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Colloidal Quantum Dot Based 
Infrared Detectors: Extending to 
the Mid-Infrared and Moving from 
the Lab to the Field
Tom Nakottea,*, Simon G. Munyana,b,*, John W. Murphyc, Steven A. Hawksa, ShinYoung 
Kanga, Jinkyu Hana, Anna M. Hiszpanskia,†

Quantum dots (QDs) that absorb in the mid-wave infrared (MWIR) regime (3-5 m) have recently generated significant 
interest as possible detector materials for MWIR cameras, with promises to reduce materials and device fabrication costs 
and potentially increase device operating temperatures. However, these materials have been primarily explored in single 
pixel devices – not multi-pixel cameras – and their current performance lags behind that of commercially available MWIR 
cameras based on single crystalline materials. To realize the potential of QD MWIR photodetectors with imaging capabilities, 
improvements are needed in the quality of the MWIR-absorbing QD materials, ligands dictating inter-QD charge transport, 
ordering of QD films, device architectures, and scalability of these methods to larger areas. With three families of QDs being 
researched -- lead-, silver-, and mercury-based chalcogenides -- as well as a multitude of possible capping ligands and film 
deposition techniques, the experimental phase space for MWIR QDs is vast. In this review, we provide a roadmap, 
considering the pros and cons of various film deposition and ligand exchange techniques, as well as reintroduce lessons 
learned over years of research on QD film formation. We also extracted and created a database of reported quantum dot 
photodetectors’ performance and fabrication methods and have developed an interactive data visualization dashboard for 
this database, which provides researchers in the field a quick snapshot of the existing state of the art. Finally, we outline 
figures of merit and information that should be presented in papers moving forward which would help to clarify the reported 
results, as well as offer ideas for future steps. We provide a database visualization of the QD photodetector literature at  
https://public.tableau.com/app/profile/tom.nakotte/viz/IRQDphotodetectors_16384709473480/Dashboard1#1. 

Introduction
In the 3-5 µm regime, commonly referred to as the mid-

wave infrared (MWIR), chemical bonds absorb light, enabling 
chemical identification using MWIR detectors for chemical 
manufacturing and astronomy. Additionally, hot objects, such 
as living beings or machinery in operation, emit infrared 
radiation in the MWIR that scales with the temperature of the 
object, enabling thermal imaging that is used for defense, 

security, and tracking applications. However, despite their 
broad potential applicability, MWIR photodetectors are not as 
ubiquitously utilized as their visible counterparts and lag behind 
in terms of their collective image quality, cost, size, and weight 
characteristics. Specifically, MWIR detectors have a trade-off 
between performance and cost depending on the principle of 
their operation, which is either thermal or photonic/quantum.
Thermal MWIR detectors, like bolometers, thermocouples, and 
pyroelectrics, produce a change in resistance or voltage based 
on a change in the detector temperature upon absorbing 
incident radiation. Such detectors do not have to be cooled 
(reducing size and weight) and are low-cost, making them 
common in consumer IR imaging devices; however, these 
cameras suffer from poor performance compared to their 
photonic/quantum counterparts (i.e., slower response and 
lower detectivity). In photonic, or quantum, detectors 
absorption of incident radiation excites electrons into non-
equilibrium states, which produces a detectable electrical 
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current. Photonic detectors are generally higher speed and 
provide excellent detectivity when cooled to cryogenic 
temperatures but require expensive materials (e.g., single 
crystalline HgCdTe or InSb wafers grown by molecular beam 
epitaxy (MBE)), and the cooling requirement further increases 
the cost and physical footprint of imaging systems. An ongoing 
challenge is to create detectors that can operate at higher 
temperatures without sacrificing performance and while 
simultaneously yielding lower cost, size, weight, and power 
requirements. Solving this challenge would enable fully realizing 
and expanding the potential of MWIR detectors across their 
broad potential applicability space.

Quantum dot (QD) based photonic MWIR cameras are a 
promising alternative to current MWIR detector technologies, 
with the potential to combine the low cost of thermal detectors 
and higher detectivity of current photonic detectors. QDs are 
semiconductor particles with nanoscale dimensions that display 
altered optical and electronic properties, such as quantized 
energy levels and long exciton lifetimes, when compared to 
their bulk counterparts due to the quantum confinement 
effect.1 These altered properties can be beneficial for 
optoelectronic devices. For example, the quantization of energy 
levels provides tunable absorption that is controlled by the QDs’ 
particle size.2 Likewise, the longer exciton lifetimes exhibited by 
QDs increases the likelihood of photogenerated carriers being 
collected by an electrode before recombining, which results in 
higher internal quantum efficiencies in detectors.3 While QDs 
can be produced either via molecular beam epitaxy4,5 or in 
solution yielding colloidal QDs,6 commercialization of 
epitaxially-grown QD MWIR cameras seems unlikely. Epitaxially 

grown QDs are significantly more costly to produce, are less 
densely packed, and are not solution processable, which makes 
device fabrication more challenging. Colloidal synthesis 
methods are the most robust method of fabricating quantum 
dots when factoring cost,7 size control,2,8,9 and flexibility for film 
deposition.10–14 Thus, this review will focus exclusively on 
devices fabricated from colloidal QDs.

Much of the early research in colloidal QD-based 
optoelectronic devices centered around solar cells15 and light 
emitting diodes (LEDs) in the visible wavelength regime,16 but 
recently research on colloidal QDs has moved to longer 
wavelengths, extending across the infrared regime (from short-
wave (1-3 µm) (SWIR) to long-wave (8-12 µm)), for IR 
photodetectors and cameras. Currently, extending the 
operation of quantum dot-based devices into the mid-wave 
infrared (and beyond) is the frontier of quantum dot 
optoelectronic research, and thus this review focuses 
particularly on materials and devices suited for this wavelength 
regime. However, it is informative to capture the techniques 
and performance of prior quantum dot-based optoelectronic 
devices that were aimed at shorter wavelengths, notably the 
SWIR and visible regimes. While more recent QD work is 
focused on longer wavelength regimes and application areas 
than earlier work on colloidal QDs, many of the lessons learned 
from those earlier studies are applicable to this new wavelength 
regime and application space. The solution-processability of 
colloidal QDs enables their easier integration with 
complimentary-metal-oxide-semiconductor (CMOS) 
architectures and read-out integrated circuits (ROICs) 
compared to current technology, which requires indium bump 

