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Image Sensors and Photodetectors Based on Low-Carbon
Footprint Solution-Processed Semiconductors

William Solari, Renjun Liu, Serena N. Erkızan, Alexander R. C. Osypiw,
Peter M. Smowton, and Bo Hou*

This mini-review explores the evolution of image sensors, essential electronic
components increasingly integrated into daily life. Traditional manufacturing
methods for image sensors and photodetectors, employing high carbon
footprint techniques like thermal evaporation and chemical vapor deposition,
are being replaced by environmentally conscious solution processing. Organic
and Colloidal Quantum Dot-based image sensors emerge as promising
candidates, aligning with the shift toward solution-based device integration.
This review provides insights into the working principles of photodetectors
and image sensors, summarizing relevant materials and fabrication
approaches. Additionally, it delves into the detailed exploration of pixelated
patterning techniques and their potential applications in the realm of
solution-processed image sensor fabrication.

1. Introduction

PhotoDetectors (PD) and Image sensors are essential to modern
everyday life.[1,2] They are used in almost every electronic device,
from mobile phones to medical imaging to being used in indus-
try to monitor various processes. As such they are an area that
is heavily researched across the globe.[2,3,4] The global focus on
research for a long time was on how to lower the pixel size to in-
crease resolution, however, in recent years, there has been a step
away from this area and more toward device efficiency, fidelity to
color and the attempt to make these devices more “smart”, to be
integrated with other devices for various purposes.[5]

Solution-processed PDs are of particular interest currently, in-
cluding organic and Colloidal Quantum Dot (QD) based PDs,
due to their low carbon footprint and potential for complex device
fabrication.[6,7] This means that the PhotoActive (PA) layer of the
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device is either a semiconducting organic
molecule that absorbs and emits pho-
tons or QDs that do the same. These
two materials have different qualities that
makes them unique: i) organics have a
wide range of different absorption spec-
tra and conductive properties to choose
from, which can be controlled by chang-
ing atoms and moieties in the molecu-
lar chains.[8,9] ii) QDs have a broad ab-
sorption with sharp excitonic absorption
bands and a narrowband emission peak
due to the quantum confinement effect,
which means they interact very strongly
with certain energies of photons and elec-
trons, combined with a tuneable bandgap
by altering the size or composition of the

particles.[10,11] As such, both of these materials can be used to
achieve different effects in their devices.

The method by which these devices function is that when in-
cident light hits the transparent electrode at the top or bottom of
the device, the photons then pass through the device, likely inter-
acting weakly along the way until they reach the PA organic or
QD layer. At this point, they are highly absorbed, ideally, by the
PA layer. When the photons are absorbed, there is an electron-
hole pair generated at the site of the extinction of the photon. This
electron-hole pair disassociates immediately (inorganic semicon-
ductors) or is weakly bonded together and diffuses to the junction
before splitting into electron and hole (organic semiconductors)
to travel to their respective electrodes.[2,4,11,12] At the electrodes,
the electrons and holes flow through the connected circuit in turn
generating a photocurrent.

Typically, these devices are crafted using a layer-by-layer
approach, incorporating diverse techniques such as spin-
coating,[11] dip coating,[11,13] inkjet printing,[11,14,15] thermal
evaporation,[16,17] ElectroPhoretic Deposition (EPD),[18,19] and
transfer printing.[20] While spin-coating stands as the most preva-
lent method, alternatives such as thermal evaporation and trans-
fer printing can enhance film production quality. These methods
serve as the primary commercially employed strategies for man-
ufacturing solution-processed photodetection devices, be they
organic or QD-based. This review will specifically focus on or-
ganic semiconductors (briefly) and comprehensively cover col-
loidal quantum dots. Other materials, such as silicon,[21] III-V
epitaxial semiconductors,[22] perovskites,[23] graphene,[24] or tran-
sition metal chalcogenide (TMC),[25] have been thoroughly exam-
ined in prior reviews, and readers seeking additional details can
refer to the cited references.
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Figure 1. Diagram showing device structure for A) Photodiode, B) Photoconductor, and C) Phototransistor. It is assumed that light is incident from the
top of the devices as denoted by the arrows.

1.1. Photodetectors

Photodetection devices tend to fit into one of three different
structure categories, PhotoDioDe (PDD), PhotoTransistor (PT),
or PhotoConductor (PC) as shown in Figure 1.[26] These struc-
tures have certain attributes which can benefit, or hinder devices
based on the purpose of the device.

A simple PDD structure typically includes five basic layers, the
base electrode, the Hole Transport Layer (HTL), the PA layer, the
Electron Transport Layer (ETL), and the capping electrode.[26] To
improve device performance, additional layers can also be added
such as charge blocking layers and passivation or encapsulation
layers.[27] The important thing to note with this structure is that
the bandgap and position of HOMO (valence band edge) and
LUMO (conduction band edge) is very important in device struc-
ture, there needs to be a smooth gradient between these values
through the device (i.e., type II junction) for charge transport.[26]

There is also a need for blocking movement of electrons and
holes through the device so neither can pass the entirety of the
device to suppress charge back flow.[28,29] This is achieved by cre-
ating potential wells or energy barriers that the charge carriers
cannot pass through. These wells and passages can be controlled
by changing the material in the layer and by changing the thick-
ness of the layer to affect charge mobility.[30]

A basic PC structure includes just two layers, the electrodes
which can sit on the same surface of the device, and the PA
layer and is the simplest of the structures.[26] This is because it
simply takes the photocurrent from the PA layer and outputs
it at the electrodes. As such it is not a highly controllable de-
vice and is not as efficient as the current flow is not controlled,
it does, however, have a very fast response time so is good for
high-frequency imaging due to the electron-hole pair generation
simultaneously occurring close to each electrode from incident
photons as there are no other layers for transport.[31,32] It is also
typically the thinnest of the device structures and therefore can be
used in more different scenarios where space and flexibility are
constrained.[33,34,35]

A basic PT structure includes four layers, the electrode layer,
the PA layer, a dielectric layer, and the gate layer.[26] This leads the
device to function as a transistor, where the photocurrent gener-
ated in the device can be controlled by the bias across the source
and gate. This leads to many different functions, typically in an
image-sensing context where the bias on the device can be con-
trolled directly through the device to allow for higher photocon-
ductivity gain by delocalizing trap states.[26]

The PDD structure is the most universal device structure used
in optoelectronics as it is very tuneable by exchanging layer ma-
terials and thicknesses.[26] However, it is a bulky and difficult to
work with structure when it comes to image sensors or detectors
as it is more complicated to fabricate and is typically too slow at
receiving signals to be used easily for real-time imaging due to the
increased thickness, charges must move further to affect the cur-
rent so there is a delay between input and measurement, this is
where PC and PT devices are generally more convenient.[31,32,36,37]

PC devices are the most simplistic of the device structures, and
are used extensively in astronomical measurements, particularly
with cosmic microwave background observations.[38] The single
optically active layer makes fabrication for large-area devices easy
and as such it is a suitable structure for these sorts of measure-
ments where the measuring device is large in scale. It typically
would require a form of focusing of a light source onto the surface
to detect the relevant wavelengths in a small sky area for usage
in telescopes.[38] When used in this context, it is almost always in
tandem with a color filter.

The PT structure is arguably the most useful device structure
as it allows for a control of the flow rate of current through the
device. The addition of a gate to control current flow through the
device allows for more accurate usage in PDs and allows for eas-
ier distinguishability between pixels, increasing resolution. The
response time of a PT device is also far superior to that of the
PDD device, meaning it can be used for live displays more eas-
ily, however, the response time is still shorter than that of the PC
device.[34,36,37] By decreasing the size of these devices, one can also
increase the resolution of either image sensors or displays.[35]
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1.2. Image Sensors

Image sensors are the next logical step on for PD devices includ-
ing color recognition, and image sensing (steady and dynamic).
Image sensors are already used frequently in many aspects of ev-
eryday life and, following the trends, will continue to be used for
progressively more applications.

The basic idea of an image sensor is a simple array of PD de-
vices set up to measure different wavelengths of light, and there-
fore be able to create an image from the intensities of each in-
dividual wavelength. For example, for a typical visible light im-
age sensor there might be three PDs set up as a single pixel for
red, green, and blue detection (RGB), to allow for easy conver-
sion to a display. There are various ways to arrange these pixels
that have been explored and some other methods for detection of
these wavelengths of light.[2,39,40,41]

Historically, the most common form of image sensor was
a silicon-based PT device that would have RGB or IR filters
attached to different pixels to allow for image sensing.[42,43,44]

This Charge-Coupled Device (CCD) display was originally de-
signed in the 1970s and allowed for digital imaging. More re-
cently Complementary Metal Oxide Semiconductor (CMOS) sen-
sors have been used, as they are far more energy efficient, faster,
and can have a higher resolution.[45,46,47] The latest develop-
ments in this area, however, are for QD and organic-based image
sensors.

The main limitations of silicon-based CCD detectors, is their
thickness and the unwanted IR absorption for use in RGB. CCD
detectors are required to be thick due to the absorption length
at the required photon energies for absorption, sometimes more
than 100 μm.[48] Silicon has a very small indirect bandgap, 1.1 eV
at 300K, which allows for NIR and shorter wavelengths to be ab-
sorbed by devices, as such, a filter must be used for silicon-based
image sensors in order to realize RGB color recognition.[42,49]

These filters often need expensive materials such as various
different forms of non-emissive plastics to be fabricated, and
they are bulky which defeats the purpose of using silicon as it
is typically a cheaper more common material to use for these
detectors.[42,44,50] The thickness of the devices is also an issue as it
means that devices need to be bulkier in general to function, this
can be a problem for some larger device structures, as saving on
space is generally a good idea, both functionally and financially.
The thickness, combined with the brittle nature of silicon, also
constrains the use of these types of detectors in flexible devices,
although methods have been developed to get around this issue
by using different device structures such as imbedding detectors
in a flexible film.[51,52,53]

CMOS devices suffer from similar issues to silicon CCD de-
vices, they are cheaper but still costly and have too large an ab-
sorption window and are brittle.[45,46,47] This makes it tough to
make these devices thick enough to absorb efficiently without los-
ing flexibility. They also require filters of some kind to create any
color sorting effects, however, the range of materials for CMOS
allows for an easier option to create color-specific pixels. CMOS
sensors function by using a series of p and n type transistors in
tandem, allowing the charge buildup generated from the absorp-
tion of light to be used as a signal in a detector which can be
released by switching the circuit between the p type and the n
type transistors.[45,46,47]

One of the major issues with image sensors is how to cre-
ate smaller pixels and higher-density patterned devices. In or-
der to achieve pixelation and patterning many different ap-
proaches can be used. The most common of these approaches
is to pattern the electrodes on larger area thin film devices.
This can be done through masked evaporation,[54] masked
sputtering,[55] inkjet printing,[56] etching,[57] photolithography,[58]

electron beam photolithography,[59] or direct laser writing[60] to
name just a few, however, these methods can be time-consuming,
and expensive. One method of deposition for photodiode devices
that avoids these issues, is to electrochemically deposit the layers.
The process by which this works is electrodeposition, through
electrophoresis, which facilitates mass transport of particles to
a surface to allow for deposition onto that surface. This can
be used to create intricate designs of devices by using various
different electric fields and electrical properties to change the
deposition.[61,62]

1.3. Carbon Footprint

A brief explanation of carbon footprint is required to under-
stand exactly what the impact these methods have on the envi-
ronment is. The carbon footprint of something is defined as the
total amount of greenhouse gases that are emitted into the atmo-
sphere during a process and is typically measured in tonnes of
CO2 equivalent.[7,63,6] The larger the value for a process the more
damaging this is for the environment, although in some cases it
is not obvious that it could be damaging, and only through re-
search of the effects of various chemicals in the atmosphere can
the damage be determined. An example of this would be the us-
age of ChloroFluoroCarbons (CFCs) in refrigerators and aerosols
during the 1980s,[64] which it was discovered was having a larger
impact on the atmosphere than was originally understood. This
is relevant as some of the chemicals used in the processing of
semiconductor devices are almost on a similar scale in terms of
the damage they can cause per unit volume.

