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Narrowband organic photodetectors – towards
miniaturized, spectroscopic sensing

Yazhong Wang, † Jonas Kublitski, † Shen Xing, Felix Dollinger,

Donato Spoltore, ‡ Johannes Benduhn * and Karl Leo*

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

challenges for narrowband OPDs, like achieving high responsivity, low dark current, high response speed, and

good dynamic range are carefully addressed. Finally, application demonstrations covering broadband and

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

review.

Introduction

Photodetectors (PDs), often also called photosensors, convert

incoming optical signals into electrical signals and are widely

employed for imaging,1 medical diagnostics,2,3 distance

measuring,4 optical signal communication, etc.5 The current

commercial market of PDs is dominated by crystalline
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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.6–9 Regarding the

device manufacturing, OPDs can be made by a multitude of

technologies, including vacuum thermal evaporation, organic

vapor phase deposition10 or solution-based processes (spin

coating, slot-die coating,11 blade coating, spray coating,12

inkjet printing, stamping,13 roll to roll printing/lamination14).

These approaches are much easier to implement than the

advanced manufacturing techniques of inorganic PDs, includ-

ing high temperature and complex lithography processes.15

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.16–18

Benefiting from advanced material synthesizing techniques,

narrowband OPDs with many improved properties have been

emerging in recent years,19–23 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),24 charge injection narrowing

(CIN),25 self-filtering,26 and microcavity enhanced narrowband

OPDs.27 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%.28–31 This

new family of electron accepting materials with absorption

edges up to 1100 nm32 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 frommaterials 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 ( JD), 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

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, i.e. 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 (Eopt) 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.33 Due to the lack of built-in field as compared

to photodiodes, PC-OPDs must be operated under external

bias,34,35 which can also assist free charge carrier generation.

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).
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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.36 This

process runs until the minority charge carriers recombine;

therefore, G is proportional to the lifetime of photogenerated

species.37 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,38 the slow response speed is induced

by the slow minority charge carrier mobility, often being

holes.39,40 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,41 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.42 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%.43

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.44–46

Instead, a different principle was introduced by Hiramoto

et al. in 1994.47 Since then, PM-OPDs with photocurrent gain,

achieved by trap-state-induced tunneling injection of charge

carriers, were broadly investigated.25,48–50 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,46,47,51–53 trapping centers,54–57 and

ultra-low acceptor (or donor) concentration.25,58,59 Besides that,

also traps in transport layers60–62 and blocking layers63,64 were

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%.48,50,65 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.66,67 Therefore, the thick-

ness of the photo-absorbing layer for a planar heterojunction

(PHJ) is limited, suppressing the device photo-absorbing

efficiency.68 However, bulk heterojunctions (BHJs), formed by

blending the donor and acceptor materials, can easily avoid

this drawback.69,70 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),71 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,1 medical

diagnosing,2,3 distance measuring,4 optical signal communica-

tion, etc.5 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.28–30 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,72 medical diagnos-

ing under low light intensity,50 material sensing, and light

communication for specific target wavelength windows.73

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
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harmless materials.74,75 To realize narrowband detection, tradi-

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.76–78 In the field of organic

electronics, the following strategies have been explored to

achieve narrowband detection without utilizing external

devices:

� New molecular or polymeric materials with tailored nar-

rowband absorption were synthetized.20–22,72

� 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.24 In the same year, the group extended the concept

to organohalide or mixed lead halide perovskites.79

� In 2017, tunable narrowband OPDs with BHJ embedded

into Fabry–Pérot microcavities80 were accomplished, with sin-

gle or dual wavelengths detection capabilities.27,74,81,82

� 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).83 Tun-

able red and NIR narrowband OPDs were achieved. Later, by

manipulating exciton dissociation, narrowband OPDs with a

hierarchical device architecture were demonstrated.26,73

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

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 D�
BLIP

� �

, 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 (irad 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

Fig. 2 Illustration of challenges for emerging OPDs. The picture of the flexible OPD is reproduced with permission,27 copyright 2017, Springer Nature.
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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.84 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, i.e., with symmetry forbidden transitions, show low

absorption. One example is the fullerene C60 and its soluble

derivative, PC61BM, 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.65,85 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 light86 but do not

generate charge carriers, being therefore a source of photon

losses.87 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.88,89 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.27,74

Exciton diffusion. Once light is absorbed, excitons, i.e.

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 LD
and should reach an interface where exciton dissociation takes

place, see step (ii) in Fig. 3a. It has been shown that LD for

organic materials is in the order of 5–10 nm,67,90–92 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.93 In fact, JSC
of PHJs has a quasi-linear dependence on LD.

94 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 LD, which is

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 JD is determined by J0 due to the thermal generation of charge

carriers over CT states. (c) Non-ideal OPD at reverse bias showing different sources of JD, in addition to the ideal J0: injection from the contacts as a result

of poor or absent blocking layers and generation via trap states (shallow or deep).
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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 LD, which has been increased by increasing the film

crystallinity.95

Generally, exciton migration is described by two types of

energy transfer process: the Förster96 and the Dexter97 energy

transfer. In the former, also called Förster 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�6, leading to a substantial con-

tribution of FRET only within a D–A separation range of 1–5

nm.98,99 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.67 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, LD
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 tf/t0, where tf is the PL lifetime limited by

quenching defects and t0 is the intrinsic PL lifetime in

the absence of defects.100

Besides being difficult to control, both (a) and (b) have a

minor impact on the final LD. Diminishing the non-radiative

decay paths to increase the PL quantum yield (c) is expected to

have a stronger influence on LD. Highly ordered crystals are also

expected to improve LD. Lunt et al. showed that LD 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.101

Menke et al. showed that LD increases by diluting the donor

into a matrix consisting of a high-gap material, leading to

decreased non-radiative decay rates.93,102 By adding chemical

side-groups to organic molecules, Raisys et al. increased the

spectral overlap (d), thereby increasing LD. Moreover, a lower

refractive index (e) should lead to a larger LD. Similarly to many

properties of optoelectronic devices, traps (f) are detrimental

for LD. Indeed, Monte Carlo simulations indicate that traps are

responsible for a major reduction of LD.
103 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

was also shown to be very fast in D–A systems involving

NFAs,104 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 ECT becomes lower than the optical gap of the

D–A system.105,106 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,107–109 while recently reported NFA

systems show desirable performance at negligible driving

force.110,111 Nevertheless, as the energy offset Eopt–ECT
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.112–115 In addition, some studies also suggest that

if the triplet state on the D or A phase has a lower energy than

ECT, it can be an efficient path for recombination.116 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 ECT.
117 Moreover, it

has been shown that triplets are not an active recombination

path for non-geminate recombination.118

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,119 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

ECT.
120 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.121 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.122 While experimental

and theoretical studies point to the effect of higher-energy CT

states,123 data obtained by other groups contradict those

findings.124

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,125–128 organic compounds
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show a modest mobility in the range of 10�6–10�2 cm2 V�1 s�1,

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.129 Additionally, charge trapping at water

clusters130 or by lattice disorder131 has been suggested to slow

down charge transport. Here, the tradeoff between PHJs and

BHJs 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 ( JD) is essential for the future development of

OPDs, since reaching low JD translates into higher D*.

The lower limit of JD in any PV-OPD is determined by the

dark saturation current, J0, in addition to the diffusion

current.37 J0 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 ECT 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 J0 to be

determined by the CT states properties:132,133

J0 �
q

EQEEL

fCT
2p

h3c2
ECT � lCTð Þexp � ECT

kBT

� �

; (1)

where EQEEL is the external quantum efficiency for electrolu-

minescence, lCT the reorganization energy of the CT state, and

fCT 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 (Voc), where no net current flows. Here,

photogenerated charge carriers recombine via CT states. In

fact, J0 and Voc are related by:

Voc �
kBT

q
ln

Jsc

J0

� �

; for Voc �
kBT

q
; (2)

where Jsc is the diode short-circuit current. The relation

between Voc and CT states properties has been demonstrated

from various perspectives.134,135 However, observing a decreas-

ing JD with increasing ECT is not as straightforward due to many

extrinsic parameters that dominate the measured JD,
136–138 see

Fig. 3c. In fact, JD of most OPDs reported in literature lies far

above its lower limit, J0.

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.135,139 It

is worth noting that this discussion is also valid for OPDs,

where non-radiative losses lead to higher J0 as predicted

by a lower EQEEL 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.138 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 JD
from its intrinsic limit was mainly attributed to injection due to

the poor selectivity of the contacts. Therefore, most approaches

developed to reduce JD focused on raising the energy barrier for

injection under reverse bias targeting a better selectivity of the

contacts, which can be achieved via blocking layers140 and the

use of the PHJ structure.141,142 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.143,144 It

is worth mentioning that PHJs lead to a reduced interfacial area

and a lower density of CT states (NCT), which also reduces JD
and increases Voc,

134 as NCT is included in the parameter fCT in

eqn (1).132 In fact, care must be taken when comparing JD 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 JD.

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.145 For

electron injection, different materials are employed, such as

PEIE146,147 and ZnO nanoparticles.148 In vacuum-processed

devices, ohmic contacts are generally achieved by molecular

doping of electron-transporting layers (ETL) and hole-

transporting layers (HTL),86 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.149

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 JD. The

problem can be circumvented by utilizing smoothing polymeric

layers or increasing the thickness of the active layer.74,150–152
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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 JD 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 JD 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 LD, an increase of JD 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,153,154 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:PC61BM blend, even though the

field dependence was not studied. The authors also discussed

that injection from the contacts cannot explain the high JD.
155

Recently, Kublitski et al. showed that JD is proportional to the

experimentally measured amount of mid-gap traps and their

characteristics. In the same work, JD 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.136 Moreover, the presence of mid-gap

states was suggested to increase J0, re-defining the thermody-

namic limit of organic solar cells and OPDs.156

Nonetheless, Simone et al. attributed the high JD and its

activation energy to the injection of charge carriers from the

contacts into the band tails of different polymers.157 Similarly,

Zarrabi et al. suggested that band tails are the source of JD due

to thermal generation over the reduced tail-to-tail optical

gap.156 A better understanding of the extrinsic dark currents

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).158 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 ttr, which is

undesired. ttr 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:PC71BM (50 wt%) is limited by the slow electron trans-

port as compared to the hole transport.159 By increasing the

PC71BM 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.160

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.

