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ABSTRACT

This review is written to introduce infrared photon detectors based on solution-processable semiconductors. A
new generation of solution-processable photon detectors have been reported in the past few decades based on
colloidal quantum dots, two-dimensional materials, organics semiconductors, and perovskites. These materials
offer sensitivity within the infrared spectral regions and the advantages of ease of fabrication at low temperature,
tunable materials properties, mechanical flexibility, scalability to large areas, and compatibility with monolithic
integration, rendering them as promising alternatives for infrared sensing when compared to vacuum-processed
counterparts that require rigorous lattice matching during integration. This work focuses on infrared detection
using disordered semiconductors so as to articulate how the inherent device physics and behaviors are different
from conventional crystalline semiconductors. The performance of each material family is summarized in tables,
and device designs unique to solution-processed materials, including narrowband photodetectors and pixel-less
up-conversion imagers, are highlighted in application prototypes distinct from conventional infrared cameras.
We share our perspectives in examining open challenges for the development of solution-processable infrared
detectors and comment on recent research directions in our community to leverage the advantages of solution-
processable materials and advance their implementation in next-generation infrared sensing and imaging
applications.

1. Introduction

among many other areas. Commercially available IR detectors are pre-
dominantly based on vacuum-processed inorganic compound semi-

Photodetectors that convert photons to electrical signals are the
foundation of light detection technologies. Depending on the range of
electromagnetic radiation absorbed by the active material, photode-
tectors are given different classifications, these include e.g., X-ray de-
tectors, visible detectors and infrared (IR) detectors. Infrared light
detection [1-7] underpins applications spanning diverse areas such as
biomedical sensing, environmental surveillance, industrial inspection,

conductors, which are structurally rigid, brittle, and require fabrication
via complex epitaxial growth and costly processes. A new generation of
solution-processable semiconductors have been reported in the past few
decades including colloidal quantum dots (CQDs) [1,8,9], organic
semiconductors (OSCs) [4,7,10,11], perovskites [1,12,13], and
two-dimensional (2D) materials [5,14]. These materials offer sensitivity
within the IR spectral regions and the advantages of ease of fabrication

Abbreviations: 1D, 2D, one-dimensional, two-dimensional; BHJ, bulk heterojunction; BLA, bond length alternation; CCN, charge collection narrowing; CMOS,
complementary metal oxide semiconductor; CP, conjugated polymer; CQDs, colloidal quantum dots; CT, charge-transfer; DA, donor-acceptor; FET, field-effect
transistor; FP, Fabry—Perot; FPA, focal plane array; FWHM, full-width at half-maximum; HOMO, highest occupied molecular orbital; IR, infrared; LHJ, layered
heterojunction; LED, OLED, light emitting diode, organic light emitting diode; LUMO, lowest unoccupied molecular orbital; MCT, mercury-cadmium-telluride; NFA,
non-fullerene acceptor; OSCs, organics semiconductors; PC, photoconductor; PD, OPD, photodiode, organic photodiode; PPG, photoplethysmography; PT,

phototransistor.
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at low temperature, tunable materials properties, mechanical flexibility,
scalability to large areas, and compatibility with monolithic integration.
Thus they are promising alternatives for IR sensing when compared to
their vacuum-processed counterparts that require rigorous lattice
matching during integration.

The rapid developments in solution-processable IR photodetectors
enrich detector functionalities on account of the synthetically tailorable
properties and tunable optoelectronic characteristics of the semi-
conducting materials. These solution-processable IR materials enable
new concepts for photo sensing, including upconversion pixeless imag-
ing [15-17], trap-assisted photomultiplicative gain [18-20], and
non-planar form factors [16,21,22] in IR sensing systems. The pro-
gresses in such IR sensing technologies will be tremendously beneficial
for both civilian and defense applications.

This review is written to introduce infrared photon detectors based
on solution-processable semiconductors, as opposed to infrared thermal
detectors. We explore recent advances in solution-processed IR detectors
in terms of functional materials, device physics, and novel applications
enabled by these materials. In general, there are three types of photon
detector structures: photodiodes, photoconductors, and phototransistors
[11,13]. The three types of detectors have their own characteristic
features in terms of photosensitivity, response speed, noise level, and
device size. Deliberate device configurations can enable sensing func-
tions such as upconversion detectors [4,23] and multispectral detection
and imaging [24,25]. When compared to prior reviews [1-5], this work
focuses on IR detection using disordered semiconductors, including or-
ganics, CQDs, and low dimensional materials, to articulate how the
inherent device physics and behavior are different from conventional
vacuum-processed inorganic semiconductors.

First, we present a brief introduction of IR detectors, including a
technology timeline, to explain the motivation and need for the devel-
opment of new IR detection materials. The advantages and disadvan-
tages of traditional vacuum-processed semiconductors and solution-
processed semiconducting materials are compared. The second section
of this review details mechanisms of operation in disordered materials,
including charge generation, transport, and collection. We also discuss
the diversity of detector configurations and material properties such as
charge mobility and trap density that affect the performance charac-
teristics of IR detectors. In the third section, the performance metrics for
detectors are presented, in terms of responsivity, noise, detectivity,
response speed, and photo-multiplicative gain. In the fourth section, we
survey the performance of detectors based on solution-processable
semiconducting materials, including CQDs, 2D materials, organics,
and perovskites. The performance of each material family is summarized
in tables. The fifth section of this review presents device designs unique
to solution-processed materials, including narrowband photodetectors
and pixel-less up-conversion imagers, and highlights application pro-
totypes distinct from conventional IR cameras. Last, we share our con-
clusions and perspectives and examine open challenges that remain in
the development of solution-processable IR detectors. For example, the
disorder inherent to solution-processed semiconductors introduces trap
states that impact the detector performance. Throughout the review, we
comment on recent research directions in our community so as to
leverage the advantages of solution-processable materials and advance
their implementation in next-generation IR sensing and imaging
applications.

1.1. History of infrared detectors

This section introduces infrared detection from a unique historical
perspective, intended to add background information to standard de-
tector review articles [2,26] or textbooks [27].

1.1.1. Discovery of infrared radiation
The first infrared detector was technically a mercury thermometer
placed behind a prism. On a sunny, spring day in April of 1800, William
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Herschel mounted a rocksalt prism behind a hole in a wall. This sepa-
rated incident sunlight into its component wavelengths. Herschel care-
fully constructed an array of thermometers and placed them 0.25 in.
behind the lowest energy, barely visible red wavelengths transmitted by
the prism. He incrementally moved the thermometers further away from
the barely visible, red colors. Table 1 describes his observations,
adjusted for ambient temperature [28].
He went on to describe his observations:

“[TThere are rays coming from the sun, which are less refrangible
than any of those that affect the sight. They are invested with a high
power of heating bodies, but with none of illuminating objects; and
this explains the reason why they have hitherto escaped unnoticed.”

He divided the solar spectrum into two regions: the prismatic spectrum
and the thermometrical spectrum. Today, the prismatic spectrum is the
visible region, wavelengths between 0.4—0.75 pm. The thermometrical
spectrum has been subdivided into several different regions: the near
infrared (NIR, 0.75-1 pm), the shortwave infrared (SWIR, 1—3 pm), the
midwave infrared (MWIR, 3-5 pm), the longwave infrared (LWIR, 8-15
pm), and the far infrared (>15 pm). There are other sub-divisions of the
IR past LWIR, but since they are not presently accessible using solution-
processed photodetectors, they are not described here. The corre-
sponding wavelengths and frequencies for each region are shown in
Fig. 1a, and b compares the detector response of various semiconducting
materials.

Different materials absorb light in different spectral regions. For
example, imaging under SWIR light enables the inspection of objects
behind a silicon (Si) wafer, because Si is opaque in the visible region but
transparent in SWIR (Fig. 1c and d). For any object with a temperature
above absolute zero, thermal emissions (MWIR and LWIR signatures)
exist. Fig. 1e and f compare the SWIR and MWIR images of two cups of
water at different temperatures, respectively. While visible or SWIR light
cannot differentiate the temperature of the water, the MWIR image
distinguishes objects with different temperatures [29]. This demon-
stration underscores the differences in detectors and their sensitivity to
different wavelengths.

Fig. 2 depicts the principal types of solution-processable IR detectors
in use today, alongside their current-voltage characteristics. These de-
tectors include photoconductors, bolometers, photodiodes, and photo-
transistors. Briefly, a photoconductor absorbs incident photons and
converts them to electron-hole pairs, which then drift to their respective
electrodes under an external bias. A bolometer uses thermally induced
changes in resistance to detect IR radiation. A photodiode generates
charge carriers within the depletion region of two oppositely doped
semiconductors. A phototransistor is basically a version of a photo-
conductor with an additional gate electrode that serves to enhance the
photoresponse.

1.1.2. Photoconductors

The photoconductor was accidentally discovered in 1873 by Latimer
Clark and Willoughby Smith while investigating materials for use in
underwater telegraph cables [30]. In a typical experiment, selenium
bars 5-10 cm long and 1-1.5 mm in diameter were sealed in a glass
tube, with platinum wires attached to either end of each bar to act as
electrical connections. They became confused when there were large
discrepancies in the electrical resistance of each bar when measured by
different people. This was eventually determined to be caused by the

Table 1
Herschel’s data for thermometer number one.

Line number Position behind Red (inches) Temperature Rise, No.1

1 0.25 6.5

2 0.5 2.75
3 1 5.25
4 1.5 3.125
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Fig. 1. (a) The spectrum of electromagnetic waves spanning from ultraviolet (UV) to IR. (b) Typical semiconducting materials for UV-IR light detection. (b) Typical
semiconducting materials for different spectral ranges. (c) Visible and (d) SWIR images of objects. (¢) SWIR and (f) MWIR image of two cups of water at different

temperatures. (c-f) were reproduced with permission of Ref. [29].
absorption of light:

“[W]hen the bars were fixed in a box with a sliding cover, so as to
exclude all light, their resistance was at is highest, and remained very
constant. [When] the cover of the box was removed, the conductivity
increased from 15 to 100 per cent. [sic] according to the intensity of
the light falling on the bar.”

The effect persisted even when the device was immersed in water to
minimize changes in external temperature. Clark and Smith did not
name this effect, but today this is regarded as the first documented case
of a photoconductor.

A photoconductive detector consists of a semiconductor sandwiched
between two electrodes. A direct current bias is typically applied across
the semiconductor which has a resistance in the MQ range. Absorption
of light by the semiconductor generates pairs of electrons and holes,
which drift under the action of an external bias to the appropriate
electrode. The semiconductor electrical resistance temporarily de-
creases, which is measured through changes in current.

1.1.3. Bolometers

Frustrated by the lack of sensitive IR detectors (mainly the 1836
thermopile) [31], Samuel Langley in 1881 connected identical lengths of
various metals using a Wheatsone Bridge with a galvanometer to mea-
sure changes in current. Metal on one side of the bridge was exposed to
heat sources, and the other was shielded. He named his device the
Actinic Balance because it strongly resembled in shape and packaging,
the type of analytical balance used by contemporary chemists: [32]

“It measures radiations and acts by the method of the ‘bridge’ or
‘balance,’ there being always two arms, usually in juxtaposition, and

exposed alike to every similar change of temperature arising from
surrounding objects, air-currents, etc., so that the needle is (in theory
at least) only affected when radiant heat, from which one balance-
arm is shielded, falls on the other. Its action, then, bears a close
analogy to that of the chemist’s balance.”

Eventually, the name Actinic Balance fell out of favor and was
replaced by the terminology of bolometer. The first example made of
iron generated a current of 0.4765 Wb for a 102.3 °C temperature rise. In
the 19th century, Weber was a CGS unit for electric current, not mag-
netic flux as it is in the SI system.

In a Nature article from 1898, [33] the detector sensitivity had
improved to the point where it could detect thermally induced current
changes of 1.2 pA resulting from a temperature change difference of
1077 °C. The development of the bolometer continued and in a 1907
memorial address to the Smithsonian Institution, the bolometer was
described as being able to detect the presence of a cow in a field—solely
by the heat it radiated—at a distance of % mile [34].

1.1.4. Photodiodes

The first description of photodiodes was not in a journal article or
addressed to a scientific society, but was first described in United States
Patent 2,402,662 by R. S. Ohl of Bell Telephone Laboratories in 1946.
Initially described as a Photo E. M. F. Cell, it was discovered while
developing a process for purifying silicon ingots for use in point contact
rectifiers. In some ingots, impurities rose to the top of the melts that
created a p-n junction using only whatever impurities were present in
the silicon raw material [35].

“In a small proportion of the melts, say 3-5 per cent, the top of the
melt was covered with material which was extruded from the interior
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Fig. 2. Structures, current-voltage characteristics, and band diagrams for (a) bolometer, (b) photoconductor, (c) photodiode and (d) phototransistor. The photo-

transistor is depicted as an n-type device, but p-type is also readily available.

during the cooling process. The top surfaces of some such Ingots had
a pale yellowish and greenish fluorescent appearance. It was
discovered [...] that if a contact were made to the top surface of such
an ingot and some other point of the ingot, an electric current would
flow if the top of the ingot were irradiated with infra-red or visible
light.”

The original description of this device—Photo E. M. F. Cell—cleanly
describes how a photodiode operates. The junction of a p-type and n-
type material generates a depletion region where incident photons can
be absorbed. The detector generates an electromotive force (E.M.F.)
upon absorption of light: a photovoltage. Alternatively, photocurrent
can be measured.

1.1.5. Phototransistors

The phototransistor was developed just three years after the photo-
diode in 1949 by J. N. Shive of Bell Telephone Laboratories [36]. His
goal was to utilize “a photo-conductive property of germanium which
combines high spatial resolving power with an over-all quantum effi-
ciency greater than unity.” He modified the double surface transistor
geometry common at the time so that when the side opposite the col-
lector electrode absorbed light, it ejected charge carriers.