Figure 1: Running sum of published articles from 2003 to Oct2021 pertaining to SWIR and MWIR QD detectors with colors representing the specific QD material system 
investigated.
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bonding to mate the rigid single-crystalline detector material 
with the rigid CMOS or ROIC substrates. A simple production 
cost analysis showed that QDs can be produced for $10-$60 per 
gram,7 making materials costs much lower than the current 
means of creating IR detectors from single crystal wafers and 
MBE-grown quantum wells.17 

In this review, we provide an overview of the progress in IR-
sensitive QD materials’ development, surface chemistries, 
deposition techniques, and single-pixel photodetector device 
architectures. We take a comprehensive and quantitative 
approach to assess the state of the QD IR photodetector field by 
extracting details on materials’ chemistries and single-pixel 
device’s construction from all articles pertaining to QD IR 
photodetectors, creating the first database for the QD IR field. 
We provide a visualization of this database for others to utilize 
and build upon; it is freely available at 
https://public.tableau.com/app/profile/tom.nakotte/viz/IRQD
photodetectors_16384709473480/Dashboard1#1, and the 
visualizations and insights from them are discussed throughout 
the review. We highlight areas where further developments are 
required and the potential means of achieving them to enhance 
the performance of QD-based IR photodetectors for potential 
commercialization. Of particular importance for 
commercialization, few demonstrations have been made of 
multi-pixel QD IR cameras. In the last section of the review, we 
discuss the few examples made thus far, what challenges must 
still be addressed in scaling from single- to multi-pixel devices 
and provide guidance on best practices. 

Overview of the QD IR Detector Field
Figure 1 shows the running sum of published articles that 

we collected pertaining to QD-based SWIR and MWIR detectors, 
showing how interest has grown in this field since the earliest 
reports in 2003. This figure is included in our database 

visualization, and a complete list of the articles we collected and 
analyzed throughout this article is provided in the SI. In Figure 
1, the color pertains to the QD materials system, also showing 
the diversity of materials explored for this application space, 
and how interest in some particular materials systems 
increased in recent years. Generally, the three most common 
families of QDs used in the fabrication of MWIR sensitive 
detectors are: lead chalcogenides, mercury chalcogenides, and 
silver chalcogenides. Lead chalcogenides are the most well-
established family of the three with the first report of PbS (light 
blue in Figure 1) QD photodetectors in 2003; however, many of 
these early reports focus on SWIR regime rather than the 
MWIR. Currently, the Pb-based quantum dots lead the field in 
number of publications, while Hg-based quantum dots follow 
closely behind.18 Ag-based quantum dots have received far 
fewer publications and are the “new kids on the block”, but the 
exclusion of toxic heavy metals makes this family appealing 
from health and environmental safety perspectives.

Responsivity (R) is one primary figures of merit reported in 
the literature for IR photodetectors, and in Figure 2 – another 
subfigure of our database visualization – we show all 
responsivities of QD-based single-pixel photodetectors 
reported since 2003 as a function of their operating wavelength. 
The responsivity specifically characterizes the amount of signal 
current collected per Watt of incident light where a higher 
responsivity indicates a more sensitive or efficient device. In 
Figure 2, the symbol and color of each datapoint indicates the 
QD materials system and the size of the datapoint represents 
the temperature at which the device was operating, with the 
largest symbol indicative of room temperature. The device’s 
operating temperature has a significant effect on performance 
metrics because cooling the device decreases hot carriers and 
results in lower dark current. Two trends are immediately 
apparent from Figure 2. The first is how the number of 
photodetector demonstrations drops off with increasing 
operational wavelengths. Many more photodetector devices 
have been demonstrated below 3 µm in the visible, near-IR and 

Figure 2: Responsivity as a function of wavelength and QD material. Size of marker is indicative of measurement temperature with largest markers having a measurement 
temperature of 300K and smallest markers 25K, note the break in the x-axis from 7.5 to 11 µm. Shape and color correspond to different QD material
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SWIR regime than in the 3-5 µm MWIR regime, and the LWIR 
regime is even more sparsely populated, with only one report 
beyond 8 µm.19 The second is how the reported responsivities 
decrease with increasing operational wavelengths. One 
fundamental reason for the decrease in responsivity at longer 
wavelengths is the background limited infrared photodetector 
limit,20 which is a result of generation-recombination noise due 
to background blackbody radiation.21 However, other factors 
including material/synthesis limitations and thermal effects 
causing higher dark currents can also impact the responsivity at 
longer wavelengths. In the MWIR regime of interest in this 
review, mercury chalcogenides have produced the highest 
responsivities to date and are the most versatile material in that 
they can achieve MWIR sensitivity through interband and 
intraband transitions, a distinction that will be discussed in 
greater detail in the synthesis portion of this review.

Synthesis
Many variables during colloidal QD synthesis can affect the 

quality and properties of QDs, including the ligand type,22,23 air 
exposure,24 metal precursor, chalcogen precursor,25 and 
purification technique.26 As with any system, the performance 
of the final product, in this case the photodetector, is 
significantly impacted by the quality of the building blocks, the 
QDs. Therefore, we first briefly review the advancements made 
in colloidal synthesis and present some challenges that remain 
to be solved. Note this is only a short overview and a more in-
depth discussion of colloidal synthesis advancements can be 
found elsewhere.18,27–29

The most well-researched family of QDs with potential for 
MWIR detection are the lead chalcogenides, with significant 
strides in size/shape control,30 air stability,31 and shelling 
techniques.32 However, much of this research has been done 
primarily on QDs absorbing in SWIR rather than MWIR.  Pb-
based QD devices use interband transitions as a source of 
created photocarriers, which results in the excitation of 
electrons from the 1Sh valence band state to the 1Se conduction 
band state, as shown in Figure 3A. Devices utilizing interband 
transitions are limited in their wavelength sensitivity range by 
the bulk bandgap of the material, which is 0.26 eV (≈4.7 μm) 
and 0.41 eV (≈3 μm) for PbSe and PbS, respectively. From this 
bulk bandgap value, the QDs’ bandgap can only increase, 
thereby shifting absorption to smaller wavelengths, as the QD 
size becomes smaller and quantum confinement is enhanced. 
Therefore, materials with a bulk bandgap in the MWIR range are 
challenging to create MWIR-absorbing QDs from because doing 
so would require fairly large QDs,33 and as QD size increases, 
additional challenges arise due to poor air stability and low 
quantum efficiency. For example, large PbSe QDs (>16 nm) with 
interband transitions of ~4 μm reaching the MWIR have been 
reported, but they remain intractable for MWIR photodetectors 
due to poor quantum yield and air stability.2 The most common 
method to improve air stability as well as quantum yield in lead 
chalcogenide QDs is using cation exchange to grow a cadmium 
chalcogenide shell around the lead chalcogenide core. 
However, lead chalcogenide QDs transition from spherical to 

cubic in shape as the diameter approaches 12nm,2 and the cubic 
shape of large Pb-based QDs makes cation exchange difficult 
due to its faceted growth mechanism.34 