Fig. 4 (a) PTNT:PC71BM blend-ratio impacts electron and hole mobilities along with the f�3dB of OPDs. The balanced charge mobility occurs at the

PC71BM concentration of B95%, for which the largest f–3dB values (4.5 MHz) is achieved. (b) Simplified device architectures of the planar-mixed

heterojunction cavity enhanced OPDs. Neat layers of ZnPc (donor) and C60 (acceptor) are depicted in green and orange, respectively. Excitons are

generated and dissociated into free charge carriers at the interface colored in red. (c) Modulated frequency response of OPDs sketched in (b). With

shortening the slower carrier (hole) travel distance by reducing the thickness of ZnPc layer, the cutoff frequency rises (A- D) to the maximum value of

68 MHz. Panel (a) is reproduced with permission.159 Copyright 2021, Wiley-VCH GmbH. Panel (b) and (c) are reproduced with permission.160 Copyright

2017, American Chemical Society.
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In PM-OPDs, the response speed depends on the lifetime of

trapped charges. Therefore, these devices are usually slower

than PV-OPDs.36,161 The fastest PM-OPDs operate in the range

of kHz,49 in contrast to the MHz range achieved by PV-OPDs.

The response speed of PM-OPDs has been shown to increase

with the applied voltage, which was attributed to a faster trap

filling at the organic/metal interface.162 Likewise, employing

organic crystals leads to a fast accumulation, increasing the

response speed,163 which is also observed when a high negative

bias is applied to devices comprising amorphous layers.59 An

intuitive overview on the response speed of PM-OPDs is given in

ref. 161.

Dynamic range

A large DR is required to precisely detect signal of various

intensities. Whether the device operates in the linear or sub-

linear regime depends on the photophysics of charge carrier

dynamics in the device. For PV-OPDs, non-linear photore-

sponse is generally observed at high light intensities,

which is mostly attributed to non-geminate, bimolecular

recombination.164 At high light intensities, a large amount of

charge carriers accumulates at the D–A interfaces, increasing

the probability of recombination and resulting in a reduced

diffusion current. This effect becomes more pronounced if

thick layers with low charge carrier mobility are involved.165

Poor extraction was further correlated with increased bimole-

cular recombination.166 In fact, it was shown that both non-

and geminate recombination can be suppressed in devices with

optimized morphology, which leads to an enhanced and field

independent extraction.167,168

Nonetheless, recent theoretical simulation by Hartnagel

et al. predicted that recombination via trap states as well as

spatial charge effects in thick devices can also lead to sublinear

photoresponse at high light intensities. In the same study, the

authors suggested that sublinear deviations at low light inten-

sities are caused by exponential band tails.169

Further challenges

Integration with circuit read out. For the development of

imagers, for example, arrays of OPDs integrated with read out

circuits are necessary. This can be done either by integrating

OPDs with state-of-art CMOS technology or building completely

organic based imagers, which is more challenging, as also

organic transistors are required. Although some examples are

found in the literature in that direction,1,170–173 further

research is needed.

High performance in the infrared spectral range. The

demand for PDs extends further into the infrared region.

Beyond 2500 nm, in the region currently covered by HgCdTe

PDs, PV-OPDs have so far not been demonstrated.138 In fact, it

has been suggested by Gielen et al. that intrinsic limitations of

organic materials will preclude the operation of PV-OPDs in the

spectral region above 2000 nm.138 Nonetheless, Vella et al.

achieved D* of around 109 Jones in the long-wave infrared

region up to E12 mm using PC-OPDs.35

Flexible, stretchable, and biocompatible devices. For certain

applications, the special mechanical properties of organic

devices offer key advantages. However, only few examples can

be found, where OPDs were built on flexible and/or stretchable

substrates.6,8,27,174 Additionally, OPDs are suitable for health/

healing monitoring. Such applications could reduce the num-

ber of surgical interventions, provide precise dosing of medica-

tion and early diagnosis, among many other applications.

However, depending on the region of use, biocompatible and

biodegradable devices/materials are required. Research on

OPDs suitable for these applications is a promising field for

further research.

Narrowband OPDs
Traditional approaches for narrowband detection

Since decades, broadband inorganic PDs are state-of-the-art

and different semiconductors cover a very broad range of the

electromagnetic spectrum and achieve high D*. Nevertheless, it

has been challenging to achieve monolithic, narrowband inor-

ganic PDs and therefore other approaches have been chosen to

realize color-discrimination for broadband detectors.

Optical filters such as shortpass, longpass, and bandpass

filters can be utilized to restrict the photoresponsivity of

PDs such that only the intended wavelength range is detected.

Such concepts are applied in CMOS- or CCD-based cameras

where the color discrimination into the three primary colors

is achieved usually by filters, utilizing the same semiconduc-

ting material for absorbing different colors. These detector-

arrays are nowadays highly integrated and miniaturized,

but still expensive. Additionally, the color selectivity is quite

limited and different approaches are needed to achieve a

spectroscopic resolution. Finally, the use of filters obviously

generates losses.

For higher wavelength-resolution, typically, optically disper-

sive elements such as gratings (diffraction on a grating) or

prisms (refraction in dispersive materials) are utilized to spa-

tially decompose colors. Subsequently, the dispersed light is

either detected by a line-detector, comprised by many indivi-

dual PDs, or by selecting the relevant wavelength via an

aperture such as slits in monochromator setups combined with

a single broadband PD. In the latter configuration, the dis-

persive element is typically rotated to change the desired

wavelength. Both of these approaches are highly performant

and are the basis for scientific spectroscopy. Nevertheless,

some of the intrinsic properties of the used components make

such sensor systems rather large and expensive. For accurate

detection of the separated wavelengths, the calibration of the

dispersive elements is essential which is sensitive to environ-

mental changes (e.g. temperature, vibrations). Additionally, line

detectors are expensive, have limited lateral resolution and are

sensitive to higher diffraction order of grating, restricting the

detection range. All of these reasons lead to the fact that

spectrometers are still quite expensive and, due to their fragile

properties, mainly employed in laboratory environments.

Review Materials Horizons

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

7
 O

ct
o
b
er

 2
0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
1
/2

0
2
2
 8

:3
9
:0

5
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1mh01215k


230 |  Mater. Horiz., 2022, 9, 220–251 This journal is © The Royal Society of Chemistry 2022

Narrowband absorber materials

The spectral response of OPDs is correlated to the photo-

absorbing layer (typically a D–A HJ), whose materials can be

commonly classified into polymers and small molecules. By

tailoring the molecular electronic structure, the absorption of

new absorber materials can be sharpened for achieving narrow-

band OPDs. Both D and A materials have intrinsic photo-

absorbing properties, which induce a broadened absorption

of PHJ or BHJ systems. Hence, further strategies need to be

employed to suppress the broad absorption. Emerging single-

component systems have found to be promising in this regard.

As shown in Table 1, PSQ19 and ISQ20 are a donor–acceptor–

donor (D–A–D) single-component systems with a FWHM down

to 110 nm and 80 nm and competitive D* up to 7.7 � 1012 and

3.2 � 1012 Jones, respectively. In Table 1, figures-of-merit and

recent years progress of narrowband OPDs with employing

narrow-photo-absorbing materials are summarized. The nor-

malized EQE of some OPDs based on typical narrow bandgap

absorbers are shown in Fig. 5. It is notable that narrowband

OPDs are still suffering from lack of narrow-photo-absorbing

materials with small optical gaps.175,176 Moreover, within this

strategy, it is difficult to avoid a photoresponse outside the targeted

detection window induced by the intrinsic absorption of photo-

absorbing materials. In recent years, several advanced strategies

were presented to realize narrowband OPDs, apart from chemical

engineering of the absorber layer, which are presented below.

Charge collection narrowing (CCN)

Armin et al. introduced an interesting concept to achieve

narrowband detection by manipulating charge collection effi-

ciency in devices comprising thick active layers.24 In this

structure, incoming photons with energy above the optical

gap (case A and B in Fig. 6a) are absorbed close to the

transparent electrode. Holes photogenerated close to the anode

(ITO) have a shorter transit time than that of photogenerated

electrons, which must cross the entire thick layer. Hence, a

space charge region arises, which screens the electric field

responsible for the extraction, hindering charge collection.

Therefore, electrons and holes in this region recombine.

Incoming photons with energy near or slightly lower than the

optical gap (case C in Fig. 6a), penetrate the device, reaching

the back reflecting electrode. These photons create an inter-

ference effect such that generation happens in the entire bulk.

In the ideal case, no space charge region is formed and both

charge carrier types are efficiently extracted. In the photore-

sponse spectra, the balanced extraction is translated as a peak

Table 1 Figures-of-merit and progress of narrowband OPDs based on narrow-photo-absorbing materials. The numbers highlighted in italics were not

given in the original publication and are here calculated/estimated based on other correlated data provided in the respective publication

Photo-absorbing materials
Peak
[nm]

FWHM
[nm]

D*
[Jones]

EQE
[%]

R
[A W�1]

Bias
[V]

LDR
[dB]

f�3dB

[kHz] Year Ref.

Solution processing
3:PC61BM 500 130 — 8.2 0.03 �1.0 — — 2013 178
2:PC61BM 525 80 1.00 � 1011 15.0 0.06 �1.0 80 25.0 2014 21
Cy7-T:C60 850 100 1.00 � 1012 17.0 0.12 �1.0 — — 2015 22
1(Pyrl):C60 481 76 2.00 � 1011 18.0 0.07 0 — — 2019 177
PolyTPD:SBDTIC 740 141 1.42 � 1013 10.5 0.06 0 78 118.0 2019 179
PCZ-Th-DPP 709 170 4.63 � 1012 — — �1.0 109 1.2 2019 180
PCbisDPP:PC61BM 730 210 4.73 � 1011 80.0 0.31 �3.0 — — 2019 181
PCPDTBT:ZnO 725 175 — 68.0 0.40 — — — 2020 182
PSBOTz:PNDBO 530 155 1.10 � 1013 16.4 0.07 �2.0 — — 2020 183
1(Pyrl):1(Hex):C60 754 11 1.10 � 1010 14 0.086 0 61 150.0 2021 184

Vacuum processing
DMQA:SubPc 586 131 2.34 � 1012 60.1 0.27 �5.0 — — 2013 185
SubNc 690 180 — 80.0 0.45 �15.0 — — 2015 186
DM-2,9-DMQA:SubPc 580 115 2.03 � 1012 56.5 0.26 �3.0 — 76.7 2014 187
ISQ 680 80 3.2 � 1012 15.0 — �2.0 114 190.0 2016 20
Rubrene:C60 470 80 — 55.0 0.21 �1.0 — 86.0 2016 188
M1:C60 550 67 3.73 � 1013 59.0 0.26 �3.0 — — 2016 72
PSQ 600 110 7.70 � 1012 66.0 0.32 �2.5 96 — 2017 19
CiInPc:C60 705 190 3.30 � 1012 80.0 0.45 �1.0 77 2.9 2019 189
1a:C60 560 97 4.37 � 1013 70.0 0.32 �3.0 — — 2019 190
SubPc:C60 600 70 7.50 � 1011 16.0 0.08 �1.0 — — 2021 191

Fig. 5 Normalized EQE of OPDs based on narrow-photo-absorbing

materials as a function of wavelength. 1(Pyrl):C60
177 and Cy7-T:C60

22 are

PHJs. 2:PC61BM
21 is a BHJ blend. PSQ19 and ISQ20 are single-component

photo-absorbing materials with D–A–D chemical structure and U3 is also

single component device.23
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located at the absorption onset of the active layer. By varying

the active layer thickness, one can tune the position of the peak,

as shown in Fig. 6b. The authors were able to apply the CCN

concept to two material systems, PCDTBT:PC71BM and DPP-

DTT:PC71BM, leading to a NIR (shown in Fig. 6b) and red

photoresponse, respectively. These devices reached D* on the

order of 1011 Jones.

