (scanning systems), second-generation
(staring systems with electronic scanning), third-generation (staring systems with a large number of pixels and bi-color functionality), and fourth-
generation (staring systems with a very large number of pixels, multi-color functionality, and other on-chip functions; e.g., better radiation/pixel coupling,

avalanche multiplication in pixels, and polarization/phase sensitivity
Physics Reviews.)
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Insulating layer

7 v
Readout circuit p-type PbSe micro-/nano-structure

Fig. 17 Schematic of a p—n junction PbSe FPA monolithically integrated
with ROIC by direct wet chemical growth.® (Reproduced from ref. 3 with
permission of the SPIE Digital Library, Proceedings of SPIE.)

has revolutionized IR detection techniques. The functions of
ROICs are pixel deselecting, antiblooming on each pixel, sub-
frame imaging, output preamplifiers, and including yet other
functions.” The IR sensor chip is assembled by connecting 2-D
arrays of detectors with indium bumps to an ROIC chip.

Two different architecture can be used for FPA fabrication,
which is a hybrid and monolithic process. The hybrid technology
is well established for other types of materials, especially cooled IR
detectors, use this method.* The monolithic technology is being
researched for the uncooled PbSe FPA fabrication to reduce
the fabrication costs and utilize the areas to their best. A well-
organized FPA, including ROIC using monolithic fabrication
technology, is shown in Fig. 17, fabricated using a wet chemical
growth process. A continuous single or polycrystalline film is
grown and then annealed for p-n junction development on a
flat substrate, which already includes ROIC layout and works as
a seed crystal as well as a mechanical support for the device.?

A monolithic photovoltaic Pb-salt based FPAs grown on Si
substrates with integrated ROIC for MWIR range (3-5 pm)
applications was developed by Zogg et al.'*” The PbSe thermo-
electrically cooled (TE-cooled) imaging sensor was developed
on the ROIC substrate by Green et al. and has shown step by the
step fabrication process."® A low-cost 320 x 240 uncooled lead
salt FPA camera was fabricated onto a CMOS multiplexer ROIC
by Imager Litton Electro-Optical Systems.'*® Keeping these
structures in mind, the most challenging part is manufacturing
the FPA with pixel downsizing and coupling to the ROIC.

The pixel size is an important parameter for FPA design. The
pixel size of current IR technologies is limited to 10 to 50 pm
because of the indium bump hybridization to the ROIC, which
is highly complex for less than 10 um pixel size."*® With the
advancement of the QD materials processing, the FPA design
challenges need to be addressed. The QD active layer can be
directly deposited on a CMOS ROIC. However, developing
homogeneous films while downsizing the pixel size and
minimizing the pixel-to-pixel crosstalk could be a major issue.
Interestingly, Arquer et al."*° have shown that the solution-
processed QDs fabricated on top of the ROIC resulted in
improved sensitivity and minimization of crosstalk. Another
factor of necessary concern of the QD-based photodetectors is
stability.

3150 | Mater. Adv., 2021, 2, 3133-3160
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4.4 Solar cell applications

PbSe QDs are strong absorbers that can efficiently convert each
incident photon into multiple excitons (carrier multiplication)
with the photon energy higher than the bandgap of the QD,
which led to the QD solar cell experiments."*" The large bulk
exciton Bohr radius of PbSe creates strong quantum confinement
in colloidal nanocrystals and allows bandgap and absorption edge
tuning across the entire visible spectrum.** Ma et al. fabricated a
Schottky junction based PbSe QD solar cell on a glass substrate
(Fig. 18) with ITO/PEDOT/PbSe/aluminum structure and reported
efficiency of 4.57% with an open-circuit voltage (Voc) around
0.6 V.** Zhu et al. used a SnO, buffer layer to improve the
performance and reported efficiency of 9.67% with V¢ around
577.1 mV.>® Ahmad et al. reported the best PV device with the
highest power conversion efficiency of 10.68%, fabricated using
PbSe QD inks.>® Ma et al>* also suggested that Voc can be
increased by optimizing PbSe nanoparticle diameter, which
eventually increases the overall efficiency. Also, photocurrent
decreases with size because of the reduced absorption and
increased recombination. Even though MEG leads to photo-
voltaic experiments, the MEG approach is not well suited for
photon energy available in the solar spectrum. Also, the PbSe
solar cell power conversion efficiency is limited by the poor air
stability®*” and low Voc due to the small bandgap® of PbSe
QDs and defects during film deposition.>®