Methods such as plasma sputtering, and thermal evapora-
tion have a large impact on the environment primarily due to
the gases used in industry in the processing methods for the
devices.[7] These gases include sulfur hexafluoride, various halide
gases, and siloxane, all of which are known to contribute heavily
to the greenhouse effect, in many times excess of similar volumes
of CO2.[7] For sulfur hexafluoride the equivalent CO2 tonnage is
22800 to 1,[7] which although the gas is predominantly used as
a dopant gas to aid certain evaporation processes, is not ideal to
be pumping into the atmosphere as there is no way to cleanly
process the gas after use.

The benefits of using a solution processed method as opposed
to traditional methods in terms of carbon footprint is fairly sim-
ple, these gases are not used, there are not as large amounts of
energy used to power the devices, and the only source of waste
comes from the materials used and the solvent that carries the
particles. As such the carbon footprint of fully solution processed
photodetectors is limited almost solely to the fabrication of the
materials used which can be limited in the cases of most organic
polymers and quantum dots.[65,66]

One issue with solution processing methods is the lack of
patterning in many methods, which can lead to the use of
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Table 1. Showing a rough comparison between different methods of fabrication and their quality and carbon footprint.

Method Layer conformity Pattern ability Carbon
Footprint

References

Spin Coating High clarity of layer deposition, relatively low surface roughness No inherent patterning possible Low [3, 67]

Dip Coating Low clarity of layer deposition, high surface roughness No inherent patterning possible Low [13]

Inkjet Printing Relatively high clarity of layer deposition, low surface roughness Patterning is easy to achieve to micron level Very low [14, 68]

EPD Relatively high clarity of layer deposition, low surface roughness Patterning is easy to achieve to micron level Very low [18, 69]

Thermal Evaporation Extremely high clarity of layer deposition, very low surface roughness Patterning is possible and is aided with
external patterning methods

High [7, 70, 71]

Sputter High clarity of layer deposition, low surface roughness Patterning is possible and is aided with
external patterning methods

Very High [7, 72, 73]

photolithography and direct laser writing to pattern the devices,
which again add to the carbon footprint of the process which is
not ideal (Table 1).

1.4. Organic Based Photodetectors (OPDs)

Organic-based photodetectors are a good basis for these devices.
Due to their broadband absorption, semiconducting organics can
be used in PD devices to great effect. Typically, these detectors
have to use filters to achieve color purity, however, and even then,
true color fidelity is hard to achieve. There are various means to
avoid using color filters for OPDs which shall be covered later in
this review.[74,75,76]

The main premise behind the device remains the same, how-
ever, the PA layer is replaced by a semiconducting organic
molecule or polymer, examples of which are shown in Figure 2.
This organic will then absorb the incident photons and convert
them into electron-hole pairs and the process is the same, how-
ever, the organics have a tuneable wavelength range. By chang-
ing the moieties of the organic, one can change the range in
which the device will absorb, which gives it a large advantage over
silicon-based CCD devices.[8,9] As well as this, the polymers have
their own unique absorption spectra, which is less of an on-off
switch for absorption. This means that they have a range in which
they absorb very well, and outside of that range, at higher energy,
they absorb less well due to how the interactions occur, the higher
the energy of the photon, the lower the chance of interaction with
the organic. In the range that the organic will absorb, the organic
will absorb at ≈3 orders of magnitude larger than that of silicon
for the same range.[48]

However, these benefits come with weaknesses. These organ-
ics tend to be unstable under larger charge flows and have a
tendency to decompose under many different conditions includ-
ing being in an oxidizing atmosphere, high light intensity or
heat exposure.[12,77] Once these organics have decomposed, even
slightly, their absorption spectra will be completely different, the
charge transport properties will change, and the devices involv-
ing them will cease to function as they had previously, typically
ceasing to function at all. Due to the molecular nature of the or-
ganics, they tend to have a less regular overarching structure, as
such, they tend to be harder to organize into a regular and peri-
odic film, they will always be amorphous. This leads to a decrease

in device performance inherently and gives fabrication a more
random nature. As a result of this, a lot of research is done into
how to produce more uniform films using organics.[33,78]

1.5. Colloidal Quantum Dot Based Photodetectors (QPDs)

Using Colloidal Quantum Dots in photodetectors for use as im-
age sensors inherently makes a lot of sense due to the charac-
teristic properties that QDs have. The main properties of inter-
est include the tuneable bandgap, the sharp excitonic peak, and
the high photoluminescence and quantum yield which allow for
good color fidelity and increased efficiency.[10,11]

QDs are a type of nanocrystal that is encapsulated by a ligand
to stabilize the nanostructure as shown in Figure 3. This stabi-
lization aids in preventing the crystals from agglomerating and
also affects the QD’s properties. Changing the ligand that is en-
capsulating the QD will typically also affect the polarity of the
QD in solution, the zeta potential, the pH, and the bandgap of
the QD.[4,79,80] Ligands are usually changed from non-polar to
polar for use in different structures to avoid erosion from sim-
ilar solvents or from short chain to long chain to either improve
the charge transport in the layer or to decrease the interaction
between QDs respectively.[79] These ligands can be any sort of
molecule that will interact with the QD and remain “stuck” to the
surface, typically being an organic or a halogenated molecule.[79]

QDs are unique when being used in this context due to their
characteristic absorption and by extension emission. QDs are
most simply considered a hybrid between a bulk semiconductor
and a single atom, they have characteristics of both. This is due to
the size of the QD particles, typically between 2 and 10 nm.[10,11]

The particles being in this size range allows for a phenomenon
known as quantum confinement to occur when interactions with
this particle take place, due to their size being comparable to
their Bohr exciton radius.[10] This phenomenon gives rise to both
atomic and bulk behavior, the HOMO and LUMO levels of the
QD split to be atomic and discrete in nature at the boundary, but
as you extend into the band structure the energy levels become
continuous and more akin to that of a bulk semiconductor.[11]

With these characteristics, the absorption profile of a QD has a
series of discrete peaks based on the atomic nature of the crystal,
and a broader peak due to the bulk nature of the crystal, giving a
unique spectra.[10,11]
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Figure 2. Examples of various organic molecules and polymers used in PDs, B1-19, typically used for broadband (B) PDs from Jansen et al. Reproduced
with permission.[2] 2015, John Wiley and Sons.

Figure 3. Colloidal Cadmium Selenide/Cadmium Sulphide/Zinc Sulphide QD visualization from Osypiw et al. Reproduced with permission.[11] 2022,
Royal Society of Chemistry. and a TEM image of PbS QDs from Hou et al.Reproduced with permission.[147] 2023, American Chemical Society.
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Figure 4. Demonstration of bandgap structure for a typical PDD device with ETL and HTL. Electrons-hole pairs are generated in the PA layer, where they
then step toward the relevant electrodes as shown. The values used are for an ITO/ZnO/QD/Poly-TPD/Ag, from left to right, structure.

When fabricating QPDs the basic structure is the same as for
a general PD, however, the thickness of the layers needs to be ad-
justed. This is due to the high extinction coefficient in QDs.[81,82]

Electrons, holes, and photons all have high extinction values in
QDs, which means that, generally speaking, QPDs have to be
thinner overall than other PD devices. The device structure can
also be changed by changing the ligand on certain layers of QD
in the device.[79,80] This is akin to doping a PA layer and can be
done to achieve a quantum well to block transport of charges in
certain directions by changing the bandgap and HOMO LUMO
positions on the energy level diagram as shown in Figure 4.[83]

2. Color Specificity

In order to achieve specific color absorption, a few methods can
be used. These typically consist of using a form of color filter ar-
ray, or by stacking layers of different absorbing materials on top
of each other. The color filter array is a form of external color sepa-
ration, usually performed by an auxiliary structure separate to the
device itself. There are also internal methods of color separation
by affecting the charge carrier collection in the device. Of these,
the filter arrays are more common in commercial use, as they are
far easier to produce though they reduce device performance.[2]

2.1. External Color Separation

The filter arrays typically involve a series of pixels being devoted
to a certain color, for example the Bayer filter in a 16 pixel array,
4 would be red, 8 would be green and 4 would be blue, as shown
in figure 5A.[39] This mimics the way in which the human eye
functions as it is inherently more sensitive to green. However,
the main issue with this method is the overall pixel size is large,
and analyzing the signals can become difficult during the demo-
saicing process which can lead to decreased color constancy. This
demosaicing process is a series of signal processing algorithms

that allows for the resolving of the signals from each color, to al-
low for a full RGB color image.[84] Another issue with this method
is that the filter itself absorbs around two-thirds of the useful in-
cident light, so naturally the efficiency will drop.

Another method used is to have the filters on a rotating
table and take separate exposures with each filter as shown in
Figure 5B.[2,41] However, as each frame developed would take
more than three times as long to process due to the filter changes,
this is significant problem as images can shift during the time be-
tween each color frame, so this method can only reliably be used
for still imaging. As such this is only used for still frame cameras
or in certain detectors for research purposes.[41]

The final common method is to use a beam splitter to allow
for high-quality imaging as shown in figure 5C. This allows for
the incident light to be separated into its component parts to filter
for certain wavelengths by passing the light through a prism. The
refractive index and angles in the prism allow for the separation
of RGB wavelengths to be picked up by a PD dedicated to that
color. These typically make the highest quality images, though
there is limited room for miniaturization.[2,41]

There are many other methods that are less commonly used,
such as integrated color pixels, micro color splitters, and the
use of external nanostructures to optimize certain wavelengths.[2]

There is continued research in this area though it is not the focus
of this review.