“A double surface transistor can be envisioned as a square cut from a
germanium crystal, with the collector electrode on one of the pol-
ished sides. Source and drain electrodes are deposited opposite each
other across its thickness. Light up to 1.5 pm was incident opposite
the collector, producing a gain between 3-4.”

1.1.6. Materials development

Over time, the materials used for each of these detectors improved
their performance. Today, the selenium Clark and Smith used in their
first photoconductor has been replaced with lead salts [37],
mercury-cadmium-telluride (MCT) [38] and indium antimonide (InSb)
[39]. Bolometers have improved from the iron rods initially used by
Langley to materials with strong insulator-semiconductor transitions
such as vanadium dioxide [40]. Photodiodes have improved from the
helpful impurities in the occasional silicon ingot described by Ohl to
epitaxial gallium arsenide (GaAs) [41], InSb [42], MCT [43], and
superlattices [44]. Gone are the days of Shive’s germanium photo-
transistors for IR detection; today, heterogeneous integration with
silicon-based complementary metal oxide (CMOS) transistors are com-
mon [3].

There is currently a third generation of improvements occurring in
all of these detector technologies that revolves around lower overall
cost, higher operating temperatures, and easier fabrication processes.
Most of the materials described above, especially for photoconductors
and photodiodes, only work at cryogenic temperatures and are typically
epitaxially grown, single crystals. A new class of materials that are so-
lution processable, such as low-dimensional colloidal semiconductors
and conjugated polymers, are being developed for the next wave of
improvements to these IR detector technologies.

The key feature of these materials—their ability to be deposited from
solution at low processing temperature (< 400 °C) —results in funda-
mentally different active layer structures. The thin films formed at low
temperature tend to be disordered, which contrast with crystalline
structures in the more traditional vacuum-processed inorganic materials
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grown at high temperature. Semiconductors can be put into one of three
different classes depending on their amount of long-range atomic order:
single crystal, polycrystalline, and amorphous. Single crystal materials
consist of an ordered atomic lattice extending over large distances. A
polycrystalline material consists of a disordered network of small, highly
organized crystal lattices. This can be commonly found in films depos-
ited using physical deposition techniques like high temperature reactive
sputtering [45]. The amorphous materials have no long range ordering
of atoms; most solution-processable materials fall into the amorphous
category. For example, in a spin-coated film, most of the solvent evap-
orates within the first ten seconds after the substrate begins rotating,
effectively setting the polymer chains in random orientations upon
drying. Nonetheless, conjugated polymer films can be processed to in-
crease local ordering by mechanisms such as n-stacking and solution
shearing [46-48].

The amorphous structure of these films imparts properties not typi-
cally found in ordered semiconductors, such as bias stress and differ-
ences in electronic conduction mechanisms. Bias stress occurs in
amorphous semiconductors because they typically have a very large
amount of shallow and deep charge carrier traps [49-51]. As trap sites
become filled, the device current changes for the same bias level. This
can impart a pronounced hysteresis to current-voltage curves [52].
Because the materials are amorphous, charge carriers cannot drift over
long ranges in valence and conduction bands, but rather use a charge
hopping mechanism [53]. This has the consequence of significantly
depressing charge carrier mobilities [54], although mobilities can be
increased for polymers deposited using vapor phase techniques [55].
Current research efforts are targeted at understanding and mitigating
these drawbacks so that low-temperature disordered materials can
enable high-performance detectors scalable to large areas and with
improved mechanical properties and novel form factors.

2. Structures and physics of photon detectors

IR detectors are categorized into thermal or photon detectors [56].
Thermal detectors [5,57] such as bolometers and pyroelectrics are based
on the transduction of heat into electrical changes and are broadband by
nature. Their thermal response spectrum is not limited by the bandgap
of the active material, while the response speed is usually well below 1
kHz due to the slow establishment of thermal equilibrium between the
device and the environment. Photon detectors [1,12,24], on the other
hand, absorb the incident photons and convert them into conducting
charges in the semiconducting material, enabling a fast response up to
hundreds of MHz. In this review, we will focus on photon detectors and
the new generation of photonic optoelectronic materials that are
compatible with solution processing techniques. In photodetectors, the
transduction of absorbed photons to an electrical current occurs through
(1) charge generation, (2) transport, and (3) collection. This section will
discuss the device physics of these three steps and the operating prin-
ciples of different detector structures to examine exciton and carrier
dynamics and the effects of charge injection and recombination on de-
vice gain and efficiency.

A bolometer is basically a thermal resistor. The resistance of the
active channel is sensitive to IR signals that induce a change in tem-
perature. As shown in Fig. 2a, the structure for a bolometer is similar to a
photoconductor (Fig. 2b), but often with an architecture that thermally
isolates the active material from the substrate. A photoconductor is
based on the photoconductive effect where photon-induced charge
carriers change the channel conductivity. The increase in photon-
induced current in the channel serves as the readout as shown in Fig. 2b.

A photodiode relies on p-type/n-type heterojunctions. The charge
generation process is closely related to the interface at the junction. The
typical current-voltage characteristics are presented in Fig. 2c. When a
reverse bias is applied, a photodiode operates in photoconductive mode,
and its photocurrent scales with light intensity. When a photodiode is at
zero external bias, it is in photovoltaic mode, and its photocurrent is
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driven by the built-in potential at the heterojunction, the same opera-
tional mechanism as a solar cell.

A transistor is basically a variable resistor adjustable by a gate
voltage. For phototransistors, the photon-induced carriers in the tran-
sistor channel lead to conductivity changes, and thus the channel cur-
rent and threshold voltage change accordingly. The photoconductive
gain and noise level in a phototransistor is readily modulated by
applying a gate voltage. The structure in Fig. 2d is a lateral configura-
tion, but it is worth noting that, while the most common transistor ge-
ometry is as shown with lateral contacts, there are demonstrations of
vertical transistors that allow higher channel current, with a trade-off in
the device off current [15,58].

2.1. Charge generation

2.1.1. Single component

Inorganic and organic semiconducting materials differ in the gen-
eration of charge carriers upon photoexcitation. Optical excitation of
inorganic semiconductors produces Wannier-Mott excitons, and the
typically high dielectric constants effectively shield the Coulomb
attraction between the electron-hole pairs. Hence, thermal energy at
room temperature is sufficient for the dissociation of free charge carriers
[59]. In contrast, the weak intermolecular interactions and strong
electron-phonon coupling due to lattice interactions in n-conjugated
molecules result in lower dielectric constants and result in the formation
of Frenkel excitons with more localized electronic wavefunctions. The
excitons, i.e., electron-hole pairs, generated upon light absorption are
bound by the exciton binding energy Eg = q2/(4neoe-a), where q is the
elementary charge, ¢ is the permittivity of vacuum, ¢, is the dielectric
constant and a is the electron-hole pair delocalization distance. The
exciton binding energy varies from a few mV in inorganic materials to
hundreds of mV in organic films with small polarizability and low
dielectric constants. Large binding energies inhibit exciton dissociation
into free electrons and holes, which becomes progressively more diffi-
cult in organic infrared materials as the bandgap narrows and the
probability of recombination increases [60,61].

Fig. 3a illustrates the charge generation process in a thin film of a
single organic semiconductor [62]. S; and S, represent excitons at the
first excited state and at a higher excited state, respectively. CP is the
charge pair state and CPy is the charge pair state decreased in energy
under an applied electric field. Upon light absorption, singlet excitons
(S or S, depending on the photon energy) are generated as depicted by
arrows denoted (1) and (2). Charge generation from a thermalized S;
state may happen through process (3), leading to a charge pair (CPg) that
dissociates into free carriers aided by the applied field. Curly arrows (4)
indicate the relaxation of excitons from higher energy states, which
either generates a charge pair (CP) or results in a vibrationally hot S;
state. The vibrationally hot S; state from process (4) could also over-
come the charge separation barrier to generate CPs through process (5).

2.1.2. Heterojunction

To enhance charge generation in solution-processed semiconductors,
heterojunctions comprised of multiple semiconductors are used to
facilitate charge separation [7,11,63,64], as schematically depicted in
Fig. 3b. In solution-processable semiconducting systems, the terminol-
ogy often refers to a p-type material as the donor, while an n-type ma-
terial is the acceptor. In this review, we use the terms “donor” and
“acceptor” to describe the PN heterojunction. At the donor-acceptor
interface, the energy offset between the highest occupied molecular
orbital (HOMO) of the donor and lowest unoccupied molecular orbital
(LUMO) of the acceptor is known as the charge-transfer (CT) state. The
CT state extends the delocalization distance (a) and reduces the binding
energy Eg of the electron-hole pair, leading to more efficient dissociation
and charge generation. In Fig. 3c and d, the detailed energy diagram
presents the possible charge-transfer pathways upon photoexcitation
[64]. The absorption of a photon with energy higher than Ep- results in



N. Li et al. Materials Science & Engineering R 146 (2021) 100643
( a) (b) Fig. 3. (a) Charge photogeneration process in a
Heterojunction single material. S1 and Sn represent excitons.
CP is the charge pair state, and CPy is the charge
® (2) pair state decreased in energy under an applied
LUMO P electric field. Reproduced with permission of
Ref. [62](b) Simplified energy diagram of a
> B /4 LUMO heterojunction. CT is the charge-transfer state.
o > (1)
oy &0 : Process (1) is light absorption; process (2) is
& g 1 CT state charge transfer and dissociation; process (3) is
w HOMO v charge recombination. (c) Detailed state dia-
o) HOMO gram and (d) coordinate energy level diagram
Donor of a heterojunction to show the charge genera-
Acceptor tion and recombination processes upon photo-
excitation. Reproduced with permission of
Ref. [64]. Schematics comparing charge gener-
ation and transport in (e) layered hetero-
(C) \ (d) junction and (f) bulk heterojunction.
kv/ N
CS
& & cT
@ 5]
< c
g g G \v/-“ CT1
o o b G
- e cT
Ecs k Ger Ecr
GS
A GS,,
s~ v Y ) L A glcs
Separation distance Nuclear coordinate
() )
mmm Donor EEEE Anode
(G ) pm Acceptor mmmm Cathode
<0 o 0 or O Hole
Q- ® Electron
-® o8 0 ,’ _
o (9] ¢”> Bounded

LHJ BHJ

an excited electron in state Deycited+ generated at a rate of Gps. When the
excited electron in the donor is transferred to the acceptor, the CT state
is formed. The CT state can either decay to the ground state (GS) radi-
atively (kg), or produce a charge-separated state (CS) i.e., free carriers to
be collected at the electrodes. Excess photon energy may assist free
charge generation at a rate of k*cg.

The relaxed CT state, CTp, is sometimes lower in energy than CS
states, potentially hindering the generation of free carriers. In the case
that the relaxation rate to CT; (Krelax) is much faster than charge sepa-
ration through higher energy states (k*cs), the free carrier yield becomes
dependent on the competition between dissociation (kcs) and recom-
bination (k¢), and independent of the photon energy. Meanwhile, it has
been shown that a high yield of free carriers from CT; is possible in
organic systems working in the visible, if the recombination rate k; is
minimized.

Typically, there are two types of heterojunction channels, layered
heterojunction (LHJ) and bulk heterojunction (BHJ). A LHJ is composed
of two or more layers of different materials, where the interface between
the layers forms a type-II heterojunction [65-67] with staggered energy
offsets, making it favorable for excitons to dissociate into free carriers as
shown in Fig. 3e. As exciton separation occurs at the interface,
increasing the interfacial area is beneficial to enhance carrier genera-
tion. Thus, the concept of a BHJ (Fig. 3f) was introduced in which the
donor and acceptor semiconductors are intermixed throughout the film
to produce a much larger interface than in a LHJ. A BHJ film is easily

made with solution-processed semiconductors by blending all the
components in one solution and then depositing the mixture to form the
active layer. Different BHJ compositions include binary [6] and ternary
blends [68] and films with inorganic nanocrystals embedded in organic
matrices [69]. Particularly for organic semiconductors, charge genera-
tion is far more efficient in BHJs than in single-component films. In this
review, we use the term BHJ to describe a solution-processable system
that comprises two or more semiconducting materials in the mixed
active layer, including quantum dots, perovskites, low dimensional
semiconductors, and organics.

However, even BHJs have been limited by poor exciton dissociation
efficiency in IR materials because of the high non-radiative recombi-
nation at narrow bandgaps [61]. Operating the device with an external
bias assists exciton dissociation and charge generation, albeit often with
the trade-off of increasing the dark current noise. Recently, in BHJ
systems with non-fullerene acceptors, charge generation has been shown
to be efficient for minimal energetic offsets, much smaller than those
required for fullerene-based systems [70-74]. This property facilitates
photodiodes that operate in photovoltaic mode at zero bias and avoids
dark current injection from an external bias [61,75]. Another approach
to increase charge generation is by incorporating high permittivity
components into the BHJ film. Raising the material permittivity (i.e. the
dielectric constant &) increases the polarizability, which screens
Coulombic interactions between the electron-hole pairs and lowers the
exciton binding energy [76-78].
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2.2. Charge transport

2.2.1. Single layer channel

After the charge generation step, the free carriers are transported
across the active layer, producing a photocurrent under the built-in or
external bias. Charge transport in solution-processed materials tends to
be encumbered by disorder within the film. Due to the energetic disorder
in available states, the motion of a carrier is typically described by
hopping [79-81], which is a phonon-assisted tunneling mechanism for
carriers to travel from site to site (Fig. 4a, b). This multiple
trapping-and-release characteristic manifests as thermally activated
transport, where the mobility in the disordered semiconductor increases
with temperature. This stands in contrast to transport within crystalline
semiconductors that shows decreasing mobility with higher tempera-
ture. The trapping-and-release transport in disordered materials in-
troduces time dependent hysteresis and also slows carrier mobility.

