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Vertically Phase Separated Photomultiplication Organic
Photodetectors with p-n Heterojunction Type Ultrafast

Dynamic Characteristics

Myeong In Kim, Soonyong Lee, Jinhyeon Kang, Jaehyeong Kim, Ziang Wu, Jong Ho Won,
Seyeon Baek, Dae Sung Chung, Jin Young Kim, In Hwan Jung,* and Han Young Woo*

Photomultiplication (PM)-type organic photodetectors (OPDs), which typically
form a homogeneous distribution (HD) of n-type dopants in a p-type polymer
host (HD PM-type OPDs), have achieved a breakthrough in device responsivity
by surpassing a theoretical limit of external quantum efficiency (EQE). However,
they face limitations in higher dark current and slower dynamic characteristics
compared to p-n heterojunction (p-n H)J) OPDs due to inherent long lifetime
of trapped electrons. To overcome this, a new PM-type OPD is developed that
demonstrates ultrafast dynamic properties through a vertical phase separation
(VPS) strategy between the p-type polymer and n-type acceptor, referred to as
VPS PM-type OPDs. Notably, VPS PM-type OPDs show three orders of magni-
tude increase in —3 dB cut-off frequency (120 kHz) and over a 200-fold faster
response time (rising time = 4.8 ps, falling time = 8.3 us) compared to HD
PM-type OPDs, while maintaining high EQE of 1121% and specific detectivity
0f2.53 X 10'® Jones at —10 V. The VPS PM-type OPD represents a groundbreak-
ing advancement by demonstrating the coexistence of p-n HJ and PM modes
within a single photoactive layer for the first time. This innovative approach
holds the potential to enhance both static and dynamic properties of OPDs.

semiconducting materials. These materials
typically consist of sp? carbon-based con-
jugated polymers or small molecules dis-
tinguishing them from silicon-based pho-
todetectors. OPDs find diverse applications,
such as image sensors, medical imag-
ing, environmental monitoring, and bio-
metric security.!l Particularly, they have
gained considerable attention for their po-
tential applications in flexible and wearable
devices.”] The organic OPD materials of-
fer unique advantages including solution
processibility, strong light absorption capa-
bilities, and facile tunability of optical and
electronic properties.l*l However, the intrin-
sic challenge in conjugated organic materi-
als, characterized by a strong exciton bind-
ing energy, has driven the development of
p-n heterojunction (p-n HJ) OPDs with a
blended composition of p-type donors and
n-type acceptors in comparable amounts.*]
This approach aims to enhance the separa-
tion of photo-induced excitons and facilitate

1. Introduction

Organic photodetectors (OPDs) are devices designed to de-
tect and convert light into electrical signals utilizing organic

the efficient transport of separated holes and electrons within
the photoactive layer. The p-n HJ structure offers several ben-
efits, such as low dark current density (J;) and fast sig-
nal response. However, it faces challenges in achieving the
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theoretically limited external quantum efficiency (EQE) of
100%.51 A recent breakthrough in OPD technology has mani-
fested in the development of photomultiplication (PM)-type de-
vices. In PM-type OPDs, the PM layer is predominantly com-
posed of p-type polymer host, with only a minor fraction (=1 wt%)
of n-type dopants, forming homogenous distribution (HD) of n-
type dopants in a p-type polymer host (HD PM-type OPDs).[¢]
When light irradiates the OPDs, excited electrons are captured
by the distributed electron acceptors. Subsequently, holes mi-
grate to the anode under reverse bias, establishing a percola-
tion pathway for hole transport. Additional holes are then in-
jected from cathode to achieve charge neutralization of trapped
electrons in the PM layer. This configuration enables a larger
number of holes to pass through the PM layer, while elec-
trons remain captured by the electron acceptors. Consequently, a
higher negative bias and longer excited electron lifetime result in
greater photocurrent density (J,;,).”) Remarkably, EQEs exceed-
ing 2 210 000% have been reported at specific bias voltages when
strong electron-withdrawing electron acceptors are employed.®!
However, it is important to note that typical HD PM-type OPDs
exhibit much poorer dynamic characteristics and higher J; val-
ues compared to p-n HJ-type OPDs due to the long lifetime of
excited electrons inherent to this configuration (Table S1, Sup-
porting Information).l’!

The performance of p-n HJ- and HD PM-type OPDs appears
to exhibit a trade-off relationship.°*1% While p-n HJ-type OPDs
demonstrate favorable dynamic characteristics, they suffer from
limited static characteristics. Conversely, HD PM-type OPDs ex-
cel in static characteristics but fall short in dynamic performance.
Ideally, achieving a PM-type OPD with low J,; and a fast signal re-
sponse akin to p-n HJ-type OPDs while maintaining their unique
high EQEs should represent a significant breakthrough in OPD
technology.

