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Omnipresent quality monitoring in food products, blood-oxygen measurement in lightweight conformal wrist
bands, or data-driven automated industrial production: Innovation in many fields is being empowered by
sensor technology. Specifically, organic photodetectors (OPDs) promise great advances due to their beneficial
properties and low-cost production. Recent research has led to rapid improvement in all performance
parameters of OPDs, which are now on-par or better than their inorganic counterparts, such as silicon or
indium gallium arsenide photodetectors, in several aspects. In particular, it is possible to directly design OPDs
for specific wavelengths. This makes expensive and bulky optical filters obsolete and allows for miniature
detector devices. In this review, recent progress of such narrowband OPDs is systematically summarized
covering all aspects from narrow-photo-absorbing materials to device architecture engineering. The recent
Received 31st July 2021, challenges for narrowband OPDs, like achieving high responsivity, low dark current, high response speed, and
Accepted 23rd September 2021 good dynamic range are carefully addressed. Finally, application demonstrations covering broadband and
DOI: 10.1039/d1mh01215k narrowband OPDs are discussed. Importantly, several exciting research perspectives, which will stimulate
further research on organic-semiconductor-based photodetectors, are pointed out at the very end of this
rsc.li/materials-horizons review.
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inorganic devices, such as silicon (Si) or indium gallium
arsenide (InGaAs) PDs. With the rapid development of the
digital lifestyle, the demand for PDs is continuously increasing.
For modern applications, lightweight, bio-compatible, and
flexible PDs are promising candidates for realizing innovative
products. However, intrinsic features of inorganic materials
make it expensive or impossible to meet this demand. Organic
semiconductors, on the other hand, are naturally compliant
with such requirements.

Consequently, organic PDs (OPDs) have attracted much
interest due to their advantageous features: OPDs are char-
acterized by properties like lightweight, flexibility, low-cost,
large-area scalability, and semi-transparency, making them
potential candidates for the growing demand for smarter
and safer sensors supporting daily life.°° Regarding the
device manufacturing, OPDs can be made by a multitude of

Shen Xing received her BS and
MS degree from the University of
Electronic Science and Technology
of China (UESTC). In October 2017,
she started her PhD under the
supervision of Prof. Dr Karl Leo at
the Dresden Integrated Center for
Applied Physics and Photonic
Materials at Technische Uni-
versitit Dresden. Her current
research interests focus on high-
performing organic photodetec-
tors (OPDs) achieved by newly
developed device structures and
fabrication methods, aiming to facilitate OPDs to advanced sensor
applications.

Shen Xing

Donato Spoltore obtained his
master degree at the University of
L’Aquila (Ttaly) in 2009 and the
PhD at the University of Hasselt
(Belgium) in 2013. From 2014
to 2017 he was postdoc at the
Technische Universitdt Dresden
(Germany) and from 2018 to 2020
group leader of the organic solar
cell group of the same university.
Currently he is senior postdoc in the
ERC project ConTROL at the
University of Hasselt (Belgium).
His research interests are centered
on the fabrication, characterization, and understanding of fundamental
processes in organic photovoltaic, photodetecting, and light-emitting
devices.

S

s

LS

Donato Spoltore

This journal is © The Royal Society of Chemistry 2022

View Article Online

Materials Horizons

technologies, including vacuum thermal evaporation, organic
vapor phase deposition'® or solution-based processes (spin
coating, slot-die coating,'’ blade coating, spray coating,'
inkjet printing, stamping,® roll to roll printing/lamination**).
These approaches are much easier to implement than the
advanced manufacturing techniques of inorganic PDs, includ-
ing high temperature and complex lithography processes.™
Furthermore, the chemical structures of photo-absorbing
materials can be modified on the molecular scale, enabling
a tunable photoresponse of OPDs, covering the electromag-
netic spectrum from ultra-violet (UV) to near-infrared (NIR)
light.'®™*®

Benefiting from advanced material synthesizing techniques,
narrowband OPDs with many improved properties have been
emerging in recent years,'®>* with promising features like high
selectivity of the target wavelength compared to broadband
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counterparts. In addition, several elegant strategies were intro-
duced to achieve narrowband OPDs, allowing to avoid synthetic
variation of the photo-absorbing materials, such as charge
collection narrowing (CCN),>* charge injection narrowing
(CIN),*® self-filtering,”® and microcavity enhanced narrowband
OPDs.”” All of these strategies are based on broadband absor-
bers often used in organic solar cells (OSCs). For OSCs, a high
absorption coefficient and broad absorption range of the
photo-absorbing materials are needed to harvest a large portion
of the solar spectrum and gain large photocurrents. During the
past years, the organic electronic community has seen a sig-
nificant revolution with the development of non-fullerene
acceptors (NFA), which led to an impressive improvement of
the OSC power conversion efficiency to above 18%.2%7! This
new family of electron accepting materials with absorption
edges up to 1100 nm>> has great potential for both broadband
and narrowband OPDs.

