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Trap-Assisted Charge Generation and Recombination in
State-of-the-Art Organic Photodetectors

Xiao Ma, René A. J. Janssen, and Gerwin H. Gelinck*

The performance of organic photodetectors is steadily improving, and the
specific detectivity, as a key figure of merit, has reached values of 10'2-10'3
Jones, i.e., comparable to that of silicon diodes but still considerably lower
than the intrinsic limit. As with other semiconductor devices, the electrical
performance of state-of-the art organic photodiodes (OPDs) is presently
determined to a high degree by the presence of chemical impurities or
structural defects which create carrier trapping states within the bandgap of
organic active layer. This review aims to provide a comprehensive and timely
account of trap-assisted charge generation and recombination in OPDs, with
emphasis on the impact of these phenomena on photodetector performance
parameters such as, noise and dark current density, responsivity, response

speed, and ultimately, specific detectivity.

1. Introduction

Organic photodiodes (OPDs) are very attractive for light sensing
applications as they combine interesting optoelectronic proper-
ties and high photogeneration yield with low fabrication costs,
lightweight and mechanical flexibility. OPDs are proposed for
use in color scanners,!?l medical X-ray detectors,[>*! and other
(bio)medical imagers,>! biometric fingerprint and palmprint
scanners,®’] and optical communications.!®°1 With the develop-
ment of novel photoactive materials, proper contact engineer-
ing and optimization of device processing, the performance of
organic photodetectors has significantly increased over the last
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5 vyears. Visible OPDs show perfor-
mance on par with amorphous silicon
photodiodes.['] The synthesis of novel
narrow-bandgap polymer donors!!!-1¢]
and nonfullerene acceptors (NFAs)[17-%]
has successfully extended the spectral
photon responses up to 900-1200 nm,
a wavelength region where now expen-
sive InGaAs detectors are being used
commercially.

Highestestate-of-the-art OPDs are
based on a bulk heterojunction (BHJ)
architecture using an electron donor and
acceptor material as a photoactive layer.
Both materials are finely intermixed
throughout the bulk of the photoac-
tive film. The film is typically a few
hundred nanometers thick. Photoexcited
electron-hole pairs can dissociate efficiently at the donor—
acceptor junction. Figure 1a shows a typical OPD architecture
comprising a BHJ layer sandwiched between two electrodes mod-
ified with electron and hole transport layers (ETL and HTL). Its
band diagram under reverse bias is shown in Figure 1b. Elec-
tron transport takes place in the acceptor phase to the cathode.
Similarly, hole transport takes place in the donor phase to the an-
ode. The effective bandgap of a BH] diode can thus be defined as
the energy difference between the Lowest Unoccupied Molecular
Orbital (LUMO energy of the acceptor material and the Highest
Occupied Molecular Orbital (HOMO) energy of the donor. The
optical bandgap in these devices is determined by the material
with the lowest HOMO-LUMO energy difference, being either
the donor or acceptor material. The current density—voltage (J-V)
characteristic of an organic bulk-heterojunction OPD is schemat-
ically shown in Figure 1c. Among others, two relevant parame-
ters for OPDs are the photocurrent density (], SI units: A m~2)
and the noise current spectral density in dark, S, (SI units: A
Hz7'2). S, should be minimized while the photoresponse—for
a given light intensity—should be as high as possible. The two pa-
rameters are combined into a single figure of merit, the specific

detectivity D* defined as D* = R(i)\/Z/ S,, where the respon-
sivity R(4) is the ratio between the generated [, and the irradi-
ance (P, ST units: W m~2) at a particular wavelength 4, and A the
area of the photodetector (unit: cm?). The common unit of D* is
cm? Hz'/2 W1 or Jones. Figure 1d shows reported D* values of
state-of-the-art OPDs, extracted from the literature, as a function
wavelength corresponding to the optical bandgap. More details
can be found in Tables S1 and S2 (Supporting Information). The
empty blue symbols in Figure 1d represent D* calculated from
the reverse dark current, i.e., only considering shot noise, and
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Figure 1. a) Schematic of an OPD consisting of bulk heterojunction (BH)) layer between two electrodes modified with charge transport layers, a hole
transport layer (HTL) and an electron transport layer (ETL). At least one of the electrodes is optically transparent. b) Band diagram under reverse bias.
c) Schematic of OPD current density—voltage (J—V) characteristics with and without illumination. Dark current density (/4), short-circuit photocurrent
density (J,), and open-circuit voltage (V,.) and are indicated. d) Reported specific detectivity of OPDs as a function of wavelength. Solid symbols
represent D* calculated from i, and empty symbols represent D* calculated from /4. The device performance of the commercial inorganic photodiodes,
Si (Thorlabs FDS100-CAL) and InGaAs (Thorlabs FGA21-CAL) are also included as reference. Further details about the individual devices are given in

Tables S1and S2 (Supporting Information).

the solid orange symbols represent reported D* calculated from
measured noise current.

The ultimate performance of any light detector is achieved
when the detector noise is low compared to the photon noise, i.e.,
the detector is “quantum limited.” Photon noise is fundamental.
It directly follows from the discrete nature of the impinging pho-
tons including background radiation. Detector noise is unavoid-
able and related to fluctuations in charge carrier density and mo-
bility. The ultimate limit of the specific detectivity is called the
background-limited infrared photodetection (BLIP) limit, where
D* is limited by the noise associated with photons from back-
ground radiation. The BLIP limit is calculated by using the black
body radiation (which is strongly temperature dependent), as-
suming unit external quantum efficiency (EQE = 1), and a dark
generation-recombination current that is only limited to radiative
transitions over the bandgap of the semiconductor.2*2!] At 300 K,
the BLIP detectivity value for a detector with a bandgap energy of
0.8 eV, corresponding to wavelengths up to 1550 nm, is ~1 x 10%°
Jones. It increases strongly with decreasing wavelength.['5!

Three trends are observed in Figure 1d. First, all reported D*
values fall short with respect to the BLIP limit, indicating that
nonradiative transitions and losses are dominant. Second, detec-
tivity values calculated using current noise are consistently lower
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than obtained using dark current density (J;). This effect is well
known: the calculation based on J; assuming only a shot noise
contribution is usually incorrect, and leads to an overestimation
of D*.[202223] Yet, best-in-class OPDs show noise current-based
D* values comparable to that commercial inorganic PDs (gray
and yellow line). Third, D* of OPDs with narrow bandgaps (i.e.,
A > 1100 nm) are significantly smaller. The prime reasons are
the reduced charge generation and enhanced charge recombina-
tion. Few donor:acceptor BH]Js based on narrow bandgap organic
semiconductors are known that produce charges when excited
at wavelengths beyond 1100 nm, 11824251 or only when applying
a sufficiently large reverse bias.!'>2¢] Moreover, charge recombi-
nation is enhanced in low-energy CT states. This is known as
the “energy-gap law,”(?’] which implies that nonradiative recom-
bination becomes increasingly likely when the effective bandgap
is reduced.[?®! It is noted, however, that for modern donor—
nonfullerene acceptor systems in which the locally excited (LE)
state on the acceptor is degenerate with the CT state, nonradiative
recombination is less strong, because radiative recombination is
enhanced via intensity borrowing from the transition between
the LE and ground state.l?>3% Next to reduced formation of col-
lectable charges, the drop of D* at long wavelengths originates
from the increased dark current noise.
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Figure 2. Simplified density of states diagram for an organic semiconductor with a gap energy E, and different intra-bandgap states. a) Equal shapes of
(broadened) HOMO and LUMO levels with a Gaussian width of 0.1 eV. b) Exponential tail states exp(E/E) for a value of Ey of 20 meV (solid lines), 30
meV (dashed lines), and 40 meV (dotted lines). c) Deep discrete states with Gaussian distribution at trap depths from 0.25 to 1.05 eV, in steps of 0.20
eV. The peak heights, Ny, is 10" cm® V=1, and the width of the Gaussian is 0.1 eV. For comparison, the Gaussian disordered HOMO and LUMO

of a) are also included in (c).

