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ABSTRACT

Energy (eV)

Photodiodes are on the rise. In the past decade many efforts have been made to deliver cheaper, more flexible, and increasingly better performing
photodiode devices. The demand for enhanced optoelectronics led to the development of new inorganic, organic, and hybrid materials. In this
review we describe in detail the working principles, the characterization, fabrication (types and architectures) and major applications of
photodiodes. Recent applications, mainly in imaging, sensing and healthcare are also presented.
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PHOTODIODES

Photodiodes could be described as semiconductors that are able
to convert light into electric current. Also called photodetectors,
photosensors or light detectors, they are very sensitive to light,
allowing a fast conversion, being used in several applications such
as biomedicine or image sensing.

The chase for a small size, low cost, long lifetime, low
responsive to temperature, high response and sensitivity to light,
low noise and high gain photodiode lead to development of new
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semiconductors (organic, inorganic or hybrid) to improve these
qualities and also try to avoid some problems like low dark current
and detectivity.!

Photodiodes may be classified in several ways, depending on the
type of construction (p-n, PIN junction or avalanche), spectral
response window width (broadband or panchromatic and
narrowband, wavelength selective) or by the type of employed
semiconductors (organic, inorganic or hybrid).?

In this review we provide a concise compilation of essential
information about photodiodes, namely basic working principles,
fundamental parameters that should be considered during device
construction, different types of operation, fabrication and current
applications.

WORKING PRINCIPLES

All photodiodes operate in the same way. The structure of a
photodiode can be a p-n junction or a PIN junction. A p-n junction
is the combination of a p-type semiconductor (where holes are the
majority charge carriers and free electrons are the minority) and a
n-type semiconductor (free electrons are the majority charge and
holes are the minority charge carries). The region where both p- and
n-type semiconductors are joined is called the p-n junction. The
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natural tendency is the migration of electrons to holes to reach an
equilibrium. However, in the p-n junction interface there is a
depletion region that slows down electron transfer. In case of a PIN
junction, there is an intrinsic semiconductor between the p- and n-
semiconductors.’

Usually, the working principle of photodiodes is similar to solar
cells. Both p-n junctions or PIN semiconductors can be used, but
they operate under reverse bias conditions, this means that the p-
side is connected to the anode and the n-side is connected to the
cathode. As can be seen in Figure 1, when a photon strikes the
diode, an electron hole pair is created (photoelectric effect). If the
absorption occurs in a diffusion length of the depletion region or
inside the depletion region, these carriers are swept away from the
junction through the built-in field of the depletion region. The
electrons move towards the cathode and the holes move toward the
anode, producing a photocurrent.*
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Figure 1. Working principle of a p-n junction photodiode.

Photodiodes can operate in photovoltaic or photoconductive
mode. In the case of a photovoltaic mode, photodiodes work at zero
bias. In the case of a photovoltaic mode, photodiodes work at zero
bias and the dark current is minimal, thus are suitable for ultralow-
light-level applications. Furthermore, the photovoltaic mode offers
a simple operational configuration for low-frequency applications.
When operating in photoconductive mode, the photodiode is
reverse biased. This operation mode is important in case of organic
photodiodes since it improves their response speed and linearity in
a similar way as that of inorganic silicon semiconductors
photodiodes. However, the enhancement of dark current is a
drawback.’

Different type of photodiodes have been developed to improve
specific needs. Besides commom p-n and PIN junctions types,
previouly described, avalanche photodiodes and Schottky barrier
diodes are also an option.

Avalanche photodiodes are basically PIN junctions designed to
operate with high reverse bias, approaching the reverse breakdown
voltage. This phenomenon is reached when a high electric field is
applied and carriers gain kinetic energy, thus generating additional
electron-hole pairs through impact ionization. At a certain point the
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generated photocurrent will increase suddendly, giving origin to an
alavalanche breakdown point.*’ Mostly build with inorganic
materials, these photodiodes are characterized by a detection
efficiency, a gain at low bias voltage and a responsivity usually
higer as compared to other photodiodes, making them useful, for
example as refield valves, protecting the systems from excess
voltages, and also in some clinical and biomedical applications (e.g.
pressure control devices). However, avalanche photodiodes require
a very meticulous production, which increases manufacturing
costs.®10

Schottky barrier photodiodes are other particular type of
photodiodes. Based on a metal-semiconductor (M-S) junction,
these photodiodes have high quantum efficiency, speed response,
low dark current, high UV-Visible contrast, which are notable
advantages of these type of photodiodes. Compared with avalanche
photodiodes, they have simliar high response speed but are much
easier to fabricate.!!"!3

PHOTODIODES CHARACTERIZATION

To evaluate the photodiodes performance key parameters must
be taken in account, both at an electrical and optical level.>*!16!7 An
overvierw of this parameters is given below.