This review summarizes the recent progress, advancing
strategies, challenges and potential applications of narrowband
OPDs, ranging from materials to device architectures. We firstly
introduce OPDs based on different operation mechanisms,
mainly focusing on exploring and summarizing photovoltaic
type OPDs (PV-OPDs). Additionally, organic photomultiplica-
tion devices (PM-OPDs) are discussed. Recent challenges of
OPDs related to the key performance parameters such as
responsivity (R), reverse dark current (Jp), response speed,
dynamic range (DR), and linear dynamic range (LDR) are
addressed as well. Afterwards, narrowband OPDs based on
narrow-photo-absorbing materials and device architecture
engineering are summarized and compared to broadband
OPDs. Finally, we present an overview of potential applications
and their demonstration, enabled by the advanced features of
OPDs like lightweight, flexibility, large-area scalability, and
semi-transparency. Examples include photoplethysmography,
heart-beat monitoring sensors, NIR image sensors for visible-
blind imaging, and miniaturized spectrometers for material
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analysis. We conclude with remarks on the status of narrow-
band OPDs and give a perspective for their future development.

Fundamentals of organic
photodetectors (OPDs)

For interested readers, we summarized the performance
metrics as well as their characterization in detail, which can
be found in the appendix to this review.

Photodetection concepts of OPDs

Based on their principle of operation, OPDs can be classified
into organic photoconductors (PC-OPDs), organic phototran-
sistors (PT-OPDs), organic photomultiplication devices (PM-
OPDs), and organic photodiodes or photovoltaic type OPDs
(PV-OPDs) which are introduced below.

Organic photoconductors (PC-OPDs). Photoconductors
profit from an intrinsic property of semiconductors, ie. the
photoconductivity, which is enhanced with increasing light
intensity. Therefore, photoconductors are also called photore-
sistors. Incoming photons with energy larger than the optical
gap (E,p) of the involved photo-absorbing materials are
absorbed and create free charge carriers, thereby increasing
the electric conductivity of the active layer. As sketched in
Fig. 1a, the simplest structure comprises two metallic contacts,
separated by a distance L, and the photo-active layer in
between, in a planar configuration. The electrodes are usually
composed of the same material and form ohmic contacts with
the active layer.>® Due to the lack of built-in field as compared
to photodiodes, PC-OPDs must be operated under external
bias,**** which can also assist free charge carrier generation.

a PC-OPD b
hv

Dielectric
Gate

Fig. 1 Schematic of organic electronic device architectures for photo-
detection. (a) Organic photoconductor (PC-OPD); (b) organic phototran-
sistor (PT-OPD); (c) photomultiplication type OPD (PM-OPD), in this
example an accumulation (accum.) layer is inserted to block electrons;
and (d) photovoltaic type OPD (PV-OPD) with an electron (ETL) and hole
transport layer (HTL).

This journal is © The Royal Society of Chemistry 2022
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An attractive feature of PC-OPDs is the photoconductive gain
(G), which can be exploited, for example, by means of unba-
lanced charge carrier mobilities. After exciton separation, the
faster (majority) charge carrier type is extracted, while the
slower one (minority) is still on its way. Within the lifetime of
the minority charge carriers, majority carriers are injected by
the external applied field; if the transit time of the majority
charge carriers is shorter than the lifetime of the minority
charge carriers, a G higher than unity is obtained.*® This
process runs until the minority charge carriers recombine;
therefore, G is proportional to the lifetime of photogenerated
species.’” However, photoconductors typically suffer from high
dark currents and slow response speed. While the high dark
current is ascribed to the ohmic contacts formed between
contacts and active layer,*® the slow response speed is induced
by the slow minority charge carrier mobility, often being
holes.>”*° In general, there is a compromise between G and
response speed. The longer the lifetime of the minority charge
carrier is, the more majority charge carriers pass through the
device, but the slower the device becomes.