Impurities, defects and charge trapping related phenomena
in organic semiconductors are currently topics of intensive re-
search, as they have frequently been reported to compromise the
performance of organic light-emitting diodes, transistors, and or-
ganic solar cells.’1-33] Organic photodetectors are no exception.
Recent reports have highlighted the negative impact of intra-
bandgap electronic states on dark current, photoresponse, and
response speed. This review focuses on OPDs and particularly
the role of trap-mediated processes. It is organized as follows:
In Section 2, we introduce the physical concepts on structural
and energetic disorder in organic semiconductors that result in
the presence of shallow and deep intra-bandgap states. In Sec-
tion 3, we will introduce the relevant concepts that explain how
such intra-bandgap states result in charge traps affecting charge
transport and recombination processes. Sections 4, 5, and 6 give
an overview of electronic and optical characterization methods
used to characterize trap distribution in organic semiconduc-
tor diodes, including recent experimental and modeling results
that clearly show that small amounts of deep energetic states at
low density (< 10'® cm™3) have a profound negative impact on
detectivity, photocurrent linearity and response time. Section 7
presents a short summary of the major findings and a short out-
look in the form of recommendations in relation to accurate ex-
traction of relevant photodetector parameters and trap state anal-
ysis.

2. Shallow and Deep Traps in Organic
Semiconductors

Organic semiconductors belong to the class of so-called disor-
dered semiconductors. Large electron—phonon interactions give
rise to charge localization and a thermally assisted charge trans-
port mechanism[**3%] in which holes or electrons hop from one
molecule (or conjugated segment in case of a polymer) to an-
other. Due to variations in packing, conformation, and local po-
larization, the density of states at HOMO and LUMO energies
broaden. As a consequence of energetic and structural disorder,
thermal activation energies of ~0.2-0.3 eV are typically observed
for the charge carrier mobility. Chemical impurities and defects
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can also lead to the formation of discrete electronic states in the
forbidden energy gap of the organic semiconductor. Charge car-
riers can be immobilized in such a localized “trap state” when
their relative energetic positions from the transport levels (trap
depth) lies further than several kT, where k is Boltzmann’s con-
stant and T the absolute temperature, from the charge transport
level.

The disorder inherent to organic semiconductors causes some
of the in-band electronic states to tail into the bandgap and can
be approximated by a Gaussian distribution at the HOMO and
LUMO levels (Figure 2a). An exponential distribution tailing
deeper into the bandgap is also often used. (Figure 2b). Band tails
extending exponentially into the bandgap are mathematically ex-
pressed in the form of

Ec. -
N(E) = Ncexp | — E
0,C

E

> , E<E. (1)
where N is the density of states at the energy E.. of the conduc-
tion band edge (LUMO), and E, - the characteristic decay energy
of the band tail. There is a similar expression for the density of
states near the valence-band edge (HOMO) with a characteristic
energy E, . For excitations below the bandgap the absorption co-
efficient decreases exponentially with decreasing photon energy.
This absorption coeflicient is believed to reflect the band-tail den-
sity of states. Most reported values of E; and E; . range between
20 and 40 meV in best-of-class BH]J devices. Research spanning
over more than a decade successfully links the disorder to the
photovoltaic parameters of organic BH]J solar cells.**-*! With typ-
ical E, numbers of 20-40 meV, Figure 2b shows that the den-
sity of states decreases rapidly into the bandgap. If there were
no states in the gap other than these band tails, then the mini-
mum density of states at mid-gap, using the value of 40 meV for
the characteristic energies, N and Ny, of 2 X 102 cm™ eV~ and
choosing an effective bandgap of 1.3 eV, which is typical for an
OPD, would be ~3 x 10" cm=3 eV~!. This is an unrealistically
small number, so we must conclude that other intra-bandgap
states contribute in this region.
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The origin of deep states (with trap depths >> kT) remained
elusive for a long time. Charge traps have been attributed to
morphological defects,***! to chemical impurities remaining
from materials’ synthesis and device processing, ! to con-
tamination from the environment,[*®) and light-induced material
degradation.I**3% An insightful study of Cowan et al. points to
the role of molecular impurities.[*”! The controlled introduction
of one PCy,BM molecule per 1000 PC,,BM molecules—that act
as electron trap sites with an energy of 0.35 eV—resulted already
in a strong degradation in device performance. Such a molecu-
lar defect is likely to be described by a Gaussian trap distribution
(Figure 2c).

3. How Intra-Bandgap States Influence Charge
Transport and Generation-Recombination
Processes

3.1. Diode Characteristics

The so-called ideal diode equation is an often-used starting point
to describe the current-voltage characteristics of an organic BH]J
photodiode

\%4
J=h [exp(ﬁ) —1] ~Jon @)

with g being the elementary charge, |, the reverse saturation cur-
rent, and n,y is the ideality factor (in older literature referred to as
quality factor). n;4 equals unity in an ideal diode. In the dark, ],
=0, and Equation (2) can be written as

_ av
Jo=dofew (oo ) -1 ®)

The fundamentals of Equations (2) and (3) were laid by pio-
neers such as Shockley, Wright, and Rose. Shockley derived this
equation for an inorganic p-n diode. Wright and Rose found that
Equation (2) describes injection (dark) currents and photocur-
rents in diodes made from highly resistive (homo-junction) semi-
conductors. Wright®!l demonstrated that the single-carrier cur-
rent in a device with one ohmic (injecting) contact and one block-
ing contact predominantly occurs by carrier diffusion at low for-
ward bias, and increases exponentially with the applied voltage.
The current at high forward bias becomes space-charge-limited
current (SCLC) and can be described by the Mott-Gurney square
law(>2!

9 V2
J=ger “4)
with e the permittivity, u the mobility, Vthe applied bias, and L the
thickness of the active layer. From this equation, the space-charge
limited charge-carrier mobility can be directly derived, provided
care is taken to avoid caveats.[>*>3] Trap-assisted processes result
in a deviation of the ideal diode behavior, as will be shown next.

3.2. Charge Recombination

Recombination of photogenerated charges is an unwanted loss
process in organic solar cells and photodetectors. A semicon-
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ductor at thermal equilibrium, i.e., without external voltage ap-
plied and in the dark, will have a recombination rate that is
equal to the thermal generation rate. Understanding the physi-
cal processes governing charge recombination in these devices
is therefore essential for improving their performance. Follow-
ing Onsager-Braun’s description**>°! as well as more modern
models, reviewed,® it is useful to consider recombination as a
two-stage process, each being associated with a rate: the first pro-
cess describes the probability that two oppositely charged carri-
ers meet and form a pair of Coulomb-bound charges. This pro-
cess can be reversible, i.e., the charge pair may dissociate again
into independent mobile charges. The second stage describes the
subsequent recombination of the Coulomb-bound charges. The
overall rate is limited by the slowest process.

Despite clear physical mechanisms, charge recombination
studies in BHJs initially led to seemingly conflicting results. The
main reason is that the recombination mechanisms are mostly
nonradiative in BHJ devices, and thus experimentally difficult
to probe. Moreover, the kinetics of recombination strongly de-
pend on charge density, and thus light intensity (due to photo-
carriers) and voltage (due to field-dependent drift of carriers, and
injected dark carriers). Near open circuit recombination is domi-
nated by interactions between free carriers or between a free car-
rier and a carrier in the tail state.’”*”] Understanding this better
was of crucial importance for solar cell development.[*®! At re-
verse bias or short-circuit conditions, bimolecular recombination
is suppressed relative to monomolecular (trap-induced) recom-
bination by the lower density of carriers and the relatively high
electric field (V-Vy;), where Vy, is the built-in voltage resulting
from the different work functions of the electrodes. This regime
is more relevant for OPDs.