In this study, we successfully demonstrated a new PM-type
OPD that enables both superior dynamic and static perfor-
mance by utilizing vertical phase separation (VPS) strategy
between p-type polymer host and n-type acceptor dopant
(VPS PM-type OPDs). To realize VPS in a photoactive
layer, a polar diethylene glycol (DEG)-substituted non-
fullerene acceptor (NFA), 2,2'-((2Z,2'Z)-((4,4,9,9-tetrakis(2-(2-(2-
methoxyethoxy)ethoxy)ethyl)—4,9-dihydro-s-indaceno[1,2-b:5,6-
b’]dithiophene-2,7-diyl)bis(methaneylylidene))bis(3-oxo-2,3-
dihydro-1H-indene-2,1-diylidene))dimalononitrile (IDIC-DEG),
was synthesized and introduced as a dopant (1 wt%) into a
hydrophobic p-type polymer poly(3-hexylthiophene-2,5-diyl)
(P3HT) host. Due to the difference in surface energy between
P3HT and IDIC-DEG, the small amount of hydrophilic IDIC-
DEG dopants within a P3HT domain migrates toward the
hydrophilic electron transporting layer (ETL). This migration
of IDIC-DEG dopants results in a nonuniform distribution of
acceptors in the active layer, forming pure P3HT domains as well
as densely populated IDIC-DEG regions. This creates partial
p-n heterojunction characteristics in the IDIC-DEG-crowded
area. The VPS PM-type P3HT:IDIC-DEG (100:1, w/w) devices
exhibited an EQE of 1121%, responsivity (R) of 4.81 A W~ at
—10V, and significantly low J; values of 8.88 X 1078 A cm™2 (at
—10 V, the lowest among reported PM-type devices), resulting
in a specific detectivity (D) of 2.53 x 10'* Jones. Notably, our
VPS PM-type P3HT:IDIC-DEG devices exhibited a remarkable
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increase in the —3 dB cut-off frequency (120 kHz) and over a
200-fold faster response time (rising time = 4.8 ps, falling time =
8.3 ps) compared to HD PM-type P3HT:2,2'-((2Z,2'Z)-((4,4,9,9-
tetrahexyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b'|dithiophene-2,7-
diyl) bis(methanylylidene))bis(3-oxo-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile (IDIC) (100:1, w/w) devices. To the
best of our knowledge, our VPS PM-type OPD is the first report
of the coexistence of p-n HJ and PM modes within a single
photoactive layer. We believe that harnessing VPS within a PM
layer represents a groundbreaking strategy capable of enhancing
the dynamic properties of PM-type OPDs while maintaining
high EQE and D" values.

2. Results and Discussion

A representative NFA, IDIC was chosen as the control com-
pound, and IDIC-DEG was engineered by incorporating hy-
drophilic oligoethylene glycol side chains onto the same
conjugated framework of IDIC to induce spontaneous VPS
within a P3HT domain. The unique morphological and elec-
tronic properties of IDIC-DEG were investigated and discussed
through a comparative analysis with IDIC. P3HT was se-
lected as the p-type material due to its well-established sta-
tus as a donor polymer for PM-type OPDs. The IDIC-DEG
was newly synthesized as shown in Scheme S1 (Support-
ing Information). Briefly, 2-(2-(2-methoxyethoxy)ethoxy)ethyl 4-
methylbenzenesulfonate (DEG-Ts) was synthesized by tosylat-
ing triethylene glycol in dichloromethane (DCM). The inda-
cenodithiophene (IDT) core was subsequently reacted with the
DEG-Ts under basic conditions using potassium tert-butoxide
to yield IDT-DEG. The product underwent a Vilsmeier—Haack
reaction to form IDT-DEG-CHO in 40% yield. Finally, IDT-
DEG-CHO was subjected to Knoevenagel condensation with 1-
(dicyanomethylene)—3-indanone (INCN) to produce IDIC-DEG
(vield 52%). Further details regarding the synthetic procedure
of IDIC-DEG can be found in the Supporting Information. The
molecular structures of the intermediates, IDIC-DEG, and IDIC
were confirmed by 'H and 3C NMR spectroscopy and matrix-
assisted laser desorption/ionization-time of flight (MALDI-TOF)
mass spectrometry measurements, which showed a good agree-
ment with the proposed structures (Figures S1-S9, Supporting
Information). IDIC-DEG exhibited good solubility in common
organic solvents such as chloroform (CF), DCM, chlorobenzene
(CB), dimethyl formamide (DMF), ethyl acetate, acetone, and
tetrahydrofuran.