The disadvantage of this approach is that micrometer-thick

devices are required, which should have an optical density alc

1 (assuming a E 105 cm�1 for organic materials), where a and l

are the absorption coefficient of the active layer and the device

thickness, respectively. This issue was circumvented by the

same group by using inverted devices comprising unbalanced

mobilities.192 In this structure, only photons with energy close

to the absorption onset generate holes that can be extracted,

since they are close to the anode. Photons with energy above

the optical gap generate slow holes close to the cathode. These

holes cannot reach the anode and, therefore, recombine. With

this approach, the thickness of the active layer was reduced to

700 nm, in contrast to the micrometer range previously

required, and D* on the order of 1013 Jones was demonstrated

at 700 nm response wavelength.192

Charge injection narrowing (CIN)

Charge injection narrowing (CIN) was introduced by Wang et al.25

and shares similarities with the concept of CCN discussed above.

CIN combines the idea of CCN with photomultiplication, in order

to achieve a narrowband spectral response with bias-enhanced

EQE. The idea behind the spectral narrowing is the same; how-

ever, the active layer comprises a low-acceptor content, as pre-

viously reported for PM-OPDs.161 Therefore, electrons generated

near the cathode by photons with energy close to the absorption

onset of the D–A system accumulate due to the reduced percola-

tion paths. The accumulation leads to an energy level bending

under applied reverse bias, triggering enhanced hole injection

caused only by spectrally selected wavelengths.

The concept was also applied to achieve a dual band device

which works as a conventional broadband PM-OPD when

illuminated from the top and a narrowband CIN-PM-OPD

when illuminated from the bottom, as shown in Fig. 7.193

Fig. 6 Working principle and narrowband response of CCN-OPDs. (a) The structure of the CCN-OPD is shown with the absorbed photon distribution

for selected wavelengths (A–C). (b) Normalized EQE spectra of the CCN-OPD with three different active layer thicknesses. Reproduced with

permission.24 Copyright 2015, Springer Nature.

Fig. 7 (a) CIN-PM-OPD structure. EQE of the CIN-PM-OPD under (b) bottom and (c) top illumination. Reproduced with permission.193 Copyright 2018,

Wiley-VCH GmbH.
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Interestingly, since the interference depends on the reflection

of the incoming photons, when illuminated from the bottom

and operated as a CIN-PM-OPD, the devices become more

efficient with increasing top electrode thickness. Oppositely,

when illuminated from the top and operated as a conventional

PM-OPD, devices become less efficient with increasing the top

electrode thickness due to the reduced incoming light. Both

operation regimes lead to D* in the range of 1011 Jones.

Self-filtering narrowband OPDs

Self-filtering narrowband OPDs have been proposed as a pro-

mising strategy in recent years to achieve narrowband photo-

detection. The large binding energy and small diffusion length

of photogenerated Frenkel excitons are viewed as a significant

drawback of organic semiconductors. However, this property

offers the potential to achieve self-filtering narrowband OPDs

with the help of a hierarchical device structure where thick

larger optical gap donor layers are followed by a lower optical

gap acceptor layer. Excitons generated by high-energy photons

in donor front layers fail to separate into free charges. Only low-

energy photons with a long penetration depth can reach the

D–A interface and generate free charges for collection. Com-

pared to the CCN method, thinner devices can be realized with

high response speed and simple fabrication methods.

Xing et al. reported this device principle with a simple

organic PHJ architecture that enables selective activation of

excitons for tuning the photoresponse spectra.83 The schematic

device structure is shown in Fig. 8a. By adjusting the ratio of

PTB7 in P3HT, an improved responsivity and red-shifted photo-

response peak from 645 to 745 nm were demonstrated simulta-

neously (Fig. 8b). The truly filterless device exhibited D* above

1012 Jones with a narrow FWHM of around 50 nm. Concomi-

tantly, Xie et al. proposed the same principle to manipulate the

dissociation of Frenkel excitons intentionally.26 The basic

Fig. 8 Working principle and the narrowband response of self-filtering OPDs. (a) Device structure and (b) the tunability of normalized response peak of

red-light OPDs.83 (c) Working mechanism and (d) specific detectivity spectra (obtained from the dark current density) of self-filtering narrowband

OPDs.26 (e) Device structures and (f) responsivity spectrum under zero bias for the filter-free band-selective OPDs. Panel (a) and (b) are reproduced with

permission.83 Copyright 2020, American Chemical Society. Panel (c) and (d) are reproduced with permission.26 Copyright 2020, Nature Publishing Group.

Panel (e) and (f) are reproduced with permission.73 Copyright 2020, Wiley-VCH GmbH.
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device architecture and working mechanism are displayed in

Fig. 8c. Due to the exciton dissociation narrowing, the filter-free

narrowband OPD was accomplished, showing a peak EQE of

around 65% at 860 nm with a FWHM of around 50 nm. Mean-

while, D* over 1013 Jones was demonstrated (Fig. 8d). This

device was one the best performing gainless type narrowband

OPDs ever reported, with performance comparable to commer-

cial Si PDs. Similarly, Lan et al. fabricated narrowband OPDs

with a heterostructured photoactive layer comprising a deple-

tion layer and a BHJ layer (Fig. 8e).73 It was found that a 430 nm

thick P3HT depletion layer combined with a 120 nm thick

PBDB-T:m-ITIC BHJ absorbed the incident light for wave-

lengths smaller than 600 nm and gave a photoresponse in the

deep-red region (Fig. 8f). Moreover, this work presented an

inspiring option for application in de-multiplexing light

communication.

Microcavity enhanced narrowband OPDs

In the past years, Fabry–Pérot microcavity-based80 organic

electronic devices have been demonstrated as a versatile meth-

odology to realize narrowband OPDs with enhanced perfor-

mance. Such resonance cavity enhanced OPDs are endowed

with broad wavelength-range tunability and high selectivity.

Moreover, the enhanced optical field within the cavity can also

improve the total absorption of the photo-absorbing layer,

resulting in enhanced spectral response at the resonance

wavelength. Within the resonance cavity rejected wavelength

range, the OPD has a much lower photoresponse than that of

the resonance wavelength, leading to a high spectral rejection

ratio (SRR), which indicates a good signal specificity. The

tunability of the resonance wavelength can be easily realized

by varying the thickness of layers within the cavity, allowing to

build compact and highly integrated spectrometers without

synthesizing new organic semiconductors for each wavelength.

Single-wavelength mode

Physics of microcavities. In general, the intrinsic absorption

coefficient (a) at peak wavelength of typical photo-absorbing

materials is around 105 cm�1,82,85,194 which gives an absorption

attenuation length of around 50 nm. Therefore, in normal

organic electronic devices, such as OSCs, the needed photo-

absorbing layer thicknesses are several tens to one hundred

nanometers to achieve as high as possible absorption. In a

cavity enhanced narrowband OPD, the effective absorption

coefficient aeff can be approximated by eqn (3). Compared to

the photo-absorbing material, the absorption coefficient of

interlayers and reflecting electrodes are neglected for this

approximation.

aeff �
al

L
; (3)

where l and L are the photo-absorbing layer thickness and

cavity length, respectively. The FWHM is proportional to aeff

and L, expressed in eqn (4) and (5). The resonance wavelength

lm solely depends on L and the refractive index (n) of the cavity.

Where m = 1, 2, 3. . . represents the resonance order, and for

m 4 1, higher order resonance overtones appear.

FWHM � aefflm
2

np
: (4)

lm ¼ 2nL

m
: (5)

Utilizing above-gap absorption. To achieve OPDs with a small

FWHM by employing photo-absorbing materials that are nor-

mally designed with high intrinsic a, the thickness of the

photo-absorbing layer needs to be much thinner as compared

to OSCs. Wang et al. fabricated cavity enhanced OPDs with a

photo-absorbing layer thickness in the nanometer scale.81 As

shown in Fig. 9, tunable narrowband OPDs with a detection

window covering the visible wavelength range were realized by

using only 3 and 6 nm thick photo-absorbing layers. The

resonance wavelength was tuned by varying the thickness of

the microcavity, realized by varying the thickness of ETL and

HTL simultaneously to ensure that the photo-absorbing layer is

located in the optimized electromagnetic field, at which the

cavity enhancement reaches the highest value. In Fig. 9b, the

FWHM values of the OPDs were ranging between 28 and 43 nm

in second order resonance (m = 2). By increasing the cavity

thickness, the third order resonance (m = 3) was achieved,

decreasing the FWHM to 25 nm with a resonance wavelength

peak at 630 nm and 25% EQE. Even if the thickness of the

photo-absorbing layer was only a few nanometers, the OPDs

achieved a shunt resistance as high as 1 MO cm2, leading to a

specific detectivity over 1012 Jones.

