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Origin and Energy of Intra-Gap States in Sensitive

Near-Infrared Organic Photodiodes

Xiao Ma, Riccardo Ollearo, Bas T. van Gorkom, Christ H. L. Weijtens, Marco Fattori,
Stefan C. J. Meskers, Albert J. . M. van Breemen, René A. J. Janssen,*

and Gerwin H. Gelinck

Trap states in organic semiconductors are notoriously detrimental to the
performance of organic electronics. However, the origin and energetics of trap
states remain largely elusive and under debate, especially for
bulk-heterojunction (BH]) photodiodes consisting of electron donor and
acceptor materials. Combining three sensitive techniques now enables
locating the origin and energy of trap states in six state-of-the-art polymer —
non-fullerene acceptor organic photodiodes (OPDs) with noise-based specific
detectivities exceeding 10" Jones. Analyzing the temperature dependence of
the reverse-bias dark current density (J,) identifies intra-gap states in the
polymers, lying 0.3—0.4 eV above the energy of the highest occupied
molecular orbital, as being responsible for J;. Sub-bandgap external quantum
efficiency spectra of donor-only and acceptor-only diodes confirm that
intra-gap states are much more abundant in the polymers. Likewise,
responsivity measurements at ultra-low light intensities (107 mW cm—2)

and solution processing offer remarkable
potential for OSCs as active materials in
flexible and printable optoelectronic de-
vices. Yet, a common challenge in these
fields is the presence of trap states, a
well-known factor, that significantly dete-
riorates device performance.'}] For or-
ganic photodiodes (OPDs), it is consid-
ered that trap-assisted recombination is
one of the most important loss mecha-
nisms of external quantum efficiency (EQE)
at low light intensity.** Meanwhile, trap-
mediated thermal generation is the major
contribution of reverse dark current (J,) at
low bias.”"!!] These two unfavorable trap-
related phenomena strongly limit the spe-
cific detectivity (D”) of photodetectors.[*7]

show trap-mediated charge recombination in BH] and polymer-only diodes,
but not in acceptor-only devices. The results imply that to further improve the
specific detectivity of near-infrared OPDs, the intra-gap state energy, and

density need to be reduced.

1. Introduction

Organic semiconductors (OSCs) attract considerable attention
for application in displays, electronics, energy harvesting, and
sensing. Their unique properties, such as mechanical flexibility

Unfortunately, there is only a partial
understanding of the origin and the
energetic distribution of trap states in
OSCs. The energy of trap states remains
a somewhat controversial topic for both
single-carrier!'>1*l and bulk-heterojunction
(BHJ) devices.*”#1] For a range of con-
jugated polymers and small molecules
incorporated in single-carrier devices, universal electron, and
hole trap states have been found at energies of ~—3.6 and
—6.0 eV, attributed to water-oxygen complexes and water clus-
ters, respectively.'>*] Traps at ~0.3-0.4 eV above the high-
est occupied molecular orbital (HOMO) and below the lowest
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Figure 1. a) Schematic stack configuration. b,c) /—V characteristics in dark for diodes with PM6 (b) and PTB7-Th (c) blended with three NFAs (COTIC-4F,
Y6, and IEICO-4F). Lines represent forward and backward voltage sweeps. Symbols represent current densities measured under constant voltage. The
error bars denote the standard deviation of current during constant voltage measurement (measured over a period of 5 min). d) J—V characteristics of
PM6:Y6 diode measured at different temperatures. The temperature was varied from 230 to 330 K in steps of 3 K. ,f) Arrhenius plot of the temperature
dependence of the dark current density of PM6 (e) and PTB7-Th (f) diodes with the three NFAs. A voltage bias of —0.1 V was applied. Error bars on
symbols are the standard deviation. Lines are best fits to the Arrhenius equation, and the corresponding activation energies are shown next to the fits.

unoccupied molecular orbital (LUMO) have been identified via
trap-limited charge transport studies and ascribed to water-
filled nanovoids.'3! In organic BH]Js, deep trap states located
in the middle of the effective bandgap, defined as the energy
difference between the acceptor LUMO (Eyy0,) and donor
HOMO (Ejoyo0,p), termed as mid-gap states, have been detected
by temperature-dependent impedance spectroscopy!’! and sub-
bandgap EQE measurements.!®] Light intensity-dependent EQE
measurements found that first-order recombination loss of pho-
tocurrent is induced by deep trap states, lying 0.35-0.6 eV below
the transport level.l*l Temperature-dependent current density —
voltage (J— V) characteristics show that thermal activation energy
(E,) of J; is 0.3 — 0.5 eV less than the effective bandgap, sug-
gesting that J, is not related to mid-gap states but rather origi-
nates from intra-gap states near the band edges.['] Considering
the disordered and complex nature of BHJ blends, it has so far
been very difficult to determine the origin and absolute energy of
these trap states.

