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The need to detect faint light signals with unparalleled precision is redefining organic photodetectors
(OPDs) and unlocking their transformative applications in biosignal monitoring, optical communication,
and quantum-level photodetection. The specific detectivity (D*) is an essential metric in such scenarios
that captures the ability of an OPD to extract weak signals from noise and is a function of the active area,
bandwidth, and noise-equivalent power of the device. This review reframes the pursuit of an ultrahigh D*
by targeting noise current suppression, —a formidable issue in which shot, thermal, flicker, and gene-
ration-recombination noise sources combine to obscure signals. First, the complexities of noise are dis-
cussed, then various strategies for addressing its causes are explored in terms of charge injection, inter-
facial traps, and material defects. These strategies include: precisely tailoring active layers to mitigate trap-
assisted recombination and charge generation, selectively optimizing transport layers to mitigate inter-
facial defects at the electrode interface and block unwanted injection currents, and applying architectural
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innovations such as tandem and nanostructured designs that transcend single-junction paradigms. By
combining mechanism-driven insights with a critical appraisal of current frontiers, this review highlights
untapped opportunities and promising strategies for developing OPDs with unprecedented sensitivity and
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1 Introduction

Advances in next-generation technologies such as biosignal
monitoring, optical communication, and photonic sensing
have steadily increased demand for high-performance
photodetectors." Although inorganic crystalline materials
(e.g., Si and Ge) are typically used in these sensing techno-
logies, their rigid structures, complex fabrication processes,
and limited spectral tunability limit the broader application of
photodetectors incorporating these materials.”” Notably,
organic photodetectors (OPDs) possess distinct material pro-
perties that overcome these limitations, facilitating tailored
spectral responses, compatibility with flexible/stretchable sub-
strates, and simplified integration into target applications.® ™
However, the commercial viability of OPDs is hindered by their
relatively high intrinsic noise levels compared to their in-
organic counterparts, as advanced applications under challen-
ging conditions require the precise detection of faint optical
signals that can be readily overshadowed by excessive noise."”
The key metrics for evaluating the performance of OPDs
include responsivity (R), cut-off frequency, dark current
density, and specific detectivity (D*). R is defined as the ratio
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of output photocurrent to incident optical power and serves as
a measure of the device’s photo-to-electrical conversion
efficiency. The cut-off frequency (-3 dB frequency) is the fre-
quency at which the output amplitude decreases to 70.8%,
representing the bandwidth of the device. Dark current refers
to the current that flows through the device in the absence of
illumination, and when normalized by the device area, it is
expressed as dark current density. The detailed mechanisms
underlying dark current are illustrated in Fig. 1. First, in the
absence of traps, the dark saturation current j, follows a
thermal generation mechanism determined by the effective
gap Ecr. In addition, Shockley-Read-Hall (SRH) generation, in
which trap states mediate electron-hole pair generation, gives
rise to a larger magnitude of dark current. Finally, under
strong electric fields, the Poole-Frenkel effect facilitates
thermal emission of carriers trapped at defect sites, satisfying
both the magnitude and field dependence, which together
converge with the experimentally observed dark current
density. D* is arguably the most critical metric in assessing
the performance of a photodetector. Defined by the equation:

APD . Af

NED (cm Hz2 W~ or Jones) (1)

D* =

where NEP denotes the noise-equivalent power (the optical
power at which the signal current equals the noise
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Fig. 1 Simulated J-V characteristics for a device. The graph compares
simulated data (dashed lines) with experimental results (symbols and
solid lines). Also shown are the J—V characteristics for the Shockley—
Read—Hall (SRH) process without the Poole—Frenkel effect, and for
bimolecular generation over the charge-transfer state energy (Ect).
Inset: a schematic diagram illustrating the mid-gap trap distribution
within the donor-acceptor energy system. Reprinted with permission
from ref. 84.

current),"®"” App, is the active area of the device, and Af is the

bandwidth, D* quantitatively characterizes the capability of a
photodetector to distinguish weak optical signals from its
device-intrinsic noise."®?° Although an accurate determi-
nation of D* requires the precise measurement of NEP owing
to changes in R when the illumination is beyond the linear
dynamic range of the photodetector, assuming that the device
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maintains linear photocurrent generation at NEP-level illumi-
nation, D* can be approximated as:

D* ~ RiVAPDAf (2)

In

where i, is the total noise current.>**> Thus, D* can be
improved by either increasing R or decreasing i,.

Table 1 summarizes the key performance metrics of OPDs
reported in recent studies, including D*, dark current density,
external quantum efficiency (EQE), NEP, and active layer thick-
ness, along with their corresponding measurement conditions.
Note that shot-noise-based D* is calculated under the assump-
tion that shot noise is the dominant component of the total
noise, with the influence of thermal, flicker, and generation-
recombination noise reduced, and therefore it may be overesti-
mated compared to the actual value. Active layer thickness is
one of the critical parameters influencing the dark current of
the device. A thicker active layer increases the carrier transport
distance, thereby raising the probability of carrier recombina-
tion within the layer. As a result, charge extraction under dark
conditions is reduced, leading to lower dark current. This
demonstrates that thickness is not merely a structural para-
meter but an essential mechanism directly related to noise
suppression and detectivity enhancement.

As expressed in the above equation, D* is normalized with
respect to device area and measurement frequency. Therefore,
an accurate understanding of these two parameters is essential
for proper interpretation of D* and for ensuring objective per-
formance comparisons across different studies. Paradoxically,
despite this normalization being intended to minimize the