Shunt Resistance (Rsn)

Defined as the slope of the current-voltage curve at the origin.
Experimentally can be obtained by applying a voltage of +10 mV,
measuring the current and calculating the resistance.

Series Resistance (Rs)

Used to determine the linearity of the photodiode in the
photovoltaic mode, series resistance is a result of the resistance of
the contacts and the undepleted material (e.g. silicon), and can be
calculated using equation 1:

— Ws—Wa)p +R, (1)

Rg "

where Ws is the thickeness of the substrate, Wqis the width of the
depleted region, A is the diffused area of the junction, p is the
resistivity of the substrate and Rc is the contact resistance.
Junction Capacitance (Cj)

Directly proportional to the diffused area and inversely
proportional to the width of the depletion region, junction
capacitance is obatained using equation 2:

€5i€oA
C1 = Frowaer @
Where € is the permitivity of free space (8.854x10™* Fem™! for
silicon photodiodes), €siis the substrate dielectric constant (11.9 in
this case), u (1400 cm?*Vs™) is the mobility of the electrons at 300
K, p is the resistivity of the silicon, Vi is the built-in voltage of the
substrate and Va is the applied bias.
Responsivity (R)
Responsivity is defined as the ratio between the photocurrent
generation and the incident power, that can be calculated using
equation 3:

)
RO = o2t 3)

where I(A)pn is the photocurrent (in amperes) and P(A)in is the
incident optical power (in watts).
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External Quantum Efficiency (EQE)
Defined as the electron number detected per incident photon,
EQE is expressed through equation 4:

R(M)hc 1.24R(A)

EQE(A) = = 4)

q7\_ A

where h is the Planck’s constant, c is the speed of the light and q is
the elementary charge. The operation (hc)/q could be approximated
to 1.24 if the A units are expressed in pm.

Noise equivalent power (NEP)

NEP (1) (expressed in WHz!"?) gives the minimum detectable
power per square root of bandwidth. It can be calcultated using
equation 5:

NEP(}) = % %)

where the noise current spectral density is given by In and Afis the
electrical bandwidth of the noise measurement. The total noise
current is the sum of all noise sources, including the shot noise from
dark current and the low-frequency flicker noise (1/f). Also, the
root-mean-square (rms) value for shot noise current (Isn) is given by
Is, = /2qAf 1, , where Lq is the dark current. When the dark current
shot noise is dominant, NEP(A) can be determined using equation
6:

NEP(2) = Y244 6)

R

Specific Detectivity (D*)

Specific detectivity (expressed in cmHz!>W-') is one of the most
important physical parameters, being the figure of merit to describe
the ability to detect weak light. It can be calculated using equation
7 .

o VA R
D' = NEP(A) 244 M

where A is the device area and J4 is the dark current density. The
second deduction can be used assuming that shot noise is the main
component of the overall photodiode noise.

Linear dynamic range (LDR)

Defined as the range of incident optical powers within which the
photocurrent versus power is a linear function. It is expressed in
decibels and is calculated using equation 8:

P(l)max I(A)max

LDR(1) = 20log o = 20log - 8)
where P(M)max is the maximum impinging power above which the
response of the device deviates from linearity and P(A)min is the
minimum detectable optical power (or noise equivalent power,
NEP). This expression can be approximated and use the maximum
and the minimum of the photocurrent limit, I(A)max and I(A)min,
respectively.
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On/off ratio

This ratio can be calculated as the I(A)pn to Ia ratio at fixed
incident optical power and bias voltage conditions, which reflects
the photosensitivity of a photodiode.

3dB bandwidth (f3ap)

Relative to the modulation frequency of input light when R(7) is
approximatly 0.707 (1/N2) times higher than the obtained under
illumination.

Frequency response (1)

Defined as the frequency response, T is the time needed for the
signal to rise or fall from 10% to 90% (or vice versa) of the final
value respectively. This parameter can be estimated using equation
9:

1
T= % (9)

From all these parameters, EQE and D* are major performance
indicators. Figure 2 shows collected data>!® for both inorganic,
organic and hybrid photodiodes using different architectures, in the
period from 1996 to 2018. As can be seen, very good external
quantum effiencies and specific detectivities have been already
achieved, especialy in the visible region.