To improve the detector performance, efforts have been devoted to
improving the charge mobility in the transport channel. For example, a
planer structure is favorable [82] for molecular packing, which can be
tuned to optimize the n-n stacking. In organic semiconductors, linear
orientation and close packing of conjugated polymer backbones favor
intermolecular transport and boost the photoresponse [82,83]. In films
of colloidal quantum dots, the conductance is improved by shortening or
removing the surface ligands, because long ligands may block the charge
transport between the nanocrystals [84,85]. Ligand exchange, sintering,
or cross-linking are effective processing methods to improve charge
transport in nanocrystalline films [84-86].

2.2.2. Heterojunction channel

2.2.2.1. Layered heterojunction. Instead of a single-component active
layer, layered heterojunctions can be used to separate the charge gen-
eration and transport processes. For example, in CQD detectors, the
photoresponse efficiency is limited by low carrier mobility in the CQD
film. To address this bottleneck, materials with high carrier mobility
such as oxides and two-dimensional semiconductors are placed next to
CQDs to form heterojunction channels. Fig. 4c gives an example of CQD/
graphene channel [87]. The CQDs are responsible for carrier generation,

Electric field
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and then the free carriers diffuse into the high-mobility material that
serves as the charge transport pathway and improves the transport ef-
ficiency. However, it should be noted that high conductivity of the de-
tector channel can lead to high dark current, which reduce the ability to
detect weak light.

2.2.2.2. Bulk heterojunction. In organic IR detectors, the BHJ active
layer plays two roles, one is to enhance exciton separation at the donor-
acceptor interface, and the second is to facilitate charge transport by
forming separate pathways for electrons and holes to travel to their
respective collection electrodes. As shown in Fig. 3e, a BHJ of perco-
lating donor-acceptor network allows electrons (holes) to travel in n-
type (p-type) domains [88-90], but this percolating configuration shows
lower diode rectification compared to a LHJ. The anode and cathode are
accessible by both donor and accepter materials in the percolating BHJ,
while each electrode in the LHJ is connected to only one type of semi-
conductor to suppress charge injection and dark current. To keep the
advantages associated with the large interfacial areas, while also opti-
mizing rectification, the BHJ morphology is modified by phase segre-
gation [91]. The distribution of donor and acceptor domains can be
tuned by surface treatments and solvent evaporation control, such that
the surface energy of the electrode would favor one component over the
other to induce segregation in the donor-acceptor blend [92]. A
layer-by-layer deposition process induces phase segregation by
leveraging different solubilities of donor and acceptor in the solvent
[93]. Overall, phase segregation is helpful to reduce biomolecular
recombination [94] and improve transport in BHJs.

2.3. Charge collection

After charge generation and transport, charge collection is the last
step in the process of transducing light into an electrical current. Charge
collection is heavily dependent on the properties of the interface be-
tween the semiconductor and electrodes. The contact regions essentially
dictate whether the device operates as a rectifying diode or other
resistive types. The energy levels of contacts are adjusted to efficiently
collect photogenerated charges before they are lost to recombination; or
taking a step further, the contacts can be engineered to promote charge

(a) 4,

CQDs

Hybrid channel (CQD/Graphene)

Fig. 4. Schematics showing the charge transport through (a) the CQD film, (b) the organic film and (c) the hybrid channel (CQDs/graphene). The circles represent
charge carriers. The green arrow represents intermolecular charge transfer while the red arrow represents intramolecular transfer.
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injection that creates photomultiplicative gain. Meanwhile, the dark
current characteristics of a detector are also influenced by the contact
injection barrier [95,96], affecting metrics such as the signal-to-noise
ratio and the detection limit.

2.3.1. Contacts in photodiodes versus photoconductors/phototransistors

The different current-voltage characteristics between solution-
processed photodiodes and photoconductors originate from rectifying
or ohmic interfaces. Photodiodes with rectifying interfaces are fabri-
cated with PN heterojunctions, or metal-semiconductor Schottky junc-
tions. Asymmetric electrodes, donor-acceptor heterojunctions, and
charge selective transporting layers are usually used in photodiodes
featuring rectified current-voltage characteristics. While in photo-
conductors, symmetric electrodes with same work-functions are often
used to collect charges, and the current-voltage curve is symmetric.
Thus, the difference between photodiode and photoconductor is a
combination of interfaces and contacts. We often depict different pho-
tonic device types according to the geometries in Fig. 2, where photo-
diodes have vertically stacked electrodes while photoconductors/
transistors use lateral electrodes [11,97]. However, it is worth noting
that lateral diodes and vertical photoconductors are possible though not
common, and conversely vertical phototransistors have been demon-
strated [15].

In photodiodes, the contacts consist of materials with different work
functions [1,13,98,99]. Each electrode preferentially collects or injects
one type of carrier (electron or hole), and therefore leads to the recti-
fying behavior characteristic of diodes. The energy level difference be-
tween the p-type and n-type semiconductor and work function
difference in electrodes establish a built-in voltage [98,100], which
enables device operation without an external bias in photovoltaic mode.
The photodiodes can also operate in the photoconductive mode under a
reverse bias. The external electric field assists charge separation and
transport in photodiodes to improve the quantum efficiency.

In photoconductors and phototransistors, the contacts are typically
made of the same material patterned side by side. These devices require
an external bias to operate. An ohmic contact between the electrode and
the active channel is preferred for charge collection. Nonetheless, sur-
face states present at the semiconductor or mismatch in work functions
at the active layer-electrode junction might lead to a Schottky barrier,
which is sometimes leveraged to suppress dark current [95,96,101].

The structure of a phototransistor is basically a photoconductor with
an additional gate electrode, which modulates the carrier density at the
active channel-dielectric interface by field effect, thus controlling charge
transport and collection in the detector. The phototransistor can deliver
a large current in accumulation mode, or output a small current with
very low noise in depletion mode. In accumulation mode, the transistor
is in the on state with conducting charges attracted to the channel/
dielectric interface. The charge generation upon light illumination re-
sults in more carriers in the channel and leads to a shift in the transistor
threshold voltage and an increase in photocurrent. However, the high
channel conductance produces a large background dark current,
limiting the signal-to-noise ratio. In depletion mode, the conductivity of
the channel is very low. The photogenerated charges significantly in-
crease the charge density and channel conductivity, giving rise to a very
high on/off ratio. Recent reviews that provide more detail related to
phototransistors can be found in references [4,11,102].

2.3.2. Charge blocking layers

Charge blocking layers are materials that preferentially conduct one
type of charge; for example, electron blocking layers will be mainly hole
conductors and vice versa. An electron blocking layer is equivalent to a
hole transporting layer. The energy levels of charge blocking layers are
carefully selected for photodiodes to suppress dark current noise. In
addition, by engineering the contact interfaces to control charge
collection and injection, photomultiplication effects can be promoted to
increase device efficiency. This section will discuss how charge injection
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barriers affect dark current and photocurrent gain.

2.3.2.1. Effect of charge blocking layers on the reduction of noise current.
Low background noise is crucial to enable high signal-to-noise mea-
surements, and under an applied bias, charge injection would increase
the dark current noise. Strategies to lower charge injection are shown in
Fig. 5. In solution-processable IR detectors, a BHJ active layer has been
used to enhance charge separation upon photon absorption on account
of the increased interfacial area and improved charge transport in
segregated pathways. However, in a percolating bicontinuous network
where both donors and acceptors are in contact with the electrodes
(Fig. 5a) [88,89], the injection barrier is low, resulting in high dark
leakage current at reverse bias [103]. Separating the donor and acceptor
materials to form LHJ would suppress charge injection. However, the
LHJ configuration shows low exciton dissociation efficiency due to the
limited interfacial area between donors and acceptors. To optimize
dissociation while minimizing dark current, the BHJ film morphology
have been adjusted to manifest phase segregation, namely, a distribution
of donor and acceptor domains. The segregated BHJ can be formed by a
layer-by-layer solution processing procedure, where the donor and
acceptor materials are intermingled in the bulk but not mixed at the
electrodes as shown in Fig. 5b. In this phase-segregated morphology,
large interfacial area are retained to facilitate exciton dissocation, while
each electrode is mostly in contact with the semiconductor that presents
a high injection barrier, thereby reducing charge injection in the dark
[93].

In addition to phase segregation, a general way to reduce charge
injection is by incorporating charge blocking layers at the contacts
(Fig. 5¢) [104]. Proper use of charge blocking layers has been shown to
reduce dark current by several orders of magnitude, when comparing
devices using the same active layer [89,105]. The requirements for
effective charge blocking layers are: (1) proper energy level alignment
with respect to the donor and acceptor materials, (2) uniform
morphology to avoid direct contact between the electrodes and the
active layer, and (3) good charge mobility and efficient carrier transfer
to the electrodes. The interlayers not only reduce the dark current in-
jection, but also facilitate photogenerated charge collection under light,
which promotes the photoresponse [106]. For anodes, one of the most
frequently used interlayer is poly(3,4-ethylenedioxythiophene) poly-
styrene sulfonate (PEDOT:PSS), which has high optical transparency and
high conductivity. However, the PEDOT:PSS is not a good electron
blocking layer. Alternatively, other electron blocking materials such as
poly(N,N’-bis-4-butylphenyl-N,N’-bisphenyl)benzidine (Poly-TPD) [89]
and copper(I) thiocyanate (CuSCN) [106] are shown to be suitable for
minimizing electron injection while allowing hole extraction. For cath-
odes, hole blocking layers such as ZnO are routinely used to block hole
injection under an external bias [107,108]. By adding a thin poly-
ethylenimine (PEIE) layer to modify the zinc oxide (ZnO) surface, the
device dark current is further reduced by the interface dipoles that build
up a barrier to hole injection [98,108,109]. On the other hand, the
charge blocking layers are non-crystalline semiconductors, and they
often have states near the conduction/valence band edges, resulting in
lower injection barrier than expected from the conduction/valence en-
ergy levels (Fig. 5c, bottom right diagram). Additional mid-gap states
would allow Schottky-Hall-Read recombination and degrade the charge
blocking function [110]. Charge injection into the states near the band
edge of the disordered semiconductors is shown in Fig. 5c, top right
diagram. States near the bandtail extend into the effective bandgap in
highly disordered semiconductors, which reduce the barrier to charge
injection especially in low bandgap detection systems. Factors contrib-
uting to dark current require future studies, but there are promising
trends that dark current can be reduced using materials with low density
of trap states near the band edges, for example in non-fullerene accep-
tors [75].
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Fig. 5. The schematics showing charge injection process at different interfaces, comparing BHJs (a) with percolating networks and (b) with phase segregation. (c)
BHJ with blocking layers. Dark current injection can be suppressed by inducing phase segregation and inserting blocking layers. However, mid-gap states and states
near the band edges contribute to additional charge injection that increases dark current.

2.3.2.2. Effect of charge blocking layers on photomultiplicative gain. A
typical photo-transduction process converts one photon to one electron-
hole pair, and the photon-to-electron conversion efficiency will be at
best 100 % if there is no recombination loss. However, the conversion
efficiency can be raised above 100 % by using photomultiplicative
mechanisms that manipulate charge injection from contacts. In this
section, we introduce methods to generate photomultiplicative gain in
IR detectors. Below we use the terms photoconductive gain and photo-
multiplicative gain interchangeably. Photomultiplication occurs when
one absorbed photon triggers multiple charges to circulate across the
device channel as illustrated in Fig. 6. Upon the photogeneration of an
electron-hole pair, one charge (majority) is mobile and can circulate
many times before recombination, while the other charge type
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(minority) is vulnerable to become trapped. To offset the charge
imbalance due to trapped charges, mobile charges are injected into the
device channel, producing a gain (G) in the photocurrent as expressed
below: [111,112]

G =1./t, withz, = L?/(u, x V), (@))]

Where 7 is the minority carrier lifetime, 7, is the transit time of majority
carrier, L is the channel length, . is the majority carrier mobility, and V
is the applied voltage. When the transit time of circulating mobile
charges is shorter than the trap lifetime, multiple carriers are collected
by the external circuit leading to G over 1, and the photomultiplication
continues until trap recombination occurs.

To induce photomultiplication, the channel-contact interface are

Interlayer

. é / ® o O W0 o ° \
o ° ? = Source e Source \@ o Q — :
) (] o Drain
o Qo ? a Drain h
2 Light
o ~ Dark g

Single layer/Percolating phase

Fig. 6. Schematics to illustrate gain mechanisms due to trap-assisted barrier lowering. Traps states are indicated by the short bars. (a) Photomultiplication in a BHJ
with excess donor compared to acceptor. (b) Photomultiplication through injection barrier lowering. (c) Gain in phototransistor where the uncollected trapped

charges effectively increased the gate bias.
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Table 2
Summary of detector metrics.
Metric Unit Defination
Responsivity (R) A/W Photocurrent over incident light power at a specific wavelength.
External quantum efficiency % Ratio between the number of charge carriers collected by the detector and the number of photons of a given energy incident on the
(EQE) device’s surface.
Noise equivalent power (NEP) W/Hz%® Incident light power that generates a signal-to-noise ratio of 1 in a 1 Hz bandwidth.
Specific detectivity (D*) cm Hz%® Reciprocal of NEP, normalized to the square root of the detector area and the measurement bandwidth.
w-!
(Jones)
Dynamic range dB Range of incident optical powers that the detector responds to.
—3 dB bandwidth Hz Frequency at which the signal’s power spectral density is half of its maximum value.
Gain (G) Unitless Ratio bewteen the number of collected carriers and the number of photons absorbed by the detector.

modified to optimize trap sites [19,113] or charge blocking layers [114].
Upon light illumination, the minority charges accumulate and lower the
tunneling barrier for majority carrier injection to produce gain. For
example, by manipulating the donor:acceptor ratio (e.g., 100:1) in the
BHJ layer, a small ratio of acceptors forms isolated domains that act as
electron traps as shown in Fig. 6a. Charge injection is prohibited in the
dark due to the interface barrier, but under light illumination, photo-
generated electrons tend to be trapped in the acceptor domains due to
the lack of a continuous transport path. The accumulation of electrons
causes band bending to lower the hole injection barrier at the cathode
interface [18], enabling multiple holes to be injected per photon
absorbed. This gain mechanism depends on the formation of interface
traps for minority carriers and on the high mobility of majority carriers
in the active layer. The mechanism is not limited to organic semi-
conductors, and the device design is generally applicable to other sol-
uble processed semiconductors [18,20,115].