The unique properties of PbSe QDs, such as tunable bandgap,
easy surface modification, simple synthesis, and low-temperature
solution processing, are the main reasons for a wide range
of applications for various optoelectronic devices, including
laser."*>'%° SWIR to the visible integrated up-conversion imaging
device is also proposed with a heterostructure where the PbSe
nano-layer is used as an absorber.'>

4.5 Enhancement of device performance

The performance of infrared photodetector (IRPD) devices can
be increased by mainly two methods, which are by engineering
the electronic properties of the absorbing material for improving
detectivity (i.e., quantum efficiency) and by increasing the coupling
of light to the electronic states of the absorbing material." The QD
and semiconductor superlattice (SL) structures are being used to

Fig. 18 Schematic diagram of the Schottky junction-based PbSe solar
cell.?* (Reproduced from ref. 24 with permission of the American Chemical
Society, Nano.)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Schematic diagram of the proposed surface plasmon at the SiO,—
PbSe interface.® (Reproduced from ref. 6 with permission of the SPIE
Digital Library, Proceedings of SPIE.)

enhance the materials’ quantum efficiency. New emerging nanos-
tructures are being used to enhance the coupling of light with the
IRPD, such as subwavelength structures (SWSs), antireflection (AR)
coatings,® nanoantenna surface plasmonic,>'*" photonic crystals
(PCs), monolithic integrated PbSe with other materials,"*® inter-
ference filters,""*'*> and metamaterials." Moreover, the hybrid
structure mostly provides better performance compared to a single
structure, but it comes with higher costs and more fabrication
complexity."**'** Grayer et al.® investigated and proposed a surface
plasmonic structure shown in Fig. 19 to improve MWIR sensitivity
and increase the operating temperature of PbSe photoconductive
detectors.
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Unique electronic and optical properties can be achieved by
fabricating the QD from the PbSe materials. Because of the zero
dimensionality, QD-based IRPD devices can be fabricated at a
lower cost, which offers higher QE than traditional IRPDs and
operates at a higher temperature. In the last decade, the QD form
is becoming more emerging for IRPD devices because of its
quantum confinement characteristics. Most of the reported QD
photoconductors work in the NIR to the MWIR regime and are
based on the lead chalcogenide." Researcher has tried various
ways to improve the overall efficiency of the IRPD devices.

4.6 Commercial devices

A list of uncooled PbSe commercial devices for MWIR imaging
is shown in Table 6 with the device performances and para-
meters. These data are collected from the data sheets provided
by the manufacturers. Even though the active area size (mm?)
ranges from 1 x 1 mm?® to 10 x 10 mm?, for a good comparison,
the device performances are noted for 2 x 2 mm? devices. Most
manufacturers mentioned the ranges of temperature for operation,
but the performance decreases with increasing operating tem-
perature. So, RT measurements are considered for comparison.
A lot of companies have also fabricated cooled commercial
devices with an extra layer for cooling to increase the sensitivity.
However, this increases not only the cost of the device but also
the complexity of the fabrication process.

