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Fine-control of electron trapping for
photomultiplication in organic photodetectors
by modulating the insulating properties
of nonfullerene acceptors†

Min Hun Jee,‡a Xingchao Zhao,‡b Kyo Bin Park,‡c Min Gyu Kang, a

Xiaoling Ma, b Dae Sung Chung, *c Fujun Zhang *b and Han Young Woo *a

Enhancing photomultiplication (PM) in organic photodetectors

(OPDs) requires effective control of photogenerated trapped elec-

trons. Conventional approaches typically adjust the conduction

band of the acceptor. In this study, we present a novel strategy

for precisely controlling electron trapping and trapped carrier life-

time in PM-OPDs. We synthesized a series of nonfullerene accep-

tors (NFAs) by modifying the ratio of conducting and insulating

components in the conjugated molecular structure. By enhancing

the insulating properties of the NFAs, we slowed both electron

trapping and de-trapping processes. This resulted in fine-tuned

trapped carrier lifetime (280–581 ms), trapped carrier density

(2.04–13.4 � 1017 cm�3), and Schottky barrier height (0.334–

0.229 eV) under illumination. Higher concentrations of trapped

electrons accumulated at the P3HT/Al interface, leading to a thin-

ner Schottky barrier, reduced depletion region, and enhanced band

bending, improving hole injection from the cathode. Among the

NFAs, A-BTP-DT, with the highest insulating properties, exhibited

superior PM effects, achieving a maximum external quantum effi-

ciency of 7520% at �10 V (compared to 564% for the Y6-based

device). This work represents the first successful demonstration of

fine-tuning of electron trapping and PM effects, not by adjusting

energy levels, but by modifying the insulating properties.

Introduction

Photodetectors convert light signals into electrical signals and
are used in various applications, including image sensing,

healthcare, environmental monitoring, and optical communi-
cation.1–3 In fields such as bio-imaging and laser detection and
ranging (LADAR), where detecting weak light is crucial, the
sensitivity of photodetectors becomes especially important.4–8

Enhancing sensitivity involves improving the signal-to-noise
ratio, which can be achieved by increasing external quantum
efficiency (EQE) or reducing dark currents.9–14 Notably, in
photomultiplication (PM)-type organic photodetectors (PM-
OPDs), it is possible to achieve an EQE greater than 100%,
allowing the detection of electrical signals from incident light
without the need for an external amplifier.15–19

PM-OPDs operate as follows: the photoactive layer of a
typical PM-OPD device consists of a donor polymer host with
B1% acceptor molecules dispersed within it. First, photogen-
erated excitons are separated at the donor–acceptor interface,
creating electrons and holes. The electrons are subsequently
trapped by a spatially localized acceptor, aided by its low
concentration, while the holes migrate toward the collecting
electrode. Second, the trapped electrons at the localized accep-
tor near the cathode interface cause band bending, which leads
to continuous hole injection via tunneling effects under reverse
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New concepts
This study presents a new strategy for precisely controlling electron
trapping and the lifetime of trapped carriers in photomultiplication-
type organic photodetectors (PM-OPDs) by tuning the insulating proper-
ties of electron acceptors. By modulating the alkyl chain length and the
ratio of insulating-to-conducting regions, the insulating characteristics of
the nonfullerene acceptors were successfully tailored. Enhanced insulat-
ing properties result in slower electron trapping and de-trapping
dynamics, allowing for higher trapped carrier densities and prolonged
lifetimes under illumination. These trapped electrons induce band
bending at the active layer/cathode interface, facilitating efficient hole
tunneling injection from the external circuit, which ultimately leads to
enhanced photoinduced currents. This study is the first to demonstrate
the effective control of electron trapping in PM-OPDs by adjusting the
insulating properties around the semiconducting core, rather than the
energy levels of the acceptors.
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bias, contributing to signal amplification. Effectively control-
ling electron trapping is crucial for enhancing photomultiplica-
tion. Several strategies have been suggested to achieve this,
including manipulation of the lowest unoccupied molecular
orbital (LUMO) energy level of acceptor materials, intra-
molecular traps, and interfacial electrostatic interactions.