Herein, we investigate the origin of intra-gap states in state-of-
the-art organic near-infrared (NIR) OPDs that possess low dark
currents and have concomitantly high D" up to 1.15 X 10'* Jones
at 850 nm and 5.45 X 10'2 Jones at 1050 nm, comparable to Si
photodetectors. We investigate the temperature dependence of
the dark current density, the sub-bandgap EQE, and the light-
intensity dependent photocurrent for six BH] OPDs comprising
two different donor polymers and three different non-fullerene
acceptors (NFAs). We find that in these OPDs E, corresponds
to the energy difference between Ej o, and a (trap) energy
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level at 0.3-0.4 eV above Ey,yop of the polymer. The results
indicate that —for the materials studied— the trap states orig-
inate from the polymer. This is supported by EQE spectra of
donor-only and acceptor-only diodes where sub-bandgap states
are observed for the two polymers, but not for the three NFAs.
Also, light intensity-dependent photocurrent (f,;,) measurements
at ultra-low light intensities, down to 1077 mW c¢m~2, reveal trap-
mediated recombination losses in BH]J and polymer-only devices,
but not in acceptor-only devices.

2. Results and Discussion

2.1. Effect of the Acceptor on J; and E, in OPDs

Two series of BH] diodes were fabricated, one using PM6 and
one using PTB7-Th as donor polymer. Each polymer is com-
bined with three NFAs: IEICO-4F, Y6, or COTIC-4F. The chemi-
cal structures and full names of the polymers and NFAs are pro-
vided in the Supporting Information (Figure S1 and Table S1,
Supporting Information). These materials were chosen because
their energy levels enable determining whether the activation en-
ergy of ], is related to the bandgap of the NFA (which is the low-
est in the BH]J) or to the energy difference between HOMO of
donor and LUMO of acceptor. In the device stack, the photoactive
BH] layer (300 nm) was sandwiched between glass/Mo/MoO,
and LiF/Al (or PDINO/Ag) electrodes (Figure 1a). To minimize
leakage current between the edge of the bottom electrode and the
top electrode, an edge cover layer (ECL) made of epoxy-based neg-
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Table 1. Effective bandgap (Egg), activation energy (E,), acceptor LUMO energy (E, yyo ), and trap energy (Ey = EgFF — E,) for six D-A combinations.

Donor Acceptor Ezﬁ[eV] E, [eV] Erumon [8V] Eumon — Ea E; [eV]
[eV]

PM6 COTIC-4F 0.94 0.62 +0.01 —4.16 —4.78 0.32
Y6 1.00 0.66 +0.03 —4.10 —4.76 0.34
IEICO-4F 1.20 0.91+0.05 -3.90 —4.81 0.29

PTB7-Th COTIC-4F 0.89 0.52+0.01 —4.16 —4.68 0.37
Y6 0.95 0.54 +0.01 —4.10 —4.64 0.41
IEICO-4F 1.15 0.68 +0.02 -3.90 —4.58 0.47

ative photoresist (SU-8) was applied on top of the MoO;, defining
an active area of 4 mm?.['®17] Further experimental details on ma-
terials and device fabrication are provided in the Supporting In-
formation. The J—V characteristics at room temperature (295 K)
are shown in Figure 1b,c for the PM6- and PTB7-Th-based diodes,
respectively. The solid lines represent current densities measured
in forward and backward voltage scans. Symbols represent J,
values measured at constant voltages. The latter is considered a
more accurate way to measure low current density levels than a
J—V scan because capacitive currents are minimized.[1*181% The
J—V curves show a nearly ideal diode behavior. Under forward
bias, the exponential parts of the -V curves extend to 0 V with-
out indication of a shunt current which may obscure intrinsic
origin of J; measured at reverse bias. In reverse bias, J; (mea-
sured at —0.5 V) ranges from 8 x 1078 to 4 x 10~ mA cm™
and from 4 X 107° to 2 x 10™® mA c¢m~2, for PM6- and PTB7-
Th-based diodes, respectively. In both series, ], is reduced going
from COTIC-4F, via Y6, to [EICO-4F. For each acceptor, the PM6-
based diode has a lower dark current than the PTB7-Th-based
diode.