Figure 1a,b shows the molecular structures and UV-vis ab-
sorption spectra of P3HT, IDIC, and IDIC-DEG in both solu-
tion (CF) and thin film states. In solution, the maximum absorp-
tion wavelength (4,,,,) for P3HT, IDIC, and IDIC-DEG was 449,
668, and 651 nm, respectively. In the film states, these values
shifted to 528, 705, and 707 nm, respectively. While P3HT exhib-
ited strong absorption in the green light region, IDIC and IDIC-
DEG demonstrated strong absorption in the red-NIR range. The
optical bandgap (E,°") of P3HT, IDIC, and IDIC-DEG was deter-
mined to be 1.91, 1.62, and 1.58 eV, respectively, from the absorp-
tion onset wavelength in the film state. While the optical proper-
ties of IDIC and IDIC-DEG were similar due to their identical
conjugated backbone structures, IDIC-DEG exhibited a slightly
smaller E,°*" in the film state (despite a blueshifted absorption
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Figure 1. a) Molecular structures. b) UV-Vis absorption spectra, and (c) cyclic voltammograms of P3HT, IDIC, and IDIC-DEG.

compared to IDIC in solution), due to different intermolecular
packing structures.

Cyclic voltammetry (CV) was conducted to determine the high-
est occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels of donor and acceptor
materials based on the oxidation and reduction onset potentials,
respectively (Figure 1c). The HOMO energy levels of P3HT, IDIC,
and IDIC-DEG were found to be —5.12, —=5.75, and —5.57 eV, re-
spectively, while their corresponding LUMO energy levels were
—3.55, —3.92, and —4.03 eV, respectively. The higher HOMO
and LUMO energy levels of P3HT indicate its p-type character-
istics, while the significantly lower HOMO and LUMO energy
levels of the synthesized NFAs confirm their n-type characteris-
tics. When comparing the energy levels of the two NFAs, IDIC-
DEG exhibited higher HOMO and lower LUMO energy levels
than those of IDIC. The introduction of electron-donating DEG
moieties into the IDT conjugated backbone enhanced the in-
tramolecular charge transfer interaction between IDT and termi-
nal electron-withdrawing moieties, leading to the lower electro-
chemical bandgap (EgCV). The optical and electrochemical prop-
erties of the photoactive materials are summarized in Table 1.

Table 1. Optical and electrochemical properties of photoactive materials.

PM-type OPDs were constructed with an inverted-type archi-
tecture of indium tin oxide (ITO)/ETL/P3HT:NFA/MoO,/Au.
The vertical structure of devices was measured by cross-sectional
scanning electron microscope (SEM) measurements (Figure S10,
Supporting Information). The detailed device fabrication pro-
cedures can be found in the Experimental Section. In brief,
polyethylenimineethoxylated (PEIE) was spin-cast on top of ITO
as an ETL, and a mixture of P3HT and NFA (IDIC or IDIC-
DEG, 100:1 w/w) in a CF:CB (8:2, v/v) cosolvent was deposited
as a photoactive layer. Finally, 8 nm thick MoO, and 100 nm
thick Au layers were thermally deposited under a vacuum of
107 Torr, serving as the hole-transporting layer and top electrode,
respectively.

First, the morphological properties of the PM photoactive layer
with IDIC and IDIC-DEG NFAs were assessed by X-ray pho-
toelectron spectroscopy (XPS) depth profile analysis. The sam-
ples were prepared with an architecture of ITO/PEIE/P3HT:NFA
(10:1, w/w) and thermally annealed at 110 °C for 10 min.
Figure 2a—d depicts the atomic depth profile as a function of etch-
ing time. Since the P3HT polymer donor does not contain nitro-
gen, the presence of nitrogen indicates the vertical distribution

Material Armasol [0 Armaim IN] £, [eV]? Erowo [€V1” Elumo [eV]Y £, [eV))
P3HT 449 528 1.91 -5.12 —-3.55 1.57
IDIC 668 705 1.62 -5.75 —-3.92 1.83
IDIC-DEG 651 707 1.58 —5.57 —4.03 1.54

% Determined by 1240 nm/absorption edge (Aeqge

Adv. Mater. 2024, 36, 2404597

2404597 (3 of 10)