Table 1 Key performance metrics of high-performance OPDs in recent studies. The noise spectral density-based D* and the shot-noise-limited D*

were calculated using the equations D* = RvA and D* = L , respectively
Sn v2qJq
Active layer
thickness
D* (Jones) EQE (%) Ja (Acm™) NEP (W or W Hz '3 (nm) Ref.
1.71 x 10" (noise current based, 1100 nm, 0 V) ~ 58.9 (1100 nm, 0V)  4.15x10°(-0.1V)  2.56x107** W (1070 nm) 110 135
1.40 x 10™* (shot noise based, 950 nm, 0 V) 48.3 (950 nm, 0 V) 2.26 107" (0 V) — — 136
3.72 x 10" (noise spectral density based 41.6 (1060 nmM,0V)  2.61x107'°(-0.1V) — 270 137
(averaged), 1060 nm, —0.1 V)
2.93 x 10" (noise spectral density based 68.4 (870 nm, 0 V) 1.70x 107 (0 V) — 130 138
(10 Hz), 870 nm, 0 V)
3.45 x 10" (shot noise based, 620 nm, —1 V) 65.0 (620 nm, 0 V) 3.63x107'° (-1V) 9.07 x 10~ W Hz "> 150 139
(~ 670 nm)
3.02 x 10" (noise current based, 790 nm, —2V)  59.6 (770 nm, —2V)  1.65 x 1077 (-2 V) — 100 140
7.35 x 10" (shot noise based, 805 nm, =0.2 V)  75.3 (805 nm, —-0.2V) 1.38x107'°(-0.2V) — 180 141
4.65 x 10" (shot noise based, 880 nm, 0 V) 52.4 (880 nm, 0 V) 2.01x107*° (0 V) — 180-195 142
7.89 x 10" (noise spectral density based 83.6 (~900 nm, 0V)  4.65x 107'° (0 V) 2.55 x 10~ W Hz /2 120 143
(1 kHz), 900 nm, 0 V) (900 nm)
2.8 x 10"* (noise spectral density based 16.3 (840 nm, —=0.1V) 3.70x107'°(-0.1V) — — 144
(10 kHz), 840 nm, —0.1 V)
1.04 x 10" (noise spectral density based 66.7 (800 nm, 0 V) 1.75x 107 (0 V) <1072 W Hz 2 — 145
(10 Hz), 800 nm, 0 V) (400-860 nm)
>10"? (shot noise based, 1300 nm, 0 V) 26.0 (1100 nm, 0V)  2.40 X 10~*° (0 V) — — 146
1.40 x 10" (noise spectral density based 33.5(1000nm,0V)  53x107* (0V) — 110 147
(10 Hz), 930 nm, 0 V)
3.81 x 10" (noise spectral density based 18.9 (1100 nm,0V)  3.58 x107'° (0 V) 6.12x 107" W (1100 nm) — 148

(10 Hz), 1100 nm, 0 V)
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influence of device area, large-area OPDs used in applications
such as digital X-ray imaging and document scanners often
suffer from increased fabrication complexity and higher defect
densities, which induce shunt pathway formation. This in turn
amplifies noise, reduces D*, and complicates objective com-
parison of detectivity across devices of different sizes. To prop-
erly evaluate D* in large-area OPDs, it is first necessary to
recognize that the probability of intrinsic material and physi-
cal defects increases with active area, thereby raising the dark
current floor, and to incorporate this understanding into the
quantitative assessment of D*. In this review, we instead place
deliberate emphasis on miniaturized OPDs, where reducing
the photosensitive area minimizes leakage current and para-
sitic capacitance, thereby enabling high detectivity under low-
light conditions, and we examine performance improvement
strategies aimed at advancing next-generation technologies
such as high-resolution imaging and biomedical sensors.
Moreover, reporting high D* values based on NEP estimated
within a narrow measurement bandwidth of around 1 Hz does
not faithfully reflect the conditions required for practical appli-
cations (typically in the kHz to tens of kHz range) and thus
carries the limitation of overestimating detectivity. However,
for ultra-sensitive OPDs operating at NEP levels below the pWw
regime, there exists a practical limitation in that the actual
usable bandwidth cannot be readily specified due to the intrin-
sic constraints of current measurement instruments. To sup-
press the noise floor of the measurement system itself, it
becomes necessary to adopt a narrow measurement band-
width, which in this context functions as an aperture in the
frequency domain, allowing the desired signal to be captured
with high precision. For this reason, prior works have adopted
narrow measurement bandwidths and reported NEP and D*
accordingly. Therefore, for accurate and objective evaluation of
NEP and D*, a clear understanding of the measurement fre-
quency conditions must be established, and subsequent
studies should adopt improved practices by reporting device
performance across the maximum measurable bandwidth of
the system.

Strategies for increasing R aim to promote efficient exciton
dissociation and rapid charge extraction. Some methods
improve the energetic alighment of adjacent functional layers
or increase the crystallinity of the active layer to enhance
charge transport;>>>* other methods introduce additional
dopants or intentionally form trap states to enable photomulti-
plication through gain mechanisms.>>*® However, the
improvements realized using such methods often occur at the
expense of elevated noise, which can potentially reduce D*.*”

Therefore, noise suppression can provide a more effective
approach for enhancing D*. Reducing i, directly improves the
signal-to-noise ratio (SNR), thereby increasing sensitivity to
weak optical signals.”®*° Consistent with the R-in trade-off,
some noise reduction methods, including the introduction of
additional functional layers, may decrease R.>**' However, a
substantial decrease in noise often outweighs the moderate
loss of R, ultimately improving D*. Moreover, certain noise
reduction techniques, including trap passivation and inter-
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facial morphology refinement, can maintain or even enhance
R, thereby achieving the dual benefits associated with reducing
i, and increasing R.*>** These strategies also improve environ-
mental- and photo-stability, offering critical advantages for
precision-demanding applications, such as biosensing, nuero-
morphic imaging, and high-resolution spectroscopy, in which
the high-fidelity detection of low-intensity signals is
crucial.**** When coupled with the inherent bandgap tunabil-
ity of organic semiconductors, providing noise suppression in
OPDs can realize highly customizable spectral responses
ranging from the ultraviolet (UV) to shortwave infrared (SWIR)
regions. Thus, the synergistic combination of effective noise
management and molecular engineering flexibility makes
noise suppression a universally robust and scalable approach
for increasing D*.

A comprehensive understanding of the physical origin of
noise is imperative for rationally designing low-noise OPDs.
The total noise current in an OPD originates from a combi-
nation of various intrinsic sources. Intrinsic noise mecha-
nisms include shot noise, thermal (Johnson-Nyquist) noise,
flicker noise (1/f noise), and generation-recombination (g-r)
noise, each governed by distinct frequency dependencies and
underlying transport phenomena.