An alternative approach to achieving MWIR sensitivity is 
through intraband transitions, which occur in doped systems via 
promotion of an electron from the 1Se conduction band state to 
the 1Pe state, as depicted in Figure 3B. Recent research on 
heavily n-doped PbS QDs show that an intraband absorption 

peak at roughly 6-8 µm (depending on QD size) can be obtained, 
but this approach requires encapsulation via atomic layer 
deposition (ALD) after ligand exchange to prevent oxidation and 
loss of the intraband MWIR absorption.35 While lead 
chalcogenide QDs may not be the most well-suited for MWIR 
applications, the extensive research on surface chemistries and 
synthetic conditions can provide valuable insight for possible 
routes of improvement in the mercury and silver chalcogenide 
material systems. For instance, ligand type has been shown to 
affect the Fermi level,36 band edge positions,22,37 and carrier 
type38,39 in lead and mercury chalcogenide QD films, suggesting 
similar possibilities in silver-based QD films. 

The challenges for lead chalcogenide QDs in the MWIR have 
led researchers to broaden the scope of materials to include 
mercury and silver chalcogenides. Mercury chalcogenides have 
extremely narrow or even negative (i.e., metallic) bandgaps in 
their bulk form at room temperature; however, quantum 
confinement allows these band gaps to be tuned into the MWIR 
and SWIR.27 Most of the research in QD-based MWIR detectors 
in which interband transitions are the primary means of carrier 
generation has been with HgTe QDs, which have been reported 
to be photoconductive at the 5 µm upper MWIR limit.40 Initially, 
synthesis of mercury chalcogenide QDs lagged behind other QD 
materials due to the toxicity and lack of availability of suitable 

Figure 3: Schematic of energy states in a QD. (A) Interband transition in 
which an electron (filled circle) is promoted to the conduction band via 
absorption of a photon (red arrow). (B) Intraband absorption in an 
ideally doped QD. (C) Intraband absorption in a nonideally doped QD, 
where an electron is excited by photon; however, the presence of a hole 
state (unfilled circle) in the 1Se state creates the possibility of 
recombination before promotion into the 1Pe state
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mercury precursors. However, as the QD community improved 
synthetic approaches to move away from the use of highly toxic 
mercury alkyls towards mercury-containing metal oxides and 
metal halides as precursors, mercury chalcogenide QDs began 
to be more widely reported.27 Due to their propensity for self-
doping from excess mercury that was discussed earlier, mercury 
chalcogenides can also achieve MWIR sensitivity through 
intraband transitions. The extent of QDs’ doping is a critical 
variable affecting the performance of QD photodetectors that 
are based on MWIR absorption from intraband transitions. 
Ideally, the QDs’ 1Se state should be completely occupied to 
reduce the number of available holes that excited electrons can 
recombine with before being promoted to the 1Pe state. 
However, in practice, incomplete doping, such as what is 
depicted in Figure 3C, is commonly encountered. In a nonideally 
doped system, the 1Se state is not entirely occupied, thereby 
increasing the likelihood of recombination with an available 
hole before the intraband transition to the 1Pe state. Such 
recombination reduces the quantum efficiency of the 
photodetector, thereby also reducing its responsivity. QD films 
with a fully doped 1Se state will also show the strongest optical 
absorption and lowest dark conductivity, which in turn 
increases the responsivity of the devices.40,41 Hg-based QDs 
have also been a leader for MWIR detectors utilizing intraband 
transitions due to their predisposition to self-doping.42 The 
effect of capping ligand on intraband transitions in QDs is less 
well studied and quantified than their effect on the interband 
transitions, with only a few reports indicating that ligand choice 
has a significant effect on the strength of optical absorbance in 
the MWIR.43–45

With a growing desire to move away from materials 
containing toxic heavy metals like mercury and lead, silver 
chalcogenides have recently gained interest for applications in 
the MWIR. Ag2Se is a promising candidate for QDs targeting the 
MWIR because its bulk bandgap is reported to be 0.05-0.18 eV, 
which corresponds to an absorption onset ranging from 24.8 to 
6.9 µm.46 Thus, in theory, one may expect that, with quantum 
confinement, Ag2Se’s bandgap can be tuned to correspond to 
MWIR wavelengths. However, in practice, the inter-bandgap 
absorbance of all Ag2Se QDs has thus far corresponded to the 
near-IR (1080-1330 nm) (NIR), which may be due to the bulk 
bandgap of Ag2Se being larger than what has been reported or 
may be due to the changes in crystal structure of Ag2Se under 
quantum confinement (and therefore changes in the 
referenced bulk bandgap).47 Though tuning the inter-bandgap 
absorption of Ag2Se does not yield MWIR absorbance, silver 
chalcogenides also have the propensity to self-dope with an 
excess of Ag, resulting in the appearance of intra-bandgap 
transitions with strong MWIR absorbance.48,49 The surface 
chemistry of silver chalcogenide QDs is the least well explored 
of the QD families presented in this review, but ligand choice 
has been shown to greatly affect intra-bandgap absorption in 
MWIR and carrier mobility.44