Utilizing intermolecular CT state absorption. Dramatic

efforts have been performed to synthesize organic semicon-

ductor materials with narrow optical gap to extend the

OPDs detection wavelength range into the NIR.22,184 New

materials rarely give a reasonable photoresponse beyond

1100 nm.4,16,195 Additionally, it is challenging to achieve high

detectivity in the NIR range by employing a materials with a

narrow optical gap, which suffer from high noise current at zero

external bias.37,196 In 2017, Siegmund et al. introduced a

promising method to achieve narrowband NIR OPDs by insert-

ing a D–A BHJ inside a microcavity (Fig. 10a), utilizing thermal

evaporation.27 With blending D and A materials, intermolecu-

lar CT states are formed, featuring optical transitions below the

D and A optical gaps (Fig. 10b). In general, the absorption

coefficient of CT states is less than 103 cm�1 and continually

declines with increasing wavelength. Therefore, the photore-

sponse induced by CT absorption is rather weak. The cavity

enhances the absorption caused by intramolecular CT states

and consequently a useful absorption well below the D and A

optical gap is made possible. As shown in Fig. 10c, an EQE

enhancement at CT absorption wavelength range up to 41-fold

was achieved, with EQEs exceeding 20% and FWHM down to

36 nm. The narrowband NIR detection with wavelength tun-

ability ranges from 810 nm to 1100 nm. Using an analogous

strategy and employing a donor with a high HOMO level, D8,

blended together with C60, Kaiser et al. realized cavity enhanced
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Fig. 9 EQE curves and correlated FWHM of cavity enhanced OPDs with (a) 3 nm thick photo-absorbing layer and third order resonance (m = 3) and (b)

6 nm thick photo-absorbing layer and second order resonance (m = 2). The tunable enhanced wavelengths are realized by varying the thickness of ETL

and HTL. Reproduced with permission.81 Copyright 2019, American Chemical Society.

Fig. 10 (a) Simplified device architecture of a microcavity enhanced narrowband NIR OPD. (b) Schematic energy level diagram of the main materials

involved in the OPDs. (c) NIR OPDs based on ZnPc:C60 CT state absorption. (d) NIR OPDs based on the CT absorption of D8:C60. Subfigures (a–c) are

reproduced with permission.27 Copyright 2017, Springer Nature. Subfigure (d) is reproduced with permission.197 Copyright 2019, American Chemical

Society.
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narrowband NIR OPDs based on CT absorption with tunability

covering the NIR from 810 to 1665 nm, and achieving a D* at

1665 nm as high as 3 � 108 Jones.197 Based on the work of

Siegmund et al., Mischok et al. combined a highly reflective

distributed Bragg reflector (DBR) with a thin metal resulting in

a sharp Tamm plasmon-polariton resonance. Compared with

non-DBR devices, the performance of NIR OPDs based on CT

absorption improved impressively, showing enhanced EQE up

to 17% at a wavelength of 880 nm with FWHM down to 20

nm.198

Later on, the group also realized microcavity enhanced CT

absorption narrowband NIR OPDs by solution processing.74

With varying the thickness of the active layer (PBTTT:PC61BM)

from 290 nm to 440 nm, the second order resonance was

achieved with EQE enhancement up to 40% at wavelength

720 nm (Fig. 11a) and FWHM (Fig. 11b) down to 20 nm at

wavelength 910 nm. Benefiting from the thick active layer, the

OPDs showed extraordinarily low dark current, resulting in D*

up to 1013 Jones (Fig. 11c), which is comparable to state-of-the-

art silicon PDs. To extend the response further into the NIR, the

authors employed PDPPTDTPT:SdiCNPBI as active layer

demonstrating narrowband OPDs operating at wavelengths

up to 1700 nm. Furthermore, Tang et al. also integrated several

of these CT-OPDs with varying active layer thickness on a single

substrate and thereby realized a miniaturized spectrometer, see

Fig. 19a. As a showcase, the transmittance spectrum of water

was reproduced, detailed information is supplied in the sec-

tion: Potential application of narrowband OPDs.74

Multiple-wavelength mode. An elegant solution to realize

OPDs which can distinguish several wavelengths via a single

detecting surface were introduced recently.199,200 Importantly,

the accuracy of substance identification can be improved with

the number of detected wavelengths. In 2020, Wang et al.

demonstrated dual-wavelength narrowband NIR OPDs by stack-

ing two sub-cavities on top of each other.82 As shown in

Fig. 12a, the ultra-compact OPD was constructed by inserting

two photo-absorbing layers, ZnPc:C60 and D6:C60, in between

three terminals, thus forming two sub-microcavities. ZnPc:C60

and D6:C60 sub-cells were utilized to detect optical signals in

short and longer NIR wavelength ranges, respectively.

The tunability of each sub-cell was realized by varying the

thickness of the photo-absorbing layer in one sub-cell, while

keeping the other constant. As shown in Fig. 12b, the photo-

responses of the thickness-varied sub-cell are tuned and those

of the thickness-constant sub-cell remain constant (with negli-

gible fluctuation). The tunable resonance wavelengths of the

D6:C60 sub-cell were covering 1020–1435 nm (D6:C60 sub-cell).

It is worth noting that the FWHM of the sub-cells was reduced

to 61 nm. For the ZnPc:C60 sub-cell, a response wavelength of

790–1180 nm and an FWHM down to 35 nm could be

achieved.82 As an application demonstration, the OPDs were

utilized to determine ethanol concentration in a water solution

by selecting a combination of two wavelengths corresponding

to specific absorption bands from both liquids.

Microcavity enhanced narrowband PM-OPDs. Although the

intrinsic amplification offered by microcavities is attractive, the

EQE is limited by the low absorption cross section of CT states.

A novel approach introduced by Kublitski et al.201 integrates

PM-OPDs into microcavities in order to overcome this limit. For

this purpose, the authors fabricated vacuum-processed PM-

OPDs based on reduced percolation paths due to the low

acceptor concentration in ZnPc:C60 (3 wt%) blends. The

400 nm thick PM-OPD was analyzed under operation in the

CT state absorption region and showed a superior EQE com-

pared to that of PV-OPDs comprising both 3 wt% and the

optimized 50 wt%, commonly used for OSCs. At �10 V, IQE

as high as 1750% was achieved in the range from 400 nm to

1200 nm for the broadband device. Embedding this structure

within semitransparent mirrors as described above led to

narrowband PM-OPDs as shown in Fig. 13a, with performance

superior to that of comparable OPDs. Importantly, the narrow-

band PM-OPDs operate in the photomultiplication mode even

in the CT absorption region, which could be verified by IQEs in

the order of 900% at�15 V. Besides achieving D* in the order of

1011 Jones as depicted in Fig. 13b, these devices reached cutoff

frequencies as high as 19 kHz.

Combining microcavities with PM-OPDs represents a pro-

mising path to improve the sensitivity of CT-OPDs, since the

benefits from the core properties of both devices can be

combined. Nonetheless, narrowband PM-OPDs share the same

drawbacks of PC-OPDs, which include generally higher JD and

low response speed as compared to PV-OPDs. However, a clear

understanding of these properties is still missing.

Challenges for narrowband detection

As described previously, to realize monolithic narrowband

OPDs, many different methods have been utilized such as

synthesizing materials with narrowband absorption19–21,23

Fig. 11 Solution processed PBTTT:PC61BM CT-OPDs based on the sec-

ond order resonance. (a) Simulated and experimental (hatched) resonance

wavelength and correlated EQE curves. The wavelength tunability in range

of 650–910 nm was realized by varying the active layer thickness from

290–440 nm. (b) Corresponding FWHM and (c) D*. Reproduced with

permission.74 Copyright 2017, WILEY-VCH GmbH.
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and developing novel device architectures e.g. CCN,24 CIN,25

and self-filtering OPDs.26 However, by employing these

methods, each material system can only supply one specific

detection window, lacking an easy possibility for tuning the

peak response wavelength. Furthermore, to manipulate the

optical field distribution, a thick photo-absorbing layer or

dissipation layer is always needed, which is feasible only with

a few organic semiconductor materials and often brings pro-

cessing difficulties.

By employing microcavities, the OPDs’ response wavelength

can be easily tuned in visible spectrum (400–700 nm)81

based on above-gap absorption and in NIR wavelength range

(810–1665 nm)198 based on CT state absorption. However, by

introducing microcavities, the photoresponse enhancement

and selectivity are directly correlated to the optical interference,

which is a double-edged sword, leading to the following

drawbacks:

� The angular dependence of the photoresponse is an

intrinsic property of cavity-based devices. Siegmund et al.27

and Wang et al.82 described this phenomenon and a 50 nm

blue-shift of the resonance peak wavelength was observed with

light incidence angles larger than �451. Within �201, the

resonance did not shift more than 10 nm for a CT-OPD with

the FWHM of 36 nm.27 For application, the light acceptance

cone can be reduced (e.g. �151) to ensure the spectroscopic

accuracy of the measured signal.82

� Control of higher order cavity resonances. As expressed in

eqn (5), to achieve the tunability of response wavelength (lm),

Fig. 12 (a) Simplified device architecture of themicrocavity enhanced stacked dual-wavelength narrowbandNIROPDs based onCT state absorption. (b) EQE curves

and correlated FWHMof theNIROPDs. Thewavelength tunability was realized by varying the thickness of the photo-absorbing layer in one sub-cell while keeping the

other constant. The thickness of D6:C60 was varied from 60 to 160 nm, resulting in a tunable wavelength covering the 1020–1435 nm range (solid lines). The EQE of

the other subcell (ZnPc:C60) only changes negligibly (dashed lines). (c) The FWHM of each device are depicted in the lower panel. Licensed under CC BY 4.0.82

Fig. 13 (a) Amplified EQE of narrowband CT-PM-OPD at four resonance wavelengths at �10 V. (b) EQE and D* of the same devices shown in (a) at

various voltages.201 Licensed under CC BY 4.0.
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the microcavity thickness (L) needs to be varied, which can be

realized by controlling the thickness of either transporting layer

(ETL or HTL) or photo-absorbing layer in an OPD. A longer

response wavelength requires a thicker cavity device. To realiz-

ing a wavelength tunability in range of 650–910 nm for second

order resonance (m = 2), Tang et al. varied the photo-absorbing

layer from 290 to 440 nm.74 Higher order resonances usually

lead higher EQEs and narrower FWHM but thicker cavities are

required, which in turn brings the issue of depositing thick

organic layers.