The non-uniformity (variations of responsivity at the photodiode
active suface area) and non-linearity (variation of the ratio of the
change in photocurrent to the same change in light power) are also
parameters that should be taken in consideration, as well as the
temperature influence in several paramenters, such as the
responsivity, in the breakdown voltage and also in the dark current.

Although an “ideal” photodiodes should have the best
performance at all levels, until now there is no ideal photodiode yet.
Parameters shuch as responsivity, specific detectivity, external
quantum efficiency or low dark current can have an huge variety
between different devices. Usually the photodiodes developed have
one or two excellent parameters performance, but the others are
much lower compared to others. For that reason, several devices
and materials have been developed and combined to achieve an
“ideal performance”.
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Figure 2. External Quantum Effiency (EQE) and Specific Detectivity
(D*) of photodiodes reported in the period 1996-2018.
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INORGANIC PHOTODIODES

Currently, most of the commercially availilabe photodiodes are
composed by crystalline inorganic semiconductors. Although
silicon was the first to be used, several inorganic semiconductors
have also been widely used, such as GaP, Ga20s, GaAs, AISb, GaN,
InGaAs (III-V semiconductors) or even ZnO, HgCdTe, Ge and
CdS, since their high charge carrier mobility, small exciton binding
energy, high stability were attractive properties for their extensive
study.>571921

The purity of the semiconductors and their growth temperature
are very important factors that can have a tremendous impact in the
photodiodes performance. For example, Arikata et al. growth
InAs/GaSb superlattice structures in GaSb substrates to be used as
IR detectors through a method of metalorganic vapour-phase
epitaxy, observing that the growth temperature influenced the
results directly and that the highest performance of these devices
was only obatined at 20 K (31% EQE at 3.5 um).'? Also, El-Amir
et al. studied the temperature dependence of high purity n-type
Mg>Ge single crystals fabricated by thermal annealing, revealing a
clear rectifying behaviour and an obvious photoresponse
chactracteristic between 0.8 and 1.7 um, with a maximum zero-
biased photoresponse of 7mAW"! at 1.2 um.?°

Also, some heterostructure photodiodes such as Sb/WSez, Ge-
on-Si, Cu doped SnSz nanoflakes, Bi»Tes-Si, GaSb and GaSb/AlISb
superlattice buffer layers grown on Ga or Si have been explored,
since combination of different semiconductors improve
performance.’>?* Liu et al. combined the unique optoelectronic
properties of a topological insulator based photodetector on Si with
the  complementary  metal-oxide-semiconductor  (CMOS)
technology using for that a Si-based single crystal bismuth telluride
(Bi2Tes) photoconductive detector able to achieve a responsivity of
3.64x10° AW at 1064 nm and 3.32x102 AW at 1550 nm,
showing a good potencial for applications in future Si photonics.**

Recently, tailorable optical properties (energy band gap and
optical constants), large absorption coefficient in the UV—Vis
range, long carrier diffusion lengths high charge-carrier mobilities,
and low exciton binding energies at room temperature, deploted an
huge interest in the development of new 0D, 1D, 2D and 3D type
halide perovskites.” Colloidal inorganic quantum dots (e.g. PbS or
Ge) are also on the spot since offer some improvement in solution
processability, size tunable spectral sensitivity and higher
compatibility with flexible substrates.?6*’

Tang et al. developed a stable, low cost and CMOS compatible
Schottky junction photodiode using a Au-PbS colloidal quantum
dot-indium tin oxide vertical junction. Under 1550 nm ilumination,
the authors achieved not only an EQE of aproximately 400%, but
also a responsivity of 5.15 AW, a D* of 1.96x10' Jones and a
response time of 110 ps, fullfilling a statisfatory number of
parameters at the same time that can be used in on-chip integrated
optoelectronic circuits or infrared focal plane arrays.?

Although we have now different available options to work under
UV, visible or NIR wavelengths and also some of them work in a
broadband spectrum inorganic photodiodes still present major
drawbacks. These include expensive and demanding manufacture,
mechanical inflexibility, low operating temperatures and high
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driving voltages, thus narrowing their applications mainly to
photodetection.?’