) infilm; ) Estimated from the onset of oxidation and reduction potential in CV measurements; 9 Electrochemical bandgap.
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Figure 2. a,c) XPS depth profile and b,d) schematic illustration of photoactive layer for a,b) P3HT:IDIC and ¢,d) P3HT:IDIC-DEG blend films (10:1, w/w).
e) Water contact angle measurements of PEIE, P3HT, IDIC, and IDIC-DEG films.

of NFAs (IDIC or IDIC-DEG). In the case of IDIC (Figure 2a), ni-
trogen is consistently detected during the etching process, sug-
gesting that IDIC has a homogeneous distribution throughout
the active layer. Conversely, in the case of IDIC-DEG (Figure 2c¢),
nitrogen is absent until the etching time reaches 3500 s, after
which it is continuously detected until the active layer is com-
pletely etched out. This implies that IDIC-DEG within the host
P3HT has undergone vertical phase separation, positioning itself
in close proximity to the ETL. The migration of IDIC-DEG toward
the cathode layer, accompanied by partial aggregation, simulta-
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neously leads to the formation of a pure P3HT domain, thereby
partially creating a p-n HJ within a PM photoactive layer.
Second, cross-sectional scanning transmission electron
microscopy-energy dispersive X-ray (STEM-EDX) analysis was
conducted to evaluate the vertical distribution of NFAs (IDIC or
IDIC-DEG) within the P3HT host. The samples were prepared
in a similar manner for XPS depth profile analysis (Figure S11a,
Supporting Information). Cross-sectional nitrogen mapping was
carried out because nitrogen is only contained in NFAs. Due
to the low concentration of NFAs and challenges in detecting
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nitrogen due to its low fluorescence yield, the EDX line scan was
carefully conducted along the indicated line near the PEIE/ITO
interface (Figure S11b, Supporting Information). As shown in
Figure S1llc,d (Supporting Information), the nitrogen signal
near the PEIE/ITO interface in the P3HT:IDIC-DEG films was
clearly more intense than that in the P3HT:IDIC films. This in-
dicates that IDIC-DEG is more concentrated near the PEIE/ITO
interface, while IDIC is distributed throughout the active layer.
This finding supports the presence of vertical phase separation
in the P3HT:IDIC-DEG active layer, which is consistent with the
XPS depth profile results (Figure 2a,c).

The morphological differences between IDIC-DEG and IDIC
within the P3HT domain can be understood in terms of surface
free energy and interfacial energy among PEIE, P3HT, IDIC, and
IDIC-DEG, where PEIE serves as the electron-transporting mate-
rial underneath the active layer. Surface free energies were calcu-
lated using Young’s equation, and Owens and Wendt’s geometric
mean equation.['!) The wetting angles () of the pristine films of
PEIE, P3HT, IDIC, and IDIC-DEG were measured using water
and ethanol droplets on the film surfaces by the sessile method
(Figure 2e; and Figure S12, Supporting Information). The mea-
sured 6 values of the PEIE, P3HT, IDIC, and IDIC-DEG pristine
films were 14.4°, 36.6°, 21.0°, and 13.5°, respectively, for ethanol,
and 36.5°,98.9°,95.9°, and 72.7°, respectively for water. The mea-
sured 6 values are summarized in Table S2 (Supporting Informa-
tion). From the wetting angle measurements, the total surface
free energy (y) and polarity were calculated, as shown in Table
S3 (Supporting Information). The y value of PEIE, P3HT, IDIC,
and IDIC-DEG was 66.32, 18.87, 21.69, and 30.79 m] m™2, re-
spectively, and the corresponding polarity was 0.90, 0.10, 0.09,
and 0.56, respectively. P3HT and IDIC exhibited almost similar
surface energy and polarity, suggesting good miscibility between
them. In contrast, IDIC-DEG showed relatively high surface en-
ergy and polarity, indicating a better affinity toward the PEIE sur-
face. As a result, the interfacial energy (y;) between P3HT and
IDIC was only 0.10 m] m~2, whereas that of between P3HT and
IDIC-DEG showed significantly higher value of 7.81 m] m=2.
This strongly supports the VPS behavior between P3HT and
IDIC-DEG, where IDIC-DEG moves toward the ETL. As shown
in Table S4 (Supporting Information), the y;; between PEIE and
P3HT (or IDIC) is ~43 m] m~2, whereas that between PEIE and
IDIC-DEG is only 14 m] m~2. Thus, VPS occurs between P3HT
and IDIC-DEG, whereas homogeneous mixing is more favor-
able between P3HT and IDIC. Moreover, as shown in Figure
S13 (Supporting Information), the spin-coating process can en-
hance VPS formation because the active layer solution spreads
out from the center. During spin-coating, IDIC-DEG exhibits a
stronger affinity for the polar PEIE ETL layer and simultaneously
moves toward the substrate. Additionally, the post-thermal an-
nealing process of the active layer may further facilitate the mi-
gration of IDIC-DEG toward the ETL side. The surface roughness
of the films was characterized using atomic force microscopy. As
depicted in Figure S14 (Supporting Information), the root-mean-
square roughness (R,) of P3HT, P3HTIDIC (100:1, w/w), and
P3HT:IDIC-DEG (100:1, w/w) films was determined to be 13.7,
18.6, and 14.3 nm, respectively. Notably, the P3HT:IDIC blend
films exhibited significantly rougher surfaces, likely attributed
to the presence of rigid and planar IDIC molecules at the sur-
face. Conversely, the comparable surface roughness observed in
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the P3HT and P3HT:IDIC-DEG films suggests that IDIC-DEG
is preferentially located beneath the surface, likely facilitated by
VPS.