Organic phototransistors (PT-OPDs). Similar to organic
field-effect transistors (OFETs), the architecture of PT-OPDs
can be separated into three electrodes (gate, source and drain)
and single photo-absorbing layer (channel). After being first
introduced by Tsumura et al. in 1986 using polythiophene as
the semiconductor layer,*" PT-OPDs have been developed with
mainly four different architectures: bottom-gate top-contact
(Fig. 1b), bottom-gate bottom-contact, top-gate top-contact,
and top-gate bottom-contact, to meet specific applications.
Further information regarding device architectures are
explained by Lucas et al.*> The source-drain resistance of the
blue-colored channel in Fig. 1b can be modulated by applying
bias to the gate electrode. Furthermore, the applied bias can
assist the charge-carrier separation and dissociation of the
photogenerated electron-hole pairs in the channel with length
L. By varying the gate bias, the charge-carrier density can be
modulated, resulting in a high photoconductive gain. There-
fore, the photocurrent of PT-OPDs can be enhanced, resulting
in EQEs over 100%.%

Organic photomultiplication devices (PM-OPDs). Compared
to their inorganic counterparts, avalanche photomultiplication,
where one photogenerated charge carrier can induce several
free carriers under high applied external electric field, cannot
be achieved in OPDs: this is caused by the disordered nature
and high exciton binding energy of organic materials.**™*®
Instead, a different principle was introduced by Hiramoto
et al. in 1994." Since then, PM-OPDs with photocurrent gain,
achieved by trap-state-induced tunneling injection of charge
carriers, were broadly investigated.”>**>° Similar to the pre-
viously described organic phototransistors, PM type OPDs can
pave the way for improving the performance of traditional PDs
under low light intensity or in low absorption wavelength
regions (e.g. NIR). PM-OPDs can be realized by charge carrier
trapping at the interface,*®*”*'>* trapping centers,>* >’ and
ultra-low acceptor (or donor) concentration.>>*° Besides that,
also traps in transport layers®*®* and blocking layers®*** were

This journal is © The Royal Society of Chemistry 2022

View Article Online

Materials Horizons

utilized to achieve charge accumulation (see Fig. 1c). The
buildup of charge carriers introduces a localized electric field
which induces an interfacial energy level bending to assist
tunneling injection of the opposite charge carrier type from
the external circuit at reverse bias, resulting in PM photogain
enhancement with an internal quantum efficiency (IQE) higher
than 100%.*%°%% Meanwhile, low dark currents can be main-
tained due to the rectifying characteristics of these OPDs.

Photovoltaic type organic photodetectors (PV-OPDs). In gen-
eral, OPDs are based on the photovoltaic effect to convert
incident photons into an electric signal. Unlike OSCs which
aim to achieve as high as possible power conversion efficiency,
OPDs target on high photoresponse (R) and specific detectivity
(D*). Photogenerated excitons are dissociated at the interface
between electron donating (D) and accepting (A) molecules, a
D-A heterojunction, by forming charge-transfer (CT) state
excitons. Afterwards, electrons and holes are transported to
and extracted by the cathode and anode, respectively. It is
worth noting that the mean free path of excitons in disordered
organic materials is around 5-10 nm.®*%” Therefore, the thick-
ness of the photo-absorbing layer for a planar heterojunction
(PHJ) is limited, suppressing the device photo-absorbing
efficiency.®® However, bulk heterojunctions (BHJs), formed by
blending the donor and acceptor materials, can easily avoid
this drawback.®®’° Since an absorbed photon can generate at
best one electron-hole pair, the EQE of PV-OPDs cannot
surpass 100%. In conjugated organic semiconductor solids,
photo-generated Frenkel excitons have large binding energies
(0.3-1.0 eV),”* which suppresses charge separation and results
in a high probability of recombination. Therefore, most PV-
OPDs are based on a photo-absorber with a D-A heterojunction
configuration (Fig. 1d). Regarding the operating voltage, the
detection mode of OPDs is generally divided into photovoltaic
(PV) or self-powered mode at zero bias and extraction mode at
reverse bias.