3.2.1. Bimolecular Recombination

In OPDs bimolecular recombination is often described in terms
of the Langevin model, and extensions thereof.**] According to
this model, recombination occurs at every encounter of an elec-
tron and a hole. The rate limiting step is thus given by the diffu-
sion of electrons and holes toward each other. The recombination
rate (R, ) can be described as the product of the Langevin recom-
bination coefficient and the excess charge density as

R == (o + ) (nm, = ) 5)
€o&y

where u, and p, are the charge carrier mobility of holes and elec-
trons, respectively, n, and n, are the (free) electron and hole den-
sity, €, is the vacuum and ¢, is the relative permittivity, and n, is
the intrinsic carrier concentration. This rate increases quadrati-
cally with carrier density and therefore becomes more important
at high light intensities.

3.2.2. Charge Transfer States at the BH| Interface
The experimentally measured bimolecular recombination rate

in BH]J solar cells has been found to be reduced with respect
to Langevin rate. This leads to the introduction of an additional
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parameter y as prefactor in Equation (6)

R, =y—— (4o + my) (nen, — 1) (6)

£0&,

The value of y ranges between 107! and 1073 in bulk
heterojunction solar cells, and it decreases with increasing
temperature.l’®] The temperature-dependence of the reduction
factor y cannot be described by an encounter-limited recombi-
nation rate. This apparent contradiction was solved by assum-
ing that the recombination process proceeds via a charge-transfer
(CT) state formed at the interface.>®% The reduced Langevin re-
combination is hypothesized to result from an equilibrium be-
tween free carriers and populated CT states.!®!] The fundamental
assumption is that the CT states dissociate into free carriers sev-
eral times before ultimately recombining.

3.2.3. Monomolecular (First Order) Recombination at the Contacts

Due to diffusion of charges from the contacts into the organic
semiconductor (see also Section 4.3), a large charge imbalance
can exist near the electrodes, e.g., a higher density of electrons
at the cathode and a higher density of holes at the anode. Such
an imbalance will enable mobile holes, n,, to recombine in the
presence of a significant excess of electrons, n,,, via a seem-
ingly first-order process: R « n, ., X #y, (P).[7%* The first-order
losses increase with decreasing carrier mobility.[%]

3.3. Trap-Assisted Recombination

Trap-assisted recombination is defined as a recombination pro-
cess in which one electron and one hole recombine through a trap
state or recombination center. First, fast initial capture of elec-
trons (density, n.) or holes (density, n; ) creates a finite concentra-
tion of trapped charges with which a mobile counter charge can
recombine. The two-step mechanism transforms the recombina-
tion from a bimolecular process with incident light intensity, P,
Ry; x 11 (P) X ny,(P), to a first-order process, Rgpyy & M o, X 1y (P).

Recombination through traps was first described by Shock-
ley and Read!®! and independently by Hall,[*’} and is known as
Shockley—Read-Hall (SRH) recombination. The SRH model rec-
ognizes four pathways by which electrons and holes can recom-
bine and re-establish the equilibrium that has been disturbed by
thermal or photoexcitation:

1) an electron is captured by the trap

2) atrapped electron is thermally excited to the LUMO level

3) an electron is thermally excited to the trap from the HOMO
level, i.e., hole emission from the trap

4) The trapped electron falls into an empty state near the valence
band, i.e., hole capture.

Steps (1) and (4) taken together comprise a recombination
event.

The net SRH recombination rate via traps of density N, is given
by!66-69)

C,C,N, (n.m, —n?)

Rspu = [ (7)

C,(n.+mny)+ C, (m, +p)]
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with
E —E
ny = Nygmo €Xp (‘%) (8a)
E —E
P1 = Nyowmo €xp <%> (8D)
E,
n1p1 = Nyomo NLumo €Xp (_ﬁ) (8¢)

in which n,p, =n;%, and E, is the effective bandgap. The relevance
of SRH recombination will therefore depend on the trap density,
the trap energy (E,), as well as the so-called capture coefficients
C, and C, for electrons and holes, respectively. Equation (7) as-
sumes steady-state condition (quasiequilibrium), i.e., the net rate
between electron capture and electron emission ((1)—(2)) is equal
to the net rate between hole capture and hole emission ((3)—(4)) in
Figure 3a, which may not be the case in highly resistive semicon-
ductors, with high bandgaps of 1.1 eV or higher.>*7% It is more
likely, because the recombination centers are near mid-gap, that
equilibrium is determined by electron and hole capture rather
than by thermal emission.

Figure 3a and Equations (7) and (8) represent the case of a sin-
gle energy level located between the conduction band (HOMO)
and valence band (LUMO), respectively. In disordered organic
semiconductors, however, it is more likely that there is a broad
distribution of intra-bandgap states that can act as trap of recom-
bination center. For this case, the quasi-Fermi approach is much
more useful and physically appealing.[’*73) Under illumination
(or forward bias) a quasi-Fermi level for electrons E;, is defined
as the Fermi level consistent with a density n_ of free electrons
following

EC - Ef,n
n = Ncexp B (9a)

An analogous definition for the hole quasi-Fermi level E,
yields density of holes n,

E. —E,
p = Nyexp <_pk—T>

In a wide bandgap semiconductor, in the absence of illumi-
nation (or strong forward bias), these quasi-Fermi levels lie near
mid-gap. Under illumination they move toward their respective
mobility edges. As a first approximation, states lying between a
mobility edge and a respective Fermi level act mainly as traps
rather than as recombination centers. States lying between the
two Fermi levels will be recombination centers. E, and Eg, en-
ergy levels therefore separate recombination from trapping ef-
fects, and therefore are sometimes referred to as the electron
and hole demarcation level. An electron at this level will have the
same probability of being thermally excited to the transport level
as of capturing a hole.l”*! States above this electron demarcation
level D, will act predominantly as traps, those below as recombi-
nation centers. Rose showed that (with a small correction factor
that is negligible when the capture coeflicients for hole and elec-
tron capture are identical) the demarcation level is located at the
steady-state quasi-Fermi level.l’2] These demarcation levels are

(9b)
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Figure 3. a) Schematic representation of bimolecular recombination and four processes involving recombination via trap states. 1) an electron is
captured by the trap, 2) a trapped electron is thermally excited to the LUMO, i.e., electron emission, 3) a hole is captured by the trap, and 4) the trapped
hole falls into an empty state near the valence band, i.e., hole emission. Adapted with permission.[”>] Copyright 2011, American Institute of Physics.
b) Band diagram to represent the demarcation levels D, and D, for electrons and holes, respectively. The quasi-Fermi levels for electrons and holes,

respectively, are E¢, and E¢ .
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Figure 4. Dark current of PCDTBT:PCBM OPD at various temperatures.
Lines represent forward and backward voltage scans. Bold lines represent
room temperature data (295 K). Orange symbols represent current density
values obtained under constant voltage conditions (at room temperature).
Ideality factor of 1.7 was calculated using Equation (13). The inset shows
the temperature dependence of J; measured at different voltages. The dot-
ted lines are Arrhenius-type fits with an activation energy E, of 0.92 eV (at
—0.1V), 0.89 eV (at —0.2, and 0.82 eV (at —0.5 V). Reproduced under the
terms of the Creative Commons Attribution 4.0 International license.[76]
Copyright 2022, The Authors, published by Wiley-VCH GmbH.

represented in Figure 3b on a standard band diagram. All the
states between D,,, and D, are recombination centers, because
the probability of thermal emission to a mobility edge is weak
compared with electron or hole capture. Since the demarcation
level is determined by the values of capture probabilities and re-
combination times, each different type of trap should have its
own set of demarcation levels associated with it.