5. Alternative approaches for IR detectors

Recently IR detector based on germanium tin or silicon germanium
tin (GeSn/SiGeSn) alloy and 2D materials are being researched

Table 6 IR PbSe device performances from established manufacturers
Detector size Spectral range Operating Dark res. Detecthlty, D* (p) Peak sensitivity,
Manufacturer (mm?) (um), peak (4,) temp. (K) MQ) (cm Hz"? W) R (VW
Thorlabs 2 %2 1.5 to 4.8 243 to 323 0.1-3.0 2.5 x 10° 1.5 x 10° (Min.)
Peak at 4.0 3.0 x 10* (Typ.)
Hamamatsu 2x2to3 x3 1.5 to 4.8 243 to 323 0.3-1.5 8.0 x 10° 7.0 x 10> (Min.)
Peak at 4.3 1.0 x 10’ (Typ.)
Laser Components 1x1t06x6 1.0 to 4.7 208 to 363  0.1-2.5 1.8 x 10" 1.05 x 104 (Min.)
Peak at 4.0 2.1 x 10* (Typ.)
AP Technologies 1x1to6x6 1.0 to 5.0 233 to 358 0.5-2.5 2.0 x 10" 7.5 x 10° (Min.)
Peak at 3.6 to 3.8 1.5 x 10* (Typ.)
Teledyne Judson Tech. 1x1to3x3 2.0 to 6.0 208 to 298 0.1-2.0 5.0 x 10° 7.5 x 10° (Min.)
Peak at 3.8-4.0 2.1 x 10* (Typ.)
EOC Inc. 1 x1to10 x 10 2.0 to 6.0 208 to 298 0.1-4.0 1.5 x 10*° 5.0 x 10° (Min.)
Peak at 3.8 2.0 x 10" (Typ.)
New England Photoconductor 1 x 1to 10 x 10  Peak at 3.8 208 to 298 0.1-4.0 1.5 x 10" 5.0 x 10° (Min.)
2.0 x 10* (Typ.)
Opto Diode Corporation 1x1t06x6 1.0 to 5.0 233 t0 358  0.5-2.5 2.0 x 10" 7.5 x 103 (Min.)
Peak at 3.6 to 3.8 1.5 x 10* (Typ.)
Infrared Materials, Inc. 1x1t010x 10  1.0to 5.5 233 t0 358  0.1-3.5 1.8 x 10" 1.12 x 10* (Min.)
Peak at 3.8 2.25 x 10* (Typ.)
EOS Inc. 1x1to5 x5 1.0 to 4.5 243 to 295 0.2-1.0 5.0 x 10° 4.0 x 10° (Min.)
Peak at 3.8
TrinamiX GmbH Multi-pixel 1.0 to 5.0 243 t0 343 0.3-20 1.8 x 10" 1.12 x 10* (Min.)
Peak at 3.8 2.25 x 10* (Typ.)
New Infrared Technologies 1x1to2x2 1.0 to 5.0 233 to 358 0.8-1.0 2.0 x 10° 1.12 x 10* (Mln)
Peak at 3.7 4.5 x 10° (Typ.)
Agiltron Inc. 1x1t06 X6 2.0 to 5.0 298 0.2-5.0 2.0 x 10° 7.5 x 10° (Typ.)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and used for imaging application ranging from SWIR to MWIR.
When so-called o-Sn (gray tin) is incorporated into Ge with a
ratio of 10% and below, the alloy transforms from indirect
bandgap to direct bandgap,'*® and it lowers the absorption
edges of Ge. The Ge;_,Sn, layer in both GeSn binary and SiGeSn
ternary alloy has some unique properties'*>™**” for photodetection
applications such as (i) strain-relaxed and low threading-defect
densities (10> em™) (for <1 pm in thickness), (ii) low growth
temperatures (250 to 350 °C) and thermal stability for conventional
semiconductor processing (up to 750 °C), (iii) tuneable bandgap
(0.5 to 0.8 eV) and tuneable lattice constants (5.65 to 5.8 A),
(iv) extremely flat surface, (v) selective growth on Si and Ge
substrate, (vi) film surface preparation by simple chemical
cleaning for subsequent ex situ epitaxy, (vi) CMOS compatible
and suitable for large-scale and low-cost integration, and
(viii) low-power operation. However, there is a huge fabrication
challenge for both GeSn binary and SiGeSn ternary alloy due to
the very low solubility’*® of a-Sn in Ge and Si. Despite the
fabrication challenges, the GeSn/SiGeSn alloy is a promising
material for future photodetector applications due to its out-
standing characteristics. Some of the common applications'*”
of the GeSn/SiGeSn thin films are photodetectors, photovoltaics,
laser diodes, IR amplifiers, electro-optical modulators, and electro-
optical (EO) routing switches.