In addition to manipulating the trap sites in the BHJ active layer, the
interface control is another way to realize PM detection. By tuning the
charge blocking layers and selectively block holes at the interface, the
accumulated holes at the interface leads to band bending, which facili-
tates multiple electron injection and collection, as schematically shown
in Fig. 6b. This concept utilizes charge blocking layers to confine carriers
at the interface. The two blocking layers allow one type of carrier to
recirculate in the device under bias until they recombine with the
opposite charge [114]. The dark current is a concern because the charge
injection happens at high bias, which reduces the detectivity. Besides
being induced in diodes, photomultiplication is often observed in pho-
totransistor structures (Fig. 6¢), in which charge traps serve as an
additional gate bias to increase charge injection and recirculation
leading to a photocurrent gain [116,117].

The PM detectors enable sensitive photodetection by providing
photoconductive gain. The built-in gain mechanism avoids the incor-
poration of pre-amplifiers, which is promising for miniaturized sensing
and imaging systems. However, there are some concerns regarding the
PM detectors, i.e., the dark noise current and photoresponse speed. Due
to the gain-bandwidth product limit, high gain detection systems usually
suffer slow response, and more studies are needed to understand the
trade-off.

3. Metrics for detectors

A photon detector is commonly described by metrics including
responsivity (R), external quantum efficiency (EQE), noise equivalent
photocurrent (NEP), specific detectivity (D*), dynamic range, and
response bandwidth. Table 2 summarizes the key parameters and their
units and definitions.

Responsivity describes the electrical photocurrent Iynoo generated
per watt of incident optical power P. Each photon of a given wavelength
is converted to charge carriers at a certain efficiency.

Iphum

R = 2o
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External quantum efficiency describes how efficient a photodetector
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is at converting photons to a measured photocurrent. It is closely related
to the responsivity:
R(hc)

4q

EQE = 3)

Where h is the Planck constant, c is the speed of light, and q is the electric
charge, and A is the wavelength of incident light.

The above equations describe the photosignal. The detector noise in
the dark is influential to the sensor performance, because the noise
characteristics set the limit on the lowest detectable input. Noise is
classified by origins, labeled as shot noise (ispo), Johnson-Nyquist
thermal noise (igherma), flicker noise or 1/f noise (iz/7), and generation-
recombination noise. When the detector is being reverse biased, shot
noise often dominates the total noise in photodetectors, but the noise
spectra must be measured [61,118] to avoid an under-estimation of the
total noise, especially in IR detection systems operating in photovoltaic
mode at zero bias, because of the high thermal noise in narrow bandgap
semiconductors. Johnson-Nyquist thermal noise arises from thermal
generation of carriers across the material bandgap. In considering
overall thermal noise, it can be a combination of Johnson-Nyquist noise
internal to the device and external fluctuations in the background
temperature. Flicker noise is a type of electronic noise with a 1/f power
spectral density and thus is often referred to as 1/f noise. It is the
dominant noise source at low frequencies in most of the detectors,
originating from the impurities in the semiconductors giving rise to the
trapping and detrapping of carriers [105,119], or from gen-
eration/recombination events [118]. It should be noted that the total
noise (ixrq) includes all noise sources as described by

ol = \/ iszhor + itzhcrmal + l%/f = \/Q'qidarkAf + 4‘kRTAf/R5h + l%/f

Where igq is dark current, Af is the measurement bandwidth, kg is the
Boltzmann constant, T is the absolute temperature, and Ry, is the shunt
resistance of the photodetector. Some of the noise reduction approaches
have been discussed in prior Section 2.3.2.

The noise equivalent power is the incident light power that generates
a signal-to-noise ratio (SNR) of one in a 1 Hz measurement bandwidth. It
is equivalent to the ratio of a photoconductor’s noise current (Ipise) in
the dark to its responsivity, as denoted by Eq. 5. For a photon to be
detected, the incident optical power must be above the NEP, so that the
optical power generates a SNR of >1. A lower NEP value indicates a
more sensitive detector, as it is capable of responding to a lower level of
light power.

4

NEP = Do 5)
Specific detectivity is a figure of merit that allows photodetectors to
be compared to each other regardless of operating mechanism and
active area. It is roughly the inverse of NEP and is a case where “bigger is
better” in the sense that a higher value of D* describes a more efficient
photodetector (Eq. 6), where A4 is the detector active area:
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VASf
NEP

D= (6)

The detector dynamic range represents the range where the sensor
signal changes in response to the incident light, in term of the orders of
magnitude from the minimum to the maximum inputs. If the photo-
current scales linearly with incident light power, the linear dynamic
range (LDR) can be expressed logarithmically in decibels as in Eq. 7 [1].

LDR = 1010g(¢,0/ Prnin) @

Where the ¢,,,, and ¢,,;, represent the input irradiances between which
the photodetector response is linear. If the irradiance unit is in power,
the constant in Eq. 7 is 10, and if the irradiance unit is in voltage or
current, the constant is 20, as based on the decibel definition. The dy-
namic range is limited by the dark current noise for the minimum
irradiance, while at high irradiance the increased density of photo-
generated charges leads to recombination and current saturation [105,
118]. It worth noting that due to recombination, devices with photo-
conductive gain such as phototransistors usually have a sublinear
responsivity to irradiance (decreasing gain or EQE with increasing
irradiance), whereas devices without gain often exhibit linear respon-
sivity (constant gain or EQE over the entire dynamic range). Nonethe-
less, phototransistors tend to show a wider dynamic range than
photodiodes (Fig. 7a), as the gain mechanism increases signals relative
to the noise level and the sublinear behavior extends the response range
before reaching saturation [112].

The response time of a photodetector dictates the refresh rate and
can be characterized by the rise and fall times or the -3 dB bandwidth.
The rise (or fall) time is defined as the time interval for the photocurrent
to rise from 10 % to 90 % (or from 90 % to 10 %) of its maximum
amplitude. The electronic bandwidth is the frequency at which the
amplitude decreases by -3 dB. The frequency bandwidth of a detector is
closely related to factors including the charge mobility, charge carrier
lifetime, detector mechanism, and the circuit resistance-capacitance RC
constant. The -3 dB bandwidth (BW) is estimated using [1,120,121]

BW2:< >2+(

Where t, represents the transit time and C is a constant typically equated
to 3.5 as a factor of the root mean square (RMS) value related to the
signal amplitude (for a triangular wave approximation, the peak-to-peak
amplitude= 21/3 xRMS = 3.5 x RMS).

The gain mechanisms in photodetectors may affect their response
time. If the photo-multiplicative gain is induced by trap-assisted injec-
tion barrier lowering (Fig. 6) [122], there will be trade-offs between the
device gain and speed. Minority carriers that remain in trap states would
induce injection barrier lowering. For the period that charges stay in
trap states, the circulation of injected charges would continue, thus
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increasing gain with longer trapped charge lifetime; but the slow release
of minority carriers from traps constraints the detector to low frequency
operations less than 40 Hz. For example, mercury telluride (HgTe) CQDs
with larger diameters have more traps, which improves the device
responsivity and gain but at a cost of the response speed [123-125]. On
the other hand, if the gain mechanism is based on photovoltage that
raises transconductance, for example at a trap-free rectifying Si-CQD
junction [125], the device gain and response speed can be decoupled,
and the transistor is shown to exhibit high gain (104) and fast response
time (10 ps). A metric that simultaneously accounts for gain and speed
characteristics is the gain-bandwidth product, which allows compari-
sons across different device types as shown in Fig. 7b, with the larger
area indicating a better gain-bandwidth product.

4. Solution-processed infrared materials

Traditional infrared semiconductors such as III-V compounds and
mercury cadmium telluride (HgCdTe) require high temperature growth
and complex die-transfer processes that preclude monolithic integration
with large-area readout circuits. The crystalline devices show high
thermal noise and need cryogenic cooling that adds weight and costs to
the detection system. To address the shortcomings of current infrared
technologies, alternative materials are being developed to facilitate
scalable fabrication and new form factors for infrared optoelectronics.
Solution-processable semiconductors can be easily deposited over large
areas as thin films, offering mechanical flexibility and room-
temperature operation due to thermally activated transport in disor-
dered thin films. Below, we present the four major categories of solution-
processable semiconductors for IR detection. Given the authors’
research expertise, this review covers the properties of organics in
greater detail than other material categories; however, we aim to
compare the key approaches for tuning properties. For example, the
bandgap is mainly controlled by changing particle dimensions in CQDs,
whereas it is adjusted by changing donor-acceptor units in organic
semiconductors, or by manipulating elemental ratios in perovskites. Our
discussions will start with zero-dimensional CQDs, then low dimensional
materials including 1D carbon nanotubes and 2D nanosheets, and pro-
ceed to semiconductors that are not quantum confined, such as organics
and perovskites with narrow bandgaps.

4.1. Zero dimensional nanocrystals

Colloidal nanocrystals, namely quantum dots including lead sulfide
(PbS) and HgTe [126-128], can be synthesized from solution to tailor
properties such as the bandgap and stability. For PbS, the particle
diameter was tuned from 3.9 to 9.6 nm, leading to a photoresponse
spanning the NIR to SWIR spectral regions (Fig. 8a). In a similar manner,
the particle size of HgTe was adjusted to achieve a NIR to MWIR pho-
toresponse from 3 to 5 pm. A hot-injection method was used to obtain
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Fig. 7. (a) Comparing the responsivity and dynamic range of a photodiode and a phototransistor with gain. Reproduced with permission from Ref. [112]. (b) Gain vs
bandwidth for a typical photoconductor (yellow), diode (orange), photo field-effect transistor (FET) (light brown), and photo-voltage FET (dark brown). All devices

are based on CQD absorbers. Reproduced with permission from Ref. [125].
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uniform CQDs with a tight distribution of particle sizes. Within the
model of quenching by dipole coupling, the non-radiative lifetime scales
as r’4, where r represents the nanocrystal radius [85]. Thus, exciton
lifetime is dependent on the nanocrystal size, and improving size ho-
mogeneity of the CQDs is advantageous to enhance the exciton lifetime.

By exploiting intra-band transitions, the photoresponse of PbS CQDs
was extended to longer wavelengths up to 9 pm, which is beyond the
intrinsic bandgap of bulk PbS [129,130]. Stable heavy doping is
required in such intra-band absorption systems. When the confined
ground state is populated with electrons, intra-band absorption within
the conduction band may occur, in which the absorption is attributed to
electronic excitation between energy levels smaller than the bandgap.
For example, the photon energy absorbed through an intra-band tran-
sition can be as low as 0.14 eV, much smaller than the 0.41 eV bandgap
of bulk PbS [130].

The properties of nanocrystals have been modulated by surface
chemistry. The ligands attached to CQDs are used to prevent aggrega-
tion. The properties of the ligands, such as the end groups and alkyl
chain lengths have a dramatic impact on the properties of the CQD films
and impact trap states, conductivity and band structure that influence
detector performance parameters such as gain and response speed [122,
131-133]. Ligand exchange processes on PbS CQDs of the same size led
to shift in energy levels, as seen in Fig. 8b. Through judicious ligand
selection, the stability of the CQDs was enhanced to over one year [69].
The performance characteristics of infrared devices using CQDs are
summarized in Table 3.

The narrow bandgap interband transitions in CQD tend to require
heavy elements, yet the heavy elements are toxic [134,135], particularly
concerning when they need to be incorporated in health care and
wearable electronics. Non-toxic CQDs for IR light sensing and imaging
are under rapid progress, e.g., narrow bandgap III-V material (InAs
[136-138], InSb [139]) based CQDs, silver chalcogenide CQDs [135,
140-142]. The III-V semiconducting CQDs are emerging, but with
limited photoresponse up to SWIR [134,138]. Silver chalcogenide CQDs
are another group of materials that show promise for IR detection [141],
especially for MWIR photodetection [140,142]. The photodetection
characteristics of silver chalcogenide CQD devices are sensitive to size
[135], ligand, and synthesis temperature [142], which provides tunable
photodetection to satisfy versatile requirements.

The IR photodetection enabled by colloidal materials is potentially
very attractive for new generation IR sensing systems with versatile
properties at low cost. These solution-processable materials are strong
alternatives to their vacuum-processed counterparts, especially in flex-
ible electronics, non-invasive fluorescence imaging applications [138].
Also, the much longer wavelength sensitivity in such colloidal materials
renders them suitable for SWIR, MWIR or even LWIR photodetection.
The interested readers are encouraged to find more details in review
papers about QDs [8,134,143,144].