4. Charge Transport in Organic Semiconductor
Diodes in Dark

Temperature-dependent J-V characteristics of a polymer-
fullerene BH] OPD in dark are shown in Figure 4. This
particular polymer blend, consisting of poly[N-9’-heptadecanyl-

Adv. Mater. Technol. 2023, 8, 2300234 2300234 (6 of 18)

2,7-carbazole-alt-5,5-(4',7’-di-2-thienyl-2',1’,3’-benzothiadiazole)]
(PCDTBT) and phenyl-Cg,-butyric acid methyl ester (PCBM),
was used in two different prototypical photoimaging applications
by our group.[*%! It was also used in a recent device study by our
group.’®! In this work, it serves as an illustrative example. Three
voltage regimes can be discerned: i) at high positive voltage (V >
V1) the electric field becomes positive, charges are injected, and
the drift current density dominates. In this region, the current
density can be described by the Parmenter and Ruppel model
(see Section 4.2) and at high current densities series resistance
may become important, ii) at low forward bias (from 0V to V)
the current exhibits exponential diode characteristics due to the
charge diffusing from the contacts into the semiconductor. In
this regime, the drift-current density from injected chare carriers
is still negative, but the gradient of charge carriers results in
a diffusion of charges in the opposite direction. iii) at reverse
bias (<0 V) currents are low, and in an ideal diode current,
approaches the reverse saturation current (J,) also known as the
“thermal (or equilibrium) recombination current.”!””]

The solid lines in Figure 4 represent current densities mea-
sured in forward and backward voltage scans. The symbols rep-
resent J; values measured at constant applied voltages, effectively
eliminating displacement and charging currents.!”®!

4.1. Trap-Limited Charge Transport Studies

The impact of trap states on charge carrier transport in organic
diodes is well understood in single carrier (electron-only or hole-
only) organic diodes. In these devices by proper contact engineer-
ing only one type of charge carrier is injected, and charge recom-
bination can be neglected. The presence of deep trap states leads
to deviation from the expected SCLC behavior. Traps effectively
immobilize charge carriers, bringing about a lower (hole or elec-
tron) current. The voltage dependence of the trap-limited current
is an indication of the trap depth, i.e., a stronger voltage depen-
dence implies a deeper trap depth. Due to trap filling, trap-limited
conduction shows a steeper voltage dependence than the slope 2
(slope of space-charge-limited current) in a log-log plot.

Using J-V modeling Nicolai et al. found that electron traps
are present in many different polymers and organic small
molecules.l”8] Independent from the HOMO and LUMO of
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organic material the traps are centered at #—3.6 eV from the
vacuum with a typical distribution width of ~0.1 eV. Trap den-
sities of ~1-3 X 10V traps per cm?® were reported.”’®] Further
characterization including quantum-chemical studies suggested
that water-oxygen complexes cause electron trapping.”®#! In
its neutral state, this complex is only weakly bound. Charge
detrapping effectively deactivates the trap. This results in unex-
pected slow charge trapping rates up to hours.®?! In contrast,
Zuo et al. reported a distinct peak in J-V curves of single-carrier
devices when plotted on a double logarithmic scale.®*] This
peak was analyzed in terms of a transition between trap-limited
and trap-filled charge transport regimes. Trap depth E, and trap
density N, were extracted from the height and position of the
peak, respectively. Density functional theory (DFT) calculations
suggested that water molecules enclosed in nanoscopic voids
in the films create both electron and hole traps that lie around
0.3-0.4 eV from the HOMO and LUMO levels, respectively.!®3]
Finally, Nikolka et al. showed that the presence of water in the
polymer film induces a narrow, continuous distribution of hole
traps.!® Incorporation of solvent additives or dopants displaces
the water molecules and stable polymer diodes with record SCLC
mobilities of up to 0.2 cm? V=! s~! were obtained.3*] Molecular
doping was also successfully used to make better OPDs.[35-#7]

4.2. Charge Recombination Processes in Double-Carrier Devices

Charge transport studies mentioned in Section 4.1 are usually
conducted in single carrier diodes. In a double-carrier diode, re-
combination of electrons and holes should also be taken into
account. Parmenter and Ruppel derived an expression for the
current density of a double-carrier diode with two Ohmic elec-
trode contacts (excellent injection), for the case of a large applied
voltage. With equal and constant electron and hole mobilities,
and assuming Langevin recombination, the so-called Parmenter—
Ruppel formula reads!®!
9 Vv?

The expression for the current density resembles closely the
Mott—-Gurney law expression for unipolar devices (Equation (4)),
albeit that the current density is not just a factor of two larger (as
would be expected naively) but a factor of about 2.88. The differ-
ence is due to the partially compensating positive and negative
space charges in the device. Precisely in the device center, the
space charge densities even fully compensate each other. The de-
vice is “slightly less space-charge-limited.”

For the case of very low bimolecular recombination rates, i.e.,
a very large Langevin reduction factor y (see Equation (6)), Equa-
tion (10) does no longer hold. In that case both injected carri-
ers can traverse the whole layer, electron and hole densities are
approximately equal throughout the whole layer and the current
density in this so-called injected plasma limit is given by!®*

1/2 5

Martinl®!l derived semianalytical solutions for diodes with
nonideal contacts and for the case of different electron and hole
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mobilities. These expressions are however complex and include
parameters that have to be determined by a root-finding method.

Measurement techniques to directly quantify the recombina-
tion rates and losses are of great significance. Wetzelaer et al.
presented an elegant steady-state method to probe bimolecular
recombination in organic solar cells at high forward bias.[*! By
comparing current densities in a blend in hole-only, electron-
only, and double-carrier diodes, charge recombination can be cal-
culated for every voltage and temperature. Results were analyzed
in terms of a reduced Langevin recombination factor.

By systematically investigating the change in slope of unipo-
lar current-voltage curves Zuo et al.®?] investigated the effect
of adding PCBM on the charge transport properties of poly-
mer donors. Depending on the crystallinity of the polymer, the
hole mobility was found to increase or decrease with increas-
ing PCBM content. The decrease in mobility for (semi)crystalline
poly(3-hexylthiophene) (P3HT) was attributed to morphological
trap formation. The increase in hole mobility in amorphous poly-
mers with PCBM was attributed to the removal of hole traps. The
material dependence shows the richness of phenomena and ef-
fects that can be found in organic semiconductors, but makes it
difficult to make universally applicable claims.

4.3. Diffusion Current and Ideality Factor

From the ideal diode equation (Equation (3)) it can be inferred
that the diffusion current depends on the diode ideality factor,
1,4, and the reverse saturation current, J,. Both parameters in-
crease with increasing concentrations of trap states. The diode
ideality factor is unity in the absence of trap-assisted recombina-
tion. The ideality factor is expected to be exactly 2 when recom-
bination takes place predominantly via an immobilized charge
in a deep trap state with a free charge, as described by the SRH
formalism.[%8]

Assuming an exponential band-tail density of states exp(E/E,),
Van Berkel et al.l*l in 1993 derived an expression of the ideality
factor in terms of E|

1

1 kT
== 4 — 12
g 2 * 2E, (12)

It was successfully applied first to amorphous silicon diodes,
and later to bulk heterojunction solar cells.[*’] It is interesting to
note that Equation (12) can explain why the ideality factor can be a
noninteger, as measured in amorphous silicon diodes but also in
many BH]J devices. De Bruyn et al. provided an alternative expla-
nation for the diffusion current in single-carrier undoped organic
diodes with asymmetric contacts in which n,4 values of ~1.2 fol-
low from the fact that ], becomes dependent on the applied volt-
age and band bending at the Ohmic contact reduces the built-in
voltage.[** Typical experimental values, however, lie in the range
of 1.5 < nyy < 1.8 for double carrier organic photodiodes.[58%]
From the -V characteristics, the ideality factor can be calculated
using

_ kT élnjJ -1
nid_(7W> (13)
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for voltages where the J-V curve shows a diode behavior and is
notlimited by shunt series or ambiguous due to hysteretic effects,
or by drift current. For PCDTBT:PCBM OPDs we observed n,4 to
be 1.7 (Figure 3). Assuming Equation (12) this corresponds to a
E, value of 0.14 eV.