Yoon et al. synthesized a series of nonfullerene acceptors
(NFAs) by varying the terminal end groups (hydrogen, fluorine,
chlorine, and methyl) and modulating their LUMO levels.20

Fluorination of the NFA (ETBI-F), with the deepest LUMO level
and non-isotropic molecular ordering, improved electron trap-
ping efficiency and resulted in the longest carrier lifetime,
yielding an EQE of 156 000%. Zhao et al. developed a strategy
to reduce charge recombination by covalently linking PC61BM
pendants to the PBDB-T polymer backbone.21 This configu-
ration effectively trapped photogenerated electrons within the
polymer. Kim et al. introduced a new strategy to trap electrons
by facilitating exciton scissoring—achieving exciton dissocia-
tion and immediate electron trapping without electron trans-
port—utilizing three aryl azide-based photo-crosslinkers.22

Furthermore, Kim et al. introduced the cationic conjugated
polyelectrolyte PFN-Br as an electric double layer to enhance
electron trapping. By controlling the counterion orientation
with a protic solvent and applied bias, quaternary ammonium
cations were positioned at the surface, maximizing electrostatic
interaction with trapped electrons near the ITO interface. This
strategy intensified Schottky interface band bending, stabiliz-
ing trapped electron states and facilitating hole injection
through tunneling, thereby enhancing gain. Despite these
advances, systematic approaches to fine-controlling electron
trapping remain relatively underdeveloped, and much remains
to be explored. The underlying physics and mechanisms of
electron trapping require further investigation, particularly to
understand how the molecular structure influences trapping
efficiency. Further investigation in these areas requires not only
improved efficiency but also greater control over charge
dynamics to minimize recombination and optimize signal
amplification.

In this study, we synthesized a series of NFAs—BTP-EH,
BTP-HD, BTP-DT, and A-BTP-DT—with precisely modulated
insulating properties by varying the alkyl chain length on the
periphery and modifying the conjugated core. These modifica-
tions were aimed at controlling electron trapping and investi-
gating the influence of the trapped carrier lifetime on the
photomultiplication properties of PM-OPDs. To assess the
impact of insulating properties on electron trapping, we system-
atically examined the correlation between the molecular structure,
static and dynamic OPD device characteristics, trapped carrier
concentration, trapped carrier lifetime, Schottky barrier height,
and depletion region thickness. Stronger insulating properties led
to longer charge lifetimes, indicating that trapped electrons
remained unrecombined for extended periods, which is crucial
for photomultiplication. This enhanced band bending at the
Al/P3HT interface facilitated efficient hole injection from the
Al electrode to the active layer via tunneling, ultimately improv-
ing photomultiplication performance. These findings provide

valuable insights for the rational molecular design of PM-OPDs
to enhance their EQE and overall performance.

Results and discussion

First, to modulate the insulating properties of NFAs, the alkyl
chain length on the benzothiadiazole pyrrole (BTP) core was
systematically varied, from ethylhexyl (BTP-EH or Y6) to hexyl-
decyl (BTP-HD) and decyltetradecyl (BTP-DT). Scheme 1 out-
lines the synthetic routes for the ADA-type NFAs BTP-HD and
BTP-DT as well as the DA-type NFA A-BTP-DT. Detailed proce-
dures for their synthesis are provided in the ESI.† Briefly,
compound 2 was obtained with an 85.2% yield through a Stille
coupling reaction of 4,7-dibromo-5,6-dinitrobenzo[c][1,2,5]thia-
diazole and trimethyl(6-undecylthieno[3,2-b]thiophen-2-yl)stannane.
Compound 3 or 30 was synthesized via the Cadogan reaction of
compound 2, followed by alkylation with 7-(bromomethyl)pen-
tadecane or 11-(bromomethyl)tricosane, respectively, using
K2CO3 as a base, yielding 63% and 65%. Formylation of
compound 3 was carried out via the Vilsmeier–Haack reaction,
using excess POCl3 and N,N-dimethylformamide (DMF), result-
ing in compound 4 with an 85% yield. Compound 40 was
obtained similarly from compound 30 with an 85% yield. BTP-
HD was then synthesized with a 58.8% yield via Knoevenagel
condensation of compound 4 (1 equiv.) and 2-(5,6-difluoro-3-
oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile (IC-2F, 2.5 equiv.)
in the presence of pyridine, using dry chloroform (CF) as the
solvent. BTP-DT was synthesized with a 67.2% yield from
compound 40, following a procedure similar to that for BTP-
HD. To further enhance the insulating properties, an asym-
metric A-BTP-DT was synthesized by removing one terminal IC-
2F group from BTP-DT. The Vilsmeier–Haack reaction of com-
pound 30 with 1 equivalent of POCl3 and DMF resulted in
compound 5 with an 81.1% yield. A-BTP-DT was then obtained
with a 70.5% yield through Knoevenagel condensation of
compound 5 (1 equiv.) and IC-2F (1.3 equiv.). The molecular
structures of the intermediates, BTP-HD, BTP-DT, and A-BTP-
DT, were confirmed using 1H and 13C nuclear magnetic reso-
nance (NMR) spectroscopy and matrix-assisted laser desorption
ionization-time of flight (MALDI-TOF) mass spectrometry,
with all data matching the proposed structures (Fig. 1a and
Fig. S11–S14, ESI†).