2.2. Internal Color Separation

Another way of achieving a filter on an image sensor is by chang-
ing the PA layer or device structure to focus on particular wave-
lengths, considered a material-based approach to light filtering.
One method of doing this for RGB sensors is to stack a layer of
blue absorbing material on top of green absorbing material on
top of red absorbing material for a single pixel creating a stack
of RGB from bottom to top. If the thicknesses of the materials
are optimized to match the penetration depths of the relevant
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Figure 5. External filter types, A) Bayer filter array is placed over a pixelated photodetector to illuminate specific pixels with specific wavelengths with
the component parts of the filter displayed underneath, light is incident from the top, B) rotating disk rotates the filters in and out of the incident beam
(yellow) to illuminate the photodetectors en masse, and C) beam splitter prisms split off selected wavelengths to select wavelengths using total internal
reflection and refractive index.

colored photons, then with signal processing the contribution
of each color can be calculated and a color-detecting device has
been made.[85,86] This effect of the different absorption profiles
of different wavelengths through the device is the most promi-
nent method of creating filter-less image sensors. The effect of
using this structure in a device has many benefits, there is much
higher fill factor for the pixels and increased efficiency as more
light is absorbed per pixel. However, there are also downsides to
this structure, as the crosstalk between pixels is hard to eliminate
and provides poor color purity.[2]

Another method is Transverse Field Detectors (TFD). These
use the charge carrier mobility of the devices to control the color
selectivity of the device, typically used in CMOS devices.[87,88] An
electric field is placed across the device to generate charge car-
riers at different depths in the device, therefore allowing certain
wavelengths to be emphasized in the specificity of the device by
increasing the efficiency at those wavelengths.[87,88] This is a par-
ticularly useful method as it implies that different wavelengths
can be specified at different biases across the device, as such it is
one of the more interesting areas for the future.

A final method would a similar method to TFDs in terms of
color selection and the overall usage of generating charge car-
riers in a certain manner but without the electric field, simply
using the thickness of the junctions to achieve the same effect.
This is known as Charge Collection Narrowing (CCN) and will be
discussed in more detail in Section 5.2.1.[30,74] This can also be
combined with TFDs to create an effect called Charge Injection
Narrowing (CIN) which will again be discussed in more detail
later in Section 5.2.3.[76,89] Changing the material of the PA layer

will also affect the performance of the device, sometimes creating
a filtered effect.

3. Figures of Merit

Efficiency and performance of PD devices are measured in dif-
ferent ways, the photo responsivity, the quantum efficiency, the
detectivity, the noise equivalent power, and the linear dynamic
range, some state of the art values are shown in (Table 2).[2,26]

There are other means of comparing performance, however,
these are the main methods. Within these parameters are other
important parameters of note such as the absorption spectra and
the dark and noise currents.[2,26]

3.1. Responsivity and Quantum Efficiency

The photoresponsivity (R) is a measure of the ratio of input power
to output current. It is a very basic way of characterizing PD de-
vices by essentially comparing how much current is output by
the device given the irradiance of the light on the device.[2,26,92]

A more fundamental way of describing this sort of device perfor-
mance is through the External Quantum Efficiency (EQE), which
is measure of how well a device can convert photons into elec-
trons or holes and then transport them to the electrodes.[2,26] This
is a better way of comparing devices as it shows a more funda-
mental reaction occurring in the device, the excitation of elec-
trons from the valence band to the conduction band after absorp-
tion of an incident photon.
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Table 2. Figures of merit for state-of-the-art devices using different detection methods.

Detectivity [J] EQE [%] Wavelength [nm] FWHM [nm] Response Time [ns] Pixel Size [μm] Reference

OPD-CCN ≈1012 7 950 and 680 <90 – – [30]

OPD-ILD ≈1013 49 760 60 – – [75]

OPD-CIN 9.73 × 1013 2.51 × 105 650 40 67 × 106 – [89]

QPD 4.4 × 1011 25 1240 – 70 – [90]

OIS ≈1012 – 532 – – 250×300 [15]

QIS 2.1 × 1012 16.5 400-1300 – 300 × 106 15×15 [91]

The responsivity can be calculated as shown in Equa-
tion (1),[2,26]

R =
IL − ID

PinS
(1)

where IL is the photocurrent, ID is the dark current, Pin is the
power of the incident light as measured on the surface and S is a
measure of the surface area that the light is incident on. From the
equation, it is clear that it is simply a comparison of the current
generated in the device to the power of the light incident on a
defined area.

The EQE can be calculated through the use of Equation (2),[2,26]

EQE = Rh𝜈
q

(2)

where h𝜈 is the energy of the incident photon and q is the
coulomb charge. As can be seen, this is a scaling of the responsiv-
ity with respect to the photon energy and the elementary charge

and is more intrinsically linked to the phenomena occurring in
the device.

When applying this aspect of photodetectors to image sensors,
the ideal values of these quantities would change. When used
in broadband photodetectors, the responsivity and EQE should
be as high as possible in all regions, as the aim of the device is
simply to detect incident photons as shown in Figure 6. However,
when making an image sensor, the aims are different, specific
wavelengths are to be targeted for detection, meaning that the
responsivity should still be high, but the EQE should only be high
strictly for the wavelengths that are intended for detection.[2,74] As
such, the device should also be designed in such a way as to avoid
unwanted absorption by choosing materials that only absorb in
certain ranges.

Another way to get around this particular issue is to change
the thickness of the different layers in the device to affect charge
transport and affect the EQE by allowing some charges to reach
the relevant electrodes, whilst preventing others from doing
so.[74,75] This allows for the absorption of some layers to be sup-
pressed as the relevant charges extinguish before they can reach

Figure 6. A) EQE and photoresponsivity comparison for an OPD device from Zhang et al. Reproduced with permission.[148] 2024, American Chemical
Society. B) EQE spectra from a narrowband OPD device from Xie et al. Reproduced with permission.[149] 2020, Springer Nature. C) Photoresponsivity of
InP based QPD device by Huang et al. Reproduced with permission.[150] 2023, Elsevier. and D) EQE spectra of a QPD device by Atan et al. Reproduced
with permission.[151] 2023, American Chemical Society.
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Figure 7. Example absorption spectra of, A) PbS QDs with oleic acid ligands and B) P3HT:PCBM 15:12 organic blend.

the electrodes. Due to this, the EQE is heavily dependent on the
charge transport in the device due to the wavelength specificity
and will be discussed more in Section 5.2.

3.2. Absorption Spectra

In the previous section, the absorption of the materials used in
the devices was mentioned. For organics and QDs, the absorp-
tion spectra are usually very different. QDs have a characteris-
tic absorption peak that arises from the quantum confinement
effect that makes them quantum dots as shown in Figure 7A.
There are multiple peaks from this confinement effect similar
to atomic absorption, combined with the bulk absorption of a
generic bulk semiconductor.[11,93] Organics tend to be more var-
ied in their spectra and can range from very broadband to quite
narrowband. As such, the materials used in OPD or QPD devices
can give a wide range of different types of absorption spectra, one
of which is shown in Figure 7B.[2,94]

To quantify this typically the values of the FWHM, the absorp-
tion onset, and absorption cutoff are used.[94,95] This allows de-
scription of the peaks, and the shape of the absorption particu-
larly for organics, which can have uneven spectra with multiple

broad or narrow peaks. The bandgap of the material is also ob-
tained through the absorption spectra, the absorption onset is re-
lated to the bandgap which is used in planning the structure of
devices and can be obtained by creating a Tauc plot.[96]

3.3. Dark Current and Noise Current

The dark current of a device is the current that inherently runs
through the device when there is no external excitation, caused
by the differences in charge carrier mobility, the doping and trap
density, and the work function of the electrodes. The residual heat
of the device allows for the excitation of charges, causing current
to flow. Dependant on the characteristics of the material, the dop-
ing type, and density, this can be large or small as shown in Figure
8.[2,26,97]

Dark current is generally quite inconsistent due to the means
by which it is produced so it can be challenging to remove from
the signal output from the device. However, the dark current can
also be removed from the device by introducing non-conductive
blocking layers into the structure to suppress this background
charge flow.[27] The noise current is the total overall background
current in the device. This is a combination of different sources
of “noise” in the current such as the shot noise[98] and differences

Figure 8. A) Demonstration of noise current and different regimes of importance from Equation (3) from Gong et al. Reprodeuced with permission.[152]

2022, American Chemical Society. and B) The effect of different conditions and added layers on the dark current showing the correlation between higher
order in thin films and a decrease in dark current at different voltages from Zhang et al. Reproduced with permission.[153] 2023, American Chemical
Society.
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Figure 9. A) Representation of narrowband OPD detectivity from Xie et al. Reproduced with permission.[149] 2020, Springer Nature. and B) detectivity
of broadband QPD from Gong et al. Reproduced with permission.[152] 2022, American Chemical Society.

in thermal energy through the device.[2,99] This can be written in
the form,[2]

inoise =
(

i2
shot + i2

thermal + i2
1∕f + i2

g−r

)1∕2
(3)

There are also some complex components of the noise cur-
rent such as the 1/f noise and the generation-recombination (g-
r) noise.[100] These values typically would be ignored in a more
conventionally structured device with high homogeneity in each
layer, however, in more randomly ordered layers, such as in OPDs
or QPDs the 1/f noise and g-r noise can reach levels where they
impact on the calculation significantly.[101] Due to the frequency-
dependent nature of the 1/f and g-r noise, at lower frequencies
the contribution from these parts is larger than expected and so
the noise current will be significantly larger than expected. This
is important as it will affect another important characteristic of
the devices, specific detectivity.

3.4. Specific Detectivity (D) and Noise Equivalent Power (NEP)

The specific detectivity, D, is a measure of the sensitivity of a de-
vice to incident light. It is essentially a measure of the lowest
intensity of light that can be measured by the device shown in
Figure 9. This can be expressed in the form,[2,101,102]

D = R√
2qinoise

(4)

where all values have their previous meanings. In the case of
a more conventional, well-ordered device, not an OPD or QPD,
inoise can be replaced with ID, as the noise current would be al-
most negligible as mentioned in Section 3.3. Specific detectivity
is measured in units of cm Hz1/2 W−1. This is to say that it is the
signal to noise ratio of a 1 cm2 area of the PD with a 1 W inci-
dent power detected at 1 Hz bandwidth.[2,103] This means that it
is heavily related to the Noise Equivalent Power (NEP).

The NEP, is similar to the detectivity in that it is a measure of
the ability to distinguish between noise and photocurrent from
the input power and can be written as,[2,102]

NEP =
SΔf 1∕2

D
(5)

where all values have their previous meaning and Δf is a measure
of the electrical bandwidth. It is important to note that the specific
detectivity and the NEP are reciprocal to each other, as such they
represent very similar characteristics of the PDs. Typically, the
detectivity is more commonly used and represented in reported
research, though often there are oversights in the calculation for
the noise current. Due to this, measured noise current has been
used more frequently in recent publications allowing for more
accurate detectivity values that do not overestimate.[30,74]

As detectivity is so important in PDs, it is equally important to
understand how to improve it. There are two main methods to do
this, either by lowering the noise current, or by increasing the re-
sponsivity or EQE. In OPDs the EQE is typically limited to 100%
without an external bias, however, in QPDs the EQE is not lim-
ited to the same value due to multiple exciton generation.[93,104]

As such the process for optimization of the two different types of
PD is very different and shall be explored later in this review.

3.5. Linear Dynamic Range (LDR)

A dynamic range describes the operational range of a PD, the
range of light intensity over which a detector can distinguish be-
tween signal and noise. This is typically defined by a ratio of the
maximum current and the minimum current that can be mea-
sured in the device, where the minimum current would be the
noise current or dark current of the respective devices. In the case
of OPDs and QPDs, a Linear Dynamic Range (LDR) is the most
logical type to use as it is a derivative where responsivity is con-
stant, and it specifies an order of magnitude that the response is
linear over.[105,106]

At low light intensity the photocurrent is linear with respect
to light intensity, however, as the light intensity increases past
the IMax, the linearity is lost and the responsivity decreases. The
point at which this occurs depends on the charge mobility of the
materials used and the recombination rate coefficient.[107,108] The
lower limit should theoretically be inoise, however, if a bias is placed
across the PD sometimes the linearity can be lost at lower light
intensities. As such, it is better to measure the LDR experimen-
tally, rather than calculate using the theoretical values.