4.4.],

Temperature-dependent reverse bias dark current measurements
can shed light on the origin of the dark current and J,. Assuming
Arrhenius-like temperature behavior, i.e., J; & ], « exp(—E, /kT),
where E, is thermal activation energy of the dark current, E, can
be determined by the slope from In(J,) against reciprocal tem-
perature. In such studies it is of utmost importance that there
is no unwanted contribution such as leakage current. Shunt re-
sistance obscures the intrinsic value of J; and its temperature
dependence. Correcting for the shunt resistance is possible, but
not ideal. Only if all extrinsic contributions are eliminated, it is
possible to derive a meaningful interpretation of J,.

Ma et al. recently reported in a large set of fullerene and non-
fullerene blends in OPDs with ultralow values of J; (as low as
107° mA cm™2) that the thermal activation energy barrier of J, is
lower than the effective bandgaps of the blends, by ~0.3-0.5 eV,
but larger than half of the effective bandgap (E, ,) of the BH].”%l
The inset of Figure 4 shows an Arrhenius plot of J; at —0.1 V and
—0.5 V measured for a PCDTBT:PCBM diode from which an acti-
vation energy of 0.80-0.92 eV was obtained.l”*! Reported E, , val-
ues for PCDTBT:PCBM range from 1.3 eV using photoelectron
spectroscopy,’®! to 1.45-1.50 eV using photovoltaic EQE.®*! The
thermal activation is thus larger than %2E, ,. Also for five other
blends the thermal activation energy of ], is lower than the effec-
tive bandgap of the blends, always by ~0.3-0.5 eV. It was there-
fore concluded that J; (in this voltage regime) originates from
thermal charge generation involving trap states with depths of
~0.3-0.5 eV. Very similar results were recently reported by Sand-
berg et al.l””) Using narrow bandgap BH] diodes (E,, < 1.2 eV)
they also observe thermally activated reverse-bias dark currents
with activation energies that are ~0.5 eV less than I, suggest-
ing in their case trap states at mid bandgap.

The voltage dependence of |, at larger negative voltages re-
mains poorly understood. Kublitski et al. suggested that the trap
energy depth is lowered by the applied electric field, according
to the Poole-Frenkel effect.?! At larger negative voltages charge
injectionl®! may start to play a role. Unfortunately, the Poole-
Frenkel model as well as the charge injection model both predict
J, to scale with F'/2, where F is the applied electric field.

5. Thermal Admittance Spectroscopy
(Capacitance-Based Measurements)

The impedance Z, or equivalently, admittance is measured by ap-
plying a small alternating bias voltage of frequency f and mea-
suring the amplitude and phase shift of the resulting current at
that frequency. Walter et al. was one of the first to use thermal
admittance to characterize the distribution of trap states in thin-
film solar cells.[®®! It is based on the notion that the maximum
frequency at which trapped charges can respond to the applied
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alternating bias signal (characteristic trap frequency, f,) is deter-
mined by the energy depth of the trap state with respect to the
transport energy (E,). Using the angular frequency w, = 2zf, E,
can be written as

Et
®, = 2v, exp YT (14)

with v, the attempt-to-escape frequency.®®! By applying a constant
voltage of 0 V or lower, the device is dominantly capacitive and
N(E,) can be expressed as

B Vg dC (w)
qWkT dw

N (E) = (15)

with Vg, the built-in voltage, W is the thickness of the ac-
tive layer, w is the angular frequency, and C(w) is the capaci-
tance. Together with Equation (15), the distribution of the de-
fect states can be determined, provided the attempt-to-escape fre-
quency is known. This parameter can, however, be extracted by
temperature-dependent C—f measurements, as the defect distri-
bution is expected to be temperature independent.

To properly evaluate the defect states by admittance spec-
troscopy the emission of trapped charges must be the slowest
step in carrier generation process. For low-mobility BH] diodes
this is not always the case. In BHJ devices with thick active layers
and/or at low applied DC voltages, time scales for charge trans-
port are sometimes slower than time scales for trap emission.[!
Interpreting the capacitance response at higher frequencies as
coming from a characteristic trap frequency, f;, leads to an incor-
rect DOS of trap states.[1]

All this was taken into consideration when Kublitski et al. in-
terpretated their C—f results for optimized small-molecule BH]J
OPDs based on 2,2',6,6'-tetraphenyl-4,4'-bipyranylidene (TPDP)
and Cg, with different donor concentrations (Figure 5).1?! The
frequency ranges denoted by the hatched areas in Figure 5a were
discarded in the trap analyses. With increasing C,, concentra-
tion, and thus more BH]J interface in the blend, the amount of
trap states becomes higher (Figure 5b). Figure 5c illustrates that
a higher donor concentration corresponds to a higher trap state
density, which is consistent with the trend of higher concentra-
tion resulting in higher dark current. By measuring the device
under different bias, they proved that the change in the capac-
itance spectra (10 Hz to 10 kHz) arises from traps instead of
energy barriers in the device (Figure 5d). When fitting the trap
densities with a Gaussian distribution function N,, E,, and the
width of the Gaussian, o, were extracted to be ~3 x 10 cm™3,
0.5, and 0.04 eV, respectively (Figure 5b). Kublitski et al. also per-
formed temperature dependent J; measurements on the same
diodes. The determined E, was very close to the energy of trap
states measured via impedance spectroscopy.

6. Photoconductivity Measurements

6.1. Light Intensity Dependence of the Open Circuit Voltage

For a diode under illumination, there is no current extraction at
open circuit, and the photocurrent balances the injected (dark)
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Figure 5. Thermal admittance data of an evaporated OPD using TPDP:Cg blends with different D-A mixing ratios: a) Normalized capacitance. Trap states
density (N,) at room temperature. C) Comparison of dark current and trap states density. D) Capacitance spectra at different biases for a device based
on TPDP:Cyq (13.3 mol%). Reproduced with permission Creative Commons CC BY Reproduced under the terms of the Creative Commons Attribution
4.0 International license.[?!] Copyright 2021, The Authors, published by Springer Nature.

current. Hence, Equation (2) can be rewritten as

kT
v, =D, <th+1>
q Jo

(16)

in which V. is the open-circuit voltage. Equation (16) predicts
that there is a theoretical upper limit for the ratio J;,/J, for any
given V_, and that this ratio decreases with decreasing V,.. Gie-
len et al.l**] plotted V. versus I,,/I; on a semilogarithmic scale
for a large set of reported BHJs (Figure 6). The I; was collected
at —0.1 V to reduce the influence of additional shunt currents.
Iy, are obtained under high intensity radiation (100 mW cm™).
Series resistances can be neglected at V, . The red solid line rep-
resents the lower thermodynamic limit of the dark current. It can
be seen that, with some exceptions, I, /I, for most reported BH]J
diodes is orders magnitude lower than the intrinsic limit set by
the V.. This is -again- the result of J, in actual OPDs being much
higher than the ideal saturation current, J,.

Many groups have used light-intensity dependent V,. mea-
surements at relative high-intensity to determine bimolecular re-
combination rates for solar cells. At low light intensities, trap-
assisted recombination may lead to additional voltage losses.
With the total amount of trap states being constant, and bi-
molecular recombination becoming quadratically stronger, n,4
decreases with increasing light intensity, and a crossover from a
trap-assisted to a bimolecular recombination dominated regime
is anticipated. First predicted by Mandoc,['! this crossover was
experimentally reported by several groups.[192-104]

Adv. Mater. Technol. 2023, 8, 2300234 2300234 (9 of 18)
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Figure 6. Open-circuit voltage, V., versus current ratio of photocurrent
to dark current, I, /14, for a large set of organic BH] device. Reproduced
under the terms of the Creative Commons Attribution 4.0 International
license.[™>] Copyright 2020, Wiley-VCH GmbH.