Introduction of broadband and narrowband OPDs

As far as spectral bandwidth is concerned, OPDs can be
classified into broadband and narrowband OPDs. Broadband
OPDs have high potential to be utilized for imaging," medical
diagnosing,>’ distance measuring, optical signal communica-
tion, etc.> With the rapid development of organic semiconduc-
tor materials, the absorption range expands from ultra-violet
(UV) and visible (Vis) to near infrared (NIR). In recent years, in
the field of OSCs, organic materials with high absorption
coefficient and broad absorption range are widely studied for
harvesting a large part of the solar spectrum.*7° Such materi-
als can also be sucessfully utilized for achieving broadband
OPDs. Compared to their broadband counterparts, narrowband
OPDs are endowed with higher performance for the mentioned
applications like high-resolution imaging,”> medical diagnos-
ing under low light intensity,® material sensing, and light
communication for specific target wavelength windows.”®
Moreover, narrowband OPDs with tunable wavelength feature
can be employed to realize spectrometers with simple archi-
tecture, at low-cost and composed of non-heavy metals and

Mater. Horiz., 2022, 9, 220-251 | 223
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harmless materials.”*””
tional inorganic broadband PDs are normally integrated with
dichroic prisms, optical filters or gratings, having drawbacks
such as complicated device architectures or limited pixel den-
sity of the image detecting array.”®”® In the field of organic
electronics, the following strategies have been explored to
achieve narrowband detection without utilizing external
devices:

e New molecular or polymeric materials with tailored nar-
rowband absorption were synthetized.”*>*7>

e In 2015, Armin et al. demonstrated the first red and NIR
OPD with FWHM less than 100 nm. They realized CCN OPDs by
using broadband-absorbing materials and a thick junction
strategy.>® In the same year, the group extended the concept
to organohalide or mixed lead halide perovskites.”®

e In 2017, tunable narrowband OPDs with BH] embedded
into Fabry-Pérot microcavities®® were accomplished, with sin-
gle or dual wavelengths detection capabilities.>””*8%8

e In 2020, Xing et al. introduced self-filtering narrowband
OPDs composed of a depletion layer, a donor and a thin
acceptor layer, forming a planar heterojunction (PHJ).*® Tun-
able red and NIR narrowband OPDs were achieved. Later, by
manipulating exciton dissociation, narrowband OPDs with a
hierarchical device architecture were demonstrated.”®”*

The above introduced strategies to achieve narrowband OPDs
mainly rely on PV-OPD and PM-OPD architectures and are
explained in detail in the section Narrowband OPDs. There, we
comprehensively summarize the design concepts, device architec-
ture and the state-of-the-art of each approach. However, before that

To realize narrowband detection, tradi-

View Article Online
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we are turning to recent challenges of OPDs since these challenges
universally apply to broad- as well as narrowband OPDs.

Recent challenges for OPDs

In order to place OPDs as strong competitors to the current
inorganic technology, OPDs need to achieve fast response speed
and high D*, which includes high mobility materials and increased
on/off ratio, respectively. The D* of PV-OPDs lies far below its
background-limited infrared photodetection (BLIP) specific detec-
tivity (Dpy p), which corresponds to a perfect responsivity (EQE = 1
in eqn (9)) and noise current limited to the thermal generation of
charge carriers over the optical gap of the material (i;,q in Fig. 2).
While the former depends on several optoelectronic processes as
summarized in Fig. 3a, the latter is mostly affected by the dark
current of the device, which is orders of magnitude higher than its
radiative limit. In what follows, a discussion about their state-of-art
is given, in addition to an overview on the response speed, linearity
and remaining challenges of OPDs to find broad commercial
application. An overview of these challenges is given in Fig. 2 along
with corresponding figures of merit.

High responsivity

For high responsivity (R), several optoelectronic processes must

be optimized. These processes are summarized in Fig. 3a. A

discussion about their state-of-art is given in the below.
Optical absorption. The first step to generate an electric

output upon an optical input is absorption as sketched in

Specific detectivity (D*)
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A\ ‘n‘»‘,,“,,u“w‘
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Illlustration of challenges for emerging OPDs. The picture of the flexible OPD is reproduced with permission,?” copyright 2017, Springer Nature.
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Donor (D)
Acceptor (A)

Exciton

CT exciton
Separated charge carriers

Coulombic capture radius

Energy

PV-OPD at reverse bias in dark with non-selective
transport layers and charge-generating trap states

Fig. 3 Processes involved in photo and dark current generation. (a) Representation of a D—A layer demonstrating the steps from light absorption (i) to
charge extraction (v). For simplicity, light absorption is represented only in the donor phase, while in fact the acceptor and CT states can also absorb light
and follow the same steps. (b) Energetic sketch of a perfect PV-OPD at reverse bias where Jp is determined by Jg due to the thermal generation of charge
carriers over CT states. (c) Non-ideal OPD at reverse bias showing different sources of Jp, in addition to the ideal Jo: injection from the contacts as a result
of poor or absent blocking layers and generation via trap states (shallow or deep).