We conducted UV-vis absorption, cyclic voltammetry (CV),
and photoluminescence (PL) measurements to investigate how
variations in the alkyl chain length and the differing ratios of
insulating to conducting regions affect the optical and electro-
chemical properties. Fig. 1b and c show the UV-vis spectra of
BTP-EH, BTP-HD, BTP-DT, and A-BTP-DT in both solution and
films, with Table 1 summarizing the data. In terms of alkyl
chain length, the absorption maxima for BTP-EH, BTP-HD, and
BTP-DT in chloroform were observed at labs = 732, 732, and
733 nm, respectively, indicating similar absorption spectra due
to their identical backbone. Regarding the ratio of insulating to
conducting regions, the absorption maximum for A-BTP-DT
was observed at labs = 701 nm, showing a noticeable blue shift
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compared to BTP-DT (labs = 733 nm). This shift can be
attributed to a reduced p-conjugation length in the D–A mole-
cular backbone of A-BTP-DT compared to the A–D–A structure
of BTP-DT. In the film state, all three molecules exhibited a red
shift relative to their solution spectra due to intermolecular
stacking interactions. Additionally, all materials displayed
complementary absorption to P3HT as the donor.

To determine the frontier molecular orbital (FMO) energy
levels of P3HT, BTP-EH, BTP-HD, BTP-DT, and A-BTP-DT, cyclic
voltammetry (CV) was performed, with the results shown in
Fig. 1d, Table 1 and Fig. S1 (ESI†). The measurements were
conducted in 0.1 M tetrabutylammonium tetrafluoroborate
(Bu4NBF4) in acetonitrile, using Ag/AgNO3 as the reference
electrode, a platinum wire as the counter electrode, and a
platinum electrode coated with a thin polymer donor and a
small molecule acceptor film as the working electrode.
A ferrocene/ferrocenium (Fc/Fc+) couple was used as an internal
standard. The highest occupied molecular orbital (HOMO)
energy levels were determined from the oxidation onset poten-
tials and were found to be �5.20, �5.70, �5.74, �5.76, and
�5.57 eV for P3HT, BTP-EH, BTP-HD, BTP-DT, and A-BTP-DT,

respectively. The LUMO levels were calculated based on the
HOMO energy levels and the corresponding optical bandgap
(Eopt

g ), yielding �3.29 eV for P3HT, �4.39 eV for BTP-EH,
�4.41 eV for BTP-HD, �4.44 eV for BTP-DT, and �4.09 eV for
A-BTP-DT. The LUMO energy levels of BTP-EH, BTP-HD, and
BTP-DT remain relatively unchanged despite the increasing
alkyl chain lengths due to their identical conjugated back-
bones. However, A-BTP-DT exhibits a higher LUMO energy level
and a larger bandgap compared to BTP-DT, which can be
attributed to its shorter conjugation length and the absence
of one electron-withdrawing IC-2F terminal group.

Next, we recorded the PL spectra of each P3HT : NFA blend
film at a 100 : 4 (wt/wt) ratio under a 450 nm light source to
investigate the impact of varied insulating alkyl substituents on
the exciton separation yield (Fig. 1e). The PL quenching effi-
ciencies, based on PL intensity, followed this order: P3HT:
BTP-EH (98.65%) 4 P3HT:BTP-HD (98.15%) 4 P3HT:BTP-DT
(97.06%) blend films. Despite the similar LUMO energy levels,
we observed a gradual decrease in PL quenching efficiency in
the order of BTP-EH, BTP-HD, and BTP-DT as the alkyl chain
length increased. This suggests that molecules with longer

Scheme 1 Synthetic scheme of BTP-HD, BTP-DT and A-BTP-DT.
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insulating side chains may hinder exciton dissociation. Com-
pared to BTP-DT, A-BTP-DT shows an even lower quenching

efficiency (94.11%) due to its higher LUMO level and a larger
ratio of insulating to conducting regions.

To analyze the intermolecular miscibility between the donor
and acceptor, we measured the water contact angles and sur-
face energies of thin films made from P3HT, BTP-EH, BTP-HD,
BTP-DT, and A-BTP-DT (Fig. S2, ESI†). The water contact angle
increases with the length of the alkyl chain in A–D–A type
compounds, indicating that hydrophobicity increases in the
following order: BTP-EH (94.461), BTP-HD (96.401), and BTP-DT
(98.251). Additionally, compared to the A–D–A type BTP-DT, the
D–A type A-BTP-DT (101.211) exhibits greater hydrophobicity
due to the increased influence of the alkyl substituents sur-
rounding the smaller conducting region. The surface energy of
P3HT and the acceptors was calculated using the Girifalco–
Good–Fowkes–Young equation.23 P3HT shows a water contact
angle of 99.311 and a surface energy of 15.79 mN m�1.