The current density—voltage (J-V) curves for HD PM-type
P3HTIDIC and VPS PM-type P3HT:IDIC-DEG devices under
negative bias conditions with 532 nm collimated LED light ir-
radiation are presented in Figure 3. The device architecture is
depicted along with the corresponding energy level diagram
(Figure 3a,b). The R and D" values were extracted at both —10
and —20 V.I'?l First, the R value of the OPDs is defined as J,
per incident light power (Py,,), and it can be calculated using
Equation (1):(13]

R=22 (AW (1
P light
Under light irradiation (0.1 mA cm™2), the R values for HD

PM-type P3HT:IDIC and VPS PM-type P3HT:IDIC-DEG devices

were determined to be 8.49 and 4.81 A W~!, respectively, at =10V,

and 20.2 and 15.0 A W™, respectively, at —20 V. When these

R values are converted to EQE, the EQE values of HD PM-type

P3HT:IDIC and VPS PM-type P3HT:IDIC-DEG devices reach to

1979% and 1121%, respectively, at —10 V and 4714% and 3494%,

respectively, at —20 V. These data are well consistent with the

measured EQE spectra (at —10 V) as a function of wavelength

(Figure 3e). Such high EQE values exceeding 100% indicate the

unique characteristics of PM-type OPDs. Second, the shot-noise-

limited specific detectivity (Dg,”) is one of the most crucial pa-
rameters for OPDs, as it is closely related to the “on/off ratio” of

the devices. It can be calculated using the following Equation (2):

R
V24]a

where g represents the elementary charge and J; is the dark cur-
rent density. At =10V, the J, values for HD PM-type P3HT:IDIC
and VPS PM-type P3HT:IDIC-DEG devices were measured to be
1.21 X 107 and 8.88 x 10~® A cm™2, respectively (Figure 3c,d).
Consequently, the calculated Dg,* values were 1.36 x 10** and
2.85 X 1013 Jones, respectively. The J, value of 8.88 x 1078 A cm 2
in the VPS PM-type P3HT:IDIC-DEG devices at —10 V was one
of the lowest among reported PM-type devices. Although the R
value of VPS PM-type P3HT:IDIC-DEG devices was lower than
that of HD PM-type P3HT:IDIC devices, the VPS PM-type de-
vices exhibited a noticeably higher D" value due to the signifi-
cant suppression of J; compared to HD PM-type devices.

The noise current (i,) of HD PM-type P3HT:IDIC and VPS
PM-type P3HT:IDIC-DEG devices was also obtained to calculate
D" of OPDs. The i, was extracted from the Fourier transform of
the dark current. As shown in Figure 3f, the measured i, values
of HD PM-type P3HT:IDIC and VPS PM-type P3HT:IDIC-DEG
devices were 2.25 x 10713 and 5.70 X 1071* A Hz™%3, respectively,
at —10 V, and the corresponding D" value was calculated from
Equation (3) using the i,, R, the area of the active layer (A) and
the bandwidth (B):1'*]

D," = (cm Hz"> W' or Jones) )

. RyYAB
D=
1

(cm Hz"® W' or Jones) 3)

n
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Figure 3. a) Device architecture and b) energy level diagram of PM OPDs. J-V curves of (c) P3HT:IDIC and (d) P3HT:IDIC-DEG based PM OPDs under
532 nm LED illumination by varying light intensity. e) EQE spectra of PM-type (at —10 V) and p-n HJ-type OPDs (at —2 V bias) as a function of wavelength.
f) Noise current spectra of HD PM-type (P3HT:IDIC) and VPS PM-type (P3HT:IDIC-DEG) OPDs at —10 V.