Fig. 3a. Due to the strong overlap between the wave-function of
the ground-state and first excited-state, the absorption of
organic materials is usually strong. Additionally, the large
geometrical relaxation of organic molecules in the excited state
guarantees broad absorption peaks.®* In general, the absorp-
tion is determined by the chemical structure of the material,
where the incoming radiation interacts with the transition
dipole moment of the molecule. Therefore, symmetric mole-
cules, ie., with symmetry forbidden transitions, show low
absorption. One example is the fullerene Cg, and its soluble
derivative, PCs;BM, which are among the most used acceptors
in organic optoelectronic devices. These materials show the
highest absorption up to 400 nm, leaving longer wavelengths to
be mainly absorbed by the donor in the commonly used D-A
structures.

Most recently introduced materials, including NFAs with
strong absorption as compared to fullerenes, were designed to
target the absorption of the solar spectrum. This reduces the
amount of D-A systems to be employed beyond 1000 nm, and
compromises the development of NIR and IR OPDs.*>®> Addi-
tionally, OPDs generally contain transporting layers, which, as
depicted in Fig. 3b and c, serve as selective and ohmic contacts.
However, transporting layers also absorb light®® but do not
generate charge carriers, being therefore a source of photon

This journal is © The Royal Society of Chemistry 2022

losses.®” Another source of losses refers to the Fresnel reflection
at the semi-transparent electrode. Moreover, to achieve efficient
charge dissociation, devices comprise nano-scale thin layers,
which might not absorb the entire incoming radiation. Both
issues have been addressed by optical manipulation such as
light trapping.®®*° Optical manipulation has also been used to
increase the absorption in the CT state spectral region; using
optical microcavities, CT-OPDs have been demonstrated, where
not only the absorption is enhanced but also narrowband
photoresponse is achieved.?”"”*

Exciton diffusion. Once light is absorbed, excitons, ie.
bound electron-hole pairs are generated. An efficient charge
separation takes place at the interface between D and A.
Therefore, within their lifetime excitons migrate a length Lp
and should reach an interface where exciton dissociation takes
place, see step (ii) in Fig. 3a. It has been shown that Ly for
organic materials is in the order of 5-10 nm,*”°°"°*> while the
attenuation length for absorption amounts to around 50 nm,
establishing a trade-off between light absorption and exciton
dissociation, also compromising the use of PHJs.”® In fact, Jsc
of PHJs has a quasi-linear dependence on Lp.** To circumvent
this trade-off, BHJs can be employed, where a D and A are
mixed, forming separated domains; however, for efficient exci-
ton quenching, such domains should be as large as Ly, which is

Mater. Horiz., 2022, 9, 220-251 | 225
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difficult to achieve, since the control of the phase separation
and the morphology is very challenging. Often, more than two
phases are present, leading to higher recombination. Similarly
to PHJs, in BHJs, Jsc was also shown to depend on the diffusion
length Lp, which has been increased by increasing the film
crystallinity.

Generally, exciton migration is described by two types of
energy transfer process: the Forster’® and the Dexter®” energy
transfer. In the former, also called Forster resonance energy
transfer (FRET), energy is transferred by the dipole-dipole
coupling between the donating and the accepting molecule.
The efficiency of this transfer decreases with increasing dis-
tance between molecules as r~°, leading to a substantial con-
tribution of FRET only within a D-A separation range of 1-5
nm.’®*° Note that here D and A refer to molecules of same
species. As a rule of thumb, the FRET process dominates the
singlet-exciton diffusion, while the diffusion of triplet-exciton
between non-phosphorescent molecules is restricted to Dexter
energy transfer type.®” The latter is a short-range interaction
which depends on the overlap of the wave-function of donor
and acceptor molecule and involves the physical exchange of an
electron.