Figure 1d shows the J—V characteristics of the PM6:Y6 diodes
for temperatures between 230 and 330 K. The thermal activa-
tion energy E, was determined by fitting |, to the Arrhenius
equation (J; « exp(—E,/kT)) in which T'is the absolute tempera-
ture and k the Boltzmann constant (Figure 1e,f). For each blend,
the data can be accurately fitted with a single exponent, indicat-
ing that J is associated with a single thermal activation process
within the temperature range studied. For PM6-based diodes, E,
(at —0.1 V) increases as the acceptor changes from COTIC-4F
(0.64 €V), Y6 (0.70 eV), to IEICO-4F (0.96 eV) (Figure 1e). A sim-
ilar trend is observed for PTB7-Th-based BHJs with E, increas-
ing from 0.53, via 0.56, to 0.70 eV (Figure 1f). To reduce the un-
certainty in E,, especially for diodes with ultra-low J;, we deter-
mined for each D-A combination the mean E, (Table 1) from mul-
tiple measurements of E, for biases between —0.1 and —0.5V, a
range in which they are fairly constant (Figure S2, Supporting
Information).1%

Table 1 shows that for PM6-based OPDs, E, is 0.32 + 0.03 eV
less than E¢f and that E, scales linearly with E| ;o » for which
values were taken from the literature (Figure S3 Supporting
Information).?*2*] A slightly higher offset of ca. 0.42 + 0.05 eV
withE¢™ is seen for PTB7-Th-based OPDs. Again E, scales lin-
early with Ej ;0 »- These results strongly suggest that J; and E,
involve a transition between a localized trap state in the polymer
involved and the LUMO of the acceptors.

Adv. Funct. Mater. 2023, 2304863 2304863 (3 of 8)

2.2. Sub-Bandgap Transitions and Intra-Gap States in BH) and
Polymer-Only OPDs

OPDs for EQE measurements were fabricated on glass sub-
strates, covered with patterned indium tin oxide (ITO) and a layer
of PEDOT:PSS (poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate). After depositing the photoactive layer, a LiF/Al (or
PDINO/Ag) electrode was applied. EQE spectra measured for
donor-only (Figure 2a) and acceptor-only diodes (Figure 2b)
show that photoexcitation of the pure materials above the opti-
cal bandgaps results in photocurrent, albeit with a relatively low
EQE of 1073 to 1072, In addition, the sensitive EQE spectra of
PM6-only and PTB7-Th-only diodes also show a distinct pho-
toresponse below the optical bandgap, indicating the presence of
intra-gap states contributing to the photocurrent in the polymers
(Figure 2a), down to photon energies of 0.80 and 0.65 eV for PM6
and PTB7-Th, respectively. In contrast, for the three NFA-only
diodes there is no clear evidence of charge generation when they
are photoexcited below the optical bandgap (Figure 2b). For the
NFAs, the EQE decays exponentially below the band edge until
it approaches the noise level (%1 x 1078) at photon energies of
~0.85 eV (COTIC-4F), 0.93 €V (Y6), and 0.95 eV (IEICO-4F).

Therefore, we conclude that the intra-gap states that are re-
sponsible for J, as well as low-energy optical charge generation
in the BHJ OPDs primarily originate from the polymer and, thus
consider that the activation energy E, corresponds to the en-
ergy difference between the intra-gap states in the donor and the
LUMO of the acceptor. This process is schematically shown in
Figure 2c, where the grey curves and lines within the bandgap of
donor and acceptor schematically illustrate the hypothetical den-
sity distribution of intra-gap states as a function of energy. In this
embodiment, the absolute energy of the intra-trap states respon-
sible for J; corresponds to E| o 4 — E,. The colored markers in
Figure 2d show the location of Ejy0, — E, for each D-A com-
bination. For the three PM6-based diodes, these are in a narrow
range of —4.78 + 0.03 eV (Table 1). This indicates that the same
intra-gap state in PM6 determines the ], for each blend. Simi-
larly, for PTB7-Th-based BHJs, the intra-gap states are located at
an energy of —4.63 + 0.05 eV (Table 1).