The library of capping ligands used in MWIR QD 
photodetectors is an area that has not received as much 
attention as it has for other application areas, such as QD solar 
cells. When selecting ligands for QD films, multiple factors must 

be taken into account, the most obvious of which is ligand 
length since long ligands hinder inter-QD charge transport.50 
However, the doping effect of the ligand on the QD film is a less 
studied factor that is of high importance in QD devices using 
intraband transitions. For example, 1,2-ethanedithiol (EDT) is 
one of the most commonly utilized ligands given its short length 
and ability to crosslink QDs, which typically leads to higher 
carrier mobilities in films; however, EDT can cause a condition 
of under-doping in Ag2Se QD films, which results in partially 
filled bands and the introduction of trap states.51 A systematic 
ligand study on Ag2Se QD films shows that improved carrier 
mobility is not the only factor to consider when selecting a 
ligand, as increased optical absorption and control of carrier 
recombination greatly affect device performance.44  Very few 
studies report on ligand choice in the mercury and silver 
chalcogenide families,45,52,53 a variable that has been shown to 
affect carrier concentration in QD solar cells.54,55 The best 
results in carrier mobility for mercury  chalcogenides, with 
electron mobilities up to 100 cm2/Vs, have been reported with 
the use of As2S3 as the capping ligand.56 Thorough studies of 
capping ligand effects on optical and electronic properties of 
mercury and silver chalcogenide QDs are necessary to identify 
optimal ligand candidates for MWIR QD detectors, as current 
reports primarily utilize ligands that have been shown to be 
effective for other QD materials.   

Ligand Exchange
Despite the differences in materials and surface chemistries 

between different QDs, some rules for creating QD films hold 
true universally. Initially, optoelectronic devices constructed 
from QD films suffered from poor carrier mobilities due to the 
long organic ligands used in synthesis to stabilize QDs in 
solution. Long ligands inhibit carrier transport because they are 
insulating and add physical distance between QDs within the 
film, resulting in a barrier for carrier hopping, which has been 
shown to be the predominant method of transport in QD 
films.50 Decreasing the inter-QD spacing within films is 
traditionally accomplished via solid-state ligand exchange (also 
referred to as layer-by-layer or post-deposition ligand 
exchange) where long chain ligands are replaced by shorter 
ligands. In this process, a QD film is deposited onto a substrate, 
typically by drop-casting or spin-coating, and then subsequently 
exposed to a solution of shorter ligands (e.g., EDT in ethanol) 
that replace the native ligands and allow the QDs to come into 
closer contact. Solid-state ligand exchange is typically 
performed on sufficiently thin QD films to allow for complete 
solution penetration and can result in film discontinuities due 
to the loss of volume previously taken up by longer ligands. The 
shortcomings of solid-state or layer-by-layer ligand exchange 
are particularly cumbersome when fabricating films thicker 
than 100nm due to the need to perform ligand exchange after 
each deposited layer to ensure compete ligand exchange 
throughout the film.
More recently, in-solution ligand exchange has been used to 
successfully prepare QD solutions57–59 that can be made into 
charge-transporting thin films directly without the need for an 
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additional post-deposition ligand exchange step. In-solution 
ligand exchange techniques

are especially valuable for applications that require thicker 
(>100nm) QD films, as is generally desired for MWIR 
photodetectors, because they reduce the number of steps 
required to deposit a thick film and eliminate the possibility of 
deformations or cracks forming within the film due to laborious 
layer-by-layer ligand exchange. However, there are still 
significant challenges to be overcome for in-solution ligand 
exchange to become the predominant method of QD ligand 
exchange, which could improve ease of integration for 
commercial applications. Primarily, colloidal stability of QD 
solutions suffers after ligand exchange due to the shorter 
surface ligands’ inability to prevent aggregation, resulting in 
eventual precipitation of particles. There has been one report 
of in-solution ligand exchanged QDs remaining colloidally stable 
for months; however this technique uses an uncommon solvent 
(2,6-diflouropyridine) and has only been demonstrated on lead 
chalcogenide QDs.23 Another paper reports QDs prepared with 
short thioglycerol ligands that can be dispersed in water, but in 
order to prevent the QDs’ conglomeration, the solution 
concentration must be low, which makes uniform film 
formation difficult.60 

Regardless of whether solid state or in-solution ligand 
exchange is used to prepare a QD film, deposition is typically 
followed by a thermal annealing step to promote sintering of 
QD facets and further improve carrier transport.50,61,62 An 
annealing step typically consists of heating the substrate 
between 90-120 deg C for minutes to an hour in an inert 
atmosphere.61 While sintering of the QDs improves carrier 
mobility within the film, over-annealing can result in a loss of 
quantum confinement, which will adversely affect the lifetime 
of photogenerated carriers and the film’s absorption edge, 
resulting in higher dark currents.63 

To see if any trends exist in how choice of ligand or ligand 
exchange method may affect photodetector performance, we 
plot in Figure 4 (another subfigure in our database visualization 
dashboard) the responsivities of the same reported devices 

depicted in Figure 2 as a function of ligand exchange method 
and ligand. Not all reports provided ligand exchange methods 
or the choice of ligand, and these are omitted. The shape and 
color of the symbols indicate the chemical family of the QD 
material with blue stars indicating lead chalcogenides, 
red/orange circles indicating silver chalcogenides, and purple 
squares indicating mercury chalcogenides. The PbS QD-based 
devices tend to have the highest responsivities, irrespective of 
ligand chemistry and ligand exchange method, but this result 
can be in part attributed to the fact that these devices operate 
in the NIR or SWIR where higher responsivities are achievable 
rather than the MWIR regime. Of immediate notice in Figure 4 
is that far more ligands have been explored and devices 
demonstrated with solid-state ligand exchange than with in-
solution ligand exchange. However, despite fewer QD devices 
being demonstrated with in-solution ligand exchange 
techniques, these devices tend to have comparable or better 
responsivities than their solid-state ligand exchanged 
counterparts (for the same type of QD material). These 
aggregated results suggest that further development of in-
solution ligand exchange techniques with other ligands may be 
an effective means of increasing responsivities even further. For 
the devices constructed from solid-state ligand exchanged QD 
films, we note that despite the popularity of EDT, As2S3 appears 
to generally yield higher responsivities, particularly for HgTe 
and HgSe. The lack of reports using As2S3 are most likely related 
to the difficulty in using these ligands, despite their promising 
performance thus far. The greatest variety of ligands have been 
used for PbS QDs, with butylamine resulting in very promising 
performance, particularly for in-solution based ligand exchange. 
Interestingly, this ligand choice hasn’t been explored for QDs 
from the silver and mercury chalcogenide families thus far and 
presents as a worthwhile direction of future exploration. 