� Signal from other absorption regions. To avoid unexpected

response signals induced by higher order resonances at shorter

wavelengths than the design-resonance or the intrinsic main

absorption of involved photo-absorbing materials, a bandpass

filter or a layer of intrinsic photo-absorbing material might

need to be integrated in front of the OPDs, increasing the

processing complexity.27

� Photo-absorbing material combination for multiple wave-

length sensing. As shown in Fig. 12b, stacked, multi-wavelength

sensing OPDs are suffering undesired resonance cross-talk due

to coherent coupling of both sub-cavities. The phenomenon

can be suppressed by careful selection of the photo-absorbing

material system combination. The materials are supposed to

have large difference of absorption coefficient in the targeted

wavelength range. Transfer matrix modelling can assist the

selection by simulating the optical field distribution within

both microcavities.

In Fig. 14, the advantages and disadvantages of the pre-

sented approach to achieve narrowband photodetection in

OPDs are summarized and are compared to the traditional

approaches of applying inorganic broadband PDs in conjunc-

tion with either optical transmission filters or dispersive

elements.

State-of-the-art performance of recent narrowband OPDs

Fig. 15 visualizes the recent performance status of OPDs based

on D*, the most important performance metric of PDs, classi-

fied by fabricating methods (solution or vacuum processing)

and spectral sensing bandwidth (broadband or narrowband).

More information on the OPDs shown in Fig. 15 are summar-

ized in Table 2, giving a detailed overview of the recent progress

of state-of-the-art OPDs.

Potential applications of narrowband
OPDs
Flexible and semi-transparent devices

Unlike their inorganic counterparts, organic semiconductors

are mechanically soft and flexible and are deposited at low

temperatures, allowing for their integration with flexible sub-

strates such as polyimide (PI), polyethyleneterphthalate (PET),

and poly(ethylene naphthalate) (PEN).137 Krebs et al. demon-

strated the first wearable OPDs based on the traditional

Fig. 14 Comprehensive summary of advantages and disadvantages of all different approaches to achieve narrowband photodetection in this review. In

grey, the traditional approaches using filter or dispersive elements are shown. In green approaches based on OPDs are highlighted. The checkmark, tilde,

and cross indicate whether a specific approach can either succeed, maybe succeed, or falls short in a certain category, respectively.
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architecture of PET/PEDOT:PSS/MEH-PPV:PC61BM/Al.215 Later,

Eckstein et al. presented fully aerosol-printed flexible semitran-

sparent OPDs on a PET substrate (Fig. 16a).216 The flexible

OPDs showed an equivalent performance to state-of-the-art

devices fabricated on rigid substrates by conventional deposi-

tion methods. Subsequently, PI substrates flourished due to

their durability in high-temperature processing. Zhong et al.

first fabricated PI-based flexible OPDs with ultrashort channel

length showing excellent responsivity and flexibility due to

their unique structure design, as shown in Fig. 16b.217

Photoplethysmography (PPG) sensors

Healthcare plays a crucial role in our daily life and creates an

ever-increasing demand for innovations in sensors. PPG, a non-

invasive optical measurement technique, stands out in this

field to accurately monitor health indicators such as pulse

oximetry, heartbeat rate, and blood pressure. The PPG sensor

typically comprises a light-emitting diode (LED) to illuminate

the subcutaneous tissue and a PD to monitor light intensity

variations related to changes in the blood volume in arteries. To

penetrate deeper into the skin, and pick up signals from larger

arterioles, red or NIR light with low attenuation is considered

more suitable.218 Huang et al. reported a highly sensitive NIR

OPD based on a narrow-bandgap non-fullerene acceptor, CO1–

4Cl, which showed a significant responsivity of 0.5 A W�1 in the

spectral region from 920 to 960 nm.219 As a preliminary

assessment of the practical application of NIR OPDs, the

authors carried out a PPG measurement (Fig. 17a). The light

emitted from the LEDs is partially absorbed, reflected, and/or

scattered by human tissue, which can be detected by an optical

sensor with the changes in blood volume upon each cardiac

cycle. These changes could be converted into electrical signals

and were further analyzed to evaluate the heartbeat rate. From

the typical systolic and diastolic peaks in a PPG profile,

the author’s heartbeat rate was determined to be 67 and

106 beats min�1 at resting and after-exercise conditions,

respectively. Later, Fuentes-Hernandez et al. demonstrated a

low noise OPD based on P3HT:ICBA BHJ with superior perfor-

mance, rivaling low-noise silicon photodiodes (Si-PD) in all

metrics within the visible spectral range, except response time

(still video-rate compatible).8 To exemplify the design opportu-

nities of OPDs, a ring-shaped, large-area flexible PPG array was

fabricated (Fig. 17b). The 1 cm2 ring-shaped flexible OPD

yielded PPG signals with a signal-to-noise ratio that is compar-

able to those measured with a 0.07 cm2 Si-PD even when the

electrical power of the red LED is reduced from 247 to 26 mW.

Pulse oximetry is another critical clinical application of PPG

sensors for determining oxygen saturation in blood by optically

quantifying the oxyhemoglobin (HbO2) and deoxyhemoglobin

(Hb) concentrations.220 The first all-organic state-of-the-art

pulse oximetry was reported by Lochner et al.2 This sensor

used green and red organic LEDs (OLEDs) and two spatially

separated OPDs (Fig. 17c). The OPDs were based on the

PTB7:PC71BM blend and exhibited a low leakage current of

B1 nA cm�2 at�2 V with a�3 dB frequency above 10 kHz. This

device measured oxygenation accurately with relative errors as

small as 2%. These metrics were sufficient for oximetry mea-

surements and notable because it was created on a flexible

substrate, with the active layers of the sensor deposited by spin-

coating and printing. Khan et al. reported a large-area, 2D

reflectance oximeter array based on a flexible organic optoelec-

tronic system, which comprised four red, four NIR OLEDs, and

eight OPDs (Fig. 17d).3 The OPD and OLED arrays were also

fabricated by printing techniques. The implementation of the

array provided 2D oxygenation mapping capability of an area

rather than a single point, as demonstrated in previous

related work.

In the aforementioned practical application, broadband

OPDs and two spectrally distinct LEDs were employed to

measure oxygen saturation. Attributing the OPD signal to one

of the operated LEDs requires the modulation of the LED in the

time domain and the correlated detection of the PD signals.

Such a measurement setup needs elaborated measurement

devices. Instead, employing two different narrowband OPDs

would allow, on the one hand, to use a broadband light source

and, on the other hand, to easily discriminate the spectral

information since both wavelength ranges are measured sepa-

rately. These advantages enable the use of a more straightfor-

ward measurement setup and increase the accuracy of the

measurement analysis.

Image sensors

OPDs are increasingly investigated for imaging technologies, as

their properties make them attractive candidates for applica-

tions such as VIS-color or NIR imaging, biometric imaging,

fingerprint imaging, etc. OPDs offer cheaper processing meth-

ods, light, flexible, large (or small) areas and compatible device

possibilities, and tunable optoelectronic properties – both at a

material and device level. In 1998, Heeger et al. demonstrated

the first full-color image sensors based on OPD arrays with

Fig. 15 D* as a function of wavelength based on different device proces-

sing methods (solution vs. vacuum processing) and photodetecting wave-

length bandwidths (broadband vs. narrowband detection). Further details

about the individual devices are given in Table 2. The D* of Si, InGaAs and

germanium (Ge) are extracted from ref. 138. The BLIP limit is calculated at

300 K for photovoltaic PDs with a field-of-view of 2p.
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P3OT:PC61BM polymer blend.221 After that, Rauch et al.

extended the detection region up to 1.8 mm and realized an

outstanding NIR image sensor based on PbS quantum dots

(QDs) sensitized OPDs (Fig. 18a).170 For a 4 mm2 diode,

accelerated aging test results showed minimum lifetimes of

at least one year. Moreover, the NIR OPDs were integrated on

top of commercially available a-Si active-matrix thin-film

transistor (TFT) panels with 256 � 256 pixels and a photo of

a butterfly was successfully reconstructed under an infrared

illumination wavelength of 1310 nm. This work first demon-

strated NIR imaging with hybrid photodetectors (HPD). Later,

Büchele et al. designed another HPD for X-ray imaging by

incorporating terbium-doped gadolinium oxysulfide scintilla-

tor (GOS:Tb) particles into a P3HT:PC61BM blend on an a-Si:H

Table 2 Figures-of-merit and progress of recent state-of-the-art OPDs. The numbers highlighted in italics were not given in the original publication and

are here calculated/estimated based on other correlated data provided in the respective publication. NBM, SF and MC are abbreviations for narrow

bandgap materials, self-filtering and microcavity, respectively

Photo-absorbing
materials Type

Target
peak
[nm]

Spectral
range
[nm]

FWHM
[nm]

D*
[Jones]

EQE
[%]

R
[A W�1]

Bias
[V]

LDR
[dB]

f�3dB

[kHz] Year Ref.

Solution broadband
PCDTBT:PC61BM 528 300–800 3.2 � 1013 a 27.00 0.31 �2.0 148 91.0 2016 146
PCDTBT:PC71BM 570 400–720 3.5 � 1013 76.00 0.35 �5.0 100 50.0 2015 202
PCDTBT:PC71BM 532 300–800 B1.0 � 1013 b 70.00 0.30 �1.0 180 1000.0c 2014 203
PBDB-T:PbS-TBAI 630 400–1000 1.1 � 1013 334.60 1.70 �40.0 65 — 2018 204
PBDTTT-C:PC71BD 700 350–800 B1.0 � 1013 30.00 0.17 �2.0 B140 B20.0 2013 205
NT40:N2200 720 300–850 2.6 � 1013 56.00 0.33 �0.1 97 B10.0 2019 206
PDDTT:PC61BM 800 300–1450 2.3 � 1013 d 25.00 0.16 �0.5 B100 — 2009 16
PDPP3T:PC71BM 850 300–1000 B1.0 � 1013 28.00 0.19 �0.5 148 400.0e 2015 207
CS-DP:PC71BM 850 300–1000 8.0 � 1012 f 48.00 0.33 0 — — 2018 208
NT40:IEICO-4F 870 300–1000 7.5 � 1013 57.20 0.40 �0.1 123 B100 2021 209