From temperature-dependent V,. measurements in polymer
diodes with trap-limited electron currents. Kuik et al. observed
that the activation energy of the trap-assisted recombination
process equals that of the hole mobility.*”! They concluded
that the rate limiting step for this mechanism is the diffusion
of free holes toward trapped electrons, linking Langevin and
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Figure 7. Normalized EQE as a function of light intensity. A) With increase in light intensity and quasi-Fermi level splitting, certain trap states become
filled with photogenerated charges, resulting in an increase of trap-assisted charge recombination. B) With increase in light intensity, trapped “dark”
charges near the contact are emptied due to recombination with photo carriers, effectively decreasing trap-assisted recombination strength with light
intensity. At even higher light intensities (>10 mW cm~2) bimolecular recombination becomes dominant. Reproduced under the terms of the Cre-
ative Commons Attribution 4.0 International license.['%] Copyright 2021, The Authors, published by Springer Nature. Reproduced with permission.!1%!

Copyright 2022, American Institute of Physics.

SRH recombination in an elegant way. This correlation can
also be made mathematically: At high light intensities, when
nemy, >> n?, and n, & m,, and then when also C, << C, ap-
plies, the SRH recombination rate in Equation (7) simplifies
toRgry = CpNtnh. The estimated room temperature capture
coefficient of ~1 x 107® m? s7! was in close agreement with
capture values reported for organic solar cells.”>1%! Further-
more, for a wide temperature range it was found that C,(T) =
qu(T)/e. This relationship follows from the Langevin recom-
bination rate (Equation (5)) for an immobilized electron, i.e.,

He = 0.

6.2. Light Intensity-Dependent Short-Circuit Current
Measurements

Light intensity-dependent photocurrent measurements have
been widely used to characterize the photocurrent losses under
operational condition, typically at short circuit.[®21%] At short cir-
cuit, the internal field Vj; is high and in state-of-the-art BH]J al-
most all photogenerated charge carriers are efficiently collected
at the contacts. In the absence of significant recombination, no
absorption losses and 100% charge carrier generation, the short-
circuit current density (J, ) is given by J,. = yqP with P the pho-
ton flux of the incident light, and y a proportionality factor that
accounts for the efficiency by which the light is absorbed and
charges are created by the BH] blend and subsequently collected
at the contacts. As every device suffers from optical and charge
generation losses, EQEs are therefore less than 100%. At high
photon flux, the buildup of space charge inside the active layer
(due to an imbalance of electron and hole mobilities),!1%1%7] or
bimolecular recombination can also result in lower collection ef-
ficiency, resulting in J,. « P*, with a being smaller than 1, respec-
tively. At lower light intensities, these effects are negligible. We
note that first-order recombination losses do not easily manifest
themselves as a nonlinear light-intensity dependence of J, but
simply result in a lower EQE value. It is therefore remarkable
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that in very recent reports the photocurrent in OPDs increased
both sublinearly!!®! and superlinearly!1%-11%] with light intensity
atlow light intensities. In both cases, the nonlinear behavior was
ascribed to the presence of trap states.[195108.110111] The proposed
mechanisms are shown in Figure 7.

Zeiske et al.l'%] explained the sublinear dependence of the
photoconductivity on light intensity in terms of an increase in the
number of recombination centers due to widening of the quasi-
Fermi levels in combination with off-centered trap states. At low
light intensities, the photocurrent loss is independent on inten-
sity. Under moderate light intensities with higher carrier den-
sity, the quasi-Fermi level crosses the energy level of sub-bandgap
states, converting them from traps to recombination centers. The
trap-assisted (SRH) recombination increases, resulting in a loss
in photocurrent: a second plateau in EQE with lower magnitude
is observed. At even higher intensity, second-order bimolecular
recombination starts to play a role and further reduces the EQE
with increasing light intensity.

The trap-assisted recombination rate depends on the density
of recombination centers (and thus light intensity), and its on-
set is quantified by the position of the quasi-Fermi level E,, (E,)
for free electrons (holes) relative to the trap energy E,. Since the
SRH recombination is expected to rise and saturate at the trap-
filling limit, there is a point-of-transition (POT) between the low
intensity regime, where first-order SRH recombination is neg-
ligible, and the moderate intensity regime where it dominates
(trap-filling limit). Thus, this intensity onset (POT) for the first-
order SRH recombination shown in the EQE versus light inten-
sity can be used to determine the trap depth. For electron traps,
the critical electron density at which E;, equals E, (POT) can be
used to determine the trap energy via

A,
Ny = Ny €Xp T (17)

where N, , is the density of transport states in the LUMO
of the acceptor and A, is the energy difference between
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Figure 8. a) EQE spectra of a PTB7-Th:IEICO-4F diode with a semitransparent stack (ITO/ZnO/BH)/MoO;/ITO) and the same OPD device with a MgF,
optical spacer and Ag mirror on top of the ITO back electrode. b) Same for PCDTBT:PCBM. The blue lines are the spectra of the semitransparent devices,
the orange lines are spectra of same devices with the MgF,/Ag layers on top. Reproduced under the terms of the Creative Commons Attribution 4.0
International license.[”®] Copyright 2022, The Authors, published by Wiley~VCH GmbH.

sub-bandgap states and LUMO of acceptor. By this method,
Zeiske et al.['%] concluded that the photocurrent losses are due
to energy states lying 0.35-0.6 eV below the transport edge
for a wide variety of organic semiconductors. The EQE losses
are small, only 3-10%, and determined by a few data points
which leads to considerable uncertainty of +0.1 eV for the trap
depth.[1%]

Liraz et al.'%! showed that in their OPDs the light intensity
dependent EQE curve at 0 V and forward bias (with extra contact
injection) is different from that observed by Zeiske et al. Here, the
EQE first increases with light intensity before it decreases due to
bimolecular recombination. The counterintuitive EQE enhance-
ment at low light intensity was explained by the role of trapped
“dark” charges near the contact. In dark, there is an excess of
charges that have diffused from the contact into the semiconduc-
tor (see Section 3) and the trap states are almost completely full.
At low light intensities, these “dark” trapped charges recombine
with photogenerated carriers, reducing trap occupation. This is
referred to as trap emptying (Figure 7b). With further increase
in light intensity the density of the photocarriers becomes much
larger than the density of trapped charges (n ~ p >> N,), and the
occupation ratio becomes equal to 50%, effectively resulting in a
loss in trap-assisted recombination rate, which explains the net
increase in EQE. The trap emptying mechanism can take place
only when part of the traps in dark are occupied because the trap
states located close to the center of the gap (Fermi level is located
within defect band) or by injection current (quasi-Fermi level is
located within defect band).

This effect was modeled in more detail by Hartnagel and
Kirchartz.[''!l Using numerical drift-diffusion modeling the non-
linearity at low light intensity was found to result from light-
dependent pseudofirst order losses between injected, trapped
dark carriers near the contacts and photogenerated carriers.['!]
The density of trapped carriers decreases (or increases sublin-
early) with increasing light intensity. This leads to a reduced re-
combination rate with light intensity since the total trap-induced
recombination scales with n, p, + ny, n,, where p, and n, denote
the trap densities near the contacts. The net result is a superlinear
photocurrent behavior at low light intensity.