Film Formation
The most common techniques for QD film formation are 

spin-coating, drop-casting, and dip-coating. The choice of 
solvent is an important factor to consider when depositing 

Figure 4: Responsivity of QD photodetectors as a function of ligand choice. Distinction is made between in-solution and solid-state ligand exchange methods. Shape and color 
correspond to different QD material.
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films, as the slower rate of evaporation can typically enhance 
the smoothness of the film and increase the ordering of the QDs 
within the film. With spin-coating, a small amount of QD 
solution is dropped onto a substrate with the substrate then 
being spun at a high speed (typically 1000-5000 rpm) to 
uniformly distribute the solution over the substrate area. Spin-
coating is the preferred method for making uniform thin films, 
but the significant loss of QD solution during deposition that can 
be quite costly if the process were to be scaled up past the 
research setting. Drop-casting is the simplest method where the 
QD solution is simply pipetted onto a substrate and dried, but 
problems with film uniformity can cause differing performance 
across the device area, making it unlikely to be viable beyond 
single-pixel devices. Dip-coating produces very uniform films 
but requires enough QD solution for the substrate to be entirely 
submerged and slowly removed, as the residual amount of QDs 
on the surface dry to form a film. Research-scale QD synthesis 
typically only produces amounts in the hundreds of milligrams, 
which means producing enough solution for dip-coating would 
require multiple batches or a significantly scaled-up synthesis 
process. 

Some more advanced yet also less commonly employed 
methods of QD film deposition include spray-coating, ink-jet 
printing, slot-die coating, and electrophoretic deposition. Spray 
coating can be very advantageous for deposition over larger 
device areas,13 with a few reports of successful devices in the 
MWIR64,65 and with one such device displaying a responsivity of 
0.9 A/W at 2.4 µm operating at a bias voltage of 10V, which is 
close to the highest responsivities reported at that wavelength 
for QD single pixel photodetectors (see Figure 2). Slot-die 
coating is the preferred deposition method for thicker films,66 
which will increase the absorption of the film, but this technique 
has not yet been utilized in MWIR QD detectors. Ink-jet printing 
of QD inks, which was popularized in the study of QD LEDs,67 
allows for precise deposition over small areas, making it an ideal 
possibility for deposition onto multipixel devices where 
uniformity over the entire device area is key.11,68 
Electrophoretic deposition is a technique in which QD film 
formation is driven by an applied electrical current allowing to 
selectively deposit onto conductive electrodes.69 Additionally, 
electrophoretic deposition has the capability to form highly 
ordered nanocrystal films through control of the electric field, 
with lower electric field strength leading to slower growth and 
subsequently higher nanocrystal ordering.70

Characterization of the physical properties of MWIR QD 
films, such as the inter-dot spacing and QDs’ degree of ordering, 
is a step that has been somewhat neglected and/or difficult to 
achieve, with only very few reports in the area.71,72 Grazing-
incidence small-angle x-ray scattering (GI-SAXS) is the 
predominant method that can be used to extract these key 
physical properties of thin  QD films.70,72,73 Ordering of QDs 
within a film is vital for increasing carrier mobility as well as 
diffusion length, which in turn will increase the efficiency of QD 
based devices. Likewise, decreased spacing between QDs (i.e. 
tighter packing) can lead to stronger coupling of the QDs, which 
has also been shown to improve carrier transport.50

Devices
Single-Pixel Devices

While the MWIR QD community’s goal is to demonstrate the 
utility of these materials in imaging cameras, single pixel devices 
are more commonly employed and reported in the literature as 
they serve as a simple and low-cost testing platform to gain 
fundamental understanding as to how changes in synthesis and 
deposition conditions affect device performance. Additionally, 
fabrication of single-pixel QD devices is well established based 
on the decades of QD optoelectronic device research 
performed at shorter wavelengths, which makes interpretation 
of the device physics simpler. Single-pixel devices generally 
have either a horizontal or vertical geometry; simplified 
schematics of both device architectures can be seen in Figure 5. 
Devices with a horizontal geometry are either photoconductors 
or phototransistors. Both device types feature a channel 
composed of QDs between source and drain electrodes with 
phototransistors featuring an additional gate electrode and 
gate oxide to control the conductivity of the channel. The 
vertical geometry generally manifests itself as a photodiode 
that utilizes an internal electric field through a p-n, Schottky, or 
donor-acceptor junction.22 Between these two geometries, the 
vertical device architecture is more akin to the current design of 
commercial multipixel focal plane arrays (FPAs) (also known as 
staring arrays) where the single crystalline sensing material is 
indium bump bonded to the ROIC (bottom contact) and a highly 
IR-transparent top contact or electrode is deposited on top. In 
practice, producing devices with a vertical architecture is more 

Figure 5: Schematic of simplified vertical (top) and horizontal (bottom) photodetectors. 
Note the top (drain) contact in the vertical devices should be IR transparent. (ETL= 
electron transport layer, HBL= hole blocking layer). The squiggly blue line represents 
incident radiation.
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challenging than producing ones with a horizontal architecture 
since the vertically stacked devices require uniform and 
pinhole-free films and a highly transparent top electrode.

Vertical device architectures are advantageous for low 
carrier mobility materials because the distance the 
photogenerated carriers must traverse is set by the film 
thickness, which is usually on the order of hundreds of 
nanometers, rather than the several-micron-scale that is typical 
of most horizontal geometries. The vertical structure requires 
that at least one of the electrodes is IR-transparent, which is 
typically accomplished by depositing an extremely thin metal 
electrode (<10 nm for transparency but >5 nm for electrical 
continuity) or utilizing metal nanowire array electrodes.74,75  

With its high conductivity and near uniform transparency over 
a wide range of wavelengths, graphene is another transparent 
electrode candidate of increasing interest in recent years. A 
single layer of chemical vapor deposition (CVD) grown graphene 
displaying nearly 97% transparency over the MWIR range,76–78 
and it has been successfully incorporated as an electrode or 
transport layer in photodetectors operating in the SWIR, MWIR, 
and visible regimes.79–86 

To see if any correlations exist between photodetector 
performance and either device geometry or film formation 
technique, we plot in Figure 6 the responsivities of the same 
reported single-pixel photodetector devices depicted in Figure 
2 as a function of device architecture (horizontal vs. vertical) 
and the reported film formation technique. This figure is the 
fourth and final subfigure in our database visualization. We note 
that not all publications include details on device fabrication, 
like the film formation method used, and these reports are not 
represented in the figure. Nonetheless, these aggregated 
results highlight how much less well-explored vertical device 
architectures are compared to horizontal architectures, which 
is likely due to the challenges described above with vertical 
device construction. As will be discussed in greater detail in the 
next section, multi-pixel IR cameras (i.e., FPAs) typically have a 
vertical geometry. Thus, for the current research to directly 
translate and help in QD camera commercialization, either 
vertical device geometries should be adopted in research work 

rather than horizontal device geometries or new conceptions of 
ROICs that may be amenable to lateral charge collection must 
be considered.