Table 1 optical and electrochemical properties of P3HT, BTP-EH, BTP-
HD, BTP-DT and A-BTP-DT

Materials labs,sol [nm] labs,film [nm] Eopt
g

a [eV] HOMOb [eV] LUMOc [eV]

P3HT 449 511 1.91 �5.20 �3.29
BTP-EH 732 821 1.31 �5.70 �4.39
BTP-HD 732 820 1.33 �5.74 �4.41
BTP-DT 733 819 1.32 �5.76 �4.44
A-BTP-
DT

701 737 1.48 �5.57 �4.09

a Optical bandgaps determined from the absorption onset, Eopt = lonset/
1240. b Determined from the onset values of oxidation potentials in CV
measurements. c Calculated based on the HOMO energy levels and the
corresponding optical bandgap.

Fig. 1 (a) Molecular structures of BTP-EH, BTP-HD, BTP-DT, and A-BTP-DT. UV-vis spectra (b) in solution (CF) and (c) in films for P3HT, BTP-EH, BTP-
HD, BTP-DT, and A-BTP-DT. (d) Frontier molecular orbital levels of the donor and acceptor materials. (e) Steady-state PL spectra of P3HT, P3HT:BTP-EH,
P3HT:BTP-HD, P3HT:BTP-DT, and P3HT:A-BTP-DT films, with a D : A ratio of 100 : 4 (wt/wt) in the blend films.
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The relatively short insulating alkyl chains in BTP-EH
(19.11 mN m�1) and BTP-HD (17.74 mN m�1) result in a slight
increase in surface energy compared to P3HT. The surface ener-
gies of BTP-DT (16.48 mN m�1) and A-BTP-DT (14.58 mN m�1)
are closer to that of P3HT, allowing them to disperse well
within the P3HT matrix, thereby maximizing the donor–accep-
tor interfacial area and enhancing efficient band bending in
PM-OPD devices.

To further investigate the influence of NFAs with different
insulating properties on the surface morphology of P3HT:NFA
blend films, atomic force microscopy (AFM) measurements
were performed. As shown in Fig. S3 (ESI†), the topography
images of P3HT:BTP-EH, P3HT:BTP-HD, P3HT:BTP-DT, and
P3HT:A-BTP-DT films exhibit smooth and uniform surfaces.
The root-mean-square (RMS) roughness values were 0.636 nm,
0.819 nm, 0.743 nm, and 0.820 nm, respectively, indicating no
significant morphological differences among the four blend
systems.

Grazing-incidence wide-angle X-ray scattering (GIWAXS)
measurements were performed on pristine P3HT, BTP-EH,
BTP-HD, BTP-DT, and A-BTP-DT, as well as their corresponding
blend films, to analyze the molecular orientation (Fig. S4 and
S5, ESI†). In the pristine films, BTP-EH and BTP-HD exhibit a
dominant face-on orientation, with the lamellar (100) peak in
the in-plane (IP) direction at qxy = 0.405 Å�1 (d = 15.49 Å) and
qxy = 0.361 Å�1 (d = 17.39 Å), respectively, and the prominent
(010) scattering peak in the out-of-plane (OOP) direction at qz =
1.717 Å�1 (d = 3.66 Å) and 1.723 Å�1 (d = 3.65 Å). While the
d-spacing at the (010) peak in the OOP direction is similar for
both materials, the IP (100) peak reveals that BTP-HD has a
larger d-spacing than BTP-EH, which is due to the longer alkyl
chains of BTP-HD. Interestingly, BTP-DT and A-BTP-DT exhibit
numerous dot-like scattering peaks, suggesting their highly
crystalline properties. In the blend films, due to the 100 : 4
(wt/wt) ratio of P3HT to the acceptor, the GIWAXS packing
properties are dominated by P3HT, resulting in a packing
pattern similar to that of P3HT (Fig. S5, ESI†).

A series of PM-OPDs were fabricated with the device struc-
ture ITO/PEDOT:PSS/P3HT:NFAs/Al. The weight ratios of P3HT
to NFAs (BTP-EH) were varied (100 : 1, 100 : 4, and 100 : 7) to
determine the optimal composition. Based on the J–V charac-
teristics and photodetection properties with different weight
ratios, the 100 : 4 (wt : wt) ratio was identified as the optimal
condition (Fig. S6, ESI†). P3HT provides efficient hole transport
channels in the active layer, leading to a high EQE of over 100%
for the PM-OPDs. It is important to note that the number of
trapped electrons is primarily influenced by the exciton dis-
sociation efficiency between P3HT and NFAs, as well as the
electron-capturing ability (i.e., trap lifetime) of the trap materi-
als (NFAs). The J–V curves of the PM-OPDs were first measured
in the dark and under 1 mW cm�2 white light illumination, as
shown in Fig. 2a. Here, reverse bias is defined as hole injection
from the Al electrode. All four types of PM-OPDs exhibit low
dark current density (JD), resulting from the discontinuous
electron channel and the large hole injection barrier from Al
to the HOMO level of P3HT under dark conditions. The JD