ORGANIC PHOTODIODES

Due to their unique properties, organic semiconductors based
photodiodes brought a revolution in optoelectronics. An organic
semiconductor can be defined as an organic material with
semiconducting properties, conferred by m and n* orbital
delocalization. There is a huge multiplicity of organic
semiconducting materials, covering a large spectrum of optical and
spectral properties, that have been fully investigated as working
organic photodiodes. These include both small molecules, such as
pigments, and conjugated polymers with linear or dendritic
architectures. Fullerenes (Cso, Cr0, PCs0BM, PC71BM) and
polymers such as P3HT, F8T2, PEDOT, PSS, PTB7-Th,
PPDT2FBT, DPP-DTT, PCPDTBT, PCDTBT, MEH-PPV and
P(NDI2OD-T2), are some examples of organic semiconductors that

have been widely studied alone or in different cross
combinations.?33
Organic semiconductors provide high charge carriers

photogeneration yields, tunable optical gaps from UV to NIR, and
production of films over large areas (that can be amorphous) using
simple and low cost processes (e.g. spin-coating, aerosol-jet
printing, spray-coating, inject printing or screen printing).2%2%34
Like in photovoltaic cells, such properties open the possibility of its
use in broad applications, beyond photodetection, such as
biomedical imaging and sensing, communications, control circuits
or machine vision.*>3

In organic semiconductors weak van der Walls forces are
involved. The electrical properties are not due to electrons and
energy bands, like in inorganic semiconductors, but arise from
differences in energy levels, the lowest unoccupied molecular
original (LUMO) and the highest occupied molecular orbital
(HOMO). In Figure 3, a energy-band diagram shows a typical
heterojunction organic photodiode and the way it operates.
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Figure 3. Schematic representation of a heterojunction organic
photodiode with the representation of the energy band diagram. When
both LUMO and HOMO of the donor lie at energies sufficiently higher
than those of the acceptor, it will be energetically favorable for an
exciton to reach the interface to dissociate, leaving a negative polaron
on the acceptor and a positive polaron on the donor. For efficient
photocurrent generation the charge separation (2) should be readily
followed by a geminate recombination (4) after a photon absorption
event (1), and where the transfer to contacts (3) should compete with
interfacial recombination (5).%
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The first and simplest organic photodiode was made by a layer
of the organic material sandwiched between a anode, typically
indium tin oxide (ITO), and a cathode (usually low work function
metals such as Al, Ca, or Mg). However, due to the lack of direct
separation of the exciton into free charges, caused by the week
screening of the Coulomb interactions of the electron-hole pair, the
quantum yield of these homojunctions was very low.

In this sense, planar bilayer heterojunctions (Figure 3) and bulk
heterojunctions (BHJ) architectures (Figure 4) came up as a
solution for more efficient devices. With an interface between
electron donor and acceptor species, electrostatic forces are
produced due to differences in electron affinity and ionization
potential.

Electron donor

Electron acceptor

Figure 4. Schematic representation of a BHJ organic photodiode.

Today, the mainstream approach is focused on the development
of optical systems that offer a narrow band spectral selectivity and
multi-color detection, which became a key parameter for the
development of new photodiodes. The strategy relies in the
modification of either the composition or the thickness of the
photoactive layer using narrowband materials for the active layer to
tune its optical absorption exclusively to the region of interest
where both the donor and acceptor materials absorb only in the
desired wavelength range. Deckman et al. developed a fully-
printed OPD array capable of RGB light separation printed on a
PEN substrate by blade-coating PEDOT:PSS, a polyethylenimine
cathode interlayer and the photo-active layer, and screen-printing
on top a patterned PEDOT:PSS anode, achieving an average EQE
of ~37% at -4V bias over the whole visible spectrum, a dark current
of 0.5 nAcm? and five orders of magnitude of LDR. This
broadband OPD is an example of a photodiode that can simplify the
fabrication of a spectral-selective photosensor and full-color
imagers.!

Chuang et al. also reported an example of an highly sensitive
OPD that had an extended spectral response, from the UV to NIR
(~1200 nm). Incorporating two NIR dopants into the OPD, the
device exhibit simultaneously a broad spectral response (with R=
23 AW under a lower reverse bias, -3.5V), and a good quantum
efficiency (EQE ~5500%).%

Currently, the range of available semiconductors is very high,
and OPDs production processes are far appealing due to their
simplicity. For example, Strobel ef al. described the first inkjet and
aerosol-jet printed OPD. Exploring the high-performance of non-
fullerene acceptor IDTBR combined with P3HT, this digitally
printed device exhibit a broadband spectral response with
responsivities up to 300 mAW-! that can compete directly with
current available technologies based on Si.*
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If the electrostatic forces are higher in the acceptor than in the
donor, then the interfacial electric field drives charge separation,
promoting photogenerated excitons break up, thus improving
device efficiency. Yet, organic photodiodes are still a challenge,
with some flaws that need to be overcome. These include
photocurrent sensitivity to temperature, low charge carrier
mobility, thickness dependence, limited light absorption across the
solar spectrum and also the need of a strong driving force to break
up photogenerated excitons.