Figure 6 also makes clear how few film deposition 
techniques have been explored aside from spincoating and 
dropcasting – neither of which is particularly appealing for 
commercial fabrication of QD photodetectors due to the 
material loss and uniformity issues, respectively, that were 
highlighted earlier. Of the more scalable film formation 
methods previously discussed that include spray-coating, ink-jet 
printing, slot-die coating, and electrophoretic deposition, only 
spray-coating has been demonstrated with HgTe QDs. 

We have thus far focused only on responsivity as the 
performance metric by which to compare single-pixel devices, 
in large part because this is an important and commonly 
reported performance metric. However, responsivity is only 
one of several metrics (described below) to characterize 
photodetector performance, and by itself, responsivity does not 
provide a true apples-to-apples comparison amongst devices. 
For one, calculations of responsivity do not account for the 
photodetectors’ active area. Also, because radiant energy 
corresponding to inter- and intra-bandgap transitions is needed 
to generate a photocarrier, the responsivity is naturally a 
function of the wavelength or energy of the incident light used 
to perform the measurement. Responsivity can be measured 
using either monochromatic light (laser diode) or broadband 
light (black body/gas lamp) and reporting the light source and 
wavelength at which the responsivity measurement is 
performed is crucially needed to standardize results. In addition 
to irradiation, the bias voltage under which the device is tested 
affects the observed responsivity by sweeping out the 
photocarriers from the QD film and should always be reported 
with responsivity as a best practice, as well. Generally, larger 
biases result in larger responsivities up to a point at which all 
the photocarriers are swept out of the quantum dot film; once 
this saturation point is reached, the responsivity is no longer a 
function of applied bias and can be ignored as a factor in 
performance. 

Figure 6: Responsivity off QD photodetectors as a function of deposition method and detection wavelength. Distinction is made between vertical and horizontal device 
architectures. Shape and color correspond to different QD material.
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Specific detectivity (D*) provides another measure of a 
photodetector’s signal-to-noise and is a better performance 
metric than responsivity because it accounts for the active area 
of the photodetector, thereby enabling absolute comparisons. 
Specific detectivity is directly proportional to responsivity, R, 
and is inversely proportional to the noise-equivalent-power 
(NEP), calculated as: 

                           𝐷 ∗ = 𝐴∆𝑓 𝑁𝐸𝑃
where  is the detector area. The associated units of D* are 𝐴 [

. Despite being more informative, D* is 𝑐𝑚 ∙ 𝐻𝑧 𝑊] = [𝐽𝑜𝑛𝑒𝑠]
not as frequently reported as R in the literature, presumably 
due to the difficulty and tedious nature of accurately measuring 
noise. Due to the infrequent reporting and somewhat unreliable 
nature of D* measurements, we have chosen to primarily report 
R as a figure of merit in this review, but a graph of detectivity 
versus wavelength similar to that shown in Figure 2 can be 
found at:
https://public.tableau.com/authoring/IRQDphotodetectors_16
384709473480/DvsWL#1. 
NEP is a defined as the signal power that gives a signal-to-noise 
ratio of 1 and can be calculated from the total noise current 
(In)87,88 and R, as:

𝑁𝐸𝑃 = 𝐼𝑛 𝑅
with units of . Noise-equivalent-temperature-[𝑊 𝐻𝑧]
difference (NETD) with units of   is a similar metric to [𝐾 𝐻𝑧]

NEP that is commonly used to describe the temperature 
resolution of detectors and is calculated as: 

𝑁𝐸𝑇𝐷 = (𝐼𝑛 𝐼𝑠)(𝑇𝑡 ― 𝑇𝐵)
where  is the signal current,  is the temperature of the 𝐼𝑠 𝑇𝑡

target, and  is the background temperature. 𝑇𝐵

A photodetector’s response time, which is generally defined 
as the time for the photodetector to electrically respond to the 
turning on or off of illumination, is also an important 
performance metric of photodetectors but is not always 
reported. The response time provides a measure of the number 
of trap states present and provides an upper limit for the refresh 
rate at which the photodetector can operate, which is of 
importance for commercial IR cameras. However, precisely how 
response times are deduced from single pixel photodetector 
devices is not always reported in the literature and can vary 
between reports. For example, one definition of the response 
time is the time after illumination when the responsivity 
reaches 0.707 of its steady-state value89 while another 
definition can be correlated to rise time which is defined as the 
time it takes detector to go from 10% to 90% of its signal 
output.90 

Another critically important yet poorly studied device 
performance characteristic is QD photodetectors’ long-term 
stability and stability on exposure to oxygen and moisture. 
Most current QD photodetector research avoids these 
potential challenges by performing film fabrication and device 

Figure 7: Schematic of an HgCdTe QD film deposited onto a ROIC, with graphene oxide top contact (left). AFM image and line scan of an uncoated ROIC (right). Reprinted 
from reference 81, https://creativecommons.org/licenses/by/4.0/ .
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testing in oxygen-free environments and only reporting device 
performance immediately after device fabrication. However, 
performing such environmental and aging studies will be 
critical for commercialization of QD-based IR cameras. While 
Ag- and Hg-based chalcogenides are less well-characterized, 
lead chalcogenide QDs are known to be highly air sensitive. A 
couple of promising and demonstrated means of 
environmentally protecting QD films is through passivation 
with halides31,33 or by encasing them in alumina deposited 
using ALD.91 QD-based field effect transistors with an ALD-
deposited alumina coating have been shown to be stable in air 
for at minimum several months. As an added benefit to 
providing environmental protection, encasing PbSe QDs with 
ALD-deposited alumina was also reported to increase the QD 
films’ charge carrier mobilities; alumina-coated PbSe QD films 
demonstrated electron mobilities of 7 cm2/Vs –10-100 times 
greater than what is typical of untreated QD films.92 