To express the LDR, using the normalized dB unit range is the
most convenient, so the LDR can be shown as,[2,26]

LDR = 20 log
(

IMax

IMin

)
(6)
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There are various ways to increase the LDR, increasing the
maximum threshold for the linearity, or decreasing the noise cur-
rent. Increasing the maximum threshold can be accomplished by
increasing the slower charge carrier mobility, decreasing the se-
ries resistance, decreasing the junction thickness, or by increas-
ing the photocurrent.[107,108]

4. Solution Processed PDs

The topic of this review is the fabrication of these PD devices
through solution-processed means. There are many different
methods for deposition of solutions for the purpose of PD fabri-
cation as mentioned previously. Different methods include spin
coating, inkjet printing, dip coating, and EPD. Each of these
methods has its own benefits and drawbacks depending on the
exact device that is being manufactured.

4.1. Spin Coating

Spin coating is an established method in which the solution is
deposited onto the substrate, and the substrate is spun at high
rotational speeds, usually more than 600 rpm, to apply centrifu-
gal force onto the solution to spread it thinly and evenly on the
surface.[109] The solution is spread evenly across the substrate due
to the centrifugal force and substrate solution-surface interaction
which then allows for evaporation to occur on the thin film of so-
lution to leave behind the solute. This will lead to a thin layer of
solute particles left behind on the surface in a thin film that can
be used in devices. The spin speed can be changed to affect the
thickness and roughness of the films and is very dependent on
the particular solvent and solute mixture used to coat. It is pos-
sible to spin multiple layers on top of each other and this is how
the majority of devices are produced for general research in de-
vice structure and performance.[11]

Whilst spin coating is a very quick and easy method for thin
film deposition, there is limited ability to pixelate devices with
this method except using pixelation on the electrodes which can
lead to poor signal resolution in image sensors.

4.2. Inkjet Printing

By contrast inkjet printing takes approximately the same length
of time to make a small area device as a large area device and
can also include pixelation in individual layers and allows for all
layers to be made in the same way, it does not require thermal
evaporation, sputtering or etching to deposit electrodes.[110,111]

The inkjet printer works by the use of a piezoelectric and vac-
uum gas system.[110] The most common drop on demand print-
ers use a piezoelectric system to pump the ink fluid through
small diameter nozzles to control the size and shape of each in-
dividual drop as shown in Figure 11A. This is done by applying
a voltage to a piezo material changing the shape and applying a
force to the ink increasing the pressure at different points along
the nozzle canal to form the droplet.[110,111]

With increasing work with nanoparticles and in particular us-
ing nanoparticles in electronic devices in the past 30 years, the

ability to deposit these onto surfaces has become increasingly im-
portant. Nanoparticles can easily be deposited through the inkjet
printing process as well as through other processes.[14,111] How-
ever, the reason for inkjet printing being picked up more recently
as a means of fabricating devices is due to its ability to change
the film design easily and quickly due to the ability to program
exactly where each droplet will fall to increasing accuracy. In a
similar fashion to 3D printing, inkjet printing has potential to be
the future of semiconductor device fabrication.

The most important aspect to consider when inkjet printing is
the ink formulation as this is the main method by which the drop
size and shape can be controlled. The viscosity and surface ten-
sion of the ink are required to be within a certain range dictated
by the inverse Ohnesorge number, given in equation 7,[112]

1
Oh

= Re√
We

=
√
𝛾𝜌a

𝜂
(7)

where 𝛾 , 𝜌, a, and 𝜂 are the surface tension, density, nozzle di-
ameter, and viscosity respectively. This allows for the formation
of single droplets of a good shape and size; however, the boiling
point of the ink has to be taken into account for the drying pro-
cess of the drop as well. This gives rise to the coffee ring effect
shown in Figure 10C.

The coffee ring effect is one of the main difficulties in inkjet
printing. Due to the capillary flow along the substrate, the sur-
face tension and surface interaction between the ink and the sub-
strate drags the ink, and by extension the particles suspended in
it, along the surface. This creates an unbalance in the particles
distribution in the ink which can lead to an uneven printed film.
This is controlled by changing the solvent of the ink to affect the
surface tension, the zeta potential of the ink, and the boiling point
to create a more even film.[14] As such, different qualities are re-
quired for a good printing ink as opposed to a good spinning ink.

4.3. Dip Coating

Dip coating is an established method in other areas of material
fabrication, generally used for paints or protective layer coating
on metals.[11,13] However, it is being applied to other areas of ma-
terial science. To make devices each layer can simply be dipped
into with the substrate and the solution mix will cling to the sub-
strate in a thin layer and evaporate leaving behind the desired
solute. However, this is a relatively new research area, as such it
is unreliable at the present moment. The basic premise is that
by changing the speed at which the device is drawn through the
interface of the fluid, the thickness of the layer that clings to the
device and ultimately dries on it is also changed. This is typically
affected by the viscosity of the fluid, the surface tension of the
fluid, and the boiling point of the fluid all of which impact the
shape of the meniscus formed at the interface and the drying rate
of the film, although there are different models that incorporate
other features.[11] As such, dip coating is a very simple process,
but has a large region of error in how it can be done effectively.

Dip coating suffers from similar limitations to spin coating
in that there is limited ability to pixelate devices. It also re-
quires larger volumes of solution for dipping as you generally
require more solution to fully coat a device of the same size, or
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Figure 10. Inkjet printing and dip coating processes. A) The piezo (green) oscillates creating a pressure wave in the ink by the nozzle, causing a droplet
to form and drop from the nozzle. B) A substrate is dipped into a container with ink and drawn out at a speed dictated by the thickness required.
C) Different forms of coffee ring effect that can occur if an unfavorable ink is printed. D) Various different coffee ring drying patterns from Hu et al.
Reproduced with permission.[68] 2020, AAAS.

interactions with the container also have to be considered in
the dipping process. However, the main trade-off for this is that
much thicker layers can be deposited by dip coating than by any of
the other methods mentioned above.[11,13] Dependent on the type
of device that is being fabricated, dip coating can be more bene-
ficial than other methods, for example in the case of a depositing
a thick PA layer to increase the total absorption, for example in
the cases of CCN or CIN.

4.4. Electrophoretic Deposition (EPD) and Patterning

A promising method for producing PD devices is through elec-
trochemistry. This can be achieved by various different means,
the main method being through EPD or electrochemical pattern-
ing of the devices.[61,62,113,114]

EPD is achieved by pumping a direct current through a solu-
tion with two or more electrodes connected to the circuit as visu-
alized in Figure 11. Provided that there is an electrical pathway
through this solution, typically from charge carriers inserted into
the solution in the form of an ionic salt, this current will pass
through from one electrode to another.[113,114] This current and
potential difference allows for the ions and charges within the

solution to move to the relevant electrodes, negative charges to
the cathode, and positive charges to the anode. In systems with
more than one electrode this can be changed to achieve differ-
ent forms of charge transport between the electrodes.[113] When
the charged ions contact with the electrodes, there is a chance
that they will stick to the electrode at points referred to as nucle-
ation sites and start to form a thin film. These nucleation sites
are points at which the potential between the ions and the elec-
trodes is equal and opposite so that the ions are more likely to
stay attached after the impact.[113,114]

4.4.1. Mass Transport in EPD

It is important to note that EPD is a very delicate method that is
inherently quite difficult to control completely. There are a lot of
different variables which need to be controlled or considered at
all times such as the voltage and current, the concentration of the
solution, the surface potential of the electrodes, the temperature
and pH of the solution, and the proportion of excess charge carri-
ers or electrolytes in solution to name but a few.[113,114,115,116] The
main methods of mass transport in EPD are diffusion, convec-
tion, and migration.[114]
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Figure 11. Example setup of EPD showing a two electrode system in solution with electrolyte, the most basic setup, with charges indicated by yellow dots
in blue solution and grey electrodes. Affected motion of A) diffusion, B) convection, and C) migration. Gradients of temperature (B) and concentration
(A,C) are shown in red and green respectively, darker color indicates a higher value on the curve. For diffusion the concentration is higher to the left, for
convection the temperature is higher at the top, and for migration the concentration is higher toward the right.

Diffusion: Diffusion is the attempt of the system to try to be-
come more homogeneous, to try to eliminate any inconsisten-
cies. This is the most basic method of mass transport for an elec-
trochemical system and is solely controlled by the concentration
of the solution in the volume. The best way to describe the system
is using equation 8,[114]

j = −DB
d [B]
dx

(8)

where j is the diffusion flux, [B] is the concentration, and DB is a
constant of proportionality. This equation will hold in any coor-
dinate system used.

Diffusion is the main process by which the system will trans-
port charges and is also applicable in the other cases due to
the movement of particles. The diffusion gradient of the sys-
tem also controls the rate at which deposition occurs and af-
fects how the deposited film is structured.[113,114] Different rates
of deposition allow for different growth mechanisms as will be
discussed in Section 4.4.2, so controlling the diffusion gradi-
ent to influence this is the main method for influencing the
finished film.

It is important to note that the diffusion gradient is constantly
changing in the system, not just due to the methods mentioned
but also due to the deposition itself. As the material is deposited,
it is depleted from the solution and is adsorbed to the surface of
the electrode or substrate.[113,114] This means that there is a lower
concentration of the material in solution at the surface, so the
diffusion gradient will shift to a shallower slope, decreasing the
rate of deposition. The term for this is the “diffusion layer”, and it

has a maximum thickness that is achievable calculated by Nernst
to be ≈0.05 cm for electrodes with millimetre dimensions.[114,117]

For longer depositions, this loss of concentration needs to be ac-
counted for, which is typically done by introducing a fluid flow
into the system such as a rotating disk or by using microelec-
trodes as discussed in more detail later in Section Migration and
4.4.3.[113,114,118,119]

In practice the concentration of the system will stay relatively
constant due to the convection in the solution, either natural or
forced. As such the diffusion gradient will become constant once
the diffusion layer is fully formed and the deposition rate will
be kept constant meaning that for longer depositions the rate of
film growth is more constant than for shorter depositions, lead-
ing to better film formation.[114,115,120] However, due to this ini-
tial change in deposition rate, the base layer of the films will be
rougher and less homogeneous impacting on the quality of the
layers deposited above.

Convection: Convection is the result of a mechanical force on
the solution, either from thermal and density differences or from
an external force such as stirring or pumping.[113,114] The former
can arise simply from the system not being isolated, or from the
processes that occur during the deposition, the reaction at the
electrodes can be endo- or exo-thermic. This natural convection is
hard to control and is inherently random, the only practical way of
controlling it is to use external convection. Over a time period of
longer than 10 seconds, the effects of this natural convection can
become significant enough to completely randomize any process
that occurs, which is counter to the effects of diffusion.[114]

The second type of convection is typically called external
or forced convection.[114] This is generally introduced into the
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Figure 12. A) Rotating disk electrode and B) flow cell electrode. Arrows indicate the direction of fluid flow.

system to swamp the effects of natural convection. The change in
concentration of the solution will be as shown in equation 9,[114]

d [B]
dt

= −vx
d [B]
dx

(9)

where vx is the velocity of the solution. Again, this can be put into
any coordinate system and will typically be used in three dimen-
sions.