Table 7 summarizes recent photodetectors development
based on GeSn and SiGeSn alloy by using mostly CVD and
MBE fabrication processes. Other fabrications methods have
also been experimented with, such as solid phase epitaxy (SPE),
sputtering, and PLD."**"*" The device structure follows mostly
p-i-n configuration with the highest D*'*? of 4.6 x 10° cm Hz"> W !
and highest responsivity™*® of 2.85 A W' at 1.55 um wavelength.
However, most of the research is focused on GeSn photodetectors
due to the fabrication complexity of SiGeSn ternary alloy. Both single
crystalline’*™*® and polycrystalline'®"*® GeSn thin films are
reported for photodetection with the absorption coefficient of
the polycrystalline form is higher than the single crystalline due
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to the scattering effect at the grain boundaries. However, the
electrical resistivity of the polycrystalline form could be lower
than the single crystalline form because the grain boundaries
generate holes in Ge-based semiconductors.

Various 2D materials, including graphene, transition metal
dichalcogenides (TMDs), hexagonal boron nitride (hBN), and black
phosphorus (BP), have been researched for various photonics and
optoelectronics applications focusing on mid-infrared photo-
detectors."”*"% The 2D materials offer some unique advantages
such as MIR bandgaps, small size, high carrier mobility, easy
integration, ultrafast photoresponse, and broadband absorption.'*>'*®
It can be designed to a single (atomic level) or a few layers,
which are mechanically robust and naturally passivated on the
surface. Thus, it can be integrated into other structures without
worrying about the lattice mismatch issue that usually happens
in bulk materials."®® Both electronic structure and optical
properties of the 2D materials are controllable, considered
promising candidates for MIR integrated photonics.

Graphene is the first single-layered material discovered,
which exhibits excellent electron mobility at RT."*° Unlike
graphene, some indirect bandgap semiconductor materials of
the TMD family (MoS,, WS,, MoSe,, and WSe,) exhibit direct
bandgap (1.57 to 2.0 eV) when thinned down to a single layer,
which enables stronger photoluminescence.” Some noble
metal TMDs, such as PtS,, PtSe,, PdS,, and PdSe,, are also
being investigated for MIR detectors due to their suitable MIR
bandgaps and high environmental stability.">® The puckered
(honeycomb) structure of monolayer BP leads to anisotropic
physical properties, which results in anisotropic optical absorption
and photoluminescence.* This unique structure enables BP for
monolithic integration with traditional CMOS technology (silicon)
and the possibility of placing on different substrates. All these
2D materials can be tuned to MIR bandgap ranges with con-
trolling doping and defect. The 2D materials can be configured
into heterostructures even with different types of material by
using the van der Waals force. Many 2D heterostructures

Table 7 Summary of recently developed photodetectors based on GeSn and SiGeSn alloy