HYBRID PHOTODIODES

Although both inorganic and organic photodiodes have shown
some disadvantages and drawbacks, precluding higer expansion to
the market, when combined they overcome most of these issues,
one of the reasons why organic-inorganic hybrid photodiodes
(HPDs) have drawn tremendous attention in past few years.

With unique physical properties such as low temperature
solution processability, high photosensitivity or mechanical
flexibility, combined with the freedom of rational designing of
numerous combinations between organic polymeric and inorganic
semiconductors, HPDs revolutionized the world of photodiodes
with new applications in astronomy, nuclear physics or
spectroscopy.®’®

The p-n junctions of HPDs usually takes advantage of the
intrinsic properties of n- type of silicon and several III-V and II-VI
semiconductors, such as ZnO, ZnSe CdSe nanocrystals, or GaN,
that have an higher electron mobility, with the p-type nature of
organic semiconductors, usually polymeric materials such as
PEDOT:PSS, P3HT or graphene, with higher hole mobility,
photosensitivity —and  optical properties than inorganic
semiconductors.’”****  Also, inorganic-organic hybrid halide
perovskites, combined with different conductive polymers (e.g.
PDPP3T PCBM, or PEDOT) and inorganic semiconductors (e.g.
Si, Ga) have aroused much interest, due to their long carrier
diffusion length, low excitation binding and bandgap tunability,
still air deterioration is an unsolved problem.*-#¢

HPD devices are now more stable, with longer lifetimes, and in
some cases working at lower dark currents. However, the strategy
to incorporate hybrid materials implies a deeper investigation in the
impact of these materials in the device performance. For example,
Pickett et al. have shown the influence of two diketopyrrolopyrrole
(DPP)-based donor-acceptor copolymers with different backbone
conformations incorporated in an inverted non-fullerene
photodiode architecture. Using ZnO nano-patterned films as the
electron transport layer, photoresponsivity is highly affected. This
behaviour could be explained with an enhanced transport of
carriers, due to the planar backbone conformation of the PBDT-
TTDPP copolymer.®

One of the biggest challenges of HPDs development is related to
low dark current operation. A huge number of combinations
between the inorganic and organic is possible, and device
fabrication may differ quite significantly. BHJs have been widedly
used to fabricate HPDs photoactive layers. Due to the large p-n
interfacial area, BHJs are able to produce ideal photo-generated
charge separation, however, high reverse saturation current related
with the charge injection may turn a disadvantage. Nevertheless,
there is always the possibility to form a lower electron barrier into
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cathode/n-semiconductor interface and a lower hole injection
barrier between the anode/p-semiconductor interface, making the
option of using planar heterojunctions also beneficial in some cases.
In this sense, HPDs are typically built in a mixed planar
heterojunction/BHJ organic semiconductor architecture. Also the
production of inverted HPDs, where the polarity of charge
collection is inverted (following the positive results obtained for
some organic photodiodes),?! has gained considerable attention,
once device stability may be increased along with easier
production. Figure 5 shows one example of an inverted HPD
architecture. 3373

Inverted architectures using nanocrystals are also an interesting
approach. Ha et al. developed a planar heterojunction composed
by PBDTT-FTTE and CdSe nanocrystals having a low dark current
and a high detectivity, which is an attractive alternative to produce
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digital image sensors.>” Dou et al. also demonstrated that inverting
a halide perovskite HPD device highly improve its performance.

Glass/ITO

Figure 5. Schematic representation of an inverted HPD architecture.

Operating at room temperature, the photodetectors exhibit a
large detectivity (10 Jones), a linear dynamic range (over 100 dB)
and a fast photoresponse with a 3-dB bandwidth up to 3 MHz.’