Forced external convection can be controlled through a few
means such as a rotating disk electrode, a flow cell electrode, or
by bubbling a gas through the solution as demonstrated in Figure
12.[113,114] The rotating disk electrode functions by creating a vor-
tex current in the solution constantly drawing new electroactive
material to the surface.[114,118] This is achieved by spinning the
electrode around a point and using the surface interaction or cap-
illary effect between the electrode and the fluid to drag the solu-
tion out to the edges of the electrode. As such the flow is manipu-
lated to always flow toward the center of the electrode and then to
be pushed out to the side and then down in a standard convection
flow cell.

A flow cell electrode functions by creating a laminar flow past
the electrode. In turn this creates a similar effect to that of the
rotating disk electrode but can also be paired with special elec-
trodes with particular lattice orientations to allow for better film
growth.[114,116] The film can be manipulated to grow in a certain
direction as the flow is unilateral, and as such can aid in the
growth of certain structures if different variations in crystal lattice
structure are inherently possible.

Bubbling an inert gas, such as Ar or N2, through the system
is another method to control the convection current by creating
a larger offset current.[113,114] This method is less accurate than
the previous electrode flow-based methods, though it is perhaps
more convenient to perform. If the rate of gas flow is controlled,
then the convection current will be more consistent, though not
necessarily measurable, or controllable. This causes disruption to
the natural convection in a more consistent way and hence will
allow for more consistent deposition that is not as precise as for
the electrode methods.

Migration: Migration is the effect that is inherently controlled
during electrodeposition. This is influenced by the external elec-
tric field that is applied across the electrodes. The ions are moved
by the electric field toward the relevant electrode at a rate that is
proportional to the field and the ionic mobility, u, as shown in
Equation (10),[114]

jm ∝ −u [B]
d𝜙
dx

(10)

where jm is the migratory flux, and ϕ is the external magnetic
field.

Although migration is controlled by the electric field applied, it
is not ideal to have occurring in the solution. It will affect the rate
of deposition as there is charge exchange at the electrode affect-
ing the electric field and therefore the migratory flux and even-
tually the deposition rate, due to the extinction of charge in the
solution.[113,114] This can be controlled through the addition of a
background electrolyte to allow for the charge exchange to occur
in that material rather than the required deposition material. In-
creasing the background electrolyte to too high a proportion can
also affect the deposition rate by limiting the movement of the
desired charges, so it must be used in limitation.[114]

A similar situation will also occur at the Helmholtz double
layer.[113,114] This is a model of the charge density near the elec-
trode which suggests that as ions are deposited on the surface, the
relative charge of the electrode will change and there will be a dif-
ferent potential at the surface than previously.[113,114] Due to this
effect, the deposition rate will be less consistent and will change
over time as more charges are attached to the electrode. This the-
oretically will limit the overall thickness achievable by some ma-
terials through EPD as the potential could drop to a level that
does not permit deposition. In practice, this effect can be helpful
in deposition as a slowing barrier before impact at the electrode,
by lowering the potential in direct proximity to the electrode, the
ions will slow down before the impact on the substrate, lower-
ing the energy of impact and increasing the sticking factor of the
system.[114]

Manipulating all of these different forms of mass transport is
the key to achieving high quality EPD of materials, though there
is still an inherent random nature to the processes that occur.
There are more methods of manipulating these modes of trans-
port than have been mentioned, but these are the most com-
monly used.[113,114]

4.4.2. Thin Film Formation in EPD

The way in which the thin films form can be very different depen-
dant on the size of the particles, the concentration of the solution,
the structure of the end products, and the voltage across the cir-
cuit. Each of these will impact the film growth to form either in
Volmer-Weber style, Stranski-Krastanov style, or Frank-van der
Merwe style.[121,122,123,124]

Volmer-Weber growth occurs when there are too few nucle-
ation sites, so there are a small number of larger islands that are
uneven in size and shape.[122,124] Volmer-Weber growth occurs
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Figure 13. Different types of thin film growth, A) Volmer-Weber, B) Stranski-Krastanov, and C) Frank-van der Merwe. It can be seen that the incoming
particles (yellow) interact with the substrate (grey) and form either films or islands depending on each growth method.

when the attraction between ions is greater than the attraction to
the substrate, meaning that the ions clump together on the sub-
strate as shown in Figure 13A. This leads to a poor thin film with
lots of discontinuities and defects and is generally not an ideal
form of film growth. However, there are some uses for this form
of growth in the construction of nanostructures on devices.[124]

Stranski-Krastanov growth is the ideal case for thin film
growth, known also as layer by layer growth.[122,123] It occurs when
every point on the substrate is a nucleation site simultaneously so
there is a homogeneous thin film formed as shown in Figure 13B.
This means that the film grows from every point on the substrate,
and as such will be ideally spaced for the film structure, typically
a lattice of some form. Stranski-Krastanov growth is very difficult
to achieve and can be very useful even to approach, as it can be
used to form monolayers.[116,122,123]

Frank-van der Merwe growth is a hybrid of the two other
types and is typically the most commonly observed form of
growth.[121,122] This is a practical hybrid of the two modes that
observes both methods of growth, both thin film and island, in
conjunction with each other as shown in Figure 13C. As such,
the film is mostly homogeneous, though has some irregularities,
that become exponentially more irregular as the thickness of the
film increases.

In EPD Frank-van der Merwe growth is most typically seen,
though this can be modified with the use of special flow sys-
tems to encourage particular growth methods as previously
discussed.[116] This is the case as there is an inherent chance of a
particle depositing in a particular area, and once that particle has
been deposited the chances of depositing next to it or on top of it
are changed. In an ideal system, the deposited particles would not
change the potential for other particles to be deposited, though
this is very unlikely, and this is typically achieved by changing
the potential across the system or changing the electrode. Gen-
erally higher concentrations, smaller electrodes, higher poten-
tials, and similar Zeta potential for the material and the elec-
trodes equate to shifting the growth mechanism toward Stranski-
Krastanov.[113,114,116]

4.4.3. Mass Transport at the Electrode

At the electrodes mass transport is slightly different than in the
majority of the solution. To summarize all of the mass transport
methods into one coherent model of movement, use Figure 14
to visualize the motion of particles at the electrode. Starting at no
bias and with no concentration gradient, the velocities of the par-
ticles are random. As a bias is applied, there is some movement
of charges in the direction of the bias, and a concentration gradi-
ent appears due to this movement of charges. As the charged ions
collide with the surface of the substrate, some are adsorbed onto
the surface, which causes a buildup of charge at the interface be-
tween the solution and the substrate. As a full layer is deposited
the charges of the electrode are somewhat blocked by the charges
of the ions adsorbed to the surface, the Helmholtz double layer,
which affects the concentration gradient negatively, slowing the
rate of movement toward the substrate in the close vicinity of the
substrate.[113,114] This effect is combined with the natural motion
and convection of the solution near the substrate, and the two ef-
fects reach a point where they start to cancel each other out, and
a dynamic equilibrium is reached.[114]

Depending on the size of the electrode, different assump-
tions can be made about how particles move in the electric field.
The main assumption made is that the field lines are paral-
lel, and the electrode is a planar source, however, at a range of
≈10 μm or below this assumption starts to fail and the field
has to be assumed to be radial.[113,114] These are referred to
as microelectrodes. This affects the flow of the particles in so-
lution and complicates calculations. However, microelectrodes
have many benefits, the main benefit being the current flow is
much lower than for conventional electrodes.[113,114] This dic-
tates the thickness of the diffusion layer, so for microelectrodes
the diffusion layer is much thinner, and the diffusion gradient
is much steeper, increasing deposition rate. This can be use-
ful for increasing the number of nucleation sites on a substrate
creating a smoother film by approaching Stranski-Krastanov
growth.

Figure 14. The process of applying a bias across the electrodes for mass transport. Charges in yellow and green are of opposite polarity. The length and
direction of the arrows are indicative of motion and velocity.
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Figure 15. Demonstrations of SPL using A) an oxidation method to create dots and lines from Reproduced with permission.[154] 2017, IOP. and B) an
ink deposition method from Reproduced with permission.[126] 2007, Springer Nature showing orientationally dependent deposition.

4.4.4. Electrochemical Patterning

Electrochemical patterning is another potentially very useful area
to use for the fabrication of PD devices. This process essentially
uses either an electrode design that is already patterned or ma-
nipulates the electric field between the electrodes to pattern the
device.[18,125]

One of the easiest methods is to pattern the electrodes prior to
EPD, which can typically be done through thermal evaporation,
sputtering, or photolithography.[54–56] Using these methods com-
bined with the already well-established techniques from evapo-
ration, sputtering, and photolithography which can pattern high-
resolution devices with ease, with the ability to deposit solely on
the electrodes from EPD. Due to the nature of EPD, the depo-
sition process tends to happen on the conductive parts of the
electrodes which allows for highly pixelated and patterned de-
vices through the use of EPD similar to the effects of the previous
methods mentioned.[18,19] However, this still uses the already es-
tablished methods for deposition of the electrodes and is not the
most effective use of EPD.

Another method is using direct writing electrochemical lithog-
raphy, more commonly known as Scanning Probe Lithography
(SPL).[61,62] This uses a small conductive tip to trace a pattern over
an electrode that has been coated in a solution containing the re-
quired deposition material shown in Figure 15. As the tip moves
over the surface, a current is passed between the tip and the elec-
trode passing through the solution, allowing the reaction to oc-
cur in a small area direct line between the tip and the electrode.
This can then be used for subsequent depositions by changing
the solution that sits on the electrode surface. Alternatively, the
solution can be an ink that is dropped from a nozzle that is elec-
trically charged, provided that contact is maintained between the
electrode of the nozzle and the substrate at all times.[125,126] This
method can also be carried out using the equipment for Atomic
Force Microscopy (AFM) by passing a current through the AFM
tip as it taps across the surface or through Scanning Tunnelling
Microscopy (STM) through a similar process.[127–130]

It is also possible to deposit material on a non-conductive sur-
face if the non-conductive layer is thin enough on top of a con-
ductive layer.[69,131] This will allow for a tunneling current to pass
through the non-conductive layer, and the potential difference

across the system can cause deposition to occur. This will allow
for the deposition of base electrodes by EPD itself, allowing for a
fully EPD-fabricated device. However, this has drawbacks in how
to float the non-conductive layer off the conductive layer used as
the electrode for deposition, as for the layer to be thin enough
to carry this out, the layer would lack integrity and be extremely
delicate.

5. Organic Photodetectors and Image Sensors

As mentioned previously, organics are a good material for use
in PDs and image sensors and have been used extensively both
in research and industry. They are typically safe for consumer us-
age though they can be unstable for long-term performance.[12,77]

OPDs can be split up into two main focus areas, broadband PDs,
and narrowband PDs, for use either with or without external fil-
ters respectively. Both areas have vastly different uses from med-
ical to everyday photo taking, so the wide range of organic semi-
conducting materials allows for tailor made PDs for each specific
circumstance.[2]

5.1. Broadband OPDs

The operational detection range of OPDs is typically decided by
the absorption spectra of the organic materials in the PA layer
as stated previously.[2,30,132] However, the EQE can be affected
by other areas of the device structure. To achieve truly spec-
trally broadband OPDs, either a combination of different organ-
ics must be used, or the device structure must be altered.