The calculated D" value of the HD PM-type P3HT:IDIC and
VPS PM-type P3HT:IDIC-DEG devices was 1.13 x 103 and 2.53
x 108 cm Hz% W-1, respectively, under light irradiation of
0.1 mA cm™2 at —10 V. The i, value of VPS PM-type P3HT:IDIC-
DEG devices was lower than that of HD PM P3HT:IDIC devices,
and thus D" values of VPS PM-type P3HT:IDIC-DEG devices
were ~2 times higher than those of HD PM-type P3HT:IDIC
devices. This result is in a good agreement with the lower J,
and higher D, " values of VPS PM-type P3HT:IDIC-DEG devices.
The summary of the device characteristics is further provided in
Tables S5 and S6 (Supporting Information).

The detection limit of the OPDs was determined through the
calculation of the noise equivalent power (NEP) value, which
signifies the incident light power required to detect the pho-
tocurrent against the background dark current.'> The calculated
NEP values for the HD PM-type P3HT:IDIC and VPS PM-type
P3HT:IDIC-DEG devices were 2.65 X 107 and 1.19 x 107 W
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Hz %3, respectively, at —10 V. A significantly decreased NEP (by
half) was obtained for the VPS PM-type P3HT:IDIC-DEG de-
vices. The linear dynamic range (LDR) value was determined us-
ing Equation (4):

] max

min

LDR =20 x log (dB) (4)

where J,.., and J,;, represent the maximum and minimum J,,
values, respectively, within the linear relationship between J,
and Py, The calculated LDR values at —10 V bias for HD
PM-type P3HT:IDIC and VPS PM-type P3HT:IDIC-DEG devices
were 74.3 and 87.0 dB, respectively, as shown in Figure S15
(Supporting Information). The improved LDR value in VPS PM-
type P3HT:IDIC-DEG devices is attributed to their lower J, char-
acteristics, which lead to improved signal linearity at low light
intensities.
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Figure 4. a) TPC spectral responses of (a) VPS PM-type P3HT:IDIC-DEG and p-n H)-type OPDs and b) HD PM-type P3HT:IDIC devices. c) —3 dB cut-off
frequency plots. d) Light intensity dependent V. measurements of P3HT:IDIC and P3HT:IDIC-DEG (100:1, w/w) films.

The dynamic characteristics of the PM-type OPDs were in-
vestigated through transient photocurrent (ITPC) and the —3 dB
cut-off frequency (f; 45) measurements of the devices under a
light intensity of 1 mW cm~2 at —10 V (Figure 4a—). The ris-
ing (t,) and falling () response times of the TPC signals were
defined as the times between the 10% and 90% points of the
steady-state current.'®! The ¢, for HD PM-type P3HT:IDIC and
VPS PM-type P3HT:IDIC-DEG devices were 1300 and 4.8 s, re-
spectively, while the corresponding t; values were 1800 and 8.3
us, respectively. The response times of VPS PM-type P3HT:IDIC-
DEG devices were 2200 times faster than those of typical HD PM-
type P3HT:IDIC devices. The f , 4, values were measured un-
der 10 Hz modulated LED illumination. As shown in Figure 4c,
the f, 45 values for HD PM-type P3HT:IDIC and VPS PM-type
P3HT:IDIC-DEG devices were 0.36 and 120 kHz, respectively.
The VPS PM-type P3HT:IDIC-DEG devices demonstrated a f ; 45
value approximately three orders of magnitude higher than that
of HD PM-type P3HT:IDIC devices. The summary of dynamic
properties of P3HT:IDIC and P3HT:IDIC-DEG OPDs are pro-
vided in Table S7 (Supporting Information). Remarkably, to the
best of our knowledge, these dynamic characteristics (t,, t, and
f-345) of the VPS PM-type P3HT:IDIC-DEG devices are the best
reported among PM-type OPDs. Table S1 (Supporting Informa-
tion) summarizes the device performance of previously reported
PM-type OPDs, and notably, our VPS PM-type devices exhibited
distinguishably outstanding dynamic performance compared to
all the references.

The ratio of P3HT:IDIC-DEG was varied from 100:1 to 5:1 w/w
to optimize the PM characteristics in the devices. As shown in
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Figure S16 (Supporting Information), the static properties (J—
V curve, EQE, and D,,*) significantly decreased as the accep-
tor ratio increased. This indicates that a ratio of approximately
P3HT:IDIC-DEG = 100:1 w/w exhibits the most optimized OPD
performance, and increasing the IDIC-DEG ratio in the P3HT
host significantly decreases the PM characteristics of OPDs. In
terms of dynamic properties, there were no significant changes
depending on the acceptor ratio. However, the f , 4, characteris-
tics were clearly enhanced as the acceptor ratio increased. With
rapid dynamic characteristics being the major advantage of p-n
HJ devices, the increased f , 45 values of PM-type P3HT:IDIC-
DEG devices signify the strengthening of p-n H]J characteristics
as the acceptor concentration increases.