Table 1: Recent examples of photodiodes developed for imaging and X-ray applications.$

R ..
. Type Year D* esponsivi EQE Application Ref.
Material (Jones) ty %)
(AW ’
Inoreanic Optoelectronic circuits
Au-PbS CQD & 2018 1.96x101° 5.15 400 and IR focal plane 26
(Schottky)
arrays
.. Inorganic Short wavelength IR
-Mg>S le Crystal 2019 - 0.0142 - 48
n-Ei singie Lrysta (Schottky) light
Cu(acac)2/n-Si HPD 2018 4.6x10° 0.009 5.53-8.34 UV photodetector 49
Si/Bi2Tes-graphene® HPD 2019 2x10° 8.9 17.4 Light sensing 50
Low intensity i
FAPbBr: QDs/graphene HPD 2018 ; 1.154x105  3.42x107 Se‘::svo‘rn ensity image 51
PEIE/PCDTBT:PC70BM/ OPD 2019 10° - - Color discrimination 52
MoOx
Perovskite/Black
HPD 201 1.3x103 11 80 53
Phosphorus /MoS: ? Sensor
PEDOT:PSS/Merocyanine
It
(Pyrl)/Cort OPD 2019 - 0.71 18 Uliranarrowband 54
organic photodiodes
Lisicon PV-D4650:PCBM¢ OPD 2019 2.19x1013 0.44 82 Image sensors 55
MoOs/BHJ/LiF:Al
Red OPD 2019 1.55x10'2 - 18
Green 1.89x1012 - 19.6 Image sensors 56
Blue 1.8x10"2 - 24.6
Panchromatic 10.1x1012 - 65.1
D 1 i
GR/GQDs® DUV PD 2019 1.1x10 0.11 - UV optoclectronic 57
devices
(PEA)2(MA)soPbeol1s1/Spir Photodiodes
HPD 2019 2.2x1012 0.53 - . 58
0-OMeTAD applications
Si type Inorganic 2019 - 0.274 ~45 X-ray 59
MoO+/DBP/DBP: 1 ic pul
00,/ / Ce0/Ceo0/ OPD 2019 i i 37 Optoelectronic pulse 60
BCP meter sensor

§ Measurements performed at particular wavelenghts are specified. 1.4 pm. °635 nm. °481 nm. 9660 nm. 256 nm.
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RECENT ADVANCES

In the last decades, we witnessed a huge evolution in
photodiodes, with special focus on the use of improved materials
and architectures, that allowed the development of new types of
photodiodes for specific applications. Table 1 lists a selection of
recent progress that has been made in the field.

Enanched photodiodes (faster, more responsive, with high
detectivity and low dark current), have been developed using
materials such as nanocrystals,’>*! quantum dots,*' halide
perovskites,**! ZnSSe-p-GaAs,* and polymer blends (e.g. PCBM
and MEHPPV).® Image sensing (e.g. CMOS active pixel
sensors)'%316465 i one of the most important applications of
photodiodes, but other type of image sensors for cell imaging,* to
be used under cryogenic conditions®”%® or in space® are also
emergent challenges.

Photodiodes play an important role in medicine. Simple X-ray
detection”7? and pulse oxametry are key examples of applications.
Pulse oxametry is of major importance in routine clinics since is a
efficient and non-invasive way to measure blood oxygen saturation.
In this case, the use of flexible materials is an huge advantage,
allowing wearable devices (e.g. ring-shaped)” that can be used in
fingers, feet, forehead, chest or wrists.” 7% In cardiovascular related
diseases they are used in monitorization (usually silicon-based
avalanche photodiodes),””” in blood volume measurements
(photoplethysmograms), in early detection of some cardiovascular
problems,” or in Positron Emission Tomography—Magnetic
Resonance Imaging (PET-MRI).®® Other bioaplications such as
artificial retinal implants,*® smart for monitoring vital signs,® or
bio-HPD that contain DNA have been also explored.®

Another interesting application is the detection of analytes by
fluorescence and  chemiluminescence using microfluidic
systems.?%* Here, the development of organic and hybrid
photodiodes was crucial, since the devices use small molecules
such as copper phtalocyanine and fluorene or polymers such as
PCDTBT, PH3T or PCsoBM to fabricate fluorescence detectors for
biomarkers and molecular probes, and chemiluminescent
sensors.**33% These microfluidic biosensors allowed the detection
of phatogens such as E. coli or Campylobacter jejuni.’’

FINAL REMARKS

In symmary, in the past few years research on photodiodes
devices fabrication and optimization reached a tremendous
progress. The unique properties of HPDs are fostering the field of
optoelectronics and triggering novel applications. Still far from
perfection, future work should focus on the exploitation of hybrid
systems, taking advantage of the unlimited combinations of organic
and inorganic components. Future design should still pursue an
ideal architecture, combining a good equilibrium between high
gain, detectivity, responsivity, EQE, and broad spectral working
range.
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