Using the Eyyop 0of PM6 and PTB7-Th, determined by ul-
traviolet photoelectron spectroscopy (UPS) (Figures S3 and S4,
Supporting Information), the energies of the intra-gap states rel-
ative to the HOMO levels are given by E; = E;ff — E,, and found
to be E; = 0.32 = 0.03 eV for PM6 and E; = 0.42 + 0.05 eV for
PTB7-Th (Table 1).

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a—-b) Comparison of EQE spectra of single-component diodes with a bottom transparent device stack of ITO/MoO;/photoactive layer/LiF /Al
polymer donor-only diodes (a) and NFA-only diodes (b). c) Schematic plot shows the mechanism of thermal generation current mediated by the intra-
gap states in donor above its HOMO. Grey curves and horizontal lines within the bandgap illustrate the hypothetical density distribution of trap states
related to J4. d) Energy diagrams comparing the energies of trap states determined by E| o o minus E, for two groups of BHJs. Squares, diamonds,
and circles stand for IEICO-4F, Y6, and COTIC-4F based BH]s, respectively. For PM6-based and PTB7-Th-based diodes, BH)s with three different NFAs
reveal a consistent trap depth level at 0.32 + 0.03 eV and 0.42 + 0.05 eV above the polymer HOMO level, respectively.

2.3. Trap-Mediated Recombination at Ultra-Low Light Intensity

Figure 3a shows the light intensity (I;) dependent pho-
tocurrent density (J,) recorded at 540 nm for PM6:Y6
and PTB7-Th:IEICO-4F photodiodes consisting of a
glass/Mo/MoO, /activate layer/AZO/ITO device stack to en-
able top illumination. At each light intensity, ], was determined
in direct current mode by averaging the photocurrent for 5 min
at 0 V bias.!***! The correlation between ], and I; in a double-
logarithmic plot suggests a linear dynamic range extending over
almost nine orders of magnitude in light intensity, from 1077
to 10> mW cm~2. Closer inspection, however, in the form of
a responsivity (R = J,;,/I;) plot as a function of light intensity
(Figure 3b), reveals nonlinear behavior at high and ultralow
light conditions. R first gradually increases with light intensity,
then reaches a plateau at moderate light intensities (1073 to
1 mW cm™2), and subsequently decreases steeply for light
intensities above ~1 mW cm™2. The decrease of the responsivity
at high light intensities is well known and can be attributed to
bimolecular (Langevin-type) recombination.*1>2526] The initial
increase of R with increasing light intensities at intensities
below 10~* mW cm™2 is rarely reported or discussed in previous
work, mostly because of the lack of photocurrent measurement
at intensities below 107 mW cm2.[415242527-29] Only a few
studies reported this phenomenon,>¢2430311 and attributed it
to trap-related recombination. Liraz et al.**l explained it by the
role of excess of charges that have diffused from the contact into
the semiconductor and fill defect states. At low light intensities,

Adv. Funct. Mater. 2023, 2304863 2304863 (4 of 8)

these recombine with photogenerated carriers, while at higher
intensities the density of photocarriers exceed that of trapped
carriers, thereby increasing R. Hartnagel and Kirchartz/3?! used
drift-diffusion modeling and found that under low illumination,
the trapped charge density decreases with light intensity while
the photogenerated carrier density increases linearly, causing
a sublinear recombination rate and resulting in an increasing
responsivity at higher light intensities.

Figure 3c,d shows the normalized responsivity of BH] and
single-component, i.e., donor-only or acceptor-only, diodes be-
tween 1077 and ~10~2 mW cm™2. Because free charge genera-
tion is strongly reduced in the single component diodes (Figure
S5, Supporting Information), ., was too small to be measured at
light intensities below 10~ mW cm™. For PM6-only and PTB7-
Th-only diodes, an increase of the responsivity is observed at low
light intensities (107> to ~10~> mW cm™2), similar to what is
seen in BHJs at lower light intensities (1077 to 107> mW cm™2).
We attribute this effect to trap-related recombination losses, sig-
naling the presence of intra-gap states in the polymers. Above
1073 mW cm™2, the responsivity reaches a plateau. In contrast,
for Y6-only devices, the responsivity remains constant for light
intensities between 107> and 1072 mW cm™? (Figure 3c). This
suggests that trap-related recombination is negligible in Y6-only
diodes. Due to a poor morphology of IEICO-4F-only films, rela-
tively high dark currents were recorded that precluded measur-
ing a photocurrent in direct current mode at low light intensities.
Hence, its light intensity-dependent photocurrent could not be
studied.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Short-circuit photocurrent of PM6:Y6 and PTB7-Th:IEICO-4F BH) diodes as function of light intensity. The following device stack was used:
Mo/MoOj; /photoactive layer/AZO/ITO with ECL. Illumination was from the top (ITO side) using a calibrated 540 nm LED as light source. b) Responsivity
as a function of light intensity of the photodiodes in (a). c) Normalized responsivity plotted as a function of light intensity for PM6:Y6 BH) and single-
component (Y6-only and PM6-only) diodes. d) Normalized responsivity plotted as a function of light intensity for PTB7-Th:IEICO-4F BH) and PTB7-Th