Shot noise originates from the discrete and stochastic trans-
port of charge carriers. Its statistical behavior is effectively
described by the Poisson distribution,**° and its magnitude
can be approximated by

Ishot = \/2qIpAf 3)

where g is the elementary charge, I, is the dark current and Afis
the measurement bandwidth.'® Note that this equation indicates
that shot noise increases proportionally with the square root of
both the dark current and the bandwidth. Thermal noise is attrib-
uted to the thermally induced agitation of carriers within the
resistive elements of the device.'®* It is typically expressed as:

Ithermal = V 4kBTAf/Rsh (4)

where kg is the Boltzmann constant, T is the absolute tempera-
ture, and Ry, is the shunt resistance.”’ The sum of Iy, and
Linermar constitutes the frequency-independent white noise as
follows:*?

Iyhite = Iszhot + Itzhermal (5)

In contrast, flicker noise is characterized by its inverse
dependence on frequency (i.e., 1/f) and prominence at low fre-
quencies; it is commonly associated with charge trapping and
detrapping phenomena, which typically occur at interfaces or
within disordered regions of the active layer.**** Although the
precise physical origin of flicker noise remains under active
investigation, it is often indicative of material inhomogeneities
or interface instability."> Lastly, g-r noise arises from the
random transitions of carriers between localized trap states
and extended band states, which produce fluctuations in
carrier density while preserving overall charge neutrality; its

This journal is © The Royal Society of Chemistry 2025
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power spectral density typically scales with 1/f>.*®*® This where N is a prefactor that depends on the recombination
noise is particularly relevant in materials exhibiting high trap kinetics and conductive properties of the active material, and
densities or pronounced energetic disorder, where its spectral I, is the generated photocurrent.”

signature typically appears in Lorentzian form.***° The Given the various advantages of reducing the total noise
current fluctuation due to g-r noise is often modeled as floor, this review focuses on strategies for suppressing white
noise through dark current reduction and maximization of
lg_r = \/2Nqlpn (6) shunt resistance, and mitigating low-frequency noise via trap
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Fig. 2 Chemical structures of the donor, acceptor, transport layer, and additive materials discussed in this study.
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density minimization, thereby addressing all of the major
noise components discussed above. The subsequent sections
explore several approaches for noise current reduction: active
layer engineering to suppress trap-assisted transport, transport
layer modification to minimize injection leakage, and
advanced device architectures such as tandem stacks and
noise-suppression-based photomultiplication-type OPDs. The
chemical structures of the donor, acceptor, transport layer,
and additive materials introduced in this study are presented
in Fig. 2. By addressing the root causes of noise rather than
merely amplifying the signal output, these methodologies
offer a path for realizing intrinsically superior OPDs that
exhibit high detectivity, spectral uniformity, and operational
robustness under real-world conditions.

2 Active layer engineering for noise
reduction

The active layer is the core component of an OPD responsible
for photon absorption, charge generation, and carrier
transport.>>* Limitations on the interfacial properties of this
layer, which include the presence of trap states, structural
imperfections, morphological disorder, and misaligned energy
levels, significantly influence the magnitude of the intrinsic
noise currents within.>® These limitations have been recently
addressed through efforts focusing on compositional control,
morphological optimization, fine-tuning fabrication pro-
cedures, and incorporating functional additives to suppress
noise arising from unwanted charge injection and parasitic
leakage pathways.’®®* This section presents advanced design
guidelines that have been developed to enhance the perform-
ance ceiling of OPDs accordingly.

Labanti et al. demonstrated the effective suppression of
dark current by deliberately reducing the crystallinity of the
bulk heterojunction (BHJ) via acceptor component dilution.®?
Non-fullerene acceptors that typically exhibit high crystallinity,
such as Y6, facilitate the formation of continuous carrier trans-
port pathways through their pronounced n-rn stacking and
quadrupolar intermolecular interactions.®®®® Decreasing the
acceptor concentration disrupts the crystalline ordering and
modifies the film morphology, thereby interrupting the elec-
tron percolation pathways. In addition, this approach leverages
a field-dependent charge separation mechanism to suppress
the generation of unwanted photocurrents. Fig. 3a presents a
schematic illustrating excited-state delocalization and the
resulting charge generation in both balanced and diluted
blends. In the balanced blend, distinct neat crystalline Y6
domains are formed due to the strong n-n stacking of Y6 and
its high quadrupole moment. This leads to delocalized excited
states with low binding energy, which facilitate exciton dis-
sociation and, in turn, result in charge generation even under
dark conditions, thereby increasing dark current. In contrast,
in the diluted blend, the crystallinity and intermolecular inter-
actions of Y6 are disrupted by the higher concentration of
PMS6, leading to the formation of small, isolated Y6 domains.

23232 | Nanoscale, 2025, 17, 23228-23246
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These domains support localized, emissive states with higher
binding energy, which hinder exciton dissociation and sup-
press thermal charge generation, a major contributor to dark
current. Consequently, this approach effectively suppresses
shot noise, the most dominant component of the noise floor,
and significantly enhances D*.

In addition to conventional deposition methods, such as
spin-coating and spray-coating (which are widely employed in
solution-processed organic photodetectors), transfer printing
techniques can be applied to facilitate additional layer design
and thereby enhance the interfacial quality and suppress
charge injection while reducing noise.®®”® He et al. developed
a novel hybrid BHJ-planar heterojunction (PH]J) architecture,
named B-PHJ, by applying an ultra-thin PM6 donor barrier
layer on a BHJ active layer via water transfer printing.”" This
laminated PM6 layer formed a van der Waals interface that
mitigated the interfacial traps commonly associated with dan-
gling bonds arising from molecular contacts in traditional
MoO; thermal evaporation processes. Fig. 3b illustrates two
key mechanisms for reducing dark current in the B-PHJ struc-
ture through an energy band diagram. First, an appropriate
energy offset is established between the LUMO level of PM6
and the Ag electrode, which acts as a high-energy barrier that
prevents electron injection from the electrode into the active
layer, thereby suppressing reverse injection current. Second,
the water transfer printing method forms a high-quality van
der Waals interface that decreases the trap density at the inter-
face and reduces thermal generation current arising from
traps. Together, these mechanisms lead to a reduction in dark
current, which consequently lowers shot noise and contributes
to an overall decrease in the noise floor. As shown in Fig. 3c,
an increase in the thickness of the PM6 layer led to a higher
onset voltage for the space-charge-limited current (SCLC), indi-
cating delayed charge injection under space-charge con-
ditions.””> Thus, the following expression for the corrected
current density J.orr can be employed to eliminate the influ-
ence of series resistance R; and Rgp:

Vrev - Rs
Jeorr =J — 7] x (7)

Rsh
where J is the absolute value of the apparent dark current
density, V;., are the absolute values of the applied reverse bias,
the Ry and Ry, are the area-normalized series resistance and
shunt resistance, respectively.”* This relationship also explains
the minimized dark current observed at an optimized barrier
thickness of 24 nm. As a result, the dark current controlled by
the high-energy barrier and the van der Waals interface leads
to suppression of the shot noise floor, enabling the device to
achieve a shot-noise-limited detectivity of D* = 3.68 x 10
Jones at 0 V and 850 nm. However, as previously noted,
although this study acknowledges that shot noise is the domi-
nant component among the noise sources and calculates D*
on this basis, it does not account for the full spectrum of
noise contributions, and therefore the potential overestimation
of D* must be recognized. Jang et al. proposed an innovative A/
BH]J device structure in which a BHJ layer is transfer-printed

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Charge generation in diluted and balanced blends. Schematic showing excited-state delocalization (green) and its effect on charge gene-
ration, with polymer chains (blue), Y6 molecules (red), and charge-separated states (purple); electrons and holes are indicated by negative and posi-
tive symbols. Reprinted with permission from ref. 65. (b) Dark-current reduction mechanism in the B-PHJ device. (c) Corrected current density-
voltage curve of #1: w/o PM6 layer OPDs, #2: w/10 nm PM6 layer OPDs, #3: w/16 nm PM6 layer OPDs, #4: w/24 nm PM6 layer OPDs. Reprinted

with permission from ref. 71. Copyright © 2025, Wiley-VCH.

onto a pre-formed single acceptor layer.”* To do so, a polymer
mold is synthesized by blending an aliphatic urethane diacry-
late oligomer (EB 9270), 2-hydroxyethyl acrylate (HEA), and
1-hydroxycyclohexyl phenyl ketone (HCPK), then casting the
mixture onto a silicon wafer and UV-curing it for 10 min. Next,
the PM6:BTP-4F-12 blend solution is spin-coated onto the
mold and annealed to form a solid-state BH]J layer. This solid
BH]J film is transfer-printed onto a PC,;BM acceptor layer,
effectively preventing intermixing between adjacent layers and
overcoming the long-standing issue of solvent nonorthogonal-
ity, which is inherent to solution-based spin-coating methods;
this in turn realizes a reduction in trap density. Additionally,
the PC,,BM acceptor introduced between the indium tin oxide
(ITO)/zinc oxide (ZnO) substrate and the BH]J layer forms a

This journal is © The Royal Society of Chemistry 2025

large injection barrier owing to its relatively deep highest occu-
pied molecular orbital (HOMO) level, thereby blocking
unwanted charge injection. These mechanisms allow the A-
BH]J architecture to reduce the dark current on a fundamental
level, thereby reducing shot noise, ultimately, this enhances
the detectivity of the device.

Incorporating appropriate additives into the active layer has
also emerged as an effective strategy for suppressing noise in
OPDs. Lee et al. introduced molybdenum disulfide (MoS,), a
two-dimensional (2D) transition metal dichalcogenide (TMD),
into a poly(3-hexylthiophene) (P3HT): indene-Cq, bisadduct
(ICBA) BHJ.”> The inclusion of MoS, significantly mitigated
Langevin recombination and reduced the trap density. Fig. 4a
quantitatively illustrates the variations in the total and free

Nanoscale, 2025, 17, 23228-23246 | 23233
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Fig. 4 (a) Comparison of total and free carrier densities among the three OPDs. (b) Averaged /s values from repeated measurements for three
different OPD devices. Reprinted with permission from ref. 75. Copyright © 2025, American Chemical Society.

carrier densities with increasing MoS, concentration. At low
frequencies (~1 kHz), both the trap states and free carriers
responded to the AC signal, allowing the total carrier density
to be estimated. By contrast, only free carriers contributed to
the signal response at higher frequencies (~1 MHz) as the trap
states were unable to follow the rapid signal modulation.”
Although the free carrier density exhibited a slight increase
with the addition of MoS,, the total carrier density decreased
markedly from 9.95 x 10'* em™ (without MoS,) to 7.32 x 10"
em™? (with 1 vol% MoS,), then decreased further to 5.18 x 10"

cm™

at higher concentrations.””””® This trend confirms that
the incorporation of MoS, facilitates the quantitative suppres-
sion of trap states, leading to a reduction in the total noise
floor (Fig. 4b). According to eqn (2), this directly translates
into an enhancement of D*.

Near-infrared (NIR) and SWIR detection are critical appli-
cations of biological signal sensing, medical diagnostics, and
flexible OPDs.>*"**7%8° However, devices in these applications
often suffer from high noise levels originating from thermal
carrier generation in narrow-bandgap active layers.®®> Bills
et al. proposed blending wide-bandgap insulating polymers
with active matrices to overcome this limitation.** Various
concentrations of non-conjugated insulating polymers such
as polystyrene (PS), poly(methyl methacrylate) (PMMA), and
polysulfone (PSU) were intercalated within the BH]J structure,
diluting both the trap density and transport pathways,
thereby effectively reducing the total noise current. Notably,
the PSU-based ternary blend effectively reduced the number
of trap states with energy levels near the mid-gap of the
charge-transfer state, reducing the Shockley-Read-Hall (SRH)
generation rate G, which can be expressed under a reverse
bias as follows:

BsruNithi

kg T

G =
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where fisgy is the recombination rate constant, N, is the trap
state density, n; is the intrinsic carrier concentration, E; is the
intrinsic Fermi level, and E. is the trap energy level.**
According to eqn (8), G increases as the trap energy approaches
the mid-gap position. Therefore, shifting the trap states from
energy levels near the mid-gap to deeper energy levels will
reduce trap-assisted carrier generation. Although the presence
of deep traps may hinder carrier collection at the electrodes,
reducing R, the suppression of mid-gap traps has a more pro-
nounced effect on the reduction of dark current, decreasing
shot noise, lowering the noise floor across the entire frequency
range, and enhancing the overall detectivity of the device.
Cong et al. synthesized an ultra-narrow-bandgap acceptor,
CS-1, based on an A-D-A;-D-A architecture incorporating ben-
zobisthiadiazole (BBT), and fabricated SWIR OPDs exhibiting
high detectivity at 1300 nm.** The chemical structure of CS-1
is shown in Fig. 2. The central A; unit, BBT, possesses a strong
electron-withdrawing nature, which enhances the intra-
molecular charge transfer (ICT) effect occurring between the
donor and acceptor units. This strengthens electron
n-delocalization, promotes intermolecular =n-n stacking,
reduces the bandgap, and lowers energetic disorder. The
resulting reduction in disordered regions within the active
layer suppresses carrier trapping-detrapping, thereby effec-
tively mitigating flicker noise even in low-bandgap SWIR
OPDs. In addition, the active layer morphology was improved
by adopting a solution-dripping process in place of conven-
tional spin-coating. Unlike the weak aggregation character-
istics of the donor material PTB7-Th, CS-1 exhibits strong
aggregation behavior. Spin-coating, due to slow film for-
mation, induces excessive aggregation of CS-1, compromising
film uniformity. In contrast, solution-dripping accelerates film
formation, yielding smooth and uniform films. This results in
continuous and homogeneous percolation pathways, which
contribute to the overall reduction of noise (Fig. 5a).
Consequently, detectivity estimated from rms white-noise

This journal is © The Royal Society of Chemistry 2025
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current under a 0.1 Hz measurement bandwidth—although
overestimated compared with D* derived from experimentally
measured NEP—achieved a high value of 2.96 x 10'° Jones at
1300 nm and 0 V (Fig. 5b). Ha et al. synthesized two new NFAs—2-
((2)-2-((5-(12,13-Bis(2-butyloctyl )-10-(((2)-1-(dicyanomethylene)-
5,6-difluoro-3-oxo-1,3-dihydro-2 H-inden-2-ylidene)methyl)-3,9-

diundecyl-12,13-dihydro-{1,2,5]thiadiaz-olo[3,4-e]thieno-2",3":4',5"]

thieno[2',3":4,5]pyrrolo[3,2-g]thie no-[2,3":4,5]thieno[3,2-b]indol-2-
yl)-4-((2-ethylhexyl)oxy)thio-phenn-2-yl)methylene)-5,6-difluoro-
3-ox0-2,3-dihydro-1H-ind-en-1-ylidene)malononitrile ~ (YOR1)
and  2-((2)-2-((5-(12,13-bis(2-butyloctyl)-10-(5-(((2)-1-(dicyano-
methylene)-5,6-difluoro-3-ox-0-1,3-dihydro-2H-inden-2-ylide-ne)
methyl)-3-((2-ethylhexylJox y)thiophen-2-yl)-3,9-diundecyl-
12,13-dihydro-[1,2,5]thiadiazol-0[3,4-e]thieno[2",3":4',5']thieno
[2',3":4,5]pyrrolo[3,2 g]thieno [2',3":4,5]thieno[3,2-b]indol-2-yl)-
4-((2-ethylhexyl)oxy)thiophe n-2-yl)methylene)-5,6-difluoro-3-
0x0-2,3-dihydro-1H-inden-1-ylidene)malononitrile (YOR2)—to
demonstrate the high potential of asymmetric NFAs in NIR
OPDs.® A comparison of the chemical structures of YOR1 and
YOR?2 in Fig. 2 shows that the former adopts an asymmetric
configuration, while the latter has a symmetric molecular
structure. Due to stronger intermolecular interactions, YOR2
exhibits a pronounced tendency to self-aggregate, forming
large and irregular fibrillar domains of approximately 550 nm
(Fig. 6a). In contrast, the asymmetric nature of
YOR1 minimizes excessive aggregation during donor blending,
resulting in small crystallized domains of ~30 nm (Fig. 6b) and
a reduced density of defects within the film. The relationship
between superior nanoscale morphology and lower defect
density is further supported by the EQE-derived Urbach energy
in Fig. 6¢c. Compared with YOR2-OPDs (E, = 43.2 meV), YOR1-
OPDs exhibit a lower Urbach energy (E, = 33.6 meV), which
corresponds to reduced energetic disorder and a narrower
width of localized states. This improvement is directly linked
to higher shunt resistance (Fig. 6d), indicating suppression of
thermal noise. As a result, YOR1-OPDs achieved a high D* of
2.20 x 10" Jones at 1000 nm (derived from noise spectral
density) and a low NEP of 1.02 x 10> W Hz /2,

3 Transport layer design for low-
noise OPDs

The transport layer facilitates the efficient extraction and trans-
fer of charge carriers generated within the active layer of an
OPD while simultaneously suppressing unwanted charge injec-
tion from the electrodes.?®*>®” It also functions as a buffer
layer that prevents direct contact between the active layer and
electrodes, thereby alleviating interfacial defects and improv-
ing morphological quality.?® Depending on its role, the trans-
port layer can be classified as either an electron blocking layer
(EBL), also referred to as a hole transport layer (HTL), or a hole
blocking layer (HBL), also known as an electron transport layer
(ETL). The specific functionality of each layer is governed by its
HOMO and lowest unoccupied molecular orbital (LUMO)
energy levels relative to those of adjacent layers. This section
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reviews key studies in which the judicious selection and engin-
eering of transport layer materials have realized substantial
reductions in dark current and noise in OPD devices.