Fabrication  Eg Thick. IR range Temp. Detectivity, D* Responsivity
Type Structure process (ev) (nm) Sn (%)  (um) (K) (mHz"”W™") (AW ) at i,
Alloy**° p-i-n (GeSn)  CVD 95 10.0 1.55 77 4.0 x 10° 2.85 at 1.55
300 0.26 at 1.55
Alloy'®® p-i-n (GeSn)  MBE 300 4.0 1.2-2.0 300 0.181 at 1.55
Alloy'®° p-i-n (GeSn)  MBE 200 1.3,2.7  1.2-1.7 300 0.1 at 1.55
Alloy™®” p-i-n (GeSn)  MBE 0.71 820 3.0 0.8-1.8 300 0.52, 0.23, 0.12 at
1.31, 1.54, 1.64
Alloy'®® p-i-n (GeSn)  MBE 0.64 300 0.5 1.23-1.7 300 0.1 at 1.55
Alloy'®® p-i-n (GeSn)  MBE 0.8 300 4.2 1.55 300 0.218 at 1.55
Alloy*”° p-i-n (GeSn)  CVD 0.54 200 7.0 Upto22 77 4.0 x 10° at 1.55 0.3 at 1.55
0.52 200 10.0 Upto 2.6 300
Alloy'”" single (QW)  p-i-n (GeSn)  CVD 0.57 20 9.0 0.75-2.4 300 0.1
Alloy'”? (multi-QW)  p-i-n (GeSn)  MBE 0.56 10 x 15  10.0 1.53-2.0 300 0.216 at 1.53
0.023 at 2.0
Alloy'*? (single layer) p-i-n (GeSn)  CVD 95 10.0 Upto22 77 4.6 x 10° at 1.55 1.63 at 1.55
Up to 2.4 300
Alloy'”® (multi-QW)  p-i-n (SiGeSn) Lithographic 0.76 4 x 10 6.5,11.4 1.24-1.9 300 0.049 at 1.25
process
Alloy'’* (multi-QW)  p-i-n (SiGeSn) MBE 6-10 7.1 1.55 300 0.17 at 1.55
Alloy'”? p-i-n (SiGeSn) CVD + MBE 0.7  500-1000 1.2-5 1.15-1.45 300 0.15-0.36
3152 | Mater. Adv, 2021, 2, 3133-3160 © 2021 The Author(s). Published by the Royal Society of Chemistry
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(graphene-hBN, graphene-BP, TMD-hBN, and TMD-graphene) have
been proposed with wide-ranging electronic and optical properties.

Current commercial photodetectors have the limitations of
operating at low temperatures to avoid high dark current or
require a cooling process to operate at higher temperatures.
The 2D materials can be used to overcome this challenge for
MIR photodetectors. Fang et al.'*>® and long et al.'®
ized the performances (spectrum range, responsivity, response
time, and detectivity) of a list of MIR photodetectors based on
the 2D-materials and their heterostructures. Most of these
reported studies were mainly focused on graphene, BP, and
heterostructures. For the MIR region, the maximum reported
photo responsivity is around 82 A W' for a BP 2D material,
whereas the highest D* is around 4.9 x 10° Jones for a b-AsP-
MoS, heterostructure. Long et al.’®® compared the traditional
photodetectors with 2D-based photodetectors based on operat-
ing temperature, spectral range, and bandgap values.

The present and future research efforts of IR technology
should be focused on lowering the system’s cost by reducing
device size, weight, and power consumption (SWaP). The
ultimate target is to fabricate a high operating temperature
(HOT) photodetector for FPA applications, characterized by
high quantum efficiency and dark current lower than the shot
noise from system background flux current and the flicker (1/f)
noise."”> The PbSe based photodetectors offer a promising
solution to address these challenges.

Among group II-VI, the HgCdTe (MCT) thin film is a
premium material for high-performance photodetectors in
the NIR-LWIR range due to its tunable bandgap over a wide
spectral range, high absorption coefficient, high carrier mobi-
lity, and long carrier lifetime."®'®* However, it has some major
drawbacks such as the most expensive material, FPA integra-
tion with SOIC due to large lattice mismatch with Si, requires
cryogenic cooling leads to a bulky system, low dark current
density, and requires advanced plasma dry etching technology
leads to severe manufacturing costs.'*>'°11631%4 High carrier
lifetimes lead to a high gain but reduce quantum efficiency.'®
It has deficient performance at higher operating temperatures
due to a high Auger recombination rate, which leads to
increased loss, otherwise known as Auger theoretical limit."®

Recently, new improvements are reported to fabricate FPA
by using MCT QDs for infrared photodetection. MCT QD-based
photodetectors could be a potential candidate due to their
negative bandgap E, = —0.15 eV and large Excitonic Bohr
radius, which ensures the quantum confinement effect at the
desired spectral range.'’®'”” Chatterje et al. reported MCT-
based FPA by drop-casting synthesized QD over Si ROIC to
176 temperature response and shockwave disper-
sion technique for RT"’” response.