single-component diodes.

The increasing responsivity of PTB7-Th:IEICO-4F OPD with
light intensity at low light, intensities occurs at different temper-
atures (205, 250, and 295 K) (Figure S6, Supporting Information).
The responsivity increases slightly with temperature, which is a
sign of more efficient charge extraction, probably associated with
the higher mobilities at higher temperatures.**]

The light intensity-dependent photocurrent and ultra-sensitive
EQE measurement corroborate, independently, that intra-gap
states in the polymer are the main contribution to the intra-gap
states in BH]Js.

2.4. Characterization of the Overall Performance of the
Near-Infrared OPDs

Figure 4a,b shows the spectral responsivity at —1 V of the six BH]
OPDs. The corresponding EQE spectra are shown in Figure S7
(Supporting Information). Each of PTB7-Th-based OPDs gives
rise to a significant responsivity, R > 0.3 A W~! for COTIC-4F
and Y6, and R > 0.4 A W~! for IEICO-4F, extending to 1110, 920,
and 970 nm, respectively, depending on the optical bandgap of
the NFA. For the PM6-based OPDs the responsivity is lower in
combination with COTIC-4F and IEICO-4F (R < 0.1 A W~1), but
not for Y6 where R > 0.3 A W~1. The low responsivity for PM6
in combination with COTIC-4F and IEICO-4F is due to the rela-
tively low ionization energy (IE) offset?*] in these diodes, which
limits charge generation (Figure S3, Supporting Information).
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Interestingly, the responsivity spectra of PM6:Y6 and PTB7-
Th:Y6 OPDs are similar in shape and value (Figure 4a,b). The
dark current of the former, however, is more than one order of
magnitude lower (Figure le,f). We attribute this to the fact that
the trap states in PM6 (at —4.76 eV) lie deeper than those in PTB7-
Th (at ~#4.64 eV). This demonstrates that it is possible to achieve
a lower dark current but retain the responsivity in the NIR by se-
lecting a donor with deep-lying intra-gap states. To better demon-
strate this, we consider the specific detectivity (D*) which is an
important figure of merit for photodetectors and is defined by D*
= R(AB)'2/i , where A is the device area, B is bandwidth, and
i, is the noise current of the devices. The current noise spectral
densities (1-100 Hz) of four OPDs measured at -1 V are com-
pared in Figure 4c with a bandwidth of 1 Hz. The noise current
densities at —0.5 and —1 V are shown in Figure S8 (Supporting
Information) for all D-A combinations. Figure 4c shows a clear
decrease in noise current for the PTB7-Th-based OPDs, going
from COTIC-4F, via Y6, to IEICO-4F following the trend in the
dark currents (Figure 1f). A frequency-dependent (1/f) behavior
of i, between 1 and 10 Hz is observed. Above 10 Hz, the noise cur-
rents converge to a plateau with average values of 8.80 x 10715,
8.28 X 107, and 7.45 x 10~ A Hz 1/, respectively, very close to
the noise floor (6.0 X 107> A Hz"!/?) of the setup. Considering
that the reverse dark current for PTB7-Th:COTIC-4F is about two
orders of magnitude higher than for PTB7-Th:IEICO-4F, the dif-
ference between their measured noise currents at 1 Hz is rather
small, only less than a factor of 2. The shot noise (i, ) is given
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Figure 4. a—b) Responsivity at —1V versus wavelength for OPDs with a Mo/MoQ; /photoactive layer/AZO/ITO device stack (with ECL) for PTB7-Th:NFA
(a) and PM6:NFA (b) BH) blends. c) Noise current spectral density as a function of frequency measured at —1V. d) Specific detectivity of the NIR OPDs at
different wavelength under reverse bias of —1 V. €) Comparison of specific detectivity between reported values and measured values in this work (PTB7-
Th:IEICO-4F at 850 nm, PTB7-Th:COTIC-4F at 1050 nm) as a function of measured noise current (see Table S2, Supporting Information for details). Grey
triangles represent D” values taken from reports that use measured noise currents. The 100% EQE limits lines provide the highest possible as function
of the noise current. Different colors denote a certain optical bandgap, indicated in the legend. The vertical dotted line represents the noise floor of the
noise measurement setup. f) PPG signal measured in transmission mode through a human finger. The typical PPG waveform measured by PM6:Y6 and
PTB7-Th:COTIC-4F OPDs under near-infrared light with wavelength of 850 and 940 nm, respectively. The systolic and diastolic peaks and pulse width