3.1 EBL engineering for interface passivation

Due to the inherently low-current operation of OPDs, defects
and energetic disorder at the EBL interface can elevate the
overall noise level, severely limiting detectivity and critically
impairing device performance. Therefore, recent studies have
shifted their focus beyond merely enhancing the hole trans-
port properties to emphasize strategies that leverage the elec-
tronic and chemical stability of the EBL to suppress interfacial
defects and induce trap passivation, ultimately minimizing
noise and maximizing detectivity.**®> In this context, EBL
interface engineering and diverse processing methodologies
have emerged as vital approaches for improving the photode-
tection capabilities of OPDs. This section provides a compre-
hensive overview of key studies demonstrating the suppression
of interfacial noise through advanced EBL engineering.
Self-assembled monolayers (SAMs) have demonstrated wide
applicability as EBLs in OPDs because of their high optical
transparency, ability to tune the ITO work function, and
minimal thickness.”*®” The formation of an ordered mono-
layer via adsorption onto the electrode with anchoring groups,
passivates the surface trap states and improves the film surface
quality through controlled interfacial nucleation.’®® This
reduces the interfacial trap states and leakage paths, providing
a critical contribution to noise suppression. Kim et al. intro-
duced the ((2,7-dibromo-9H-fluorene-9,9-diyl)bis(propane-3,1-
diyl))diphosphonic acid (3PAFBr) SAM-based EBL to modulate
the interfacial energy barrier between the EBL and active
layer.'® The 3PAFBr molecule features two phosphonic acid
(PA) groups that enable strong adsorption onto the ITO elec-
trode surface via bidentate or tridentate coordination. As
shown in Fig. 7a, the extensive substitution of hydroxyl groups
with P-O-M bonds reflects the strong adsorption efficiency of
the dual-PA anchoring groups. This robust chemisorption pas-
sivates the trap states and suppresses the leakage current.
Fig. 7b compares the Ry, values for different devices: the
3PAFBr-based OPD exhibited an exceptionally high Ry, value of
21.4 TQ compared to Ry, values of 121 GQ for Si photodetector
(SiPD), 113.0 GQ for a 2PACz-based OPD, and 4.52 GQ for a
poly(3,4-ethylenedioxythiophene) (PEDOT:PSS)-based OPD.
According to eqn (4), an elevated shunt resistance will reduce
the thermally agitated carrier motion, thereby lowering the
thermal noise. As a result, the 3PAFBr device achieved a
median I,,s value of 852 aA (Fig. 7c), representing the lowest
noise current ever recorded in OPDs and confirming the out-
standing noise suppression capabilities of this device. Oh
et al. further advanced this approach by applying ((2,7-dicyano-
9H-fluorene-9,9-diyl)bis( propane-3,1-diyl))bis( phosphonic
acid) (3PAFCN) as an EBL to achieve an ultralow #,, and ultra-
high D* in the NIR region, enabling single-pixel imaging
under low-light and foggy conditions.’®® Similar to 3PAFBr,
3PAFCN contains two PA groups that strongly chemisorb onto
the ITO surface and thereby impart a high surface energy. This

This journal is © The Royal Society of Chemistry 2025
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not only promotes the heterogeneous nucleation of the Y6
acceptor, yielding finely dispersed domains that promote
exciton dissociation, but also forms edge-on-oriented PM6 at
the photoactive layer surface, which suppresses undesired
hole-transport.’*>'%* As shown in Fig. 8a, the activation energy
(E,) for the 3PAFCN-based OPD was 1.19 eV, significantly
higher than that of the 2PACz-based device (0.79 eV). This
increase was attributed to a larger interfacial barrier height
(¢s), defined as ¢p = Erumoyvs — Fuomorsr, indicating
enhanced suppression of thermally activated charge transport
at the acceptor/EBL interface, as illustrated in Fig. 8b.
Moreover, drive-level capacitance profiling (DLCP) measure-
ments revealed reduced trap density at both the EBL/BH]J and
BHJ/HBL interfaces in the 3PAFCN device compared with
those in the 2PACz device, further validating the trap passiva-
tion effect (Fig. 8c and d). These combined features enabled
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Fig. 8 (a) Values of E, compared with various intrinsic potential energy
levels. (b) Schematic of energy modulation suppression of electron
thermal excitation. DLCP and C-V measurements of (c) 2PACz and (d)
3PAFCN OPDs. Reprinted with permission from ref. 101. Copyright ©
2025, Wiley-VCH.
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the realization of ultrahigh D* NIR OPDs capable of perform-
ing robust single-pixel imaging under diverse environmental
conditions.

Several studies have explored the use of conjugated poly-
mers, which were originally developed as donor materials, as
EBLs to enhance OPD performance.'® Xiong et al. employed
P3HT, a conjugated polymer characterized by favorable
energy level alignment and high hole mobility, as an EBL
using a transfer-printing technique to effectively suppress
dark current under reverse bias conditions.'® Under this
approach, poly(dimethylsiloxane) (PDMS) was used as the
transfer medium to laminate a P3HT film onto the active
layer, enabling the fabrication of inverted-structure OPDs.
The detailed P3HT transfer process is illustrated in Fig. 9a.
This method circumvents the solvent nonorthogonality issue
typically encountered when spin-coating, in which the solvent
in the P3HT solution disrupts the morphology of the under-
lying active layer. The transfer-printed P3HT layer forms a
compact film that minimizes pinhole formation and prevents
direct contact between the active layer and anode, thereby redu-
cing the leakage current (Fig. 9b). As shown in Fig. 9c, the noise
current in the P3HT-based device exhibited frequency-indepen-
dent behavior, indicating negligible contributions from both
flicker and g-r noise. Given that flicker noise is primarily associ-
ated with charge trapping, this result confirms the low trap
density of the P3HT EBL OPDs. The reduction of flicker and g-r
noise lowers low-frequency noise and enhances D*.

3.2 HBL modification for defect suppression

While HBLs share fundamentally equivalent mechanisms as
EBLs, their material choice limitation typically to metal oxides
has given rise to distinct noise suppression strategies associ-
ated to oxide-based interfaces. In particular, solution-pro-
cessed oxide HBLs contain defects such as oxygen vacancies
and pinholes that serve as charge-trapping centers and leakage
pathways, thereby elevating the noise level. Therefore, recent
research has focused on chemically controlling these defects
and tailoring interfacial properties to lower the noise

Nanoscale, 2025, 17, 23228-23246 | 23237
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This approach is gaining attention as an essential
strategy for next-generation applications requiring high sensi-
tivity, low-noise operations.