4.2. Low dimensional materials

Low dimensional materials, such as nanotubes [168] and nanosheets
[5] have been employed in optoelectronic devices to detect light span-
ning the visible, IR, and terahertz regions. The bandgaps of atomically
thin 2D materials, such as graphene, transition metal dichalcogenides
and black phosphorus (structures shown in Fig. 8c) are sensitive to
factors including layer number, strain level, and chemical doping [5].
For example, a strong photoresponse from 5 to 12 pm was realized in
twisted bilayer graphene by adjusting the twist angle to form a super-
lattice [169]. In addition, the use of low dimensional nanomaterials for
sensing long wave infrared radiation is enabled by their thermoelectric
response at room temperature [170-172]. However, the response is
usually slow, on account of the long time required to establish thermal
equilibrium between the device and its environment.

Most low dimensional materials pose considerable difficulties when
considering their solution processability. There are IR detectors based
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on solution processed platelets of 2D materials [170,173], but the
charge transport is diminished when compared to films deposited by dry
exfoliation. Another complication for detectors based on 2D materials is
that light absorption is limited on account of their atomic scale thick-
nesses. Additional light absorbers, such as CQDs, organics, or perov-
skites, are often combined with high mobility 2D layers to form hybrid
light detection channels [87]. With unique in-plane charge transport
properties leading to high mobility, 2D materials are frequently used as
charge collection channels. Additional charge injection into the high
mobility 2D layer would give rise to ultrahigh gain in heterojunction
photoconductors and phototransistors [174,175].

4.3. Organics

In contrast to inorganic semiconductors, soft-matter (organic and
polymer) systems constitute a complex mixture of structural and ener-
getic heterogeneities, which complicates rational design and leaves
many open questions regarding control of the bandgap at low energies,
interactions with IR light, and the study of fundamental physical phe-
nomena necessary for the design and realization of new IR optoelec-
tronic and device functionalities [176]. While the majority of organic
semiconductors devices operate in the visible region of the electro-
magnetic spectrum, improvements in materials design are extending
their utilization into the NIR-LWIR spectral regions [4,177]. Conjugated
polymers (CPs) have become a leading materials platform in this
context. While controlling the bandgaps of CPs at very low energies still
remains a considerable challenge, design rules that connect chemical,
electronic, and structural heterogeneities with the degree of electronic
correlation and energetic disorder are emerging [178-180].

Various molecular engineering strategies have been applied to tune
the bandgap of OSCs. Donor-acceptor (DA) CPs comprised of alternating
electron-rich (donor) and electron-poor (acceptor) building blocks are
now the dominant class of high-performance materials [6,181,182]. The
combination of alternating donor (push) acceptor (pull) building blocks
results in hybridization of molecular orbitals, HOMO and LUMO energy
levels, and strong intramolecular charge transfer transitions that arise
from contributions from the respective donor and acceptor units
(Fig. 9a) [183,184]. Thus, notable advantages of CPs are their intense
absorption bands and high oscillator strengths that exceed those of
inorganic semiconductors and enable substantial absorption (molar
extinction coefficient reaching above ~ 10° M~ em ™) within thin-film
devices.

Significant work for DA copolymers has demonstrated that in addi-
tion to the various building blocks utilized, important contributions for
controlling the bandgap (Eg) include modification of the bond length
alternation (BLA) along the conjugated backbone (Epp4), the dihedral
angle between DA units (Ep), resonance effects (Ey.s), electron-donating
and withdrawing substituent effects (Ezp), and intermolecular in-
teractions between chains (Epy) (Eg = Epia + Eg + Eres + Esup + Eind)
(Fig. 9b). The DA approach in conjunction with these features suggests
possible synthetic strategies to establish bandgap control [185,186].
Smaller BLA values indicate more significant n-electron delocalization
and correlate with a narrower Eg; [187]. Aromatic resonance in the
conjugation path leads to a localization of n-electrons, yielding a larger
E,. In contrast, higher energy quinoidal configurations reduce Eg [188,
189]. The fusion of auxiliary pro-aromatic units to heterocycles within
the conjugated polymer backbone enhances quinoidal character and
also planarizes the backbone, corresponding to the reduction of Ees and
Ep. [190-192]. In combination with the aforementioned design para-
digms, strong proquinoidal acceptors have enabled a red-shifting of the
absorption farther into the IR [193]. In particular, benzo[1,2-c;4,5-c’]
bisthiadiazole (BBT) and [1,2,5]thiadiazolo[3,4-glquinoxaline (TQ)
frameworks are representative of such high-electron affinity acceptors
that promote quinoidal stabilization and narrow the bandgap signifi-
cantly when combined with various donors [194,195].

The solubility of CPs in common organic solvents is critically
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Table 3
Comparison of colloidal quantum dots infrared devices from the past five years. PC: photoconductor. PD: photodiode. PT: phototransistor.
Device configuration Device performance
Year/
Absorptionmaterials Structure  Type Features Spectral Responsivity  Detectivity LDR  Noise (A  Bandwidth  Rise time/ Ref #
range (pm) (A w1 (Jones) (dB) Hz %9 (kHz) fall time
PbS Single PC Asymmetric electrodes, 0.7-1.8 5.15at 1550  1.96 x 10!° - - - 27/8.3ps 2018/
layer Schottky junction nm at 1550 nm [145]
PbS Single PC Perovskite ligands, fully 0.5-1.4 0.6at1000nm ~10'2 at - 5.2 x ~3.3 - 2019/
layer printed device 1000 nm 10 B at [146]
10 Hz
HgTe Single PC Transfer-printing, scalable  1-10 0.1 at 2 pm 2 x 107 at 2 - - 91.5/ 2016/
layer fabrication pm 541.3ms [86]
PbS Bilayer PC Bilayer PbS CQD 0.6—1.2 ~0.1 at 900 ~6 x 10 at  60.94 — - 3.63/ 2017/
nm 900 nm 29.56 ms  [65]
PbS/Zn0O Bilayer PC Heterojunction structure 0.4-1.5 ~0.46 at 1310 4.1 x 10 at — - - 4.3/0.3s 2020/
nm 1310 nm [147]
PbS/CH3NH5Pbl;  Bilayer PC Ligand exchange to align ~ 0.36—1.55 1.58at940nm 3 x 10 at 60 ~1012at - 42/42ms 2019/
energy level 940 nm 10 Hz [148]
PbS/organic Bilayer PC Low dark current and 0.4-1 6.32 at white 1.1 x 10'%at 65 - - 0.42/0.37 2018/
flexible light 630 nm s [149]
Pbs Single PD TiOy: Nb interlayer 0.4-1.6 ~0.28 at 1400 ~3 x 10" at - - - - 2018/
layer nm 1400 nm [150]
Pbs Single PD Inkjet-printing 0.4-1.65 0.48at1pym 102atlpm - - 41 4.4/8.2 s 2019/
layer [151]
PbS Bilayer PD Si:PbS heterojunction 0.6-1.7 0.26 at 1540  1.47 x 10* - ~7 x 29.8 2/5.3 s 2020/
nm at 1540 nm 10 2 at [152]
100 Hz
PbS Singer PD + LED IR to visible upconversion ~ 0.4—1.6 ~20at 1200 ~4 x 10'%at — ~1072at - 1/1.5ms 2020/
layer imager nm 1200 nm 400 Hz [16]
PbS/n-Si Hybrid PD High quality van der Waals 0.4-1.6 0.22at 1490 4 x 10 at - - 47.6/0.8 2020/
heterojunction on the Si nm 1490 nm us [153]
surface
PbS/MAPbI, sBros  Hybrid PD Sensitive infrared field- 0.4-1.6 0.7at975nm ~4 x 10'%at 60 ~107%at 60 <10 ps 2017/
emission photodetector 1200 nm 100 Hz [154]
HgTe Single PD Bias controlled dual-band 1.7-6.7 - >10% at - - - - 2019/
layer photodetection SWIR [29]
HgTe Bilayer PD Unipolar barrier to reduce  1-3 0.003at25 3x10%at2.5 - ~107%at >10 - 2018/
dark current pm pm 1 kHz [155]
PbS Bilayer PD Large monodispersed PbS  0.4—2.6 0.385at 2100 1.5 x 10" at >42 - 8.1 43/70 us 2019/
QDs with sensitivity nm 2100 nm [156]
>2.5um
PbS Bilayer PD + CMOS compatible 1.1-1.4 5.9at1250 nm - - - - - 2019/
ROIC [157]
PbSe/CH3NH3Pbl;  Bilayer PD Transparent electrode, trap- 0.3—2.6 0.24 at 2400 6 x 10'! at ~70 - - 4/32 ps 2020/
assisted nm 2400 nm [158]
photomultiplication effect
PbS Hybrid Vertical Infrared to visible light 0.4-1.4 840 at 1042 1.23 x 101 — - 20 - 2016/
PT + LED upconversion nm at 1042 nm [15]
HgSe Single PT As,S; capping, n-dopping 3 - 20 0.8 at 6 pm 108 - ~107%at 0.04 - 2016/
layer 10 Hz [159]
PbS/graphene Bilayer PT Ambipolar, CMOS 0.7-1.6 1.8 x 10*at 4.4 x 10*2at - - 3/200 ms 2018/
compatibility 1550 nm 1550 nm [160]
PbS/graphene Hybrid PT Monolithic CMOS image 0.3-2 107 >10'2 - - - - 2017/
sensors operated in IR [161]
PbS/WS, Bilayer PT Extend response of PbS QDs  0.8—2.2 1400at1.8pym 10%at1.8 - ~1072at - Fall time 2019/
to 2um pm 10 Hz 0.2s [162]
PbS/MoS, Multilayer PT Built-in potential within the 0.8—1 54 x10*at 1x10%at - - - 0.95/1 ms 2018/
two QD layers 850 nm 850 nm [163]
PbS/P3HT Bilayer Vertical ~ Vertical PT, built-in electric 0.4-2.1 9x10*at 808 2x 10%at - 2.2 x - 9/9.4ms 2017/
PT field in the heterojunction nm 808 nm 10 M at2 [164]
Hz
PbS/Si Hybrid PT Photovoltage generates at ~ 0.4—1.5 >10*at 1300 1.8 x 102 — ~2 % 100 10/10 ps 2017/
the interface nm 10710 at [125]
10°Hz
HgTe/MoS, Bi-layer PT TiO, encapsulated MoS, 0.7 -2.1 ~10%at 2100 ~10'2 at - ~1072at - - 2017/
nm 2100 nm 1Hz [165]
Si/graphene Bilayer PT Plasmonic Si QDs doped 0.3—4.5 ~10%at 1870 ~10'2 at - ~107%at - - 2017/
with boron nm 1870 nm 10 Hz [166]
HgTe: P3HT BHJ PT Chemical grafting between 1.5-2.5 ~2at1500nm ~5 x 10 at - ~107'2at 100-200  0.8-1.5 2020/
P3HT and HgTe QDs 1500 nm 100 Hz us [167]
dependent on the solubilizing groups appended to the constituent system. More planar systems facilitate the delocalization of n-electrons
monomers. However, the steric interactions of sidechains in the solid- (Eg narrowing), while decreasing the solubility of the polymer and
state directly influences the dihedral angle between units of the CP increasing long-range order and n-stacking between chains [196].
backbone [48]. Because the mean dihedral angle between monomer Tightly packed n-systems narrow Eg through diminishing the Ej,
units sets the limit for the delocalization of zn-electrons, solution pro- contribution. Besides restricting single (interannular) bond rotation,
cessability must be balanced with the total electronic coherence in the non-covalent conformational locking has also proven vital to construct
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Fig. 8. (a) The absorption spectra measured for PbS CQDs with different sizes from 3.9 to 9.6 nm, showing absorption peak wavelengths from 920 to 2000 nm.
Reproduced with permission of Ref. [126]. (b) Energy levels for PbS CQDs with different ligands. The dashed lines represent Femi levels. Reproduced with permission
of Ref. 65- (c) Illustration of the bandgaps and molecular structures of various 2D materials. Reproduced with permission of Ref. [5].
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Fig. 9. (a) Energy level diagram for the formation of narrow bandgap DA CPs through molecular orbital hybridization between donor and acceptor units. (b)

Strategies for bandgap engineering of DA CPs.

highly planar, extended n-electron systems [83]. Through-space in-
teractions such as O---S, N---S, halogen---S and hydrogen bonding will
increase coplanarity, thereby lowering E; [197,198]. Substitution of
electron donating and electron withdrawing groups will affect the
electron density and enable control of energy levels and the bandgap
through the modulation of the frontier orbital energies [199,200].
Introducing solubilizing groups such as the aliphatic chains at appro-
priate positions helps to maintain processability, minimize torsion, and
enhance 7-n stacking [201]. In this section, we consider recent advances
that build on these design paradigms and materials which can be applied
in organic based IR devices.