are noted with dark arrows.

by i, = (29BJ4)"/? and calculated to be 4.7 x 1071, 2.0 x 1075,
and 3.3 x 1071 A Hz"'/? for three PTB7-Th-based OPDs. The
calculated shot noise i, . is therefore much smaller than both the
actual i, and the noise floor, illustrating that other noise sources,
such as for instance the observed 1/f noise, are dominant in our
OPDs.

The specific detectivity (D) spectra at —1 V determined from
R and i (the average value between 10 to 100 Hz is taken) are
shown in Figure 4d. The three OPDs based on PTB7-Th demon-
strate a peak detectivities of 1.15 X 10" (850 nm) (IECO-4F), 8.77
x 10" (800 nm) (Y6), and 5.45 x 10'2 Jones (1050 nm) (COTIC-
4F). While for PM6:Y6 the D" equals 7.78 x 10'? (800 nm). These
values are among the highest reported noise current-based de-
tectivities for OPDs and close to that of a commercial Si PD
(Thorlabs FDS100) with D* > 1.0 x 10" Jones between 600 and
1050 nm. Figure 4e shows D" values of broadband OPDs as a
function of noise current extracted from the literature, and the
overview of figure-of-merits can be found in Table S2 (Support-
ing Information).>72034>01 Here, we only selected reports that
use measured noise current to calculate the specific detectivity,
because the calculation based on thermal and shot noise (derived
from J,) leads to an overestimation of D".3148] The dotted lines
denote the expected D" as a function of i, for hypothetical devices
with 100% EQE at wavelength of 620 and 1240 nm. All the OPDs
cited here show a D" below these dotted lines, including the low-
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noise Si photodiode (R = 0.65 A W~!, A = 0.13 cm?). The dark
dotted line represents the noise floor of our noise measurement
setup (6.0 X 1075 A Hz"1/?) (Table S2, Supporting Information).

To demonstrate the potential application of the NIR OPDs de-
veloped in this work, we selected photoplethysmography (PPG).
PPG optically detects in volume changes in subcutaneous tissue
caused by blood pulses and requires sensitivity in the NIR region
Figure 4f shows the PPG signal measured on a finger of one of
the authors by OPDs in transmission mode under NIR light with
wavelength of 850 and 940 nm. A heart rate of 57-62 bpm can
be easily determined, and also the higher-order features such as
the systolic and diastolic peaks are readily discerned in the PPG
waveform, demonstrating a high-quality OPD.

3. Conclusions

The reverse dark current in the six studied polymer:NFA OPDs
originates from thermal charge generation from an intra-gap
state in the donor polymer to the LUMO of the NFA. The energy
of the intra-gap state is 0.3 eV above the HOMO in PM6 and
~0.4 eV in PTB7-Th. Sub-bandgap features in the ultra-sensitive
EQE spectra of the polymers and responsivity measurements at
ultra-low light intensities confirm that sub-bandgap states and
trap-related recombination are evident in BH]J and polymer-only
diodes, while not observed for the NFA-only diodes.
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The intrinsic nature and density of trap states in polymers is
still unknown and further research is needed to clarify this as-
pect. The trap states might be due to impurities (e.g., water, oxy-
gen, metals, remnant materials from synthesis) but can also in-
volve structural changes of the semiconductors that formed dur-
ing synthesis or work-up. The fact that intra-gap states in the
polymers limit the specific detectivity of OPDs, suggests that fur-
ther improvements should focus on lowering the energy depth of
these states or reducing their density, for instance, via improving
material purity. Nevertheless, it is encouraging that OPDs even
with evident intra-gap states, noise-current-based specific detec-
tivities close to 103 Jones can be achieved in the spectral range
between 600 and 1050 nm, comparable to that of a state-of-the-art
Si photodiode, while PPG signal measurements illustrate their
potential healthcare applications.