When discussing a truly spectrally broadband PD it is implied
that the response would be roughly the same across a wide spec-
trum of wavelengths. Some organics inherently have this absorp-
tion profile, and some have peaks that align conveniently with the
peaks of other organics to create more smooth spectra. However,
this will still lead to some difference in output current from the
PD device. The main methods to achieve the aim of a truly spec-
trally broadband PD include device structure alterations. These
structure alterations include adding optical cavities into the de-
vice using semi-transparent electrodes or increasing the thick-
ness of the junction in the device. The idea behind including op-
tical cavities in the device is to increase the Q-factor by partially
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reflecting the incident light on the electrodes.[95] This would al-
low for tuning of the absorption and EQE. Changing the junction
thickness would achieve a similar effect to this by changing the
shape of the EQE spectra.[30]

A benefit of using organics in PDs is that they have wide ab-
sorption ranges and as such can be used for UV-Vis-NIR PDs.
These types of PD can be used for many different situations,
though in industry are typically used in tandem with filters to
create narrowband detectors.[133] The reason for using these wide
range PDs is that they tend to be more stable and have higher de-
tectivity and responsivity over wider ranges of input wavelength.
As such, when used with a filter, they can be more efficient to use
than inherently narrowband devices.

Recently, very high detectivities of ≈1014 Jones have been re-
ported for OPD devices in shorter ranges, however, in wide
range OPDs the detectivity is more commonly found to be ≈1013

Jones.[2,3] Though this is not necessarily indicative of progress,
it has mainly been finding methods of increasing the detectiv-
ity with future materials in mind. This has typically been done
by lowering the dark current density in the devices through vari-
ous different means. One method has been to include a compos-
ite hole blocking layer in the PA layer as shown by Xu et al.[134]

and Li et al.[135] These have peak detectivities of 2.3 × 1013 Jones
and 4.2 × 1013 Jones respectively, but they have successfully low-
ered the dark current density to 1.2 nAcm−2 and 0.18 nAcm−2.
This was done by essentially blending the PA layer with a hole-
blocking layer to suppress the reverse injection of the devices.

The bandwidth of these devices is the other most important
quality, with devices ranging from 300 to 1450 nm as shown by
Gong et al.[132] Increasing the bandwidth can be done mainly by
changing the materials used in the PA layer, or by blending them
together. Gong et al. blended poly(5,7-bis(4-decanyl2-thienyl)-
thieno(3,4-b)diathiazole-thiophene-2,5) PDDTT with PC61BM to
achieve the wide range.[132]

5.2. Narrowband OPDs

One of the main issues with PDs and image sensors is the ability
to target specific wavelengths for absorption. Most image sensors
lack this ability and require bulky filters to block certain wave-
lengths to allow for purer color detection. As such, this is an
area that is very important, particularly as the idea of flexible de-
vices is becoming more prevalent. The most common approach
to achieve the removal of filters is to take a material-based ap-
proach.

5.2.1. Charge Collection Narrowing (CCN)

One recent method that has been used to create unfiltered
narrowband photodetectors is a phenomenon called Charge
Collection Narrowing. This is an effect proposed by A. Armin
and P. Meredith where the thickness of the photoactive layer
can impact the absorption profile of a PDD device.[30] They
claim that a thicker layer can create an electrically and optically
thick junction, which allows for a decrease in the bandwidth
of the detector increasing color resolution. This occurs due to
the nature of the absorption profile of the materials used and

the structure of the PDD device, as shown in Figure 16. Higher
energy photons are preferentially absorbed when incident on
the PA layer, which means that the higher energy photons
are absorbed closer to the incident surface. In a thick layer,
this means that the time taken for the electrons and holes
to reach their respective electrodes is different, lowering the
efficiency at those wavelengths. As such, the performance of
the device increases as the wavelength gets closer to the ab-
sorption onset, and if the effect is pushed to the limit, then a
narrowband PDD device can be achieved. PCDTBT:PC70BM and
poly[2,5-(2-octyldodecyl)−3,6-diketopyrrolopyrrole-alt-5,5-(2,5-
di(thien-2-yl)thieno [3,2-b]thiophene)] (DPP-DTT):PC70BM were
used as the PA layers to achieve this CCN effect for IR and red
color selection respectively.[30] The reported FWHM is <90 nm
for both devices and was the first truly narrowband (<100 nm)
OPD, with the detectivity being ≈1012 Jones for both devices.[30]

5.2.2. Internal Light Depletion (ILD)

Another method is to use ILD. This is achieved by adding a de-
pletion layer into the device to absorb in very similar regions to
the main PA layer, however, due to the short diffusion length of
the excitons formed in the depletion layer, they cannot reach the
interfaces required for current flow.

This has been demonstrated by Wang et al.[75] to show a nar-
rowband peak of 60 nm FWHM centered ≈760 nm with a peak
detectivity of 1013 Jones. It was done by using P3HT:PTB7 as the
depletion layer on top of an ITO/PEDOT:PSS layer, a separating
layer of PBTTT and then a PA layer of PM6:IT4F with Al as the
top electrode shown in Figure 17A.[75] By choosing two organics
with similar absorption spectra and using one to filter the light
to the other, a thin film filter has been made integrated into the
device.

Using a similar idea Suman et al.[136] created a TiO2-based de-
tector using the narrowband nature of Squaraine as a depleting
layer for the TiO2 combined with ZnO to solely allow for ab-
sorption of red light in the device. The FWHM is quite large at
116 nm around a center of 650 nm with a detectivity of 2.57× 1010

Jones.[136]

5.2.3. Charge Injection Narrowing (CIN)

A final standard approach to narrowband OPDs is to use CIN.
This is similar to CCN though adds a large bias across the PD to
enhance the effect of the narrowing in one direction. Introduc-
ing the bias across the PD allows for photomultiplication which
increases the injection of charge carriers in the PD. When com-
bined with the CCN effect, this will affect the optimized wave-
lengths more and make the effect more prevalent, and also in-
crease the efficiency of the device. It is important to note that the
direction of the device is more important in this case, as switch-
ing the direction of the bias changes the flow of charges decreas-
ing overall efficiency and creating a broader spectrum of detec-
tion.

This has been shown by Jiao et al.[89] using a 2.8 μm thick
blended layer of P3HT:PC70BM, to achieve a 9.73 × 1013 Jones
detectivity at 650 nm with a 40 nm FWHM. From Figure 18A it
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Figure 16. The effects of CCN found by Armin et al. Reproduced with permission.[30] 2015, Springer Nature. showing, A) and B) the absorbed photon
distribution for a thin and thick junction device respectively, C) and D) the absorption and EQE of the thin and thick junction respectively, and E) the
effects of the final devices with CCN active.

can be seen that adding a 0.8 nm thick layer of Al2O3 between
the PEDOT:PSS, and P3HT:PC70BM layers decreased the dark
current density by a factor of ≈10.[89]

Liu et al.[76] used a similar method using a ternary blend of
P3HT:PTB7-Th:BEH with a PEDOT:PSS HTL sandwiched be-

tween ITO and Al demonstrated in Figure 18C. This led to a
FWHM of 27 nm centered ≈850 nm and a peak detectivity of
8.8 × 1011 Jones at a bias of -13 V.[76] The CIN method is one of
the most promising sources of narrowband detectors, however, it
has the drawback of requiring high biases. In this case, the high

Figure 17. Internal light depletion A) device structure from Wang et al. Reproduced with permission.[75] 2023, John Wiley and Sons. B) idea demonstrated
by overlapping absorption spectra from Wang et al. Reproduced with permission.[75] 2023, John Wiley and Sons. C) detectivity of Squaraine TiO2 detector
from Suman et al. Reproduced with permission.[136] 2023, American Chemical Society. It can be seen in B that the overlap of absorption is significant
and should give rise to a narrowband absorption peak when combined.
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Figure 18. Charge Injection Narrowing A) demonstrating the effect of Reproduced with permission.[89] 2023, John Wiley and Sons. adding the Al2O3
layer on the dark current density, B) the effect of changing the bias direction on device performance from Reproduced with permission.[89] 2023, John
Wiley and Sons. C) the EQE of Reproduced with permission. 2022, Springer Nature. with the ternary blend device. Reproduced with permission.[76] 2021,
American Chemical Society.

bias also massively increases the EQE due to photomultiplication
effects taking place within the diode with an EQE of 15 300%.[76]

5.3. Organic Image Sensors

Organic image sensors are a promising area for many different
reasons. One benefit of using organics over conventional struc-
tures is that the inhomogeneity of the films and lack of rigidity
allows for easier fabrication of flexible image sensors.[2,15] The
ability of most organic molecules to flex and bend to some degree
make them preferable to crystal structures for the purpose of flex-
ible devices. This combined with the ability to produce large area
devices through solution processing methods allows for the fab-
rication of many different devices ranging from medical biosen-
sors to RGB cameras.[2,3]

Inkjet printing as a method of fabrication has been used more
frequently with the intention of fully printed devices. Eckstein

et al.[15] achieved a fully printed OPD array of 256 individual pix-
els of area 250×300 μm shown in Figure 19D. The device was
a simple PD structure of Ag/ZnO/PTB7:PC70BM/PEDOT:PSS,
each layer was sequentially inkjet printed inside a bank structure
of SU-8 photoresist. This bank structure is typically used to allow
for easier pixelation control in printing to control the drop area
more accurately. The detectivity of the device was recorded ≈1012

Jones, with a LDR of 114 dB clearly seen in Figure 19E.[15]

A broadband image sensor was produced by Wu et al.[137] us-
ing a two-terminal approach. The device structure of ITO/PEIE/
P3HT:PCBM/PEDOT:PSS/P3HT/NaF/Al, using two PA layers
separated by a HTL layer.[137] This allows for the device to have
a large responsivity upward of 40 A W−1. An 8×8 array of
500×500 μm pixels was fabricated by patterning the ITO and Al
into strips allowing for each pixel to be a vertical stack that could
be distinguishable through direct measurement instead of signal
processing. This would decrease the imaging time, providing an
image potentially faster, dependant on the size of the array.

Figure 19. A) Image of device fabricated by Wu et al. Reproduced with permission.[137] 2019, John Wiley and Sons. B) a representation of the response
from Wu et al. Reproduced with permission.[137] 2019, John Wiley and Sons. C) a test of the pixelation accuracy of the device illuminated through a
shadow mask from Wu et al. Reproduced with permission.[137] 2019, John Wiley and Sons. D) images of the device fabricated Eckstein et al. Reproduced
with permission.[15] 2018, John Wiley and Sons. under microscope and white light interferometer, E) detectivity of the device from Eckstein et al. over
the operational wavelength range. Reproduced with permission.[15] 2018, John Wiley and Sons.
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6. Quantum Dot Photodetectors and Image
Sensors

QDs have many properties that put them above other material
types to be used in photodetectors and image sensors as dis-
cussed in Section 1.5. As such they have been used extensively
in research and in industry both for display and detection pur-
poses in narrowband detectors.[11] As broadband detectors QDs
can often struggle and require much more additional device re-
structuring. However, despite the benefits of QDs, the QDs that
have been used in industry are typically toxic heavy metal based,
either lead or cadmium. This is not ideal given the close con-
tact that humans have with these devices, so research is being
carried out for safer, less toxic replacements to achieve the same
performance.[138]

6.1. Narrowband QPDs

QPDs have similar methods of achieving narrowband function-
ality, though some areas are more intuitive due to the inherent
absorption of QDs. The narrowband absorption of QDs results
in less need for manipulation to achieve a narrowband PD de-
vice.