Assuming FRET as the main diffusion mechanism, Ly
depends on:

(a) the dipole-dipole orientation

(b) the intermolecular distance

(c) the photoluminescence (PL) quantum yield

(d) the spectral overlap between the PL of the donor and

absorption of the acceptor

(e) the refractive index and

(f) the ratio t¢/to, where t; is the PL lifetime limited by

quenching defects and 1, is the intrinsic PL lifetime in
the absence of defects.'®

Besides being difficult to control, both (a) and (b) have a
minor impact on the final Lp. Diminishing the non-radiative
decay paths to increase the PL quantum yield (c) is expected to
have a stronger influence on L. Highly ordered crystals are also
expected to improve Lp. Lunt et al. showed that Ly, increases
from 6.5 nm in the amorphous film to 25 nm in single crystals,
which is also connected to changes in the PL quantum yield."**
Menke et al. showed that Ly increases by diluting the donor
into a matrix consisting of a high-gap material, leading to
decreased non-radiative decay rates.’>'> By adding chemical
side-groups to organic molecules, Raisys et al. increased the
spectral overlap (d), thereby increasing L. Moreover, a lower
refractive index (e) should lead to a larger Lp. Similarly to many
properties of optoelectronic devices, traps (f) are detrimental
for Lp. Indeed, Monte Carlo simulations indicate that traps are
responsible for a major reduction of Lp.'* A detailed discus-
sion on exciton diffusion in organic solids can be found in ref.
67 and 93.

Charge-transfer and exciton dissociation. When an exciton
reaches a D-A interface, a charge-transfer between D and A
takes place, where an electron or hole are transferred to the A or
D phase, respectively, see step (iii) in Fig. 3a. Electron transfer
is known to be extremely fast, in the order of fs. Hole transfer
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was also shown to be very fast in D-A systems involving
NFAs,'®* which is an important outcome, as NFAs are generally
more absorbing than fullerene acceptors. Although a consensus
about charge-transfer speed exists, the role of the so-called
driving force, which represents the energy offset from the
LUMO (HOMO) of the D to the LUMO (HOMO) of the A for
electron (hole) transfer, has been controversially discussed.

According to Marcus theory, the electron transfer becomes
more efficient as Ecr becomes lower than the optical gap of the
D-A system.'®>'°® In general, when using fullerenes as A, it is
assumed that a driving force of about 0.1 eV is needed to assist
efficient charge transfer,'®”'% while recently reported NFA
systems show desirable performance at negligible driving
force."'»™!  Nevertheless, as the energy offset E,n—Ecr
decreases, repopulation of the singlet states becomes more
probable, whose decay rates are faster than those of the CT
states, being therefore associated with reduced device
performance.”*> ™" In addition, some studies also suggest that
if the triplet state on the D or A phase has a lower energy than
Ecr, it can be an efficient path for recombination.'*® However, a
further study indicates that fullerene triplets are responsible for
recombination, whereas the D triplet states are inactive even
though their energy is 300 meV lower than Ecr.""” Moreover, it
has been shown that triplets are not an active recombination
path for non-geminate recombination.""®

Another important discussion regarding CT states is which
factors are decisive for efficient charge separation, see step (iv)
in Fig. 3a. Because CT states are strongly bound,""® overcoming
the Coulomb energy barrier is necessary to release free carriers.
At room temperature, thermal energy is not sufficient to assist
this transition and the question about how bound CT states get
split arises. It has been proposed that higher-energy CT states
are responsible for efficient free charge generation, while the
yield provided by the relaxed ones would be low. The role of the
so-called “hot CTs” has been intensively debated and a final
conclusion is yet lacking. From a generation yield close to
100%, it has been shown that regardless of the excitation
energy, IQE remains constant, down to photonenergies of
Ecr."”° Moreover, several groups have shown similar results
from different perspectives, where no effects of the energy
excess has been observed. However, different conclusions arise
when considering ultrafast spectroscopy results.">" Experi-
mental data suggests that higher-energy CT states are faster
in generating free charges. In one study, an increase in photo-
current was observed when additional infrared pulses were
applied to steady-state illumination.’®* While experimental
and theoretical studies point to the effect of higher-energy CT
states,’*® data obtained by other groups contradict those
findings."**

Charge transport and collection. After exciton separation,
free charge carriers are driven to the electrodes due to the built-
in field (OPDs in self-powered mode) or by an additionally
applied reverse bias (OPDs in extraction mode), see step (v) in
Fig. 3a. The efficiency of this event depends mainly on the
charge carrier mobility of the material. With unusual excep-
tions for highly ordered materials,"**"*® organic compounds
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show a modest mobility in the range of 107 °-10> ecm’* V™" s,
strongly dependent on processing conditions. The weak elec-
tronic coupling between molecules, the strong disorder and
large electron-vibration coupling hinders the formation of
electronic bands and causes localized charge carriers in differ-
ent energetic sites. While there is consensus that charge trans-
port in such disordered molecular solids happens via thermally
activated hopping, polaronic effects are also believed to affect
the mobility."* Additionally, charge trapping at water
clusters™® or by lattice disorder'*! has been suggested to slow
down charge transport. Here, the tradeoff between PHJs and
BH]Js is met as well as a compromise between light absorption
(thick active layers) and efficient charge collection (thin active
layers). While PHJs deliver a better charge transport, BHJs show
better exciton separation and light absorption.