In Fig. 10, DA polymers comprised of exocyclic olefin substituted 4-
benzylidene-4H-cyclopenta[2,1-b:3,4-b"]dithiophene (C=CPhCDT) do-
nors (P1-P11), in combination with prototypical electron acceptors,
display narrow optical bandgaps from 1.2—0.7 eV. The planar sp? hy-
bridized olefin aryl functionality places solubilizing substituents at a site
remote from the CP backbone [202]. This structural attribute mitigates
torsion, increases resilience toward conjugation saturation behavior,
and permits strong intermolecular interactions between chains. Linear
solubilizing groups (R = Cj2Hgs) placed at the 3, 5-positions of the
phenyl Ph ring promoted the solubility of copolymers comprised of
alternating 2,1,3-benzothiadiazole (BT, P1), 2,1,3-benzoselenadiazole
(BSe, P2), pyridal[2,1,3]selenadiazole (PSe, P3), and thiophene
flanked [1,2,5]thiadiazolo[3,4-g]lquinoxaline (TQ, P4) acceptors. Linear
R = Cj4Ha9 chains were required for the copolymer comprised of a
thiophene flanked thieno[3,4-c][1,2,5]thiadiazole (TT, P5) acceptor.
Using P2-P5 in combination with PC71BM showed a long-wavelength
photoresponse at zero applied bias with photodiode detectivity D* >
10° Jones from 600—1650 nm. Transient absorption spectroscopy on
films of P1-P4 and their BHJ blends showed longer exciton lifetimes in
polymer aggregates [203]. The aggregation within these materials was
found to be essential to compensate for the energy gap law, which
predicts that exciton lifetimes decrease with a narrowing of the
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bandgap. In P1-P4 blends with PC71BM, charge carriers formed pre-
dominantly at these aggregate sites, leaving rapidly decaying single
chain excitons unquenched. These results have important implications
toward the further development of materials for infrared organic opto-
electronics, where processes such as excited state delocalization will
likely be necessary to diminish losses to ultrafast exciton decay in lower
bandgap materials.

Further exploration of polymer structure and device physics of these
materials has resulted in improved performance. Linear (—OCpHap 1)
solubilizing groups introduced into the 3,5-positions of the Ph ring
enhance photodiode performance in comparison to normal (-C,Ha, 1)
variants (i.e., P6 versus P4) [61]. Addition of a high-permittivity addi-
tive, camphoric anhydride, to BHJs comprised of P6 and P7 blended
with PC;1BM increases dielectric screening and reduced the exciton
binding energy, which led to an increased exciton dissociation efficiency
[78]. Adjustment of the P11: fullerene blend ratio was found to be
another route to reduce the density of deep traps that impede charge
transport [204].

A series of DA copolymers comprised of thiophene substituted
[1,2,5]thiadiazolo[3,4-glquinoxaline-acceptor (TQ) acceptors and
alternating benzene (PBTQ, P12), thiophene (PTTQ, P13), bithiophene
(PBiTTQ, P14) and thieno[3,2-b]thiophene (PTTTQ, P15) donors
resulted in polymers with optical bandgaps ranging from 1.14 to 0.87 eV
[205]. The effects of auxiliary 2-butyloctyl (BO), 2-hexyldecyl (HD), and
2-octyldodecyl (OD) side chains on the solubility, absorption profiles,
and device performance were explored. The large resonance energy of
benzene in P12-OD gave a polymer with a Aypax of 930 nm. The incor-
poration of thiophene-based donors serves to broaden and shift the ab-
sorption onset towards longer wavelengths, resulting in polymers that
absorb from 800—1400 nm. Films of P13-BO showed a Apay of 1145 nm
and measurable absorption extending past 1500 nm. Although a
reduction of the gap impacts the dark current density, photodiode
detectivities above 10'° Jones from 900—1250 nm at -2 V bias were
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Fig. 10. Molecular structures of narrow bandgap materials mentioned in this review.

achieved for soluble variants. acceptors (NFAs). Seven donor polymers based on P4, P6, P8-P11 and
Three low-bandgap polymers based on N-octyl-4H-dithieno[3,2- P24 with wavelengths of operation between 800 and 1600 nm were
b:2',3'-d]pyrrole (DTP) donors and varying ratios of 3,6-dithiophen-2-yl- paired with PC71BM and NFAs that are derivatives of 3,9-bis(2-methy-
2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP), [1,2,5]thiadiazolo lene-(3-(1,1-dicyanomethylene)-indanone))-55,11,11-tetrakis(4-hex-
[3,4-glquinoxaline (TQ), and benzo[1,2-c;4,5-c’]bisthiadiazole (BBT) ylphenyl)-dithieno[2,3-d:2,3'-d’]-s-indaceno[1,2-b:6-b]dithiophene,
acceptors were synthesized [113]. P16 paired the DTP donor with DPP with methyl (ITIC-M) or fluoro (ITIC-F) end groups. A significant
and TQ acceptors in a 0.56/0.44 ratio; P17 contained DPP and BBT reduction of the noise and higher D* was apparent in devices using
acceptors with a molar ratio of 0.53/0.47; and P18 comprised DPP, TQ, NFAs. The low noise in NFA blends was attributed to a sharp drop off in
and BBT acceptors with a 0.31/0.23/0.46 M ratio, respectively. The the distribution of bandtail states, as revealed by variable-temperature
polymer films show a Ay« of 988, 726, and 748 nm for P16, P17, and density-of-states measurements [75].
P18, and broad absorption tails extending to ~1100, ~1400, and DA copolymers based on alternating tellurophene (PBTT, P25) and
~1500 nm, respectively. Using a similar approach, terpolymers 4,4'-bis(octyloxy)-[2,2'-bithiophene (PBTB, P26) donors combined with
comprised of N-dodecyl-4H-dithieno[3,2-b:2',3'-d]pyrrole (DTP) donors 4,8-bis(4-(2-octyldodecyl)thiophen-2-yl)-benzo[1,2-c;4,5-c’ 1bis[1,2,5]
and varying ratios of benzo[1l,2-c;4,5-c’]bisthiadiazole (BBT), 3, thiadiazole were synthesized [82]. P25 and P26 showed an Eg"Pt of 0.55
6-dithiophen-2-yl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione  (DDP), and 0.60 eV, respectively. The intrinsic electrical conductivity, on ac-
and (E)-[6,6'-bithieno[3,2-b]pyrrolylidene]-5,5' (4H,4'H)-dione (TII) count of the very narrow bandgaps, enabled construction of a photo-
were synthesized, and their thin films showed a Apax of 814, 838, and conductive detector. A D* > 1 x 10'° Jones was obtained upon
831 nm for P19, P20, and P21, and broad absorption tails extending illumination at 1064, 1122, and 1342 nm with photoresponse extending
past 1200, 1400, and 1600 nm, respectively [206]. For P20 in a to 1450 nm. P26 adopted a planar conformation, preferential edge on

photodiode with photo-multiplication, D* > 10*! Jones at 300-1600 nm orientation, enhanced exciton lifetime, and slow polaron recombination
was obtained under a 0.5 V bias. These data are consistent with the when compared to P25. As a result, P26-based photoconductor
incorporation of varying ratios of strong acceptors leading to longer demonstrated a better responsivity of 0.96 AW™! and EQE of 106 % at
wavelength absorption, tunable properties, and productive charge 1120 nm [82].

photogeneration. A blend of NIR donor polymer based on 2,5-bis(2-octyldodecyl)-3-(5-

Four narrow bandgap photoactive polymers (PBTQ (P12), PTTQ (5-(thiophen-2-yl)thieno[3,2-b]thiophen-2-yl)thiophen-2-yl)-2,5-dihy-
(P13), PTTBAI (P22) and PTTQn (P23)) in combination with PC7;BM dropyrrolo[3,4-c]pyrrole-1,4-dione unit (DPP-DTT) and non-fullerene
were investigated in BHJ photodiodes to understand the dark current n-type hetero-polycyclic aromatic SWIR dye (D1) showed photo-
theoretical limit. It was observed that the upper limit for the D* of NIR response spanning 400—1600 nm and a D* > 10° Jones over the

OPDs is predominantly limited by non-radiative losses. This allowed 1000-1400 nm range [207]. Small molecules donors based on
calculation of an intrinsic upper limit for D* of 10'2 and 10'° Jones at donor-substituted benz[cd]indole-capped SWIR squaraine dyes (D2-D5)
1500 and 2000 nm, respectively [110]. A considerable reduction in the were reported that showed sharp absorption around 1025 nm. These
noise and higher detectivity were found in devices using non-fullerene resonance stabilized n-conjugated zwitterionic dyes are comprised of an
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electron-deficient central four-membered ring and electron-donating
groups in a donor-acceptor-donor configuration to achieve narrow
bandgaps [208].

4.3.1. Future challenges for excitonic organic infrared materials

The energy gap law describes that the rate of non-radiative exciton
decay increases with a narrowing of the bandgap. As the bandgap is
narrowed, increasing vibronic wave function overlap decreases the en-
ergy between non-crossing potential energy surfaces and increases the
rate of nonradiative decay for both singlet and triplet excitonic states in
OSCs [209,210]. As depicted in Fig. 11, the overlap of wavefunctions
between the ground and excited states becomes significantly more
pronounced, thereby accelerating vibrational relaxation [60]. Thus, a
key difference between medium bandgap polymers applied in organic
photovoltaics and lower bandgap CPs applied in organic PDs is the
closer energy level spacing that gives rise to strong non-radiative pro-
cesses that limit the exciton lifetime, diffusion length, and ultimately the
extractable photocurrent.

However, reports have demonstrated that the dynamics of photo-
excited states and non-radiative recombination rates can be regulated in
0OSCs through modifying coherent coupling by controlling crystallinity,
various aggregation phenomena, or by delocalization of excited states
over multiple chromophores [203,211]. Moreover, charge generation on
ultrafast time scales faster than typical exciton diffusion mechanisms
such as direct hot carrier excitation has also been reported. Molecular
aggregates are generally classified as H- or J-types aggregates, based on
the orientation of the molecular transition dipole moments. For
instance, fast vibrational relaxation to the lower excited state as a result
of “face-to-face” dipole arrangement in H-aggregates suppress the
radiative transitions. On the other hand, “head-to-tail” dipoles of J-ag-
gregates supports radiative transition from lowest excited to the ground
state, enabling longer range exciton diffusion [212]. Recently, Chou
et al. demonstrated that extended exciton delocalization within J-ag-
gregates bypassed non-radiative pathways [210]. For conjugated poly-
mers, unconventional J-type coupling occurs through intrachain
ordering that aligns the transition dipole moments of neighboring repeat
units in a head-to-tail fashion, while a high degree of interchain ordering
with small spatial separations between neighboring chains is required
for H-type coupling. The dynamics are complex and depend highly on
local ordering, nanoscale morphology, and molecular design.

The high non-radiative recombination rates in organic semi-
conductors will likely require new strategies for longer-wavelength
detection extending into the SWIR, MWIR, and LWIR [213]. Recent re-
ports have demonstrated that narrow bandgap DA CPs with extensive
delocalization and quinoidal character show novel properties such as
open-shell electronic structures and intrinsic electrical conductivity
[214,215]. The rich behavior of these materials emanates from the
collective properties of n-electrons and diminished intramolecular
electron pairing. The recent development of high-spin DA CPs with
strong electronic correlations and extensive n-delocalization has pro-
duced polymers with electronic bandgaps in the SWIR-MWIR and ab-
sorption extending well into the LWIR. The first example of a
photoconductive detector that used an open-shell DA CP (P27) active
layer comprised of poly(4-(4,4-dimethyl-4H-cyclopenta[2,1-b:3,4-b’]
dithiophen-2-yl)-6,7-bis(5-hexadecylthiophen-2-yl)-[1,2,5]thiadiazolo
[3,4-glquinoxaline) and senses SWIR, MWIR, and LWIR photons was
recently reported [216]. The device architecture consists of transverse
gold electrodes on quartz, coated by a polymer film and alumina
encapsulant. The device was tested at 5 V bias in the SWIR (. =1 — 3
pm), MWIR (A = 3 — 5 pm), and LWIR (A = 8 — 12 pm) regions and gave
D* = 7.53 x 10’ - 1.03 x 10'° Jones, D* = 3.21 x 10° - 2.10 x 10°
Jones, and D* = 2.10 x 10° — 4.34 x 10° Jones for each region,
respectively [216]. Promising pathways and emergent phenomena are
being discovered to address the non-radiative recombination loss in
disordered semiconductors operating in the infrared regions (Table 4).
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(right) radiation.

4.4. Perovskites

The family of perovskite materials share the molecular formula
ABX3, where A is a monovalent cation, B is a divalent metal cation and X
is a halide anion. Perovskite semiconductors offer the advantages of low
exciton binding energy and high charge mobility [230-234], while
compatible with solution processing [235,236] for large-area light
harvesting and sensing systems, such as solar cells and focal plane ar-
rays. This class of materials has been demonstrated to detect ionizing
radiation (gamma and X-ray) [237-239] to terahertz signals corre-
sponding to bolometric effect [240]. The perovskite composition of
CH3NH3PbI3 exhibits very high absorption coefficient in the visible and
sharp optical absorption edge, as shown in Fig. 12a [241]. The high
absorption coefficient allows reduction of device thicknesses compared
to GaAs and c-Si. The sharp absorption onset indicates a well-ordered
microstructure with a low concentration of charge trap states, facili-
tating fast transport to achieve high-speed electronics capable of MHz
response [242,243]. The low trap density in polycrystalline perovskites
may potentially lead to lower noise than other solution-processed ma-
terials [119].

Currently, research in perovskite devices has been focused on
improving response to radiation with wavelengths < 800 nm, but there
are some works that show the possibility to extend the spectral response
of perovskites to near-infrared, listed in Table 5. The replacement of
divalent metal cations Pb by Sn led to tunable absorption profiles of
CH3NH3SnyPb; 4I3, as the increase in Sn to Pb ratio (namely, the
parameter x) reduced the material’s bandgap (Fig. 12b) [244-247].
Beside the metal cation, changing halide anions in CH3NH3Snl3,Bry
from I to Br extended the photoresponse to 950 nm as seen in Fig. 12¢
[231]. For perovskites to be used in infrared detection, the community is
working on understanding the critical parameters contributing to device
degradation and instability [248,249]. Nevertheless, rapid progress is
being made in perovskite devices, and it would not be surprising to see
this class of materials developed into high-performance infrared de-
tectors in the future. However, the toxic metal Pb is included in these
materials or in CQDs, and the potential leakage of heavy metals may
hinder their applications to avoid environmental contamination.