Given the structural similarity between IDIC and IDIC-DEG
and the inherent limitations in the dynamic properties of PM-
type OPDs, the notable improvement of dynamic properties
observed in the VPS PM-type P3HT:IDIC-DEG devices is of
great interest. To comprehend the p-n H]J characteristics in
VPS PM-type OPDs, we also fabricated typical p-n HJ-type de-
vices (ITO/PEIE/active layer/MoO, /Au) using P3HT:IDIC and
P3HT:IDIC-DEG blend films (1:1.5, w/w). The J-V curves for
both p-n HJ-type P3HT:IDIC and P3HT:IDIC-DEG devices are
illustrated in Figure S17 (Supporting Information). The R val-
ues for p-n HJ-type P3HT:IDIC and P3HT:IDIC-DEG devices
were 0.16 and 0.05 A W1, respectively, under light irradiation of
0.1 mA cm™ at -2V, corresponding to EQE values of 36% and
12%, respectively. The EQE values for both devices were less than
100%, following the typical characteristic behavior of p-n HJ pho-
todiodes. The summary of the OPD characteristics is provided in

© 2024 Wiley-VCH GmbH

85U8017 SUOWWIOD) SAIERID 3(edl|dde auy Aq peuienob a1e seolie VO ‘85N JO Sa|nl J0j ARl 8UIIUO 8|1 UO (SUO1IPUOD-PUR-SLLIBI WD A8 1M ARe.q 1 jBul Uo//Sdny) SUORIPUOD pue swie | 38U 89S *[6202/80/2T] Uo Ariqiqauljuo A8|im ‘Aeiqi Aisieaiun BueAueH Aq 26GY0v20Z eWPe/Z00T OT/I0p/W0o" A3 1M Ae1q 1 Ul juo"psouRADe//SANY Woj pepeo|umod ‘9 '¥20Z ‘S60vTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Table S8 (Supporting Information). The TPC and f , 45 of the p-
n HJ-type OPDs were measured under the same conditions with
the PM-type OPDs, under a light intensity of 1 mW cm =2 at -2 V.
The t, and t; values for p-n HJ-type P3HT:IDIC devices were 2.4
and 5.2 ps, respectively, while those for p-n HJ-type P3HT:IDIC-
DEG devices were 2.0 and 2.6 ps, respectively (Figure 4a). Addi-
tionally, the f, 45 values for both p-n HJ-type devices were mea-
sured to be 222 kHz (Figure 4c). Both p-n HJ-type devices exhib-
ited ultrafast response times and frequency responses, providing
a unique advantage of dynamic properties of p-n HJ-type OPDs.

Notably, for P3HT:IDIC devices, p-n HJ-type and HD PM-type
OPDs demonstrated entirely different photo-detecting behaviors:
p-n HJ-type OPDs exhibited low R values but fast dynamic char-
acteristics, while PM-type OPDs exhibited the opposite behavior.
This divergence is natural because p-n HJ-type and PM-type de-
vices operate on distinct mechanisms.**1% In p-n HJ-type OPDs,
one pair of hole and electron is generated by absorbing one pho-
ton and the photo-induced holes and electrons transport to the
anode and cathode. This characteristic leads to fast dynamic re-
sponses. Conversely, in PM-type OPDs, photo-induced electrons
are trapped by the dispersed NFAs in the polymer host, allowing
more than one hole to pass from the cathode to the anode un-
der negative bias. This suggests that PM-type OPDs exhibit high
EQE values exceeding 100% but have slower signal responses due
to the lifetime of trapped electrons within the NFAs. However,
in the case of P3HT:IDIC-DEG devices, the dynamic characteris-
tics of PM-type devices resemble those of p-n HJ-type OPDs. The
response times of VPS PM-type P3HT:IDIC-DEG devices (t, =
4.8 ps and t; = 8.3 ps) were comparable to those of p-n HJ-type
P3HT:IDIC-DEG devices (t, = 2.0 us and #; = 2.6 us). The f ; 4
value of VPS PM-type P3HT:IDIC-DEG devices (120 kHz) was
also comparable to that of p-n HJ-type P3HT:IDIC-DEG devices
(222 kHz). This strongly indicates that the VPS PM OPD struc-
tures also possess p-n HJ characteristics.