Low dark current

Dark current - fundamentals. The most important operation
regime for OPDs is under reverse bias, in which charge carriers
are extracted more easily due to the applied electric field.
Additionally, read-out circuits usually operate under bias,
making it difficult to keep the OPD at zero volts (self-powered
mode) in real applications. Therefore, achieving a low reverse
dark current (Jp) is essential for the future development of
OPDs, since reaching low Ji, translates into higher D*.

The lower limit of J, in any PV-OPD is determined by the
dark saturation current, J,, in addition to the diffusion
current.” J, arises from thermal generation of charge carriers
over the states at which thermal equilibrium is achieved and is,
therefore, unavoidable. For inorganic semiconductors, such
states define the band gap, usually leading to low intrinsic
dark currents. For organic semiconductors, however, the
charge generation within single materials is rather poor, which
was circumvented by the introduction of HJs formed between D
and A. The charge-carrier generation happens at intermolecular
CT states, whose energy Ecr is lower than the optical gap of the
single materials. In dark at zero bias, equilibrium between
thermal generation and recombination is achieved via CT
states. As sketched in Fig. 3b, when a negative bias is applied,
thermally generated charges are extracted, causing jJ, to be

determined by the CT states properties:***33
4 25 Ecr
Jo ~ ———fcr=—5(Ect — A _ 1
0~ EQE, T Eet CT)GXP( kBT)’ 1)

where EQEg,, is the external quantum efficiency for electrolu-
minescence, Acr the reorganization energy of the CT state, and
for is proportional to the oscillator strength of the CT transition
and the density of CT states. A similar scenario is observed at
open-circuit voltage (V,.), where no net current flows. Here,
photogenerated charge carriers recombine via CT states. In
fact, Jo and V,, are related by:

kgT . [J. ksT
BT e T
q Jo q

where J,. is the diode short-circuit current. The relation
between V,. and CT states properties has been demonstrated
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from various perspectives.'**"*> However, observing a decreas-
ing Jp with increasing Ecr is not as straightforward due to many
extrinsic parameters that dominate the measured Jp,"*¢ %8 see
Fig. 3c. In fact, Jp of most OPDs reported in literature lies far
above its lower limit, J,.

In the field of OSCs, one of the recently broadly discussed
topics is the origin of non-radiative voltage losses, which are
much higher than in inorganic solar cells, and hence, limit
the maximum achievable power conversion efficiency.'*>"*° It
is worth noting that this discussion is also valid for OPDs,
where non-radiative losses lead to higher j, as predicted
by a lower EQEg; in eqn (1). While the majority of the
OPDs are still far above the non-radiative limit, in NIR absorb-
ing devices non-radiative paths tend to become the major
source of dark current.'*® Different strategies have been
reported for the reduction of extrinsic dark currents and are
summarized below.

Dark current reduction. For a long time, the deviation of Jp,
from its intrinsic limit was mainly attributed to injection due to
the poor selectivity of the contacts. Therefore, most approaches
developed to reduce J, focused on raising the energy barrier for
injection under reverse bias targeting a better selectivity of the
contacts, which can be achieved via blocking layers**® and the
use of the PHJ structure.’*"'*> Another strategy to increase the
selectivity of the contacts is making use of phase segregation in
mixed D-A systems, such that a pure phase of D and A is
maintained at the anode and the cathode, respectively.'**** 1t
is worth mentioning that PHJs lead to a reduced interfacial area
and a lower density of CT states (Ncr), which also reduces Jp
and increases V,.,"** as N¢r is included in the parameter fer in
eqn (1).* In fact, care must be taken when comparing Ji, of the
same D-A system (when D and A form different phases, are
used at different concentrations or are employed in PHJs), since
all these specificities might lead to quite different CT state
properties, which ultimately defines the lower limit of Jp.