5. Unique device designs enabled by thin-film materials

The versatile properties of solution-processed thin films make it
possible to process IR detection systems with unique features, such as filter-
free wavelength-selective detectors [263-265], large-area pixel-less im-
agers [15,16,207], flexible detection systems [22,266,267] that are diffi-
cult to realize wusing traditional vacuum-processed inorganic
optoelectronics. In this section, we discuss examples of optical designs and
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Table 4
Comparison of organic infrared detectors, with response to wavelengths > 900 nm. PD: photodiode. PT: phototransistor.
Device configuration Device performance
Absorption Structure ~ Type  Features Spectral Responsivity Detectivity LDR (dB) Noise (A Bandwidth Rise Year/
materials range @awh (Jones) Hz %) (kHz) time/ Ref #
(pm) fall time
PBTB polymer Single PC Ultra-narrow bandgap ~ 0.4-2 0.96at 1122 >10'at - - - - 2020/
layer polymer. Flexible nm 1064, 1122, [82]
detector array for 1342 nm
imaging.
PDPP3T/ Bilayer PC Complementary 0.3-1 55x10%at  32x10%at - ~10712 - 30/150 2016/
CH3NH3PbI3 absorption 937 nm 937 nm at 100 ms [217]
Hz
PEDOT:PSS/ Hybrid PC photo-thermoelectric Thermal 2.2 V/W at 1.4 x107at - - - 15-30s 2020/
graphene effect signal 780 nm [170]
PTB7-Th: BHJ PD NIR sensitive non- 0.4-1.1 ~0.5 at 940 3.31 x 10%° 126-148 5.9 x 240 - 2019/
CO1-4Cl fullerene acceptor nm at 940 nm 107 at [105]
100 Hz
PTB7-Th: CTIC-  BHJ PD Three nearly 0.4-1.1 0.52 at 920 1.5 x 10'? - - - - 2019/
4 For CO1-4 isostructural nm for at 920 nm [218]
F or COTIC-4F nonfullerene electron CO1—4F for CO1—4F
acceptors
PTB7-Th: Ternary PD Complementary 0.4-1 0.35 at 670 ~10'2 at 135 1.6 x - Rise 2019/
PC;BM: blend absorption nm 670 nm 107 % at time [108]
COi8DFIC 10 Hz 900 ns
TQ monomers: BHJ PD Tunable SWIR light 0.4-1.5 0.04-0.12 at 10'0-2 x ~180 - >1000 - 2020/
PC7,BM absorbing organic 1000 nm 10'! at 1000 [205]
materials nm
CPDT-TQ BHJ PD Explain exciton 0.5-1.5 0.08at1000 3 x 10*%at - ~10712 - Falltime 2018/
polymer: dissociation and charge nm 1000 nm at 100 ~1ps [61]
PC;;:BM collection in narrow Hz
bandgap systems
Polymer: BHJ PD Reveal the role of 0.5-1.4  0.23at1100 1.2 x 10" - 5.4 x - Falltime 2018/
PC;;BM dielectric screening in nm at 1100 nm 1072 at ~1.5 ps [78]
low bandgap 200 Hz
photodetectors
PTB7-Th: NIR BHJ PD Three norfullerene 0.3-1 0.43, 0.34, 4.3 x 10'2, 150, 137, 2.4 x - Rise 2020/
acceptor acceptors with and 0.25 at 1.9 x 10'2, and 141 10714, time [219]
different optoelectronic 830 nm and 2.2 x 4.2 x 8.5,
properties 10'% at 830 1014, 12,10.5
nm and 2.7 us
x 1071
at 10 Hz
NT40: IEICO-4F  BHJ PD CuSCN as Anode 0.3-1 0.4at870nm 4.4 x 10" 123 ~1071 - 7.1/ 2020/
Interfacial Layer at 870 nm at 10 14.9 ps [106]
kHz
Four polymer BHJ PD Non-radiative 0.4-1.6 0.04 at 1000  ~10'" at - 3 x - - 2020/
donors: recombination limits nm for PBTQ 1000 nm for 10~ for [110]
PC;,BM detectivity (OD) PBTQ(OD) PBTQ
(OD)

PMDPP3T: BHJ PD Conformable imager 0.35-1 ~0.68 at 3.2 x 101! - - <150us 2020/
PCg,BM 850nm [22]
PDPP3T: BHJ PD Large-area, high 0.4-1 0.27 at 800 ~10'% at 55 - - - 2020/
PCg¢1:BM resolution imager nm 800 nm [220]
(PDPPTDTPT: Hybrid PD Ultrafast response 0.35-1 0.14 at 900 ~10" at 95 ~10712 - 5 ns 2017/
PCBM)/ speed nm 900 nm at 10 Hz [221]

CH5NH;5PbI;
Dye-Perovskite Hybrid PD Narrow band gap 0.5-1.8 0.01 at 1500 2 x 107 at - 3 x 85 65/74 2017/
Composites organic dyes nm 1500 nm 10" at us [222]
1Hz
PTB7-Th: F8IC/ Hybrid PD Complementary 0.3-1 0.37 at 850 ~2 x 10" 191 3 x - Falltime 2020/
CH3NH3PbI3 absorption and large nm at 850 nm 10713 at 5.6 ns [671
LDR 100 Hz
PIBDFBTO-HH Single PT Small bandgap 0.4-1.7 0.45 at 940 - - - - 9.4/6.6 2017/
layer donor-acceptor nm ms [223]
polymer
DPP-DTT: PCBM  BHJ PT Wearable - 3.5 x 10° at 5.7 x 10" - 4.3 x - Falltime 2017/
photoplethysmogram 810 nm at 810 nm 10710 at 0.6 ms [224]
sensor 500 Hz
PBIBDF-BT Single PT N-type low-band gap 0.6-1 0.02 at 980 ~4 x 10" - - - 20/30 2018/
layer donor—acceptor nm at 980 nm ms [225]
conjugated polymer
BODIPY-BF2 Single PT Air-stable n-type 0.3-1.1 1.14 x 10%at - - - - 2.98/ 2017/
layer organic small molecule, 850 nm 4.95 ms [226]
textured film structure
Hybrid PT Nanowires made from 0.3-1.2 10.7 at 980 - - - - 3.9/ 2017/
organic small molecule, nm 1.82s [227]

(continued on next page)
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Device configuration

Device performance

Absorption Structure  Type  Features Spectral Responsivity Detectivity LDR (dB) Noise (A Bandwidth Rise Year/
materials range @Aawh (Jones) Hz %%) (kHz) time/ Ref #
(pm) fall time
BPE-PTCDI Au nanorods induce
nanowire/Au plasmon resonances
nanorods
SWIR BHJ/1ZO Bilayer PT Bilayer decouples 0.5-1.4 ~40 at 940 ~5 x 10'? 127 2 x 0.05 - 2019/
charge nm at 1000 nm 107" at [116]
photogeneration and 1 kHz,
transport (Vg =
oV)
DPP-DTT/ Bilayer PT Complementary 0.3-0.9 0.08 at 850 ~5 x 107 at - - - 0.17/ 2019/
CH3NH3PbI3 absorption bilayer nm 850 nm 0.25s [228]
TTF-CA/ Bilayer PT Photogating effect at 0.5-3 ~5 x 10° at ~10'1-10'2 ~10712 - 11.9/ 2020/
graphene the organic complex 1000 nm at 1000 nm at1 Hz 15.6 ms [229]
and graphene interface (Vg=-20
V)

electronic upconversion imagers enabled by solution-processed materials.

5.1. Structures to tune spectral selectivity

Typically, the response spectrum of a detector is determined by the
absorption profile of the active material [268-272] and the optoelectronic
properties of the structures around the detector, e.g., optical resonance
cavities or plasmonic structures [25]. When the detector materials show
broadband sensitivity, optical filters can be added to block out the un-
wanted radiation wavelengths. Wavelength-selective detectors can
improve the system signal-to-noise ratio by mitigating interferences from
the ambient light. For solution processed detectors, in addition to optical
filters, there are various designs to achieve selective, narrow spectral
response by engineering the materials or/and device structures.

For colloidal quantum dots, the intrinsic property of quantum
confinement allows adjustment of their spectral response by changing
particle sizes. For example, the absorption peak of colloidal HgSe was
tuned with the QD size due to intraband transitions covering 4-9 pm as
shown in Fig. 13a [269]. However, the full-width at half-maximum
(FWHM) characteristics of the detection spectra were quite broad >2
pm, possibly due to a wide distribution of QD sizes and an inhomoge-
neous spectral widths caused by coupling of multiple energy levels. To
narrow the spectral response, metallic nanostructures were integrated
with the detector to enable the redistribution of electro-magnetic field
through plasmonic resonance. The resonance wavelength range was
adjusted from mid-wave to long-wave IR by changing gold nanodisk
dimensions in HgSe QD detectors, with the spectral FWHM < 1.5 pm in
Fig. 13b [273].

Organic semiconductors have larger absorption coefficients than
traditional vacuum-processed inorganic semiconductors, enabling ul-
trathin optoelectronics. However, most of the organic detectors are
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limited in the NIR range. Only a few types of organic semiconductors
show photocurrent over 1 pm, due to the difficulty in carrier photo-
generation in organics with narrow bandgaps. The charge-transfer states
in BHJs extends the device photoresponse to below the materials’
bandgaps but are limited by low absorption. Techniques exploiting op-
tical resonance cavities have been shown to enhance the photoresponse
originating from charge-transfer states [184]. The mechanism was based
on the incorporation of a Fabry-Perot (FP) cavity formed by Ag elec-
trodes, one being completely reflective while the other semi-reflective,
as seen in Fig. 13c. The wavelengths at which constructive interfer-
ence occurred was dependent on the cavity path length and the spacer
refraction index, with the peak transmission wavelength dictated by
[274]

1o 2xl\/n* — sin*0

m— @

)]

Where [ is the optical path, n is the refraction index of the spacer, 0 is the
incident light angle, m is the interference order, and ¢ represents the
phase shift of light between the two reflective surfaces. With the
wavelength selectivity in a resonant microcavity, the detector spectrum
reached a remarkably narrow FWHM of 36 nm, with tunable range from
810 to 1550 nm in Fig. 13d. The wavelength-sensitive nature of an FP
cavity enhanced the absorption of a specific wavelength of interest, of-
fering the capability to extract spectral information in multispectral
detections [21]. In addition, the feasibility to reconstruct a
two-dimensional image from the signal of a single organic photodiode
was demonstrated by using a FP cavity encoder [204].

Another approach to achieve narrowband detector was through a
mechanism known as charge collection narrowing (CCN). In CCN, the
charge collection efficiency with respect to wavelengths was shown to
vary with the active layer thickness, which in turn led to spectral
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Fig. 12. (a) Comparison of absorption coefficients of CH3NH3Pbl;, GaAs and c-Si. Reproduced with permission from Ref. [241]. (b) Band energy levels of
CH;3NH3SnPb; I3 with various Pb and Sn ratios. Reproduced with permission from Ref. [244]. (c) Photoresponse spectra of CH3NH;3SnI3 ,Bry devices as a function of

Br composition. Reproduced with permission from Ref. [231].
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Table 5
Comparison of perovskite devices, with infrared response to wavelengths > 800 nm. PC: photoconductor. PD: photodiode. PT: phototransistor.
Device configuration Device performance Year/
Ref#
Absorption materials Structure  Type  Features Spectral Responsivity Detectivity LDR Noise (A Bandwidth Rise
range awh (Jones) (dB) Hz %% (kHz) time/
(pm) fall
time
CH3NH3Pbl; QDs/TiO, NTs  Bilayer PC Perovskite QDs/ 0.3-0.85 1.3 at 350 2.5 x 10'2 - - - 2/1s 2017/
TiO2 NTs bilayer nm, 0.2 at at 350 nm, at 350 [250]
heterostructure, 700 nm 3.8 x 10! nm,7/
flexible at 700 nm 4sat
700
nm
CH3NH;3Pbl3/C8BTBT Bilayer PC Perovskite/ 0.35-0.8 24.8 at 532 7.7 x 10*2 - - - 4.0/ 2017/
organic nm at 532 nm 5.8 [251]
heterojunction; ms
Stable in ambient
(Cso.06FA0.79MAg 15)Pb Single PC Plasmonic 0.5-0.8 0.12 at 785 1.5 x 10'? - - - 49/27 2020/
(Io.85Br0.15)3 layer nanoantenna to nm at 785 nm ms [252]
improve NIR
detection
FASnl; Single PC Lead free, p- 0.35-1.05 10°at685nm 1.9 x 10'2 - 4 x - 180/ 2019/
layer doping nature, at 685 nm 10 1% at 360 s [253]
flexible 1 Hz
CH3NH;3PbI; single crystal Single PD Single crystal 0.37-0.83  0.24 at 808 - - - - 71/ 2016/
layer prepared from nm 112 [254]
solutions; Self- us
powered mode
due to the
asymmetric
electrodes
FAPbI; Single PD Simultaneously 0.3-0.85 ~0.2 at 450 2x10%at 148 10 "at 65,000 Fall 2020/
layer light detection nm 804 nm 10 Hz time [243]
and emission ~3.9
ns
CH3NH3PbI3/CdS Hybrid PD Self-powered 0.35-0.85 0.48 at 700 2.1 x 10*3 - - 0.1 0.54/ 2019/
layer CdS/perovskite nm at 700 nm 2.21 [255]
hybrid ms
photodetectors
CH;3NH3PbI3 Single PD Nanoimprinted 0.3-0.8 ~0.4 at 750 2 x 102 at - - 440 Fall 2019/
layer interlayer, nm 750 nm time [256]
photoresponse 0.8 us
was less

dependent on
incident light

angle
MAg sFAq sPbg, sSno 515 Single PD Tin based 0.35-1.1 ~0.2 at 950 >10'% from - ~10712 100 - 2017/
layer perovskite with nm 800 to 970 at 0.8 [257]
longer nm Hz
photoresponse.
MAy.975Rbg.0255n0.65Pb0. 3513 Single PD Rubidium enables 0.3-1.1 0.4at910nm  >10'2 from 110 ~3 x 1000 40/ 2018/
layer increased 340 to 1000 10" at 468 [258]
crystallinity and nm 100 Hz ns
strengthened
preferred
orientation
CH3NH3PbI3 Single PD Ultra-broad UV-THz ~100 at 405 ~10% at - - - 76/ 2020/
layer photoresponse nm, 0.1 at 405 nm, 126 [240]
enabled by 118 um ~10%at118 ns
photoconductive um
effect and
bolometric effect
MAPbI;_,Cl,/black Bilayer PT Schottky barrier 0.4-1.2 10°-108 9x10%at - 3 x - 8/17 2019/
phosphorous controlled high 598 nm 1071 ms [259]
sensitivity and fast
response
CH3NH;5Pbl3/MoS, Bilayer PT Charge transfer 0.52—0.85 212 x 10*at  1.38 x 10'° - ~10712 _ 6.17/ 2016/
between 520 nm, 1.11 at 520 nm, at 10 Hz 45s [260]
perovskite and x 10% at 7.93 x 107
MoS, 850nm at 850 nm
CH3NH3PbI3:MoS, Bilayer PT Electron trapping ~ 0.42-0.85  1.08 x 10*at  4.28 x 10*®> - - - Both 2018/
nanoflake BHJ/rGO in the MoS, 660 nm at 660 nm <45 [261]
reduces ms
recombination;
Flexible
Quasi 2D perovskite/IGZO Bilayer PT 0.46—-1.06 - - -