curves of the PM-OPDs with different NFAs are nearly identical,
as the hole injection barrier between Al and P3HT is similar
across the devices. The light current density (JL) is significantly
larger than JD for the PM-OPDs, benefiting from the efficient
hole tunneling injection induced by trapped electrons near the
Al electrode under light illumination. It is evident that the JL of
PM-OPDs increases with the extension of the insulating alkyl
side chains in BTP-based NFAs. Among the devices, the PM-
OPDs with A-BTP-DT show the highest JL values, which is likely
associated with the further enhanced insulating properties of
asymmetric A-BTP-DT with the longest alkyl side chains. The
signal-to-noise ratio (SNR) is determined by the ratio of Jpi/JD

(where Jpi is the photoinduced current density defined as the
difference between JL and JD) at the same applied bias. As
shown in Fig. 2b, the SNR as a function of voltage for four types
of BTP-based NFA devices is plotted. The SNR values of the PM-
OPDs increase as the insulating properties of the NFAs
improve. Notably, PM-OPDs based on P3HT:A-BTP-DT exhibit
the highest SNR value, reaching approximately 103 at �10 V,
primarily due to their relatively high JL compared to the B102

observed for P3HT:BTP-EH.
The EQE spectra of the PM-OPDs were measured under a

�10 V bias, as shown in Fig. 2c. The EQE values can be
calculated using the following equation (1),

EQE ¼ Jpi=e

Pin=hv
(1)

where e is the elementary charge of the electron, h is the Planck
constant, n is the frequency of light, and Pin is the incident light
intensity. A noticeable dip in the EQE spectra was observed
from 450 nm to 550 nm for all PM-OPDs, corresponding to the
strong absorption range of P3HT. Most photons in this range
are absorbed by P3HT near the ITO electrode, resulting in fewer
photogenerated electrons near the Al electrode. This reduction
in trapped electrons near the Al electrode diminishes the
efficiency of hole tunneling injection, leading to lower EQE
values in this wavelength range. The PM-OPDs with A-BTP-DT
as the trap material exhibit the highest EQE value (7520% at
350 nm) under a �10 V bias.

The responsivity (R = Jpi/Pin) spectra of PM-OPDs with
different trap materials were measured under a �10 V bias,
as shown in Fig. 2d. The PM-OPDs based on A-BTP-DT exhibit
the highest R values, indicating superior photoelectric response
capabilities. The maximum R is approximately 27.3 A W�1 at
620 nm for the PM-OPDs with A-BTP-DT. The shot noise limited
detectivity D�shot

� �
spectra (at �10 V) with different trap materi-

als are shown in Fig. 2e. The D�shot was determined using
equation (2),

D�shot ¼
R

2 � e � JDð Þ1=2
cm Hz

1
2 W�1 or Jones

� �
(2)

The PM-OPDs with A-BTP-DT exhibit excellent photodetec-
tion capabilities, with a peak D�shot of 2.7 � 1013 Jones at
620 nm. The measured values of JL, EQE, R, and D�shot suggest
that increasing the insulating alkyl substituents is an effective
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strategy for modulating electron trapping, leading to efficient
hole tunneling injection from the cathode under reverse bias.
The asymmetric A-BTP-DT, with the longest alkyl side chains
and smallest conjugated (or conducting) backbone, proves to
be an excellent trap material for capturing electrons effectively.
These results contrast with the previously discussed PL quench-
ing data, which showed that as the alkyl chain length of the
NFA increased in the P3HT:NFA blend films, the PL quenching
of P3HT decreased, indicating inefficient exciton separation.

The asymmetric acceptor A-BTP-DT exhibited the lowest PL
quenching efficiency. The increased insulating properties of the
NFA slow down the photogenerated electron transfer from
P3HT to the acceptor, but simultaneously make it more difficult
for trapped electrons to escape, thereby enhancing the electron
trapping effect. This approach is distinctly different from
previous strategies that involve controlling the LUMO level
of the acceptor to increase electron trapping. It represents a
simple and efficient approach to effectively fine-control electron

Fig. 2 PM-OPD characteristics. (a) J–V curves, (b) SNR–V curves, (c) EQE spectra, (d) responsivity spectra, (e) D�shot spectra, and (f) LDR measurements at
�10 V bias for P3HT:BTP-based NFA devices.
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trapping characteristics using acceptors with similar LUMO levels,
marking the first report of its kind.