4. Experimental Section

OPD Fabrication: Details of materials and device fabrication are pro-
vided in the Supporting Information.

Ultraviolet Photoelectron Spectroscopy: The UPS measurements were
performed with a VG EscaLab Il system under a base pressure of 1078 Pa.
He-I radiation of 21.22 eV and a bias of —6 V were used during measure-
ment.

Temperature Dependent Current: |-V characteristics were measured in
a high vacuum (10™* mbar) probe station equipped with triaxial probe
arms (Janis Research, Model ST-500-2-(6TX)) in which the temperature
was controlled by a Lake Shore 336 temperature controller. A LabView
code was used to program the temperature and source meter (Keithley
2636A). J—V characteristics were measured with voltage steps of T mV.
Current density at different temperatures was recorded for a given voltage,
by recording the current for 5 min. The average value of the last minute was
defined as the current density. Opaque electrodes were chosen to elimi-
nate any effect of stray light on the reverse current.

Ultrasensitive EQE:  The setup for sub-bandgap EQE spectroscopy con-
sisted of a tungsten-halogen lamp (250 W), a chopper (Oriel 3502),
a monochromator (Oriel, Cornerstone 260), a preamplifier (Stanford
Research Systems SR570), and a lock-in amplifier (Stanford Research
SR830). A series of long pass filters with increasing cut-on wavelengths
was placed between the lamp and monochromator to remove stray
light during the measurement. The monochromatic light is then passed
through a concave cylindrical lens, to focus the light and increase the in-
tensity on the active area of the solar cell. Reference Si and InGaAs photo-
diodes were used to calibrate the incident light intensity. The OPDs were
held in a home-built cell holder filled with N,. The OPDs had a transparent
ITO front electrode, a metal (Al or Ag) back electrode, and were contacted
the backside of glass substrate.

Light Intensity Dependent Photocurrent Density Measurements: The
photocurrent density of the devices was measured using the same probe
station employed for dark current measurement. A green LED (540 nm)
was used as the light source, positioned above the observing win-
dow. The LED was placed at a perpendicular distance of ~15 cm from
the device pixels. The light intensities emitted by the LED were cali-
brated at various currents using a reference silicon photodiode (Thor-
labs FDS100). To allow the incident light to pass through and contact
the probes, a transparent top electrode was chosen. The device pixel
has a square dimension of 2 X 2 mm?, with the entire pixel area be-
ing illuminated. The corresponding Jy4 has been subtracted from the
measured J,p, at ultra-low light intensities. Further details regarding this
deduction can be found in the caption of Figure S6, Supplementary
Information.

Noise Measurements: A battery-powered current-to-voltage conver-
sion readout circuit is developed with off-the-shelf components. The
setup is integrated in a metal enclosure to shield from electromagnetic

Adv. Funct. Mater. 2023, 2304863 2304863 (7 of 8)

www.afm-journal.de

interference. The diodes were connected to a trans-impedance ampli-
fier (TIA) implemented with an operational amplifier (Analog Devices
ADA4530). An adjustable DC voltage source was applied to the non-
inverting terminal of the TIA to modify the bias of device. The output
of the TIA was fed to an active bandpass amplifier (implemented with
the Analog Devices AD8065) and read out by a dynamic signal analyzer
(HP35670A).

Photoplethysmography Signal Measurements: The OPD was connected
to probes integrated into a custom-made sample holder. The probes were
then connected to a signal amplifier (Stanford Research Systems, SR570),
a lock-in amplifier (Stanford Research Systems, SR830 DSP), and an os-
cilloscope (Tektronix, TDS3032B). The light sources (NIR LEDs at 940 or
850 nm) were powered by a wave function generator (PeakTech, 4040),
and positioned at 1 or 2 cm above the finger. The NIR OPD with protective
lamination was placed ~1.5 cm below the finger. During the acquisition
of PPG signal, raw signals were electronically filtered using a band-pass
digital filter from 0.5 to 10 Hz to remove the out-of-band and nonpulsatile
(DC) components.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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