Vacuum broadband
C60 370 300–700 3.6 � 1011 B40.00 0.12 �6.0 180 95.0 2013 210
ClAlPc: C70 730 300–800 4.1 � 1013 g 74.60 0.44 �2.0 173 778.7 2020 211
Cy7-T:C60

h 850 600–870 1.0 � 1012 23.00 0.17 �2.0 B100 — 2015 22

Solution narrowband
1(Pyrl):C60 NBM 481 420–550 76 2.0 � 1011 18.00 0.07 0 — — 2019 177
PCDTBT:PC71BM CCN 670 610–800 85 1.8 � 1012 35.00 0.10 �1.0 160 95.0 2015 24
DPP-DTT:PC71BM CCN 950 900–1020 80 4.8 � 1012 7.31 0.06 �1.0 — — 2015 24
P3HT:PC61BM:CdTe CCN 660 650–850 100 4.8 � 1012 200.00 1.06 �6.0 220 900.0 2016 212
P3HT:PC71BM CIN 650 640–700 28 1.4 � 1011 i 53500.00 278.00 �60.0 160 — 2017 25
P3HT:PC71BM CIN 800 790–800 30 5.5 � 1011 j 2000.00 0.85k �50.0 170 — 2018 193
P3HT:PTB7-Th:BEH CIN 850 830–880 27 8.0 � 1011 15300.00 105.00l �13.0 145 — 2021 213
F8T2:ZnO PM 360 350–400 20 8.8 � 1011 2170.00 6.5 �15.0 — 0.1 2018 214
PTB7:PC71BM SF 745 645–745 50 1.1 � 1012 4.51 0.03 0 103 38.5 2020 83
NT812:Y6 SF 860 860–960 50 1.2 � 1013 61.00 0.42 �0.1 — — 2020 26
DT-PDPP2T-TT:Y6 SF 920 860–960 40 7.4 � 1012 — — �0.1 — — 2020 26
DT-PDPP2T-TT:Y6 SF 955 860–960 50 1.6 � 1013 — — �0.1 — — 2020 26
PBDB-T:m-ITIC SF 700 750–950 120 8.3 � 1011 53.00 0.30 0 — 80.0 2020 73
PBTTT:PC61BM MC 775 700–1100 15 3.6 � 1012 40.00 0.25 0 130 — 2017 74
PBTTT:PC61BM MC 960 700–1100 17 1.0 � 1013 24.00 0.19 0 130 — 2017 74
PDPPTDTPT:SdiCNPBI MC 1200 1000–1700 35 1.0 � 1010 0.90 0.01 0 — — 2017 74
PDPPTDTPT:SdiCNPBI MC 1440 1000–1700 38 1.0 � 1010 0.10 1.16 � 10�3 0 — — 2017 74
PDPPTDTPT:SdiCNPBI MC 1580 1000–1700 47 1.0 � 109 0.05 6.37 � 10�4 0 — — 2017 74
PDPPTDTPT:SdiCNPBI MC 1680 1000–1700 41 1.0 � 108 0.01 1.36 � 10�4 0 — — 2017 74
PCDTPTSe:PC71BM MC 710 650–1510 60 B5.0 � 1011 18.00 0.10 0 146 — 2021 18
PCDTPTSe:PC71BM MC 1130 650–1510 45 B1.0 � 1011 6 0.05 0 — — 2021 18
PCDTPTSe:PC71BM MC 1360 650–1510 35 B6.0 � 1010 1.9 0.02 0 — — 2021 18
PCDTPTSe:PC71BM MC 1510 650–1510 20 B5.0 � 109 0.15 1.83 � 10�3 0 — — 2021 18

Vacuum narrowband
ZnPc:C60 MC 905 875–1085 43 1.0 � 1011 22.00 0.16 0 B100 2017 27
TPDP:C60 MC — 810–1550 — — — — 0 — — 2017 27
DCV5T-Me:C60 MC 645 400–700 84 1.9 � 1012 50.00 0.27 0 130 5000.0 2019 81
D8:C60 MC 1150 810–1150 50 4.0 � 1010 0.25 2.32 � 10�3 0 — — 2019 197
D8:C60 MC 1665 810–1665 50 3.0 � 108 4.50 � 10�3 6.04 � 10�4 0 — — 2019 197
ZnPc:C60 MC 877 790–1180 37 1.0 � 1011 10.00 0.071 0 120 — 2020 82
D6:C60 MC 1115 1020–1435 58 1.0 � 1010 0.15 1.40 � 10�3 0 139 — 2020 82
ZnPc:C60 MC 826 826–879 17 5.0 � 1011 75 0.50 �10 — 19.44m 2021 201

a D* calculated at wavelength 566 nm. b D* calculated at bias voltage of �0.5 V. c The f�3dB measured at bias voltage of �5.0 V. d D* calculated at
bias voltage of �0.5 V. e The f�3dB characterized at bias voltage of �1.0 V. f D* calculated at wavelength 1000 nm. g D* calculated without bias.
h The Cy7-T and C60 were spin-coated and evaporated, respectively. i D* measured at �10 V bias. j D* measured at �10 V bias. k R measured at
�10 V bias. l Incorrectly calculated by the authors. m The measured device had peak wavelength at 843 nm.
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TFT array backplane with ITO contact pads (Fig. 18b).222 The

X-ray-induced light emission from the scintillators is absorbed

within hundreds of nanometers, which is negligible compared

with the pixel size. Hence, the optical crosstalk is minimized.

The X-ray image sensors exhibit an excellent spatial resolution

of 4.75 linepairs per mm (lp mm�1) at a modulation transfer

function of 0.2. Xu et al. reported 10,000-pixel OPDs focal plane

arrays (FPAs) on the top of a 1.0 cm radius plastic hemisphere

to imitate the structure of the human eye (Fig. 18c).223 The

CuPc/C60 active layer was evaporated across the entire surface

of the hemisphere, followed by deposition of a thin Ag strike

layer and an array of Ag cathode columns on top. The impulse

response of the OPDs is as fast as 20 � 2 ns and measured a

dynamic range of 20 dB, which makes the FPAs suitable for

video-recording applications. Recently, Yokota et al. realized a

flexible image sensor that integrated polycrystalline Si TFT

readout circuits and NIR OPDs, capturing images of veins

and fingerprints (Fig. 18d).224 Narrowband polymer PMDPP3T

blended with PC61BM was used as the active layer, enabling a

NIR OPD that exhibited a high sensitivity of 0.57 A W�1 when

driven at �2 V at a NIR wavelength of 850 nm as is commonly

done for vein authentication. This is equivalent to the

Fig. 16 (a) Schematic structure and photographs of fully-printed ITO-free

OPDs on PET foil showing their semi-transparency and mechanical flexibility.216

(b) Device structure of flexible PT-OPDs with ultrashort channel length.217

(a) Reproduced with permission.216 Copyright 2015, WILEY-VCH GmbH.

(b) Reproduced with permission.217 Copyright 2018, American Chemical Society.

Fig. 17 (a) Setup measuring the heart rate using OPDs and the recorded pulse signals.219 (b) Flexible OPD device geometry, schematics of S1133 Si-PD

and ring-shaped flexible OPD PPG array (top) and comparison of reflection-mode PPG signals measured on a finger with both PDs driven by a red LED

operated at different electrical power values.8 (c) Photograph of the OLED-OPD configuration for an all-organic pulse oximeter.2 (d) The schematic

configuration and photograph of the reflectance oximeter array.3 (a) Reproduced with permission.219 Copyright 2019, WILEY-VCH GmbH. (b)

Reproduced with permission.8 Copyright 2020. The American Association for the Advancement of Science. (c) Reproduced with permission.2 Copyright

2014, Springer Nature. (d) Reproduced with permission.3 Copyright 2018, the Authors. Published by PNAS.
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sensitivity of Si photodiodes (0.5–0.7 A W�1). The conformable

imager, with a resolution of 508 pixels per inch, a speed of 41

frames per second, and a total thickness of only 15 mm, can be

further proven by the veins’ clear image in the finger

fingerprint.

Spectrometers

In 2017, Tang et al. employed a resonance optical cavity device

architecture to fabricate a tunable wavelength-selection OPD

exploiting weak sub-gap absorption of intermolecular CT

states.74 This concept enables highly wavelength selective NIR

OPDs with remarkable D* comparable with commercial inor-

ganic counterparts. Based on this approach, a prototype min-

iaturized spectrometer was demonstrated by using a blade-

coated active layer with gradient thickness (Fig. 19a). The

transmittance spectrum of water was successfully measured,

indicating a sufficient spectral resolution for a potential appli-

cation in moisture detection. Recently, Yang et al. also utilized

the cavity concept to build narrowband OPDs based on the

PCDTPTSe:PC71BM active layer combined with a thick ZnO

Fig. 18 (a) Schematic of the NIR image sensor array based on OPDs doped with QDs and infrared shadow cast by a monarch butterfly.170 (b) Schematic

of the X-ray image sensor with a high resolution based on organic BHJ doped with GOS:Tb.222 (c) Schematic and photograph of the hemispherical OPD-

based FPA that imitates the human eye.223 (d) The image of veins and fingerprints through the flexible image sensor.224 (a) Reproduced with

permission.170 Copyright 2009, Springer Nature. (b) Reproduced with permission.222 Copyright 2015, Springer Nature. (c) Reproduced with

permission.223 Copyright 2008, Elsevier B.V. (d) Reproduced with permission.224 Copyright 2020, Springer Nature.

Fig. 19 (a) A schematic and a photograph of a miniaturized spectrometer based on cavity enhanced NIR OPDs.74 (b) Absorption spectra of water, ethanol, and

acetone measured using the miniaturized spectrometer compared to the spectra measured with a commercial Fourier transform infrared spectrometer.18 (a)

Reproduced with permission.74 Copyright 2017, WILEY-VCH GmbH. (b) Reproduced with permission.18 Copyright 2021, American Chemical Society.
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spacer.18 Similarly, a series of OPDs with varying response

wavelengths in the range of 660–1600 nm was selected to prove

the potential in spectroscopic applications. Using a halogen

lamp as an external light source, the characteristic absorption

features of water, ethanol, and acetone were well resolved, as

shown in Fig. 19b.

Miniaturized spectrometers are very attractive for mobile

applications of spectroscopy to create new applications and

products. In the NIR wavelength range, many characteristic

absorption features of organic compounds are manifested and

their analysis allows for qualitative and quantitative investiga-

tion of solids (reflection mode) and liquids (transmission or

trans-reflection mode). Potential applications are the differen-

tiation of materials such as fabrics (e.g., silk, wool, polyester,

nylon), plastics (e.g., PET, PE, PVC, PP, PS), or many others.

Such identification allows for a broad application in consumer

and industry products, especially for the automatization of

certain processes and machines. Another aspect is that NIR

absorption and reflection features can be utilized to authenti-

cate substances. This is becoming an important segment since

many companies want to prevent the replication of their

products by other manufacturers. For this purpose, native

NIR reflection features of the product or specially designed,

non-visible control-features can be utilized. An additional

application in this regard can be the immediate identification

of harmful and not-wanted substances such as drugs in liquids.