To quantify the impact of modulated light power on the
linear response range of OPDs, the linear dynamic range (LDR)
was determined using the following equation (3),

LDR ¼ 20 � log Jmax Vð Þ
Jmin Vð Þ

� �
(3)

where Jmax(V) represents the maximum detectable photocur-
rent density and Jmin(V) denotes the minimum detectable
photocurrent density under reverse bias. As shown in Fig. 2f,
the A-BTP-DT-based PM-OPD achieved a significantly higher
LDR of 104 dB, compared to the BTP-EH-based OPD with
the shortest alkyl substituent in trap materials (91 dB).
This enhancement mainly originates from the enhanced
detection of weak signals with enhanced insulating properties
of NFAs (see the circle in Fig. 2f), indicating a broader and
more reliable light detection range. The improved LDR is
attributed to the enhanced PM effect in P3HT:A-BTP-DT,
enabling the detection of weaker light signals with greater
sensitivity.

To investigate the influence of trap materials on the
response time of PM-OPDs, the �3 dB frequency ( f�3dB) and
transient photocurrent (TPC) curves were measured at a
�5 V bias under 450 nm light with an intensity of 2.6 �
10�5 mW cm�2, using an oscilloscope (0.5 Hz) with periodically
modulated illumination. The frequency response was first
determined by f�3dB, defined as the frequency at which the
photoresponse decreases by �3 dB relative to the continuous
wave response. The oscilloscope frequency was varied from
0.1 Hz to 10 Hz to measure the voltage and determine the
resulting f�3dB values, showing 4.32 Hz, 3.82 Hz, 2.71 Hz, and
2.08 Hz for the BTP-EH, BTP-HD, BTP-DT, and A-BTP-DT-based
devices, respectively (Fig. 3a and Table S1, ESI†). The time-
domain response was characterized by the rise time (tr) and fall
time (tf), which represent the turn-on and turn-off times of the
photodetector signals, respectively. These values are defined as
the time required to reach 10–90% (tr) and 90–10% (tf) of the
saturation current.24 The tr/tf values were determined to be
80/27 ms for BTP-EH, 91/32 ms for BTP-HD, 122/37 ms for BTP-
DT, and 155/43 ms for A-BTP-DT-based devices (Fig. 3b and
Table S1, ESI†). Both tr/tf and f�3dB represent the response time
of the devices and they are related by the equation tr E 0.35/
f�3dB (ESI†). Based on the calculations of tr and f�3dB, the
response time of the devices increases in the following order:
A-BTP-DT 4 BTP-DT 4 BTP-HD 4 BTP-EH.

The minority carrier lifetime (tlife) for PM-OPDs was also
determined through theoretical fitting of the transient photo-
current curves. Since the photocurrent in the PM-OPDs is
generated by free holes, the transient photocurrent can be
fitted with the following equation, derived from the rate
equation for free hole density. This allows us to calculate the
tlife of the minority carrier of electrons,20,25,26

I ¼ I0 1� 1

NtC2tlife
exp

�t
t1

� �
� exp

�t
t2

� �� �
(4)

where t1 ¼ tlife= 1þNtC2tlifeð Þ; t2 ¼ 1þNtC2tlifeð Þ=N 0vC1. C2

and C1 are constants related to the trapping and de-trapping
rates, respectively. N 0v is the effective valence band density of
states and Nt is the trap state density. By fitting the transient
photocurrent curves to this equation, as shown in Fig. 3b,
the tlife values were calculated for BTP-EH, BTP-HD, BTP-DT,
and A-BTP-DT devices as 280 ms, 359 ms, 478 ms, and 581 ms,
respectively. This indicates that the increased insulating prop-
erties of NFAs lead to a slower de-trapping process, thereby
extending the trap lifetime. This delay results in more trapped
electrons near the Al electrode interface, enhancing the satura-
tion photocurrent but also increasing the response times.
Among the materials, A-BTP-DT exhibited the slowest response
speed and highest saturation photocurrent due to its strongest
insulating properties.

The primary role of the electron-trapping NFA in PM-OPDs is
to induce band bending at the cathode/photoactive layer inter-
face under illumination. This phenomenon is associated with
the tunneling behavior of holes due to the Schottky barrier
thinning effect.27 Consequently, the Schottky junction at the Al/
P3HT interface transitions into a pseudo-Ohmic junction.20,28

This mechanism suggests that an increased number of trapped
electrons at the interface accelerates the degree of band bend-
ing, thereby enhancing hole injection under illumination,
which ultimately leads to higher EQE. To confirm that Schottky
barrier thinning is enhanced with an increase in trapped carrier
lifetime, we measured temperature-dependent J–V characteris-
tics for each NFA-based PM-OPD accordingly. Assuming that
the hole injection mechanism from Al to P3HT follows the
thermionic emission theory,29 which is widely accepted for
Schottky junction barrier injection, the saturation current
density ( Js) can be expressed as equation (5),