Some groups also reported that HgTe QD is a good choice
for MWIR to LWIR infrared imaging because it exhibits optical
gaps larger than the bulk HgTe. Buurma et al.'’® demonstrated
MWIR thermal imaging photoconductive HgTe CQD films,
which were drop cast on a commercial silicon ROIC chip. Also,
Keuleyan et al."”® reported HgTe QD MWIR photodetectors with
an RT photoresponse even beyond 5 pm.

summar-

evaluate low

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Among group III-V, the InGaAs and InSb are the most
appropriate materials for NIR-SWIR range photodetectors.®*
The drawbacks of these materials are not enough photore-
sponse in the MWIR range, expensive material, difficulty of
FPA integration, CMOS incompatibility with ROIC, high man-
ufacturing cost, and low thermal reliability."®*"'®*® The GeSn
based photodetector is a promising research focus for future
applications due to its outstanding characteristics in the NIR-
SWIR range, including CMOS compatibility. However, it has
some significant drawbacks such as not enough photoresponse
in the MWIR range, surface segregation, precipitations, defect
accumulation in low-temperature epitaxy, high fabrication cost,
and high lattice mismatch between Si and GeSn (>4%), which
requires an additional Ge buffer layer leading to fabrication
complexity.'®!

Even though 2D materials and their heterostructures are
promising for future MWIR photodetectors, still its perfor-
mance is lower than traditional detectors on the global market
(i.e., PbSe, InGaAs, and HgCdTe) due to the infancy stage of
technology.'?” It also suffers from slow photodetection speed,
shot noise limit, and flicker noise.'®* Intensive research is
needed to understand the controlling defects, the impact of
substrate, impurity, and theoretical model to control both
electronic and optical properties. Also, an investigation is
required on novel fabrication processes to integrate IR detec-
tors into the photonic integrated chip for further advancement,
including precise and large-scale assembly of 2D materials.
Another challenge is to fabricate 2D materials into the FPA
form, which is barely investigated.

The photoconductive PbSe thin film can outperform its
competing materials, especially considering the HOT photode-
tectors, applicable IR range (NIR-MWIR), and FPA integration
with CMOS technology. Some challenges need to be addressed
first, which are significant flicker noise, poor long-term stabi-
lity, bad photoresponse uniformity, high dielectric constant,
and understanding the physics behind the activation of the
film."*> Northrop Grumman reported monolithic PbSe detector
integrated FPA with Si ROIC including thermoelectric cooling
for photonic and uncooled IR imaging applications.'®*

The Centro de Investigacion y Desarrollo de la Armada
(CIDA) reported an innovative technology for processing poly-
crystalline PbSe thin film which offers good reproducibility,
good uniformities, long term stability, plain Si substrates (no
textured) compatibility, compatibility with existing Si CMOS
technology, simple and affordable, compatible with complex
multilayer structures (interference filters), and imaging device
monolithically integrated with ROIC for FPA imaging.'*> The
PbSe materials limitation such as flicker noise and high
dielectric constant can be minimized by using a specific ROIC
and the processing capabilities of advanced nanoelectronics.

6. Conclusion

The PbSe thin film focal plane arrays play an essential role for
imaging in the spectral range of 1 to 5 microns. Sensitization is

Mater. Adv,, 2021, 2, 3133-3160 | 3153
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a critical step to achieve high IR sensitivity, but a fundamental
understanding of the mechanism is still lacking. This review
provides state-of-the-art PbSe thin film work for IR imaging,
including quantum dots. We have discussed the various meth-
ods for thin-film fabrication, IR detection, device designs, and
applications. With recent progress in PbSe QD-based thin films
and devices, this material continues to play an important role
in IR imaging applications. Some of the challenges include
lowering noise for RT operation, integration with silicon elec-
tronics, fundamental understanding of detection mechanism,
and long-term stability.
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