Finally, NIR spectroscopy is a very powerful method for

quantitatively measuring the composition of solids and liquids,

which is useful for countless applications. Here, NIR spectro-

scopy allows for a non-invasive, quick and precise analysis and

thereby provides information that is usually rather difficult to

obtain. For example, the ethanol content of a beverage can be

precisely measured which is important not only for the produ-

cer but also for tax accounting and customs when trading

beverages. For many processes, the composition of compounds

is essential to sustain a very high production quality. One

example is the qualification of fruit ripeness directly in the

field to obtain the highest quality goods. Another example is

the determination of moisture, which plays an important role

in many automated processes, e.g., the production of corru-

gated cardboard. Applying spectroscopy allows for real-time,

contactless measurement of water content in materials and is

the prerequisite for further optimization of the production

process. All in all, low-cost and highly integrated narrowband

NIR-OPDs have a great potential to transform the well-

established spectroscopy into the mobile application and bring

the former laboratory know-how directly (or indirectly) to every-

one. This transformation of an established technology has

great potential for many innovative and smart products.

Conclusion and perspective

In this review, we summarized the status, recent progress and

current challenges of narrowband OPDs. They have drawn

much attention in the past decade thanks to advanced

properties such as lightweight, flexibility, low-cost, large-area

scalability, bio-compatibility and semi-transparency. These

properties make narrowband OPDs potentially meet the

demand of nowadays smarter and more efficient digital life.

To date, the performance of state-of-the-art OPDs is dramatically

improved, benefitting from the rapid progress in design and

synthesis of new organic semiconductor compounds. In principle,

narrowband OPDs rely on narrow-photo-absorbing materials cover-

ing the detection spectrum from the visible to the NIR range.20–22,72

However, such narrowband OPDs based on narrow-photo-

absorbing materials with a specific bandgap are still suffering

from a lack of material candidates, and also each material can

only supply one specific spectral detection window. Fortu-

nately, this issue was solved by the emerging strategies based

on device architecture engineering, utilizing the usual organic

broadband absorber. In 2015, charge collection narrowing

OPDs were first introduced by using broadband-absorbing

materials and a thick junction strategy, achieving red and

NIR OPDs with FWHM of less than 100 nm.24 Afterwards,

self-filtering narrowband OPDs composed of a depletion layer,

a donor and a thin acceptor layer, forming a planar hetero-

junction, were demonstrated.26,83 In 2017, narrowband OPDs

with the combination of a Fabry–Pérot microcavity and the

charge-transfer state absorption of a bulk heterojunction were

realized.27 Later on, based on such strategies, narrowband

OPDs fabricated by either solution processing18,74 or vacuum

thermal evaporation81,82,197,198 were explored extensively. The

tunability of narrowband OPDs was radically improved, with

the spectral detection window covering the visible (400–700

nm)81 and NIR (810–1665 nm) range.197 As application demon-

strations, transmission spectra of different liquids (water,

ethanol, acetone) were determined by spectrometers composed

of narrowband OPDs.18,74 Having made this great progress,

narrowband OPDs are already on the way to being commercia-

lized for application-specific tasks (Fig. 20a), in particular for

mobile usage of spectroscopy (Fig. 20b). Here, the key advan-

tages of organic semiconductors such as simple and low-cost

Fig. 20 (a) Miniaturized spectrometer OPD-chip in top (left side) and

bottom view (right side), being commercialized by the Senorics GmbH

(Dresden, Germany, https://senorics.com/). The spectrometer chip is

composed of 16 independent narrowband NIR-OPDs with an overall area

of 121 mm2 (11 mm � 11 mm). The OPD-chip is bottom illuminated and its

upper side is encapsulated by a glass lid to prevent ambient influences. (b)

A handheld spectrometer employing the NIR OPD-chip from figure (a) and

a NIR light source, realized by the same company. During measurement,

NIR light shines through the measurement window onto the target object,

which is exposed in front of the window and the reflected light is analyzed

by the chip. The lid of the handheld spectrometer has an integrated

reflection standard which is used to perform a white reference measure-

ment. Reproduced with permission. Copyright, Senorics GmbH.
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production, broad tunability of electrical and optical properties

as well as competitive performance are the essential properties

making this technology very promising. Nevertheless, there are

still several important research perspectives for organic-

semiconductor-based photodetectors:

� Obviously, there will be always a need for better materials,

with properties like high absorption coefficient, broad- or

narrowband absorption depending on device principle, and

excellent charge carrier generation. In particular, there is a

need for stronger absorbers in the NIR up to 2000 nm since

many applications require signal detection in this spectral

range. Besides the optical properties mentioned above, these

materials also need to have good processability, low synthesis

cost and good photostability.

� There is a need for novel device principles, which allow to

realize specific properties, such as high detectivity, narrowband

operation, and high speeds or a combination thereof. For

instance, there are many principles which have not yet been

intensively investigated, such as two- or three-dimensional

patterning of structures.

� For devices working in photovoltaic mode, understanding

and controlling reverse current is still a key issue. The rather

complicated nanostructured bulk heterojunctions employed in

most of these devices make it difficult to understand traps in

particular at the interfaces. It is essential to understand the

intrinsic limits in terms of reverse current and avoid extrinsic

currents.

� The field of OPDs with gain is still not well understood.

Many of the devices show quite good device parameters, with-

out microscopic understanding of the device principle. Only

such an understanding will allow for a directed optimization.

� To fully harvest the intrinsic advantages of organic electro-

nics, the integration of OPDs with organic transistors is of great

interest. This could provide immediate amplification of the

detector signal, or even a certain in situ pre-processing leading

towards more autonomous organic sensor modules.

� It would be highly desirable to develop organic detectors

with speeds in the GHz range and beyond. Recently, first GHz

organic pin-diodes have been shown160 and it remains a

challenge to prove such operation speeds for optical detection.

� Finally, the temporal stability of OPDs has been much less

investigated than their organic counterparts (i.e. organic light

emitting diodes and organic solar cells). There is hope that

OPDs are very stable since their relatives, the organic solar cells,

achieve encouraging operational stabilities.85,225

We are convinced that these exciting perspectives will sti-

mulate further research on OPDs. As the success of organic

light emitting diode displays has shown that the materials and

deposition methods are ready for mass-scale manufacturing. In

a sensor-hungry world, OPDs will thus have a bright future!

Conflicts of interest

Karl Leo is shareholder of Senorics GmbH, a company active in

organic photodetectors.

Appendix – performance metrics of
organic photodetectors

A fair comparison of different PD technologies and a valid

evaluation of photodetecting devices requires a careful deter-

mination of fundamental performance metrics. Here, we sum-

marize the performance metrics of PDs. In the formulas below

the corresponding units are indicated in parenthesis.

Quantum efficiency

The quantum efficiency of a photodiode indicates the amount

of photogenerated charge carriers produced by the PD when

illuminating it with photons of a specific wavelength. By

integrating the quantum efficiency over the electromagnetic

spectrum of the light source, the total current produced by the

PD can be evaluated. There are two types of quantum efficien-

cies utilized to characterize PDs:

� The external quantum efficiency (EQE) is given by the ratio

of the number of charge carriers extracted at the electrodes of a

PD to the total number of incident photons impinging onto the

device:

EQE lð Þ¼# extracted charge carriers

#photons
¼ Iph=q

Pph=hn
1or%ð Þ; (6)

where Iph is the photogenerated current, q the elementary

charge, Pph the incident light power, h the Planck constant,

and n the frequency of the photons.

� In contrast to the EQE, the internal quantum efficiency

(IQE) refers only to photons that are absorbed by the active

layer. Thus, it refers to the ratio of the total number of charge

carriers extracted from the device to the number of incident

photons that are absorbed in the photo-active layer. The IQE of

a PD yields the overall efficiency of the charge carrier genera-

tion, dissociation, recombination and extraction processes

versus the wavelength or energy of incident photons.87 Often,

IQE is calculated from the EQE by measuring the transmission

Tð Þ and reflection Rð Þ of a PD as expressed in eqn (7). This

approach neglects parasitic absorption and the interference of

an optical cavity, which is introduced by the mirror-like elec-

trodes. Armin et al. carefully treated this issue and gave a more

precise solution to calculate the IQE as formulated in eqn (8).87

The metallic electrode is assumed to be opaque, hence, T is not

accounted for in eqn (8). The parasitic absorption (Aparasitic) and

the optical field distribution of photodiodes can be determined

by transfer matrix simulations.87

IQE ¼ EQE

1�R� T 1 or %ð Þ: (7)

IQE ¼ EQE

1�R� Aparasitic

1 or %ð Þ: (8)

Responsivity

The responsivity (R), also referred to as spectral response, is

defined as the ratio of the generated photocurrent (Iph) to the
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incident light power (Pph) at a corresponding wavelength. In

practice, R is often calculated from EQE.

R ¼ Iph

Pph

¼ EQE 	 ql
hc

� EQE 	 lðnmÞ
1239:8

ðA W�1
�

; (9)

where l is the wavelength expressed in nm.

Noise current (Inoise) and noise equivalent power (NEP)

In a real measurements, the final criterion to detect a weak

signal is the ratio of signal to noise. It is therefore very

important to understand the sources of noise in PDs. Inclusion

of noise leads from the responsivity to the detectivity which is

discussed below.

There are several sources contributing to the device noise

and the current associated to it, Inoise. The white noise

components (frequency independent) entail the thermal noise

(Ithermal), also called Johnson-Nyquist noise, the shot noise

(Ishot) and the generation-recombination noise (IG–R). Addition-

ally, pink noise components (frequency dependent) are also

observed. The most known but least understood pink noise is

the flicker or simply ‘‘one over f’’ noise (I1/f noise), which is

commonly observed in the low frequency regime of the spectral

noise density. Together, these noise components determine the

detection limit for low intensity light.138,226

� Ithermal exists in any resistive component and is generated

by the random thermal motion of charge carriers. In OPDs, it

can be correlated with the total parallel resistance (Rp) includ-

ing shunt resistance (Rshunt) and effective diode resistance at

zero bias in the circuit. In most conditions, Rshunt dominates

the Rp.
138 Therefore, Ithermal can be formulated into:

Ithermal
2

� �

¼ 4kBT

Rshunt

Df A2
� �

; (10)

where kB is the Boltzmann constant, T the absolute tempera-

ture, and Df the measurement bandwidth, which defines the

frequency range in which the noise is recorded. Ideally, Df is a

perfectly rectangular bandpass filter with a bandwidth of 1 Hz.