Focal-Plane Arrays

An important leap to be made by the IR QD research 
community to bridge work from the research to the commercial 
setting is demonstration of IR imaging with QD-based devices. 
A few imaging demonstrations have been made where single 
pixel devices, like those discussed above, were rastered across 
a desired field of view to produce a 2D image.37,74,83,93–95 
However, such imaging demonstrations hold little practical 
value as rastering takes minutes to produce an image. 
Traditional commercial IR imagining systems quickly produce 
2D images using FPAs, which consist of an IR-sensing material 
layered atop a ROIC, see Figure 7. The ROIC is a 2D pixel array 
that collects the photocarriers from the IR-sensing material and 
converts them into a signal voltage, thereby quickly producing 
a 2D IR image of an entire field of view without the need for 
rastering. To truly demonstrate their potential to compete 
against current commercial IR detectors, QDs must be 
incorporated into FPAs as the sensing material and demonstrate 
competitive imaging capabilities. Demonstrations of MWIR QD 
FPAs in the research setting seem to be hindered in large part 

by the high upfront costs of ROICs. ROICs are sold by only a 
handful of suppliers and are typically only sold as wafers 
consisting of ca. 100 devices, with each ROIC costing several 
hundred dollars; thus, R&D efforts to develop QD FPAs requires 
an investment of tens of thousands of dollars simply for the 
purchase of ROICs, which can be prohibitively high in a research 
setting. If this barrier can be overcome, the other barriers to 
producing a QD-based FPA are low: material costs of MWIR QD 
films are estimated to be <$5 for one FPA96 and the  cost of 
processing is also minimal relative to epitaxial methods. As 
described earlier, QD synthesis and film deposition involve 
commonplace organic semiconductor and wet chemistry 
methods, and typically only take a couple of hours to produce a 
functional FPA.96

To date, only a handful of IR imaging demonstrations of QD-
based FPAs have been reported due to the immaturity of MWIR 
sensing QDs, high upfront cost of ROICs, and the added 
complexity of signals processing to generate an image from an 
FPA. A couple of papers have demonstrated multipixel devices 
similar to FPAs in the MWIR, but the pixels are isolated and the 
ROIC is absent, indicating that these devices cannot function as 
FPAs.56,94 In the MWIR region, only four QD-based FPAs have 
been demonstrated. Two of these QD FPA demonstrations are 
by the Guyot-Sionnest Group using HgTe QDs.96,97 In the first, 
HgTe QDs were drop-cast onto the ROIC and left as a monolithic 
film to avoid complex lithography steps. A median NETD of 102 
mK  and a median external quantum efficiency (EQE) of 0.64% 
were achieved at 100 K in the MWIR (3-5 μm) regime.96 For 
context, commercial MWIR FPAs based on epitaxial InSb 
typically achieve an NETD < 25 mK.98 Also for a point of 
comparison, single-pixel HgTe QD photoconductors have 3-4x 
higher EQEs in the MWIR (EQE of ~2% at 90 K and up to 2.5% at 
138 K) than their multipixel FPA counterparts, demonstrating 
the challenge of translating performances achieved in single-
pixel devices to multipixel FPAs.99 In the second demonstration 
of a MWIR QD FPA by the Guyot-Sionnest group, a nearly 
identical FPA with a mean EQE of 0.30% and NEDT of 2.319 K 
was reported at 95 K using a 300 K blackbody radiation source.97 

Figure 8: (A) Mapping of dark current on MWIR QD FPA and (B) image produced from the same FPA. Notice the shorted pixels resulted in dead spots on the image, 
reprinted/adapted with permission from reference 97.
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The HgTe QD film appears to also have been drop-cast, and the 
same variation in dark current/film thickness was seen. This 
variation is an artifact of the drop-cast drying pattern, which 
resulted in lower absorption and thereby lower performance in 
the outer pixels, along the edges of the FPA.96 Additionally, 
random shorts and high conductance areas were observed, 
which were attributed to agglomerations in the QD film or 
scratches from handling of the film, see Figure 8A.97 As can be 
seen in Figure 8B, these shorted pixels resulted in dead zones 
when producing an image. Between the two demonstrations of 
MWIR FPAs, the performance remained mostly the same due to 
common issues with QD film thickness and poor carrier 
transport. 

In addition to HgTe QDs, FPAs have been produced with 
HgCdTe QDs. These QDs have a set ratio of Hg:Cd such that the 
composition is Hg1-xCdxTe. The Rao group has demonstrated 
HgCdTe MWIR FPAs on a 320 x 256-pixel ROIC (FLIR 
ISC9705),81,100 as seen in Figure 9. The QD film was deposited by 
spin-coating rather than drop-casting, which resulted in a more 
uniform film, but, like the prior QD-based FPA demonstrations, 
the QD film was not patterned to isolate pixels. Rather than a 
thin metal film, graphene oxide was used as the top contact 
material, which has been an effective top contact in the near-IR 
Hg0.2Cd0.8Te QD devices.101 A NEDT of 4 K at room temperature 
was reported in the MWIR.81 The high NEDT is indicative of a 
low signal-to-noise ratio (SNR), in particular for bodies below 
350 K.102 The low SNR was attributed to non-uniformity and 
partial absorption of MWIR light in the graphene oxide layer.81 
This problem was remedied in a more recent paper, where the 
Rao group replaced the graphene oxide top contact with a very 
thin gold film, and deposited HgCdTe QDs onto a commercial 
ROIC via shock wave dispersion.100 This deposition method 
resulted in improved film thickness and uniformity, verified by 
a 1% variation in photo response across all functioning pixels.100 
These improvements in electrode transmissivity and deposition 
resulted in a higher estimated EQE of 1.7% at room temperature 
for a 300 K black body.100

Further improving the performance of QD-based FPAs will 
require addressing several device fabrication issues, including 
increased film uniformity, decreased film defects, isolated 
individual QD pixel elements (i.e., film patterning), and 
improved carrier transport. Film uniformity and defects are 
largely dictated by the film formation process. Drop-casting – 

the currently most-used method of film formation – tends to 
yield non-uniform film thicknesses due to variation in the 
evaporation rate of the solvent and variation in the QD 
concentration across the ROIC. Specifically, the drop-casting 
method used in HgTe QD FPAs is prone to the coffee ring effect, 
where a radial thickness pattern forms due to partial wetting 
between the substrate and QD solution, causing the edge pixels 
to have a thinner QD layer than in the center.96,97 The areas with 
a thinner QD layer exhibit lower absorption, which reduces the 
signal-to-noise ratio. Patterning QD films to form isolated pixels 
without introducing defects to the films is another hinderance 
to improved QD FPA performance. The non-zero conductance 
of QD films, along with defects, can cause photocarriers to be 
collected by a neighboring pixel pad, introducing crosstalk 
between pixels. Crosstalk could be mitigated by patterning the 
monolithic QD film into pixels, thereby electrically isolating 
them from each other. Groups have demonstrated the ability to 

Figure 10: Photographs of ROIC die coated with HgCdTe QDs (a). Graphene oxide coated ROIC after QD deposition (b). FPA after wire bonding (c), reprinted from reference 81, 
https://creativecommons.org/licenses/by/4.0/ .