Notably, ZnO is among the most widely used HBL materials
in OPDs because of its high electron mobility, excellent
optical transparency, and compatibility with solution process-
ing.'°>'°  However, ZnO intrinsically contains oxygen
vacancies (Vo) that serve as the origins of both shallow and
deep trap states and lead to an increased dark current and
degraded SNR."'" Jang et al. addressed this issue by introdu-
cing alcohol-soluble tetraphenylethylene (TPE) to passivate the
oxide vacancies chemically and thereby suppress trap-assisted
recombination and shunt leakage.''> The TPE-4 molecule con-
tains four sulfonate (R-SO;~) chains that insert into the Vg
sites, filling the defects and reducing trap density.
Measurements obtained by X-ray photoelectron spectroscopy
(XPS) shown in Fig. 10a—c, indicated a decrease in the V, peak
intensity from 73.2% in neat ZnO to 58.7% in the ZnO/TPE-4
film, confirming the successful passivation of surface
vacancies with sulfonate ions. From an electronic transport
perspective, the incorporation of TPE-4 suppressed unfavor-
able charge injection and reduced the dark current. The
valence band energies of ZnO and ZnO/TPE-4 were determined
to be —6.97 eV and —7.58 eV, respectively, and the corres-

23238 | Nanoscale, 2025, 17, 23228-23246

ponding conduction band energies were —4.06 eV and —3.68
eV. The deeper valence band and shallower conduction band
of the modified film increased the hole injection barrier and
reduced hole injection from the ITO electrode. This energy
alignment decreased the dark current and thereby reduced
shot noise, enhancing D*. Lim et al. used a complementary
approach to demonstrate that light exposure can effectively
passivate Vo, improve surface morphology, and suppress the
leakage current.'”® Fig. 11 presents atomic force microscopy
(AFM) images and peak-to-valley data for pristine and light-
exposed ZnO/PM6:Y6 films. The surface roughness of the pris-
tine sample, initially measured at 8.016 nm, was reduced to
5.061 nm after light treatment, indicating that oxygen-related
surface defects were effectively mitigated to produce a
smoother film. Together, these two studies underscore the
potential value of chemically modulating the intrinsic defects
in ZnO to enhance its performance in low-noise OPDs, further
establishing this material as a strong candidate for HBLs.
Huang et al. employed a ZnO:PDINO hybrid HBL, formed by
incorporating PDINO into sol-gel ZnO, to address the intrinsic
limitations of ZnO."'* PDINO molecules passivate oxygen
vacancies present on the surface and within the bulk of the
ZnO film, thereby eliminating charge tunneling pathways. In
addition, the ZnO:PDINO hybrid HBL reduces the work func-

This journal is © The Royal Society of Chemistry 2025
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15 minutes of light exposure. Reprinted with permission from ref. 113. Copyright © 2023, Royal Society of Chemistry.

tion of ITO by approximately 0.11 eV, which increases the
injection barrier, suppresses injection current, and conse-
quently lowers the shot-noise floor. The high conductivity of
PDINO further reduces device capacitance, mitigating inter-
facial charge accumulation, which in turn increases shunt re-
sistance and decreases thermal noise. As a result, the white-
noise-current-based detectivity measured in the 100-1000 Hz
range reaches a high value of 1.09 x 10" Jones at 1000 nm, a
performance enhancement directly attributable to the suppres-
sion of white noise achieved by the hybrid HBL.

This journal is © The Royal Society of Chemistry 2025

Huang et al. improved OPD stability under UV exposure by
utilizing SnO, as an HBL to prevent surface oxygen desorption,
a phenomenon known to degrade performance and elevate
noise."*>''® The wide optical bandgap of SnO, (4.35 eV, as
shown in Fig. 12a) effectively minimizes UV absorption and
suppresses UV-induced surface degradation. Additionally,
SnO, forms an accumulation layer composed of adsorbed
water molecules that contributes to its intrinsic environmental
stability."'” The structural integrity of the OPD is enhanced by
employing a double-layer SnO, HBL, which improves blockage
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of hole injection and reduces pinhole formation. As shown in
Fig. 12b, this optimized configuration maintained an extre-
mely low noise level close to the noise floor even after pro-
longed UV illumination, highlighting its effectiveness in pre-
serving low-noise operation under harsh optical stress.

4 |nnovations in OPD architecture

The innovation of OPD architecture has emerged as a promising
strategy for overcoming the limitations of conventional single-
junction OPD configurations, enabling advanced functionalities
and improving scalability."*® This section focuses on photomul-
tiplication-type OPDs (PM-OPDs) and tandem OPD architectures
accordingly. The former are designed to achieve high R through
internal charge amplification, whereas the latter enable multi-
spectral detection by extending the photon absorption range
across multiple stacked subcells."*®'*® In both architectures,
the enhancement of the SNR, suppression of noise, and
improvement in detectivity are critical for achieving application-
specific performance goals such as improved linearity and oper-
ational stability during photocurrent amplification as well as
maximized sensitivity in designated spectral regions. The func-
tional capabilities realized through these architectural inno-
vations and various detectivity enhancement strategies are dis-
cussed in this section.

4.1 Noise-suppressed PM-OPDs with internal gain

Representing class of functional OPDs, PM-OPDs are capable
of achieving EQE that significantly exceed 100% by utilizing
internal gain mechanisms to amplify photogenerated
charges.’”’"?* This amplification arises from trap-assisted
carrier accumulation at the interface, which induces energy-
band bending and facilitates carrier tunneling from the elec-
trode, thereby enhancing the photocurrent and maximizing

23240 | Nanoscale, 2025, 17, 23228-23246

R.**7?8 However, as discussed in the Introduction, strategies
that solely prioritize R often encounter trade-offs, particularly
owing to nonlinearity in the photo-responses at low- and high-
powered optical illumination levels and under elevated dark
current. Therefore, balancing R and dark current to optimize
detectivity is critical. Kublitski et al. demonstrated that identi-
fying the optimum operating bias can help to balance this
trade-off and realize high D* PM-OPDs.'” The core gain
mechanism of their proposed design involves electron
accumulation in the 3 wt% low-acceptor content Cg, region,
which creates a strong internal electric field that facilitates
hole injection and induces a substantial tunneling current.
Fig. 13a compares the current density-voltage (J-V) character-
istics of the proposed PM-OPDs and a reference pin-photo-
diodes under dark and 100 mW cm™? illumination, indicating
an optimal bias condition at —2.5 V that suppressed dark
current while maximizing the photocurrent. As a result, the
PM-OPDs achieved superior detectivity compared to the pin
structure, as illustrated in Fig. 13b. In a separate study, Xing
et al. fabricated vacuum-processed PM-OPDs and successfully
demonstrated the bias-independent D* values.’*® These
devices were constructed by inducing carrier amplification
through hole accumulation in the BDP-OMe:Cq, active layer,
which had a low donor content of 4 wt%, to promote electron
injection (Fig. 13d). The use of n-doped HATNA-Cls with a
deep HOMO energy level established a formidable injection
barrier that effectively suppressed hole injection under dark
flat-band conditions, as shown in Fig. 13c. The D* for this
device was calculated using the following equation:

o QAEQE

T (emHz"/?> W~ or Jones) (9)
n,white

where 1 is the wavelength, 4 is Planck’s constant, and c is the

speed of light. The noise spectral density Sy, white for frequency-
independent noise is defined as:

This journal is © The Royal Society of Chemistry 2025
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at 670 nm for a PM-OPD and pin-photodiode (3 wt%) as a function of bias voltage. Reprinted with permission from ref. 129. Energy level diagrams of
PM-OPDs: (c) in the dark under flat-band condition, and (d) under reverse bias with illumination. (e) Responsivity and shot-noise-limited D* versus
reverse bias for PM-OPD, pin PV-OPD, and nip PV-OPD. Reprinted with permission from ref. 130.

4kgT _ _
Snwhite = {/2¢Ja + ——— (Aem ™' Hz '/?) (10)
Rsh,norm

where Jq is the dark current density. In this study, Rgh norm 1S
defined as the shunt resistance normalized by the area (Q
cm?). Using eqn (9) and (10), the voltage-dependent D* was
plotted based on the fitted EQE at 780 nm, as shown in
Fig. 13e. Although the resulting D* values tended to be overes-
timated owing to the exclusion of frequency-dependent noise
components, they successfully demonstrated the feasibility of
high-performance, bias-independent PM-OPDs in the NIR
regime, highlighting the potential for the future development
of this architecture.

4.2 Tandem OPDs for broadband detection with noise
mitigation
Tandem OPDs comprise multiple photo-detecting subcells

that are vertically stacked to achieve broad spectral absorption
as well as a high response speed and sensitivity.'**'*! As this

This journal is © The Royal Society of Chemistry 2025

multilayered architecture is inherently prone to generating
interfacial noise, architectural innovations targeting a low dark
current are essential. Liu et al. developed a tandem configur-
ation combining a visible-light device (Poly([2,6"-4,8-di(5-ethyl-
hexylthienyl)benzo[1,2-5;3,3-b]dithiophene{3-fluoro-2[(2-ethyl-
hexyl)carbonylJthieno[3,4-b]thiophenediyl}) (PTB7-Th): 2,2
[[6,6,12,12-Tetrakis(4-hexylphenyl)-6,12-dihydrodithieno[2,3-d:2',3-

d']-s-indaceno[1,2-b:5,6-b"]dithiophene-2,8-diyl |bis[methyl-

idyne(3-oxo-1H-indene-2,1(3H)-diylidene)]]bis[ propanedinitrile]
(ITIC)) with a NIR device (PTB7-Th:FOIC) to enable the precise
detection of light across the 300-1000 nm range with signifi-
cantly reduced noise."**> The working principle of this tandem
structure is illustrated in Fig. 14a. Under a reverse bias, the
applied voltage is divided across the two serially connected n-
i-p junctions, effectively suppressing the reverse charge injec-
tion at each individual subcell and thereby reducing the dark
current. The internal recombination region incorporates a
MoO,/Ag/polyethyleneimine ethoxylated (PEIE) interlayer in
which the MoO, and PEIE respectively act as p- and n-type

Nanoscale, 2025, 17, 23228-23246 | 23241
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Fig. 14 (a) Schematic representation of the operating mechanism of the tandem device. (b) Noise currents of single-junction and tandem devices
at a bias voltage of —0.1 V. Reprinted with permission from ref. 132. Copyright © 2021, Wiley-VCH.

components and function as carrier-selective blocking
layers.”*>'** This dual-barrier structure effectively minimizes
injection-driven shot noise by restricting undesired charge-
flow pathways. As shown in Fig. 14b, this tandem OPD exhibi-
ted lower overall noise than its single-junction counterparts
constructed using the same materials while the flicker and g-r
noise contributions remained negligible. These results indi-
cate that the tandem OPD is a promising platform for suppres-
sing injection and recombination noise while enabling high-
fidelity, broadband photodetection.

5 Conclusion

Realizing OPDs with low noise and, consequently, high detec-
tivity is a fundamental requirement for their emerging appli-
cations in fields such as optical communication and biosen-
sing for which the detection of weak light signals is critical.
However, under practical low-light conditions, OPDs face
inherent limitations such as performance degradation caused
by charge trapping-detrapping effects, ambient light fluctu-
ations, and thermally generated carriers, making interface
engineering and trap stabilization indispensable for overcom-
ing these issues. Furthermore, in the NIR-SWIR region, where
demand for next-generation applications is rapidly increasing,
OPDs are fundamentally constrained by low bandgaps and
limited absorption coefficients, which result in elevated noise
levels and reduced optical efficiency. To address these chal-
lenges, innovative designs that integrate molecular and inter-
facial engineering are essential, enabling simultaneous exten-
sion of long-wavelength absorption, suppression of charge
injection and trap states, preservation of responsivity, and
minimization of NEP under real operating bandwidths, ulti-
mately leading to enhanced D*. Given that the detectivity of a
photodetector quantitatively defines its sensitivity, this review
adopted a device-level perspective to articulate the rationale
for prioritizing noise suppression over maximizing responsiv-
ity as an effective strategy for performance enhancement.

23242 | Nanoscale, 2025, 17, 23228-23246

Building on this rationale, this review presented the under-
lying physical mechanisms responsible for various noise
sources in OPDs. To suppress noise and enhance D*, recent
research trends have highlighted material strategies such as
SAM-based EBLs, hybrid transport layers, and asymmetric
non-fullerene acceptors, which simultaneously provide trap
passivation and energy level alignment. The discussion
focused on improved methods for device fabrication in terms
of active and transport layer engineering as well as architec-
tural innovations in device design. The systematic analysis of
these approaches presented in this review provides a forward-
looking roadmap for the continued development of next-gene-
ration OPDs with enhanced sensitivity.
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