Practically, such a circuit is not feasible and a measurement at

these conditions would take infinite time. Therefore, an equiva-

lent bandwidth is defined, which, for electrical measurements

integrated over a time Dt, reads (2Dt)�1.227

� Ishot arises from the discrete character of charge carriers

when overcoming energy barriers. In p–n, p–i–n, or Schottky

junctions, for example, the current suffers small time-

dependent variations caused by charge carriers individually

crossing depletion regions or the Schottky injection barrier.

Ishot is therefore proportional to the average dark current Id
(without illumination):136

hIshot2i = 2qIdDf (A2). (11)

� IG–R is the result of temporal variation of the background

photon flux, which leads to a variation in the charge carrier

concentration, thereby affecting the photoconductivity in

photoconductors or the photocurrent in photodiodes. Although

the G–R noise is white in nature, a pink behavior can be

observed depending on the dynamics of the system. For

band-to-band processes, for example, G–R noise becomes fre-

quency dependent at the frequency corresponding to the reci-

procal of the transit time.228 Because G–R noise in photodiodes

can be expressed with a mathematically equivalent expression

to that of shot noise,229 both noise sources are often thought to

be the same, with the former attributed to photoconductors

and the latter to photodiodes. The confusion arises from the

fact that in photodiodes operated under reverse bias, only

generation is relevant, since charges are swept out of the device

and do not recombine.228 In photoconductors, however, both

processes take place randomly. Yet, strictly speaking, the

physical nature of these two sources of noise is different.

Finally, IG–R is expressed by eqn (12), assuming the mathema-

tical form of eqn (11) for photodiodes operating under reverse

bias.228,229

hIG–R2i = 4qIdDf (A2). (12)

� 1/f noise: the spectral distribution of flicker noise can be

empirically described by eqn (13), where K is a normalization

constant, a E 2 and, b E 1.227,230 While physical explanations

have been given for the aforementioned sources of noise, 1/f

noise remains mysterious, being reflected in the lack of a

proper name. It is common to observe a frequency dependent

increase of the noise at low frequencies, which follows a 1/f

behavior. The most accepted explanation for the origin of this

effect is related to surface traps and bulk traps, leading to a

fluctuation in the charge carrier density, as charges fall into

and are released from these states. However, none of these

effects have been completely clarified.227 In organic semicon-

ductor devices, 1/f noise is introduced by resistance fluctuation

and intrinsically caused by either charge carrier fluctuation or

mobility fluctuation.226,231

I1=f
2

� �

¼ KIa

f b
Df A2

� �

: (13)

Generally, it is challenging to analyze all of the components

contributing to Inoise. Hence, the Inoise for PDs is often esti-

mated by considering the white noise (Ishot and Ithermal) and I1/f
for low frequencies. Consequently, Inoise can be expressed by:

Inoise
2

� �

¼ 2qId þ
4kBT

Rshunt

þ KIa

f b

� �

Df A2
� �

: (14)

The noise equivalent power (NEP) denotes the sensitivity of

OPDs, representing the lowest detectable light power,

expressed in the unit W Hz�1/2 and is defined as the power of

the incident light at which the signal-to-noise ratio (SNR) is

unity at 1 Hz output bandwidth. The SNR is the ratio of the

photogenerated current to noise current (Inoise). A smaller NEP

value indicates a higher sensitivity of PDs. The NEP can be

determined by measuring the light intensity dependent photo-

current and can be written as:158,226

NEP ¼ Inoise
ffiffiffiffiffiffi

Df
p

R
¼ Sn

R
W Hz�1=2

	 


: (15)

where Sn is referred to as noise spectral density, describing the

spectral (at every frequency) density of noise per unit of
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bandwidth, expressed in A Hz�1/2 or in V Hz�1/2, when mea-

sured in volts.

Specific detectivity (D*)

Due to the counterintuitive character of the NEP, where a

better PD has lower NEP, its inverse was introduced, named

detectivity (D). Additionally, it is possible to show that D is

inversely proportional
ffiffiffiffi

A
p

, where A is device area in cm2.37,232

Therefore, in order to compare different PDs, D is normalized

by
ffiffiffiffi

A
p

, being referred to as specific detectivity (D*).

D� ¼
ffiffiffiffi

A
p

NEP
¼ R

ffiffiffiffiffiffiffiffiffi

DfA
p

Inoise
ðcm Hz1=2 W�1 or JonesÞ: (16)

D* of current OPDs mostly range from 1011 to 1013 Jones. Some

recent research promotes values closer to 1013 Jones or even

above by further reducing the dark current, a value that is

comparable to D* of commercial Si PDs.8,16,26,146,203 It is

noteworthy that D* of either organic or inorganic PDs are still

several orders of magnitude lower than the dark adapted

human visual perception (B1017 Jones).233

Dynamic range (DR) and linear dynamic range (LDR)

Every PD operates in an optical input range where its photo-

response can be accurately measured and predicted. This

range, from the lowest to the highest optical input which

generates such a predictable photoresponse, is referred to as

dynamic range (DR). Often, DR is taken from the region where

the photoresponse is proportional to a power law of the optical

input, i.e. I p Irrb, where I and Irr are the photocurrent and

irradiance, respectively. Such dependence corresponds to a

linear behavior in the double-log plot. Photoconductors with

photogain (G) higher than unity show a sublinear DR with

b o 1,34,234 while photodiodes often show a rather linear

photoresponse referred to as linearity or linear dynamic range

(LDR) with b = 1. Physically, LDR means that within this range,

the processes of charge carrier generation and recombination

are independent of the light intensity, which is translated to a

linear dependence of the photoresponse on the latter. While a

linearity is desired for applications due to the facilitated device

calibration, a non-linear photoresponse can likewise be used,

as long as the non-linearity is reproducible and, therefore,

predictable. DR and LDR can be expressed respectively as:

DR ¼ 20 log
Irrmax

Irrmin

� �

a20 log
Imax

Imin

� �

dBð Þ; (17)

LDR ¼ 20 log
Irrmax

Irrmin

� �

¼ 20 log
Imax

Imin

� �

ðdBÞ; (18)

where Irrmin (Imin) and Irrmax (Imax) are the minimum and

maximum detectable light intensity (photocurrent), respec-

tively. Note that LDR requires a unity slope in the double-log

plot (b = 1), which means that LDR can be extracted from the

ratio of the maximum to the minimum irradiance or photo-

current. DR, on the other hand, must be extracted from the

ratio of the maximum to the minimum irradiance. Up to

now, the LDR of OPDs was extended up to 11 orders of

magnitude, i.e. 220 dB, with suppressing the recombination

losses.24,27,79,235 It overwhelms the LDR of InGaAs (B132 dB)16

and it is comparable with Si, GaP and GaAsP photodiodes,

which can have LDR in the range of 220–240 dB.16,146,203,236 In

the literature,16,65,210,212,237 sometimes 10	log is used, however,

this definition usually applies for power quantities.158

Response speed

The response speed represents how fast PDs respond to the

incident optical signal, which determines potential applica-

tions of PDs like imaging,1,238 hemodynamics monitoring,219

and high speed optical communications.73,160 Response speed

can be characterized by transient photocurrent measurements,

where, by applying a short pulse of an optical signal, the rising

(tr) and falling (tf) time of the PDs are revealed. tr is defined as

the rising time of photocurrent from 10% to 90% of the

maximum value when turning on the illumination. Vice versa,

tf is defined as the time for the photocurrent to fall from 90% to

10% of the maximum value when turning off the illumination.

The response speed is correlated to the charge carrier separa-

tion, dissociation, recombination, and extraction. For example,

the conductivity of the electrodes influences the transit time of

charge carriers;239,240 an electron or hole blocking layer affects

charge carrier extraction or injection.63,241

�3 dB bandwidth ( f�3dB)

Another important parameter for evaluating the response speed

of PDs is the frequency response being quantified by the �3 dB

bandwidth ( f�3dB). It is defined as the modulation frequency of

the optical signal at which the measured photocurrent

decreases to �3 dB (1/O2 = 70.7%) of its low frequency value.

The f�3dB is correlated to the carrier transit time (ttr) and the

RC-time of the equivalent circuit as:

f�3dBð Þ2¼ 3:5

2pttr

� �2

þ 1

2pRC

� �2

Hz2
� �

; (19)

where C is the capacitance of the device. R is the total series

resistance composed by the series resistance of the measured

device, contact resistance, sheet resistance and load resistance

of the measurement circuit. Therefore, strategies such as redu-

cing the device effective area and series resistance can be

employed to improve f�3dB.
73

Spectral selectivity and spectral rejection ratio (SRR)

Additionally to the discussed figures-of-merit, there are two

more parameters that need to be introduced for evaluating

narrowband PDs. As depicted in Fig. 2, one is the full width at

half maximum (FWHM), denoting the selectivity of PDs. The

narrower the FWHM, the higher the selectivity. FWHM can

either be defined from the EQE curve (FWHMEQE) or the

responsivity curve (FWHMR). The other important parameter

is the spectral rejection ratio (SRR), describing the ratio of

the peak responsivity (Rpeak) in the target spectral window to

the responsivity outside this measurement window (Rout),
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expressed as:73

SRR ¼ Rpeak

Rout

ð1 or %Þ: (20)

In Fig. 2 (panel: spectral bandwidth), the SRR1 (= Rpeak/Rout1) is

larger than SRR2 (= Rpeak/Rout2). Assuming a white light source

impinging onto a PD, a larger SRR indicates that less signal

originates from unwanted spectral regions. In real applications

of narrowband PDs, a high SRR is needed to ensure a high

signal specificity, i.e., a signal that mainly corresponds to the

targeted wavelength and only contains the smallest possible

part of other wavelength ranges.

Abbreviations

PD Photodetector

OPD Organic PD

PC-OPD Photoconductor OPD

PM-OPD Photomultiplication OPD

PT-OPD Phototransistor OPD

CT-OPD Cavity-enhanced charge-transfer (CT) state

based OPD

PV-OPD Photovoltaic OPD

OSC Organic solar cell

VIS Visible

NIR Near infrared

R Spectral photoresponse

EQE External quantum efficiency

D* Specific detectivity

FWHM Full width at half maximum

SRR Spectral rejection ratio

JD Reverse dark current

J0 Saturation current
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