Js ¼ A�T2 exp
�fB

kT

� �
(5)

where A* is the Richardson constant, T is the temperature, k is
the Boltzmann constant, and fB is the effective Schottky barrier
height. The Js under dark conditions can be calculated using
the following equation (6),30–32

J ¼ Js exp
qV

kT

� �
� 1

� �
(6)

where q is the elementary charge and V is the applied bias
voltage. To calculate the Schottky barrier height, we measured
the J–V characteristics under various temperature conditions
(220–320 K), as shown in Fig. S7 and S8 (ESI†). From these
measurements, we obtained the ln( JsT�2) versus T�1 plot, as
shown in Fig. 3c and d. A 450 nm laser was selected as it lies
outside the strongest absorption region of P3HT (around
520 nm). The effective Schottky barrier height (fB) was deter-
mined from the slope of the plot in Fig. 3c and d. The fB values
under dark and illuminated conditions were found to be 0.567/
0.334 eV for BTP-EH-based, 0.562/0.309 eV for BTP-HD-based,
0.545/0.258 eV for BTP-DT-based, and 0.567/0.229 eV for A-BTP-
DT-based PM-OPDs (Table S2, ESI†). The effective barrier
height was significantly reduced under illumination, with the
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magnitude of reduction (fB under dark � fB under illumina-
tion) following the trend: A-BTP-DT (0.338 eV) 4 BTP-DT
(0.287 eV) 4 BTP-HD (0.253 eV) 4 BTP-EH (0.233 eV). This
indicates that A-BTP-DT induces the strongest band bending and,
therefore, can efficiently promote hole injection through tunneling.

The Schottky barrier thinning mechanism, induced by
charge accumulation at the P3HT/Al interface, is illustrated
in Fig. S9 (ESI†). This mechanism is closely related to the
depletion width (W) and built-in voltage (Vbi). We conducted

light-assisted capacitance–voltage (C–V) measurements to com-
pare the charge accumulation characteristics of each device
and subsequently calculated W and Vbi. Since the capacitance of
a device is influenced by charges at the electrode interfaces, a
comparison of capacitance values allows for the estimation of
trap densities. To detect trap densities from capacitance mea-
surements, the traps are expected to influence the electrostatic
potential sufficiently, forming a space charge region shorter
than the semiconductor thickness.33 In other words, when the

Fig. 3 (a) �3 dB cut-off frequency plots at a bias of �5 V. (b) Transient photocurrents (solid lines) and fitted transient photocurrents (dashed lines) at a
bias of �5 V. ln(J0�T�2) versus T�1 plots under (c) dark and (d) illuminated (450 nm) conditions for calculating the change in the effective Schottky barrier
height at the cathode (Al)/photoactive layer interface. Capacitance–voltage curves under (e) dark and (f) illumination (450 nm) conditions. Mott–Schottky
plots under (g) dark and (h) illuminated (450 nm) conditions. (i) Modulation of Schottky barrier thinning by controlling the insulating properties of electron
trapping NFAs in PM-OPDs.
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semiconductor layer of thickness (d) is positioned between two
electrodes, the charge density is generally required to greatly
exceed the surface charge density (s) of the electrodes (qNqd 4
s), and Nq is the carrier density. To determine the pulse
frequency during C–V analysis, the effects of low-frequency
noise and dielectric relaxation at high frequencies were con-
sidered, and the measurements were performed at 1 kHz.
Fig. 3e and f show the C–V curves of P3HT:NFA under various
conditions. A comparison of the capacitance of the device
under dark and 450 nm illumination conditions at zero bias
revealed the following values (nF cm�2): 48/66 (an increment of
18) for BTP-EH-based, 50/115 (an increment of 65) for BTP-HD-
based, 53/163 (an increment of 110) for BTP-DT-based, and 55/
295 (an increment of 240) for A-BTP-DT-based PM-OPDs,
respectively. The trend follows: A-BTP-DT 4 BTP-DT 4 BTP-
HD 4 BTP-EH. The increase in capacitance under illumination
indicates that photogenerated electrons accumulate at the
interface between the photoactive layer and the Al electrode.
The difference in capacitance between dark and illuminated
conditions is proportional to the amount of charge accumu-
lated at the interface.20 These results confirm that charge
trapping increases in the order of A-BTP-DT 4 BTP-DT 4
BTP-HD 4 BTP-EH, demonstrating that the higher insulating
properties of the NFA enable the formation of more effective
traps, capable of capturing more electrons for extended periods.