(continued on next page)
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Device configuration Device performance Year/
Ref#
Quasi 2D >10° at 457 5.1 x 10'° 1.9 x 2019/
perovskite. Type II nm at 457 nm 10 " at [262]
band alignment; 10 Hz

Large scale and

flexible

selectivity in detectors [265]. In a thin film, the optical absorption and
photogeneration of charges were uniformly distributed in the active
layer upon light illumination. Charge collection efficiency was nearly
identical for all wavelengths, resulting in a broadband photoresponse
correlated to the absorption spectrum of the active layer. On the other
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hand, for a much thicker active layer (where thickness was greater than
the reciprocal of the absorption coefficient), the optical field distribution
became wavelength dependent based on the Beer-Lambert law.

As illustrated in Fig. 13e, the penetration of incident light with
wavelengths above the detector bandgap decreased exponentially as a

Fig. 13. (a) Absorption profiles of colloidal
HgSe QDs with different diameters from 5 to 16
nm. Reproduced with permission of Ref. [269].
(b) Spectral responsivities of HgTe CQD de-
tectors with and without plasmonic disks.
Reproduced with permission of Ref. [273]. (c) A
schematic of an FP cavity and absorption pro-
files of HgTe CQDs in an FP cavity with
different spacer thickness. Reproduced with
permission of Ref. [21]. (d) External quantum
efficiencies of organic devices without (green)
and with enhanced resonant cavity effects (blue
to orange), plotted in linear and log scales.
Reproduced with permission of Ref. [184]. (e)
The optical field distribution of three different
wavelengths in a thick active layer. Lines A and
B represent wavelengths larger than the mate-
rial bandgap, while line C represents a wave-
length close to the bandgap with an increased
penetration depth. (f) Normalized absorbance
spectra of thin (dashed lines) vs thick devices
(solid lines), as a function of wavelength.
Reproduced with permission of Ref. [265].
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Fig. 14. (a) Operation schematic of an up-conversion imager. (b) Simultaneous spatial imaging of vein pattern and measurement of blood pulses by an organic up-
conversion imager. Reproduced with permission from Ref. [17]. (¢) Structure of a vertical phototransistor combined with OLED to form an up-conversion detector.
Charge accumulation of the phototransistor operated under positive gate voltage (d) in the dark and (e) under IR light. Reproduced with permission from Ref. [[15]].

function of the active layer thickness, due to the strong absorption co-
efficient (Cases A&B). Meanwhile, radiation with wavelengths near the
optical bandgap penetrated deep into the active layer, and charge car-
riers were generated across the whole active layer because of the rela-
tively weak absorption coefficient for the long wavelengths (Case C). In
Cases A&B, charge collection became problematic for carriers generated
near one side to reach the collection electrode on the opposite side
across the thick active layer, with loss due to recombination and space
charge screening effects [265]. In Case C when the carriers were
distributed throughout the layer, charge collection was better than in
Cases A&B. With the wavelength-dependent charge collection, the CCN
approach was successfully used to realize narrowband organic detectors
in Fig. 13f, with peak photoresponse located at red and NIR wavelengths
and FWHM < 100 nm. The CCN method was material-agnostic and
applicable for  various disordered and polycrystalline
semiconductor-based detectors, with the capability to achieve very
narrowband photodetection (<20 nm in FWHM) [275]. The CCN
approach alone showed low responsivity, but a combination of CCN and
photomulitiplication mechanisms had greatly improved the detectivity
of CCN detectors to 10! Jones in the NIR [276,277].

5.2. Up-conversion imagers

Commercial IR imagers are based on focal plane arrays where the IR
detecting elements are integrated with readout circuits in pixelated

21

formats to retrieve spatial information. The sensor data are processed,
and then the signal magnitudes and locations were reconstituted as an
image to be displayed on a screen separate from the detector. Besides
this conventional approach, there are alternative strategies to visualize
infrared radiation for human vision by direct up-conversion. Thin-film
materials are particularly suitable for realizing a monolithic structure
that combines the IR detector and visible display into one device, real-
izing compact up-conversion imagers that does not require external
processing electronics for IR visualization [16,23,207,278-283]. The
scalability of thin-film imagers to easily reach a large active area of over
few square centimeters offers an advantage over conventional arrays
that are costly to scale up. In this section, the up-conversion imagers rely
on electronic processes based on extrinsic device designs, notably
different from the optical anti-Stokes processes originating from mate-
rials properties [284].

In Fig. 14a, the up-conversion imager is an integrated stack of an IR
photodiode and a visible light emitting diode (LED) in a back-to-back
diode configuration. The multi-layer architecture poses challenges for
fabrication using vacuum-processed crystalline inorganic IR materials
where lattice matching is usually required; but for disordered thin-film
materials this epitaxial requirement is not relevant, and the deposition
of multiple different layers is relatively straightforward. The working
mechanism in the electronic up-conversion device starts with (1) photo-
generation of charge carriers the in the detector layer upon IR illumi-
nation, followed by (2) charge transport into the LED emitter layer.
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Fig. 15. (a) Conformal organic photodetector
showing higher PPG signals than a rigid detec-
tor. Reproduced with permission of Ref. [301].
(b) Photograph of a conformal PPG sensor on a
finger. Reproduced with permission of
Ref. [224]. (c) High-resolution near-infrared
imager that mapped out vasculature and a
fingerprint. Reproduced with permission of
Ref. [22]. (d) Biomimetic hemispherical
perovskite nanowire array photodetector.
Reproduced with permission of Ref. [303]. (e)
Bendable QD photodetector sensitive in the
shortwave infrared region. Reproduced with
permission of Ref. [21].
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Subsequently, (3) charge recombination in the LED layer produces
visible photons. Due to the very thin active layers in the imager, charge
transport in the direction perpendicular to the electric field is small.
Thus, up-conversion is a local process with low lateral spread, such that
only the area exposed to IR illumination will give rise to visible emis-
sions, thereby forming an image reflecting the patterns of incident IR
light. It is desirable to minimize lateral charge transport so to increase
the spatial resolution of the imager, and for many solution-processed
semiconductors, their field-dependent, anisotropic hopping transport
is helpful to limit charge from spreading laterally.

The energy to convert low-energy IR photons to high-energy visible
photons come from the external bias which injects charges into the
visible bandgap material. When the injected charges were properly
confined to the LED by carefully chosen blocking layers, the electrical
current was proportional to the photogenerated charges, and the elec-
trical detectivity of the upconversion imager showed comparable per-
formance to individual diodes. The simultaneous optical and electronic
readout of an up-conversion imager is shown in Figure 14b [17], which
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provided spatial information on the location of blood vessels and tem-
poral measurement of blood pulses through those vessels.

The development of up-conversion imagers has focused on
increasing the photon-to-photon up-conversion efficiency np, and
extending the IR spectral range. The spectral response of the IR detection
layer encompasses 1000-1600 nm by using organic dye molecules or
PbS QDs [16,207]. The up-conversion efficiency 1., is the ratio of the
flux of emitted visible photons to the flux of incoming IR photons.
Typical np.p values are around a few percent for devices without gain,
but in a vertical phototransistor up-conversion device, the
photo-multiplication mechanism led to a np., record of over 1000 %
[15]. The device was different from the back-to-back diode configura-
tion and rather used a vertical phototransistor as the IR detector as
shown in Fig. 14c. The high gain was enabled by the design of a porous
indium tin oxide (ITO) source electrode, which modulated electron in-
jection to the visible OLED under the effects of the gate bias and IR
illumination. In the dark (Fig. 14d), the positive gate voltage accumu-
lated only a small number of electrons at the porous ITO/HfO; interface,
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and the current through the device was low, resulting in low emission at
the OLED. With IR illumination, photogeneration took place in the PbS
QD layer, effectively creating a significant hole accumulation at the
PbS/HfO, interface. The accumulated holes increased the electron
density in the Cg layer, led to a high current injection to the visible
OLED, and greatly enhanced the visible light emission and np.p.

5.3. New form factors

Semiconductors compatible with solution processing methods [48,
285-290] allow large-scale fabrication of optoelectronic devices at low
cost; moreover, the low-temperature solution-based methods enable
facile patterning on flexible substrates to realize new form factors and
functionalities, such as biodegradable electronics [291,292] and opto-
electronic devices capable of self-healing and operation under me-
chanical deformations [293-296]. Conformal sensors are particularly
appealing for wearable electronics [24,266,297-299] to non-intrusively
monitor physiological conditions. Disordered semiconductors also show
lower sensitivity to temperature than crystalline materials [300] and can
operate at typical body temperatures. Examples of conformal photo-
plethysmography (PPG) sensors in Fig. 15a and 15b measured near IR
optical reflectance through tissues to infer blood oxygenation and
pressures during cardiac cycles [224,301,302]. Intimate contact be-
tween the PPG sensor and human skin improved the signal amplitude
and reduced motion artifacts. The flexible near IR detector array in
Fig. 15c¢ provided high resolution maps of vasculatures and fingerprints,
useful for biometric applications and detecting health issues such as
blood clot locations.

In focal plane array (FPA) imaging systems, multiple lenses are
needed to optimize the projection focus across the planar FPA, so as to
correct optical aberrations [21]. However, sophisticated lens systems
significantly increase the size and cost of the imaging system. To reduce
the complexity of the imaging system, a biomimetic design using a
hemispherical detector stayed in focus with a simple ball lens and
broadened the field of view compared to FPAs (Fig. 15d) [303]. While
the early demonstrations of hemispherical eye camera were fabricated
by transfer of silicon diodes to curvilinear substrates [304,305], the
process limited the fill factor and therefore spatial resolution of the
array. Direct integration of solution QD or organic semiconductors [69,
306] increased the density of pixels. In Fig. 15e, a bendable QD detector
[21] responsive to shortwave infrared was demonstrated to capture
high-resolution images with a scanning convex lens. The geometric
freedom afforded by the thin film semiconductors have been beneficial
to applications such as retinal prosthesis [307,308] and smart contact
lens [309]. IR detection enabled by new technologies employing
solution-processed semiconductors has been appealing for flexible,
wearable optoelectronic systems, due to their unique properties such as
light weight, large-area processability, and bio compatibility.

6. Summary and outlook

This review presents the materials and device physics of solution-
processed infrared detectors and highlights the characteristics of
emerging semiconductors that are different from conventional vacuum-
processed crystalline counterparts. The disordered nature of solution-
processed materials is a major challenge due to the increased recombi-
nation probability that adversely affects photogeneration and dark
current noise. However, some of these issues have been mitigated by
understanding and engineering the CQD particle interfaces and tuning
aggregates and dielectric properties in organic films, to achieve per-
formance within the same order of magnitude as crystalline detectors.
Another major challenge is the long-term stability of solution processed
devices. Intrinsic disorder increases the densities of midgap states and
states near the band edges, leading to carrier trapping and a decline in
photoresponse over time. Yet by tuning the biasing waveform and duty
cycle, the detrapping process can be managed to obtain steady
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photoresponse. Extrinsic factors such as exposure to oxygen and hu-
midity may also affect the device stability; fortunately, encapsulation
has been well developed for commercial organic light emitting diodes
and the know-how from that field is relevant and can be applied to
encapsulate and suppress environmental degradation. Nonetheless,
further studies are required to investigate device stability under
different usage conditions.

With regards to the promising properties, the scalability of semi-
conductors prepared from solution would enable large-area coverage,
low-cost deposition, and monolithic integration with readout circuits
that have so far been elusive for infrared detectors. The thin film format
allows mechanical flexibility and unique form factors that lower the
system size and weight, facilitating new geometries and functions such
as wide field-of-view hemispherical detectors and conformal wearable
PPG monitors. With further research and development to push up the
technology readiness level of solution-processed devices, this low-cost
infrared technology will be transformative and offer new approaches
to address detection problems in diverse fields ranging from autono-
mous navigation to health monitoring.
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