Aiming to increase the injection barrier at reverse bias
meanwhile forming ohmic contact at forward bias, it is com-
mon to use layers that re-define the Fermi alignment of the
contact. The most known material system for solution-
processed devices is PEDOT:PSS for hole injection."*> For
electron injection, different materials are employed, such as
PEIE™®' and ZnO nanoparticles."*® In vacuum-processed
devices, ohmic contacts are generally achieved by molecular
doping of electron-transporting layers (ETL) and hole-
transporting layers (HTL),*® which also work as blocking layers
in reverse bias for the opposite charge carrier type. While
employing doped layers is a reliable solution to achieve selec-
tive contacts, it has been shown that lateral leakage currents
arise from these layers, requiring device engineering to mini-
mize this problem."*’

Another issue is related to the roughness of the rather
omnipresent ITO transparent contact. Spikes much higher than
the average thickness of the layer resulting from patterning
methods can lead to ohmic shunt paths, increasing /. The
problem can be circumvented by utilizing smoothing polymeric
layers or increasing the thickness of the active layer.”**0"*>2
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Dark current investigation and modeling. Despite several
strategies developed to reduce the dark current of OPDs, the
measured value strongly differs from that predicted by eqn (1).
This discrepancy indicates that the source of Jp, is likely related
to material characteristics, rather than device engineering.
With that in mind, a few studies were performed to investigate
the origin of the high dark currents in optimized devices, for
which the strategies to reduce J, were shown to be less effective.

Intra-gap trap states are generally detrimental for the opera-
tion of optoelectronic devices. Besides the known effects on
charge carrier mobility, increased recombination rates, and
reduced Lp, an increase of J, has also been attributed to traps,
see Fig. 3c. Dark and photocurrent of OSCs were described
according to the model proposed by Hurkx et al. for inorganic
semiconductors,'>*'** where the generation rate is increased
by the tunneling of trapped charge carriers into the band. The
model is a modified version of the Shockley-Read-Hall (SRH)
theory. Assuming a Gaussian distribution of deep traps and
SRH generation rates, Fallahpour et al. modeled the dark
current of OPDs for the P3HT:PCs;BM blend, even though the
field dependence was not studied. The authors also discussed
that injection from the contacts cannot explain the high Jp.">
Recently, Kublitski et al. showed that Jp, is proportional to the
experimentally measured amount of mid-gap traps and their
characteristics. In the same work, J, was described by a field-
assisted de-trapping model based on Poole-Frenkel effect,
which explains the magnitude and field dependence of the
experimental results."*® Moreover, the presence of mid-gap
states was suggested to increase J,, re-defining the thermody-
namic limit of organic solar cells and OPDs."**

Nonetheless, Simone et al. attributed the high j, and its
activation energy to the injection of charge carriers from the
contacts into the band tails of different polymers.'*>” Similarly,
Zarrabi et al. suggested that band tails are the source of J,, due
to thermal generation over the reduced tail-to-tail optical
gap.’®® A better understanding of the extrinsic dark currents
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and their reduction will remain a key subject of research in the
coming years.

Speed

The response speed of PV-OPDs can be limited by the RC time
of the measurement setup (sheet resistance of the device,
contact resistance and load resistance of the equipment), by
the transit time of the slowest carrier or both as described by
eqn (19)."*® Therefore, strategies to increase the response speed
in this class of devices target one or both of the limiting cases.
On the one hand, reduced RC time can be achieved by employ-
ing smaller devices with reduced sheet resistance and, ideally,
thick undoped layers. On the other hand, increasing the device
thickness leads to an increased transit time 7., which is
undesired. 7 is determined mainly by the charge carrier
mobility, therefore, the same trade-offs apply as discussed for
charge collection.

Saggar et al showed that the response speed of
PTNT:PC,;BM (50 wt%) is limited by the slow electron trans-
port as compared to the hole transport.*® By increasing the
PC,;BM concentration, the electron mobility was increased and
the hole mobility slightly decreased. The balanced charge
carrier mobilities led to an increase in the cutoff frequency,
as shown in Fig. 4a. In the same direction of intentionally
tuning transport properties, Ullbrich et al. fabricated devices
comprising varying active areas, in order to study the intrinsic
response speed (not RC limited) of narrowband CT-OPDs."®°
The authors observed an increasing response speed upon
decreasing active area due to the reduced capacitance (RC
limit). The response speed saturates at 8 ns (0.07 nF), where
the low hole mobility of the ZnPc donor limits the response
speed. By engineering a planar-mixed (D/D-A/A) structure, the
authors controlled the transit path for holes and electrons
while keeping the device and active layer (D-A) thickness
constant (see Fig. 4b). This approach led to a record cutoff
frequency of 68 MHz as depicted in Fig. 4c.
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