Adv. Mater. Technol. 2023, 8, 2300234 2300234 (11 of 18)

6.3. Sub-Bandgap External Quantum Efficiency (EQE)
Measurements

The density of localized trap states is typically four to six or-
ders of magnitude lower than that of states above the trans-
port energy.[112113] Determining the energetic distribution of the
trap states is rather difficult and has remained a challenge. Re-
cently, ultrasensitive photocurrent measurements with a detec-
tion limit of ~fA that allow determining external quantum ef-
ficiencies (EQE) down to 107, have been applied to investigate
intra-bandgap states in organic photodiodes.!'411¢]

Due to disorder, organic semiconductors absorb light at
photon energies below the bandgap (sub-bandgap absorption).
Just below the band edge EQE usually decreases exponen-
tially with decreasing photon energy. The steepness of this
exponential tail is related to the Urbach energy, a parame-
ter that is often associated with the energetic disorder of the
BH]J.[117118] Figure 8a shows the ultrasensitive EQE spectrum of
a PTB7-Th:IEICO-4F photodiode (in which PTB7-Th is poly|[4,8-
bis[5-(2-ethylhexyl)-2-thienyl|benzo[1,2-b:4,5-b’|dithiophene-
2,6-diyl]-alt-[2-[[(2-ethylhexyl)oxy]carbonyl]-3-fluorothieno|3,4-
blthiophenediyl]] and IEICO-4F is 2,2'-((2Z,2'Z)-(((4,4.9,9-
tetrakis(4-hexylphenyl)-4,9-dihydro-s-indaceno[1,2-b:5,6-
b’|dithiophene-2,7-diyl)bis(4-((2-ethylhexyl)oxy)thiophene-5,2-
diyl))bis(methaneylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-
1H-indene-2,1-diylidene))dimalononitrile). The spectrum shows
the exponential tail with an energy of 29 meV fitting by Ur-
bach’s rule.'¥”] Figure 8b shows a similar EQE spectrum of
PCDTBT:PCBM. In this case, the exponential Urbach tail is not
visible. Instead, a broad Gaussian line shape can be seen which
is caused by an absorption band centered at an energy of around
1.4 eV and ascribed to a charge transfer (CT) transition from the
donor to the acceptor with an energy E;. Similar spectral fea-
tures were reported by others for PCDTBT:PCBM diodes.>*114]
The presence of a CT state makes it impossible to extract an
Urbach energy for this layer. Below the CT band, distinct low-
energy EQE signals are present. These low-energy bands were
found in a wide range of D-A combinations and associated
with the absorption of low-energy photons and indicate the
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presence of intra-bandgap states. The low-energy onsets of these
low-energy bands represent the lowest-energy photoexcitations
that can generate photocurrent in the OPDs and coincides nicely
with the activation energy of ], of 0.8-0.9 eV (see Section 4.3).7°]

The radiative dark saturation current density can be calculated
by integrating the product of the EQE(E) and the temperature
dependent black body spectrum via Equation (18)

Jo(T) = Q/E EQE(E)®y;(T, E)dE (18)

‘min

with @y, (T,E) the black body spectrum at temperature T. The
lower integration limit E, ; is ideally zero but in practice given
by the lower limit of the sub-bandgap EQE measurement or ex-
trapolated to lower energies with a hypothetic distribution of
intra-bandgap states.l""! Considering that @y (T, E) increases ex-
ponentially with decreasing photon energy E, the integration of
EQE(E)®g;(T,E) largely depends on the absorption features at
sub-bandgap region. The dark saturation current density (J,) of
an OPD consists of J§(T)and a nonradiative contribution (J§¥),
and can be estimated from

Jo=Jo/EQEg, (19)

with EQEy; the electroluminescence quantum efficiency. Values
0f 1075-1077 are typical for organic BHJs.[13:2114.120.121] Thig gyp-
ports the idea that J; consists of small radiative and large nonra-
diative dark saturation current densities, where the radiative part
is thermally generated via intra-bandgap states. Assuming that
EQE(E) and EQE, (E) are temperature independent, J, at differ-
ent temperatures can be calculated via Equations (18) and (19)
using the black body radiation at different temperatures. In such
case it is in principle possible to estimate the activation energy
(E,) of J, by plotting the J&(T)versus 1/kT and fit the data to an
Arrhenius equation.

To determine the energetic distribution of the intra-bandgap
states, the EQE spectra in the sub-bandgap region have been
fitted to a Marcus model,[''*] representing a transition between
two localized states with vibrational progression, and to a model
based on a transition between a trap with a Gaussian-distributed
energy to the valence or conduction band.l'??1%] Both models
describe the onset, but the latter better reproduces the plateau
in sub-bandgap region. We note, however, that the sub-bandgap
EQE spectra are strongly affected by interference.

This became evident by adding an optical spacer-mirror to
semitransparent perovskite detectors.**! Adding such as opti-
cal spacer to PCDTBT:PCBM OPD strongly influences the sub-
bandgap signal in the EQE spectra. Instead of a gradual increase,
a distinct onset followed by a plateau is found (compare two spec-
tra in Figure 8b): a modulating interference pattern appears in
the EQE spectrum, indicating strong variations of the optical elec-
tric field. The interference peak at 0.85 eV clearly shows that the
EQE spectra in sub-bandgap region can change drastically due
to optical interference, and that fitting the EQE spectra to obtain
information on the energy of intra-bandgap states without con-
sidering the cavity effect is questionable.
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6.4. Transient Photocurrent Measurements

Figure 9a shows schematically the time scales associated with
photo-induced charge carrier generation, dissociation, detrap-
ping, and extraction. The photoresponse time, or operation band-
width, of a PD corresponds to the time required to generate
and extract the photocarriers. The 1-10 ms time response found
in organic photodiodes is relatively slow compared to inorganic
counterparts due to the low charge carrier mobility of organic

semiconductors.126-128] The carrier transit time 7, is determined
by
L2
Ty= ————— (20)
2p (V - VBI)

The factor of 2 in Equation (20) accounts for the fact that, on
average, mobile carriers must travel through only approximately
half the film thickness. Equation (20) is only approximate; it does
not take into account that a distribution of mobility values is ex-
pected in disordered semiconductors. Using p ~ 10~* cm? V!
s71, L~ 300 nm, and V-V, = 0.5V, a carrier transit time of 10>
s is obtained.

The cut-off frequency (f ,45) is also used to characterize the
dynamic behavior of OPDs. It is defined as the modulation fre-
quency of input light at which the measured photoresponse is
—3 dB lower than the response under continuous illumination.
This means that at the cut-off frequency, the measured current
Jon decreased to 1/ 1/2 of its initial value at the lowest frequency.
f 34 depends on the carrier transit time (r,,) and the RC-time,
which is the product of resistance (R) and capacitance (C), of the
equivalent circuit, and can be estimated from!!2%:13]

1 1 1 _ (Z”Ttr
f—zsdB trz fch 3.5

In case the response speed is RC limited, reducing the device
effective area and series resistance will improve f ;5.[20131:132]
The presence of trap states will degrade the photoresponse
time.[*+133-140] The extraction dynamics are primarily determined
by the time it takes before a trapped charge is thermally released.
Charge (de)trapping effects are more prominent at low light in-
tensities. At sufficiently high light intensities, the number of gen-
erated carriers is so large that all trap states are filled. At even
higher high light intensity, other factors can become important
(such as built-up of a space-charge).

Arca etal.'®] found that f , 4 of polymer:PCBM photodetector
atvery low light intensity (<200 nW cm~2) was two orders of mag-
nitude lower than at high light intensity. By changing the material
of the hole transport layer (HTL) the light intensity dependence
of the cut-off frequency was largely eliminated, indicating that
traps at the interface between the BH]J and anode were responsi-
ble for lowering the response speed. In a series of papers, McNeil
and co-workers studied the photoresponse to a square pulse of
light, varying the light intensity and applied voltage.['3>136.141] A
fast rise of #1 ms followed by a slow rise of order 10-100 ms was
typically found, as well as a fast microsecond decay component
after turn-off with a small, long-lived tail that persists up to mil-
liseconds. The fast rise and decay are attributed to the transport
of mobile carriers, whereas the slow rise and decay components

) + (27 RC)? (21)
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Figure 9. a) Physical processes of photo-induced charge carrier generation, dissociation, detrapping, and extraction, plus their associated time scales. For
clarity, light absorption, and charge trapping are shown in the donor material only. b) A group of transient photocurrent measurements of PCDTBT:PCBM
measured at times extending beyond the transit time, indicated by different colors, spanning in total six orders of magnitude in time. Inset plot shows
the transients with increasing illumination intensity. c) Extracted DOS distribution for PCDTBT:PCBM from (b). The dashed line is an exponential with
the indicated slope parameter E,. Reproduced with permission.l'#2] Copyright 2011, American Physical Society.

are explained by charge trapping and detrapping processes.!**°!