At low forward and reverse biases, the capacitance of a diode
follows the Mott–Schottky equation (7),34

C�2 ¼ 2 Vbi � Vð Þ
qeA2Nq

(7)

where A is the device area, e = e0�er, e0 is the dielectric constant
of the vacuum, and er is the relative dielectric constant of the
semiconductor (B3.0). Fig. 3g and h show the C�2–V curves
under dark and 450 nm illuminated conditions, respectively. By
fitting the linear region at low bias according to the Mott–
Schottky eqn (7), Vbi was obtained from the extrapolated inter-
section with the voltage axis, and Nq was calculated from the
slope using the following equation (8),34

Nq ¼
�2

qere0A2

dV

dC�2

� �
(8)

Under 450 nm illumination, the Nq values increased signifi-
cantly compared to the dark state, reflecting the trapping of
photogenerated electrons at the electrode interface. Therefore,
Nq can be interpreted as the trap density.35,36 A comparison of
the Nq values under dark and illuminated conditions revealed
the following: 5.33 � 1016/2.04 � 1017 cm�3 for BTP-EH-based,
6.00 � 1016/3.03 � 1017 cm�3 for BTP-HD-based, 7.18 �
1016/5.85 � 1017 cm�3 for BTP-DT-based, and 9.29 � 1016/13.4 �
1017 cm�3 for A-BTP-DT-based PM-OPDs (Tables S3 and S4, ESI†).
The trend of Nq increasing in the order A-BTP-DT 4 BTP-DT 4
BTP-HD 4 BTP-EH indicates that photogenerated electrons
are most effectively trapped by A-BTP-DT. This demonstrates a
correlation between the increase in the alkyl chain length and the
insulating ratio of the NFA and enhanced trapping efficiency.

Vbi is a key factor in determining the Schottky barrier height.
The reduction in the hole injection barrier upon light exposure
can be derived by comparing Vbi under dark and illuminated
conditions (Fig. 3g and h). The differences in Vbi between these
conditions for BTP-EH, BTP-HD, BTP-DT, and A-BTP-DT-based
PM-OPDs were 0.16 V, 0.43 V, 0.45 V, and 0.53 V, respectively
(Tables S3 and S4, ESI†). This trend indicates that higher trapping
efficiency leads to a more significant reduction in the hole
injection barrier. Furthermore, electrons accumulated at the
electrode/active layer interface generate a local electric field near
the Al electrode. The local electric field induced by traps reduces
the depletion layer width (W), as shown in Fig. S9 (ESI†), which in
turn decreases the Schottky barrier height and facilitates hole
tunneling injections under reverse bias. The depletion region
width was calculated using the following equation (9),34

W ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2E Vbi � Vð Þ

qNq

s
(9)

The calculated W values for BTP-EH, BTP-HD, BTP-DT,
and A-BTP-DT-based PM-OPDs under dark conditions were
69.7 nm, 65.7 nm, 60.8 nm, and 54.1 nm, respectively. Under
450 nm illumination, the values decreased to 31.8 nm, 19.6 nm,
14.1 nm, and 8.48 nm, respectively. Since W decreases due to
electron accumulation by the NFA, W follows the trend A-BTP-
DT o BTP-DT o BTP-HD o BTP-EH under illuminated condi-
tions (Table S4, ESI†). Consequently, the increase in trapped
carrier lifetime due to the insulating properties leads to a
higher accumulation of electrons at the interface between the
electrode and the photoactive layer. This accumulation induces
stronger interfacial band bending, which effectively reduces the
Schottky barrier thickness and narrows the depletion region
(Fig. 3i). As a result, hole injection is enhanced due to the reduced
tunneling barrier, ultimately contributing to an increased satura-
tion photocurrent and improved EQE in PM-OPDs.

Conclusions

This study explores the impact of photogenerated carrier life-
time on the photomultiplication effect in PM-OPDs. We synthe-
sized BTP-based NFAs with varying alkyl chain lengths and
insulating-to-conducting ratios to examine how insulating
properties influence electron trapping. To evaluate this, we
systematically explored the correlation between the molecular
structure, trapped carrier lifetime and concentration, Schottky
barrier height, band bending, and the resulting static and
dynamic OPD characteristics. As a result, we successfully
modulated the trapped carrier lifetime from 280 to 581 ms,
the trapped carrier density under illumination (2.04–13.4 �
1017 cm�3), and the effective Schottky barrier height. By enhan-
cing the insulating properties of the NFAs, we slowed the
electron de-trapping, leading to increased accumulation of
trapped electrons at the P3HT/Al interface. This resulted in
thinner Schottky barriers and enhanced hole injection from the
cathode via tunneling. These findings demonstrate that tuning
the insulating properties of acceptor materials effectively
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controls the trapped carrier lifetime, thereby improving the PM-
OPD performance.
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