The most prevalent QD used in QPDs is Lead Sulphide (PbS).
This is mainly due to the high confinement factor, which allows
for higher performance in general, though PbS is also signifi-
cantly more stable in air than most other QDs which means it
is easier to work with and use in devices instead of requiring a
different atmosphere. However, PbS is generally focused in the
NIR range, so it has limitations on its use.

The idea of ILD can also be applied to QPDs as shown by Qiao
et al.[139] used two types of PbS to fabricate a narrowband QPD
by stacking two different sizes on top of each other with a block-
ing layer in between the two PA layers. The device was setup
as a PC with only one layer of 1120 nm PbS QDs between two
gold electrodes, topped with a thin layer of poly(methyl methacry-
late) (PMMA) to act as a charge blocking layer, and capped with
a layer of 980 nm PbS QDs seen in Figure 20E.[139] The shorter
wavelength QDs act as a thin film filter for the device achieving a
FWHM of ≈100 nm which could be tuned to be smaller by chang-
ing the size of the QDs further. As stated previously this method
has limitations due to the loss of light, though for use as a nar-
rowband PD it is a simple and robust method.

Much the same as in OPDs, using blocking layers can also in-
crease the detectivity of QPDs. Ma et al.[140] showed that by in-
putting an 18 nm layer of PMMA in between the ETL and PA
layer, they could decrease the dark current by a factor of ≈10 and
increase detectivity to 4.01 × 1013 Jones at a low bias of -1 V.[140]

Changing the ligand on QDs has been shown to have a large
impact on the properties of the QD. This makes sense as the
surface chemistry of the crystal changes and the majority of the
atoms in the particle are at the edges due to the size of the QD. As
such, changing the ligand can be used in many different ways to
affect the performance of the device. Bothra et al.[80] performed a
study seen in Figure 20D on the effect of different ligands on the
performance of PbS based PDs, using lead halide ligands, Methy-
lammonium Lead Iodide (MAPbI2), and Caesium Methylammo-
nium Formamidinium (CsMAFA) ligands.[80] It was found that

using the different ligands would change the EQE spectra, shift-
ing peak position due to bandgap differences, and that the dark
current was drastically reduced in the lead halide ligand to 5 nA
at −0.2 V.[80] These are not strictly speaking narrowband QPDs,
though it is important to note the effect of changing the ligand
on device performance for future work.

Another group of QDs that are commonly used is Cadmium
Selenide (CdSe) or Cadmium Sulphide (CdS). Again, these QDs
have strong confinement so are ideal for high performance de-
vices. These QDs tend to be based in the RGB range potentially
making them useful for RGB image sensors.

Kalsi et al.[65,141] doped CdS QDs with copper to attempt to
change the absorption properties of the QDs. It was found that by
doping 4% copper the detectivity could be increased to 1.12× 1014

Jones with an EQE of 5080% at 782 nm using a M-S-M device
structure of Ag/CdCuS/Ag.[65] This is similar to the previous
work carried out on magnesium doped CdS QDs where a detec-
tivity of 3.45 × 1013 Jones was achieved.[65]

The final group of QDs are the newer “safe” QDs such as In-
dium Phosphide/Arsenide (InP/As) or Copper Indium Zinc Sul-
phide/Selenide (CIZS/Se). These QDs are far less toxic and can
therefore be used in a commercial capacity more easily, though
they are less well confined and are typically less efficient.

Using InP/ZnS in a PDD structure Nemoto et al.[66] were the
first to achieve a device with detectivity of 8 × 109 Jones at 470 nm
using a structure of ITO/ZnAlO/InPZnS/Al.[66] This is one of the
first non-toxic PD devices fabricated, and it was done using lig-
and exchange on blue InP to increase the efficiency shown in
Figure 20A,B. It was found that switching ligands from Oley-
lamine to 6-mercapto-1-hexanol improved the quality of the QD
film formed for devices.

It is important to note that most of these “safe” QDs are
shelled, that is to say that they have a thin outer layer of a differ-
ent crystal structure, typically Zinc Sulphide (ZnS), that allows
for smoother interactions between quantum dots. They are both
chemically and photonically isolating depending on their thick-
ness, which can be used to different effect in emitting and detect-
ing devices. Removing this shell lowers the stability of the QD
and can lower the quantum yield, although it can also improve
the device performance in detecting devices by increasing the
packing factor and allowing for better charge transport through
the QD layer, one of the major limitations of using QDs. Chang-
ing the core-shell structure can also change the response time as
shown by Peng et al.[90] Using a core-shell structure of InSb/InP,
it was possible to achieve a detectivity of 4.4 × 1011 Jones and a
response time of 70 ns demonstrated in Figure 20C.[90]

Another use for QDs is in PT based devices. Detectors based on
this structure have the benefit of changing the voltage across the
detector to achieve different efficiencies in device performance,
such as an increase in detectivity or responsivity. This is demon-
strated by Zhan et al. in their use of perovskite based quantum
dots to create a blue sensitive PT device.[142] Using Caesium Lead
Halide perovskite QDs deposited on a channel layer of IGZO and
allowing for the removal and changing of ligands through Ethyl
Acetate cleaning, a responsivity increase of ≈1400 was found
by removing the ligands, leaving a responsivity of ≈5.4 × 105

AW−1.[142]

Using PbS QDs and nanowires respectively Pak et al.[83] and
Giraud et al.[67] developed PT devices with fast response times
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Figure 20. A) Demonstration of ligand exchange, changing the phase of the QDs by Nemoto et al. Reproduced with permission.[66] 2023. Royal Society
of Chemistry. B) absorption and photoluminescence of ZnS shelled and unshelled InP by Nemoto et al. Reproduced with permission.[66] Royal Society of
Chemistry. C) response time of the PD fabricated by Peng et al.Reproduced with permission.[90] 2024, American Chemical Society. D) the effect of ligand
exchange on the absorption and detectivity of device from Bothra et al. Reproduced with permission.[80] 2022, John Wiley and Sons. E) the responsivity
of the device from Reproduced with permission.[139] 2016, Royal Society of Chemistry. and an SEM image of the side profile of the device with a structure
diagram.

and high detectivity. Pak et al. fabricated a device using MoS2 as
the channel layer with PbS as the PA layer seen in Figure 21.[83]

In theory this increases the rate of charge transfer through the
transistor allowing the charges generated to travel through the
highly conductive channel layer as opposed to the relatively less
conductive PA layer. As such this can decrease response times
to 950 μs as found by Pak et al.[83] Giraud et al. fabricated a PbS
nanowire PT device and obtained a peak detectivity of 1.9 × 1013

Jones at a negative gate bias of ≈-10 V.[67]

6.2. QD Image Sensors

QD image sensors are an exciting new area of PD research, they
have a lot of potential to be revolutionary in the area of image
sensing due to their high efficiency and color accuracy. Due to the
nature of QD films, it is also possible to make flexible detectors

and image sensors more easily than with conventional materi-
als. For thin devices, QDs would lead the way, even over organics
due to the high absorption and packing factor, leading to thinner
films, which in turn will increase flexibility.[142]

Liu et al.[91] have recently produced a PbS based image sensor
using a monolithic CMOS readout method, images from which
can be seen in Figure 22A. It is a broadband image sensor in
the NIR region with a wide range of 400–1300 nm, a detectivity
of 2.1 × 1012 Jones, and a linear dynamic range of more than
100 dB.[91] The spatial resolution of the sensor is 40 line pairs
per millimetre. It was shown to be better than a standard InGaAs
when comparing the grey levels between images.

An array of PT devices can be used as an image sensor as has
been shown by Chen et al.[138] in Figure 22C to be an effective
method for image detection. Using CIZS QDs combined with
a layer of InGaZnO in a 5 by 5 transistor array. The structure
was such that the InGaZnO was used as a dielectric layer and
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Figure 21. A) Depiction of the structure of devices fabricated by Pak et al. Reproduced with permission.[83] 2018, American Chemical Society. B) Mi-
croscope and AFM image of device showing single MoS2 crystal from Pak et al. Reproduced with permission.[83] 2018, American Chemical Society. C)
Bandgap structure for PT device from Pak et al. Reproduced with permission.[83] 2018, American Chemical Society. addition of an extra layer of doped
QDs prevents charge transfer in the wrong direction. D) Temporal response of the photocurrent with illumination at 850 nm and zoomed in to show
response time with excitation above and below the absorption of MoS2 from Pak et al. Reproduced with permission.[83] 2018, American Chemical Society.

Figure 22. A) Image of two filled vials taken by the PbS image sensor of Reproduced with permission.[91] 2022, Springer Nature. compared to an image
of the same two vials taken by a commercial InGaAs image sensor. B) Representation of the device fabricated by Reproduced with permission.[143]

2022, Springer Nature. with the flexible nature of the device apparent. C) Demonstration of the memory effect of the PT array developed by Chen et al.
Reproduced with permission.[138] 2024, John Wiley and Sons. under blue and green illumination respectively.
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Figure 23. A) SEM images of the CdSe film electrochemically deposited by Reproduced with permission.[145] 2022, Springer Nature. B) absorption of
CdSe films after EPD using different solvents for the process from Reproduced with permission.[115] 2019, MDPI. C) microscope image and AFM image
of MoS2 single crystals grown through EPD by Reproduced with permission.[116] 2021, Springer Nature.

the CIZS QDs were the PA layer. The peak detectivity was high
at 3.4 × 1015 Jones with a working range of 480–630 nm.[138] It
was used to create a synaptic memory effect in the sensor with
images still visible 30 seconds after illumination with a 2 μW light
source.[138] An image sensor such as this could be used as a type
of short term memory storage device among many other uses.

Another potentially useful property of an image sensor is to
be flexible and stretchable, which would increase the number
of scenarios that the image sensor would be functional in. Song
et al.[143] developed a 5×5×3 PT flexible and stretchable array for
RGB color detection using CdSe QDs shown in Figure 22B. This
was achieved by blending the QDs in with a semiconducting poly-
mer, PDPP2T, to allow for the stretching of the structures and fab-
ricating a series of interweaving fibres with pixels located at reg-
ular intervals throughout. These were spin-coated and deposited
onto a layer of SEBS to allow for better flexibility and stretch-
ing. Despite the innovation in the device structure, device per-
formance suffers dropping the detectivity to 3.8 × 106 Jones.[143]

It is suggested that the device performance could be improved by
applying a higher resolution patterning to the active device area.

7. Potential Electrochemical Methods for PDs

Many different types of material can be used to deposit elec-
trochemically onto a surface, the only requirement is to have a
charge associated with the particles that are desired to be de-
posited. These materials can range from organics, to QDs to var-
ious TMCs and metal oxides. Alternatively, metal oxides can be
formed on a surface through reduction or oxidation allowing for
a wide range of different possibilities using electrochemistry for
this area.