Numerical simulations using a single trap level (N, = 1.3 x 10'¢
cm~3, E, = 80 meV) was used to reproduce the measured pho-
tocurrent transients, including the photocurrent tail characteris-
tic long persistent current tail'3¢] with magnitude that does not
scale linearly with light intensity or steady-state photocurrent.
From the long photocurrent tail, the trap distribution N(E) can
be deduced in case the measured photocurrent at measurement
time ¢t is due to thermal detrapping of charges at a trap depth
equal to the demarcation energy Ej (t). It implicitly assumes that
there is no recombination (because only one type of charge car-
rier is trapped, i.e., charge carriers of the opposite sign are fully
extracted and charge injection currents are negligibly small) and
the thermally excited trap is not trapped again but extracted at the
contact. The Ej(t) is given by the equation

Ep (t) = kTIn (w,t) (22)

where o, is an attempt-to-escape prefactor (see also Section 5).
The persistent photocurrent J,(t) is given by

dE,
Joc () = qAIfN (Ey) —> (23)
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where A is active area of the device, L its thickness, fis the frac-
tion of states filled (usually taken to be 100%), and N(Ep) is trap
density at energy of Ej,.

Street deduced the DOS of band tail N(E) from transient cur-
rent Jp.(t) for polymer:PCBM diodes by plotted the product of
the photocurrent and the measurement time (Figure 9b) against
the demarcation energy.'*?! For PCDTBT:PCBM, the calculated
DOS decreases from ~10'® to ~10"cm ™ eV~! between the en-
ergy depth of 0.3-0.4 eV with a slope of E; = 45 meV (Figure 9c).
The structure near 0.42 and 0.53 eV might reflect discrete levels.
For P3HT:PCBM, a transition of exponential slope was observed
changing from 45 to 65 meV at trap energy of 0.35 eV, suggest-
ing a different degree of disorder or perhaps broad distribution
of impurities.

Although this is conceptually a simple method to characterize
the states in the bandgap, it involves some assumptions and un-
certainty. MacKenzie et al. systematically investigated the condi-
tions under which the transient current measurements can re-
tain a faithful image of the density of states.['3¥] Key assump-
tion is the absence of recombination, see above. The energy scale
is determined by the attempt-to-escape prefactor, w,, relating to
magnitude of the capture cross section. The w, is assumed to be
10™ —-10'? s7! in these studies but not directly measured.l'*?] An
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order of magnitude changes in @, corresponding to a shift of 0.06
eV in the energy scale.

7. Outlook and Recommendations

This work reviews the concepts involved in dark and photocon-
ductivity in organic BHJ diodes. There is substantial agreement
that intra-bandgap states play an important role in many aspects
relevant for their application as photodetector. We have seen that
intra-bandgap electronic states increase dark current and dark
noise, effectively decreasing the specific detectivity. Moreover,
charge trapping and recombination result in nonlinear photore-
sponse at low light intensities. Finally, slow thermal release of
trapped carriers results in a slow persistent photocurrent that
causes image lag. Much more work must be done in this field
to determine unambiguously the microscopic origin of the most
important defect states, and their electronic characteristics with
the final aim to mitigate their detrimental effects. In the mean-
time, it is important to relate these states to important detec-
tor metrics such as D*, dark current, responsivity, and response
time. All this requires careful device studies, which leads us to
the following recommendations:

7.1. Recommendations for Dark Current Studies

Understanding the factors that determine i, and J; is an impor-
tant prerequisite to further reduce the J; and thereby improve
D*.

It is crucial that the OPD must have a small leakage current
density and therefore a high shunt resistance. It is important to
make sure there is no other extra unwanted contribution such as
lateral leakage current or injection current. Lateral leakage can
be successfully suppressed by the edge cover layer (ECL)—made
of an insulating dielectric—without compromising the photocur-
rent response.l76143:144]

At low dark currents, displacement currents are non-
negligible, even at very low scan rates. These effects are evidenced
by nonzero J; at 0 V and hysteretic effects in the low current
voltage range. We advise measurements under constant bias for
more accurate measurements.

At larger reverse bias, injection current from the contact can
also contribute to the dark current. Thus, to investigate trap-
assisted thermal charge generation, the reverse bias should be
as small as possible, but trap-induced charge injection lowering
seems to be a distinct possibility now that OPDs can be produced
with a low density of deep energy states in the bulk. Systematic
bias and temperature dependent dark current measurements are
likely to separate charge injection from thermal charge genera-
tion.

Also in this work, the analytical discussion is mostly centered
on steady-state dark current, even though it is clear that OPDs are
not Shot noise hmited.[3,4,10,15,21,24,26,86,87,109,110,13],146—170] Noise cur-
rent measurements are strongly recommended when calculating
specific detectivity values. Moreover, frequency-dependent noise
current measurements can shed light on the energy distribution
of traps and recombination states, in dark and in light.
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7.2. Recommendations for Photocurrent Studies

Particularly at low light intensities it becomes again important
that OPDs have a high shunt resistance. The light intensity de-
pendent short circuit photocurrent technique is an important tool
for probing details of the recombination.

Special caution should be taken in low light intensity regime
where the photocurrent is comparable to the reverse dark cur-
rent. This thermal activated dark current can be mistakenly per-
ceived as photocurrent at the short-circuit condition and cause
the underestimate of photocurrent loss. Using modulated light
source and measuring the short circuit current with a certain
frequency via lock-in amplifier can eliminate the contribution of
dark current.[105:108.145]

Hartnagel and Kirchartz[''!l convincingly demonstrated the
short comings of a 0D model to explain light-dependent pho-
tocurrent behavior. In OPDs charge recombination rates at low
light intensities are strongly dependent on the background “dark”
carriers close to the electrode. A direct connection between trap
distribution and OPD performance can be established using nu-
merical drift-diffusion modeling.

Much more work must be done in this area to determine un-
ambiguously the trapping parameters of the dominant defects
but also the exact mechanism of recombination. SRH recombi-
nation is used by default in many software programs and may be
appropriate but—Dby definition—always has a strong propensity
to midgap states. It may be more appropriate to describe recom-
bination in organic BHJ diodes in terms of the detailed diffusion
of the electron and hole to each other to accomplish a recombi-
nation event at the donor—acceptor interface.

Sub-bandgap EQE measurements provide a powerful new way
to investigate sub-bandgap states in organic devices. It would be
useful to establish a framework to estimate the trap distribution
from such spectra, taking into consideration the presence of pos-
sible interference effects.

Subtle nonlinearities of the light dependence of ], as a func-
tion of light intensity are better visible when plotting the respon-
sivity (or EQE) as a function of light intensity instead of the often
seen log-log plot of ], versus light intensity. Nonlinearities are
expected at both high and low light intensities, and are important
when extracting the linear dynamic range (LDR) of the photode-
tector. At low light intensities, the deviation from the linearity of
photocurrent is fundamentally related to a change in trap occu-
pation with light intensity. At high light intensities, bimolecular
(Langevin) recombination will become dominant, and resultin a
Jon o P* with a lower than unity.

Strictly speaking, the linear dynamic range (LDR) indicates the
light intensity range in which the photoresponse is linearly de-
pendent on incident light intensity, i.e., ], o P* with a = 1.00.
It implies that—within this range—the processes of charge car-
rier generation and recombination are independent of the light
intensity, which is translated to a constant responsivity. When de-
termining LDR, J, . and J, .. represent the minimum and max-
imum value of linearly responded photocurrent density, respec-
tively. As discussed by Kielar et al.['*!] ambiguity exists how to
determine J, ;. and J, .. Linearity, or more correctly, nonlinear-
ity, is a measure of the maximum deviation of the photocurrent
from a specified straight line. There is no absolute criterion of
the linearity error that can be tolerated. L, is affected by the

n
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trap density as well as the trap depth. L, is related to bimolec-
ular (Langevin) recombination, and thus determined by the ratio
between the slower carrier mobility 4 and the (Langevin) reduc-
tion factor y (Equation (6)), J,,.. thus can theoretically be pushed
to higher values by using low-mobility donor and acceptor ma-
terials, and combinations thereof which show a high reduced
Langevin recombination rate.
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