Figure 9: (a) Image of patterned HgTe QDs on a silicon substrate and (b and c) SEM 
images of said HgTe QD pixels, reprinted with permission from reference 94. Copyright 
2018 American Chemical Society.
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pattern QD films, but not on a ROIC. The Guyot-Sionnest group 
has patterned HgTe QD films with traditional photolithography 
and wet etch techniques,94 and the Lhuillier group has 
patterned HgSe QD films with electron beam lithography and 
plasma etch techniques.56 In both cases, the patterned pixels 
were 20-60 microns in size, as can be seen in Figure 10, which 
promisingly is of similar size to the pixels in commercial 
ROICs.103 However, using these techniques to pattern QD films 
on ROICs may damage the underlying circuitry of the ROIC. 
Alignment of the ROIC pixel pads with QD pixels further 
complicates the patterning process. Nevertheless, producing 
electrically isolated pixels may reduce noise and crosstalk, 
improving the consistency and performance of MWIR QD FPAs. 
Ink-jet printing is a method that can be of great value in this 
endeavor,68 however many of the reports using this method 
have been focused on QD LED fabrication rather than 
photodetection.

The performance of QD-based FPAs is also currently limited 
by low external quantum efficiency, which can be caused by 
material limitations, such as low absorption and low carrier 
mobility, as well as high reflectance from or absorption by the 
top contact. Problems with the top contact can be addressed by 
using an antireflective coating on top of the FPA or by using a 
MWIR-transparent top contact material, such as metallic 
nanowire arrays.75,81 Additionally, thin QD sensing layers in 
MWIR FPAs result in low absorption, which limits the external 
quantum efficiency, but the tradeoff between layer thickness 
and its effect on increasing dark current must be taken into 
consideration.104 An alternative approach could be the 
implementation of plasmonic structures, which has been shown 
to improve absorption of QD films by more than 30% in the NIR. 
94,105–107 In addition to absorption, EQE is limited by carriers 
recombining before they are able to be collected, resulting in 
reduced photocurrent.97 Creating thicker QD layers also 
increases the likelihood of recombination of photogenerated 
carriers. Combating carrier recombination is a two-prong 
approach, on one hand one would like to increase the carrier 
lifetime and on the other improve carrier mobility. Careful 
selection of capping ligands may reduce the concentration of 
trap states effectively increasing the carrier lifetime. 
Furthermore, trap states can be reduced by synthesizing core-
shell quantum dots, which have shown to increase quantum 
efficiency by improving QD stability and resistance to oxidation 
and chemical degradation.108–110 Capping ligands also have a 
significant effect on carrier mobility,23 but another promising 
approach is addition of a 2D layer such as graphene or MoS2, 
which act as a high carrier mobility transport layer, increasing 
the carrier mobility up into the hundreds of cm2/Vs.79 In hybrid 
2D-QD photodetectors, the QDs act as the absorption layer, and 
photogenerated carriers are transferred to the 2D material 
where they are transported to the nearest electrode.

Conclusion and Forward Outlook
While the database serves as a useful repository for 

information relevant to the literature, exploring the data – 
generating and testing hypotheses about potential trends 

amongst materials, synthesis approaches, or device 
performances – is challenging when data is presented in such a 
tabular form. To address this issue, we developed an interactive 
visualization dashboard using Tableau that enables users to 
explore and interact with the data. Figures 1, 2, 4, and 6 show 
screenshots from this tool, which may be accessed by anyone 
at:
https://public.tableau.com/app/profile/tom.nakotte/viz/IRQD
photodetectors_16384709473480/Dashboard1#1. 
We chose to provide four views of the data in the dashboard to 
aide in answering several common questions amongst QD 
photodetector researchers. 

While there have been many promising advances in the field 
of MWIR QD photodetectors, space for improvement remains 
in QD materials themselves, device engineering, and film 
deposition. In terms of material improvements, the library of 
capping ligands can be greatly expanded for the mercury and 
silver chalcogenides to assess the effects on carrier mobility, 
carrier lifetime, and doping. Introduction of 2D materials, which 
have been used quite successfully in the SWIR to increase 
carrier mobility, has not been thoroughly researched in the 
MWIR. Surface ligands have the ability to modulate energy 
levels as well as the Fermi level, opening up the possibility of 
engineering the energy levels to better align with electrodes’ 
work functions. Ligand engineering has been successfully used 
to improve performance in QD solar cells, but the technique is 
less explored in MWIR photodetectors. Improvement of film 
deposition onto ROICs is a key factor in providing uniform 
performance throughout the device. Currently the more 
primitive techniques such as drop-casting and spin-coating are 
the most frequently used, but a more focused technique such 
as ink-jet printing has the potential to provide consistent 
coverage of all the pixels in a ROIC. As the production of ROICs 
becomes more commonplace it stands to reason that price 
would decrease, which would increase the number of devices 
that can be fabricated and tested. Increased production of 
devices is the surest way to move the field forward, as real-life 
testing is the most proven method. However, during the time 
when supply of ROICs is still limited it is important to apply 
educated assumptions to expand the impact and knowledge 
gained from each subsequent device. MWIR QD photodetectors 
are nearing the point where they can successfully compete with 
current technologies, with the possibility of providing a cheaper 
alternative without the need for cryogenic cooling. 
Improvements in carrier mobility, carrier lifetime, film 
deposition, and device fabrication are still needed to achieve 
the end goal of an uncooled affordable IR imager, however we 
have the tools at our disposal to make this goal a reality.
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