Though electrochemistry is not typically used in the fabrica-
tion of PD devices, it has been used in very similar areas and the
same steps and ideas can be applied to these circumstances. Bulk
TMCs are typically easier to deposit using this method than or-
ganics or QDs as they require less fine tuning to achieve a high
quality functional layer.

The advantages of EPD over other standard methods are that
it is usually cheaper and quicker. For example, Chemical Vapor
Deposition (CVD) and thermal evaporation are commonly con-
sidered the two highest quality methods of crystal growth or for-
mation, but recently EPD has been used to form large scale single
crystals of TMCs that almost rival the quality of CVD at a fraction
of the cost as shown by Li et al.[116] By using an electrochemical
flow cell in the direction of the C/A plane in a cut sapphire crys-
tal Li et al.[116] were able to produce a large area (50 mm) single
crystal of MoS2 as seen in Figure 23C. This was then used to cre-
ate a field effect transistor, though it could be easily modified to
be used either as a PT or a PC through thermal evaporation of
electrodes onto the surface of the crystal.

A similar method for deposition of TMCs was also used by
Patel et al.[144] in the EPD of MoSe2 nanocrystals. The MoSe2
nanocrystals were electrochemically deposited onto ITO and
topped with an Ag electrode through thermal evaporation. This
created a PC device with a detectivity of 3.69 × 1013 Jones.[144] Us-
ing nanocrystals in this way is similar to using QDs, though the
crystals are ≈35 nm in size, significantly larger than a QD. As
such this method could easily be applied to QPDs.

Purcell-Milton et al.[115] investigated the role that solvent plays
in EPD of QDs, in particular Oleic Acid capped CdSe. Us-
ing a TiO2 electrode and four different solvents, Chloroform,
Dichloromethane, Toluene, and Hexane, the absorption of the
films developed was taken as a measure of the thickness and
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Figure 24. A) Demonstration of patterning using EPD on device fabricated by Zhao et al. Reproduced with permission.[18] 2021, Springer Nature. B)
the method used by Zhao et al. Reproduced with permission.[18] 2021, Springer Nature. for the deposition of multicolored arrays using EPD, C) image
showing the large area capabilities of EPD for device fabrication, D) demonstration of multicolor arrays developed by Zhao et al. Reproduced with
permission.[18] 2021, Springer Nature. to show cyan, magenta, yellow and white emission from RGB device.

density of the films produced. It was found that Dichloromethane
was by far the best of the solvent choices due to the high di-
electric constant of 8.93. With this high dielectric constant, the
QDs would be preferentially drawn through the solution to the
electrodes rather than the solvent, increasing the rate at which
the film forms. The adhesion of the films to the TiO2 electrode
was high as only ≈20% of the film was lost after cleaning in
Dichloromethane.[115]

Ishak et al. used EPD to deposit CdSe QDs for use in a solar cell
as seen in Figure 23A,B.[145] The ligands used on these quantum
dots were changed to Trioctylphosphine Oxide (TOPO) and Mer-
captoundecanoic Acid (MUA) and the QDs were suspended in
Chloroform. Depositing for 5 min at 100 V onto FTO was found
to give a relatively uniform film. It was found that as the size of
the QD increased, the voltage required to deposit it uniformly
also increased, regardless of the ligand used. Poulose et al. also
deposited CdSe QDs for use in a solar cell, depositing instead
onto TiO2.[19] CdSe QDs from a solution of Chloroform were used
to produce a thick layer on the TiO2 thin film, though the depo-
sition was not entirely uniform.

CuInS QDs have also been used for the fabrication of solar
cells using EPD, as shown by Santra et al.[146] Again, FTO and
TiO2 were used as the electrodes in the system, with Chloroform
as the solvent. However, the use of a safer, less toxic QD is promis-
ing as most other work has been carried out with toxic QDs, un-
suitable for use in commercial cases.

Another area that is more relevant is in the fabrication of emis-
sive layers using QDs. Zhao et al.[18] used a combination of pho-
tolithography and EPD to achieve a high density QD array seen in
Figure 24. By using ligand exchange to ensure that the QDs had a
similar negative charge using polyethylene glycol (PEG-COOH)
arrays of ITO patterned by photolithography. The ITO had a width
of ≈2 μm and the pattern consisted of alternating lines connected
to different electrodes.[18] Using this EPD on this pattern allowed
the deposition of RGB colored CdSe QDs onto the device by alter-
ing the voltage across the system between positive and negative
when submersing the device in different QD solutions. This al-
lowed for the QDs of one color to be drawn to one series of strips,
and another color to be attracted to another series of strips. As
such they were able to create a highly pixelated RGB LED device,
which could in turn be used as either a PD device or an image
sensor. This method would be highly effective, though it relies
upon photolithography to pattern the electrodes.

A similar method has been used for LEDs using CdSe/CdS
core/shell nanorods, similar in nature to QDs though they are
longer in one dimension than in the others. Zhang et al. were
able to use EPD to deposit a thin film of these nanorods onto an
electrode of ZnO coated ITO. This has a lot of potential for many
PDD devices as ZnO is one of the most commonly used ETL lay-
ers, for example, in thin film solar cells or even in LED devices
as found here. It was also found that aligning these nanorods
vertically improved the current density at higher voltages, which
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Figure 25. A) AFM image and height profile of rhodamine 6G attached to graphene by Zhou et al. Reproduced with permission,[127] 2013, American
Chemical Society. B) representation of the process of oxidizing a graphene electrode as carried out by Masubuchi et al. Reproduced with permission,[130]

2011, American Chemical Society. and the corresponding friction image and a plot of the width of the line with the potential of the tip. C) A diagram of
the process of SPL carried out by Reproduced with permission.[129] 2006, Royal Society of Chemistry. with generic equations for oxidations of a metal
surface. D) A SEM image of the silver trace carried out by Hung et al. Reproduced with permission.[125] 2011, American Chemical Society.

could be controlled through the EPD process. By changing the
ligand coverage and the length of the nanorod, it was possible to
align them to be vertical when depositing on the electrode. This
allowed for the deposition of a monolayer and a bilayer of these
nanorods which would otherwise have been impossible through
other solution processed methods.

Organics can also be used in EPD. Zhang et al.[120]

used EPD to deposit thin films of (Z)−3-(2-isocyano-2-(4-
nitrophenyl)vinyl)−9-octyl-6-(pyridine-4-yl)−9H-carbazole
(CzPy) with various different halides onto ITO.[120] It was
found initially that the adhesion of the organic onto the ITO was
not good, though with the addition of the halides, this improved.
The solvent used was Acetonitrile due to its polar aprotic nature.
EPD of organics can get quite complicated quickly if the orienta-
tion of the molecule is important, this is due to the interaction
of the various different orbitals and bonds with the electric field,
which in larger organic molecules can be very complicated. It
was possible to achieve a 100 nm thick film after just 30 s at
20 V.[120] This demonstrates the ability of EPD to be a fast method
for depositing as opposed to CVD or thermal evaporation which
typically take times that are orders of magnitude longer.

EPD can also be used for patterning of devices as mentioned
in Section 4.4.4. SPL is a form of electrochemical lithography
that uses the methods of microscopy or scanning to pattern de-
vices, most commonly with AFM though it can also be used
with STM.[61] This can be done through various different means,
one of the most promising is through deposition of monolayers
through the oxidation of substrates. Garcia et al.[129] achieved the
patterning of a Si substrate through the use of AFM, the tech-
nique demonstrated in Figure 25C. By applying a small amount
of water to the AFM tip, a liquid bridge could be formed between
the tip and the electrode surface whenever contact was made, al-
lowing for a completed circuit, and by extension EPD. This liq-
uid bridge allowed for the fabrication of SiO2 dots of ≈20 nm
size.[129] Similarly, Masubuchi et al.[130] achieved the patterning of
graphene with a layer of graphene oxide through the use of AFM
shown in Figure 25B. By using local anodic oxidation dragging
the AFM tip across the graphene electrode surface a patterned
electrode was fabricated.

Another method of SPL is to use an ink on the probe instead
of water, to allow for more targeted deposition, EPD of mate-
rials that are not oxides. This is known as Dip-pen Scanning
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Probe Lithography (D-SPL)[61] and has been used to deposit both
nanoparticles and organics as well as other materials. Kuljan-
ishvili et al.[128] used this process to modify carbon nanotubes that
had been grown by CVD on a Si/SiO2 substrate in the attempt to
make single walled carbon nanotubes. This was achieved by us-
ing a catalyst, ferric nitrate nonahydrate mixed with ferric chlo-
ride hexahydrate, as a nanoparticle ink to write on the substrate.
This method was also used by Zhou et al. to dope a graphene
substrate with rhodamine 6G.[127]

One of the more potentially useful applications of this method
in terms of PD fabrication would be following the work of Hung
et al.[125] who deposited highly conductive silver patterns onto
a Si/SiO2 substrate seen in Figure 25D. Lines down to 500 nm
width were deposited using a silver nanoparticle ink.[125] This
would be highly useful to apply to PD or image sensor fab-
rication, allowing for electrodes to be patterned through this
means, as opposed to through the more conventional meth-
ods typically used. Through this method, the devices fabricated
could also potentially be integrated into a greater Si based circuit
device.

Whether the intention is to pattern the devices through de-
positing the electrodes with EPD or the active layers of the device,
EPD can be applied to either aspect to achieve potentially high
quality devices through a solution processed medium. If more ex-
amples of SPL and electrochemical patterning are required, the
following reviews are of use.[61,62]

8. Conclusion and the Future

Solution processed PDs and image sensors are becoming in-
creasingly more prevalent and efficient, almost reaching the per-
formance of more traditionally made PDs.[2–4,12] There are many
different methods of fabrication for these devices, some of which
have been covered here, such as spin-coating, inkjet printing, dip
coating, and EPD.[11,13,14,18] Each of these methods has advantages
and drawbacks, though through combining them there are seem-
ingly limitless methods of fabrication.

The benefits of organic and QD-based PDs over conventional
PDs are numerous. For one, solution processing allows far more
flexibility in fabrication, though it is more difficult to optimize
and reproduce. The color fidelity of not only organics but espe-
cially QDs allow for far more faithful representations of images,
and the increased efficiency from these materials over conven-
tional ones.[2,4,11] However, the irregularities of the films are still
detrimental to the device performance. As such there is a major
focus on improving the charge transport of these devices.

Using a combination of different solution processed methods
appears to be an interesting approach for fabrication of PD de-
vices and ultimately image sensors. Combining EPD with more
novel methods such as inkjet printing and dip coating would al-
low for far more intricate structures to be produced on a far larger
scale. For example, managing to combine EPD with dip coating
could allow for the deposition of multiple layers from one so-
lution in one simple procedure, and then combining that with
inkjet printed layers or electrodes would revolutionize how these
devices are fabricated in industry.

When considering filter-less image sensors, the main aim for
the future, OPDs, and QPDs represent one of the most promis-
ing ideas. The ability to manufacture large area flexible devices

using solution-processed methods is a large benefit of organics
and QDs for this area in particular. This review has shown there
are many promising areas for filter-less solution processed im-
age sensors ranging from everyday use in cameras through to
bioimaging.
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