To provide more direct evidence of p-n HJ characteristics in
VPS PM-type OPDs, we also investigated the V. versus inci-
dentlight power (P,,) characteristics for HD PM-type P3HT:IDIC
and VPS P3HT:IDIC-DEG devices. As shown in Figure 4d; and
Figure S18 (Supporting Information), the V,_ of the HD PM-type
P3HT:IDIC devices remained independent of P, , showing a typ-
ical behavior of PM-type OPDs. In contrast, the V,_ of the VPS
PM-type P3HT:IDIC-DEG devices gradually increased with in-
creasing light intensity. The dependence of V. on light inten-
sity implies that VPS PM-type P3HT:IDIC-DEG devices partially
exhibit p-n HJ-type characteristics.['”] This VPS within a PM pho-
toactive layer, resulting from the interfacial energy difference be-
tween P3HT and IDIC-DEG, simultaneously creates p-n HJ char-
acteristics within the photoactive layer, which compensates for
the limitations in dynamic responses of HD PM-type OPDs. The
high J; and slow signal response, previously identified as the
main drawbacks of HD PM-type OPDs, have been significantly
improved in the VPS PM-type OPDs. The introduction of polar
DEG side chains to the NFA structure, leading to VPS within the
PM photoactive layer, has paved the way for the development of
new hybrid OPDs combining p-n H] and PM OPDs.

The performance of VPS PM-type P3HT:IDIC-DEG OPDs
clearly demonstrates the coexistence of p-n H] and PM character-
istics within the VPS PM layer. Although elucidating a definitive
mechanism is currently challenging, we propose a plausible sce-
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nario illustrating how the presence of only 1% IDIC-DEG can in-
duce p-n HJ characteristics within a PM layer via VPS, as depicted
in Figure 5a,b. In regions densely populated with IDIC-DEG, the
formation of continuous n-channels by some IDIC-DEG aggre-
gates enables captured electrons to transport to the cathode, akin
to charge transport in p-n HJ systems. The remaining isolated
IDIC-DEGs may serve as electron traps during the PM process.
Some studies have underscored the crucial role of electron trap
density near the electrode in shaping the dynamic characteristics
of PM-type OPDs.[®>!8] Enhanced trapping of electrons near cath-
ode promotes hole tunneling injection under reverse bias. How-
ever, the response times—both rising and falling—reported in
previous literatures (Table S1, Supporting Information) remain
considerably slower compared to our findings. The VPS phe-
nomenon delineated here differs from a mere elevation of elec-
tron trap density near the ETL in prior investigations. We antici-
pate that the establishment of p-n HJ characteristics proximal to
the ETL will be pivotal in augmenting the dynamic characteristics
of PM-type OPDs. This study presents, for the first time, the pre-
viously undocumented p-n HJ characteristics within a PM layer.
While highlighting these significant findings, we acknowledge
that the operational mechanisms remain open-ended questions,
leaving ample room for further exploration into the operational
principles.

3. Conclusions

We synthesized a new NFA, IDIC-DEG, featuring polar diethy-
lene glycol side chains to enhance its polarity. IDIC-DEG shares
an identical conjugated backbone with a representative IDIC
NFA. The addition of DEG side chains rendered IDIC-DEG
hydrophilic, resulting in a significant surface energy contrast
with the control hydrophobic IDIC. PM-type OPDs were fab-
ricated by constructing photoactive layers of P3HT:IDIC-DEG
(100:1, w/w) and P3HT:IDIC (100:1, w/w). In the case of HD
PM-type P3HT:IDIC devices, IDIC was evenly distributed within
the P3HT host material, leading to the typical photodetect-
ing properties observed in PM OPDs. However, in VPS PM-
type P3HT:IDIC-DEG devices, a spontaneous vertical phase sep-
aration was observed between P3HT and IDIC-DEG due to
their large interfacial energy difference. The IDIC-DEG dopants
within the P3HT host concurrently migrated near the hydrophilic
PEIE ETL. This simultaneous migration of IDIC-DEG in a pho-
toactive layer resulted in pure P3HT domains as well as densely
populated IDIC-DEGs, creating partial p-n HJ characteristics in
the IDIC-DEG-enriched region. This unique VPS in a PM pho-
toactive layer was confirmed by analyzing the XPS depth profile,
and the existence of p-n HJ characteristics within a P3HT:IDIC-
DEG PM layer was affirmed by measuring the light intensity de-
pendent V,_ s in a photovoltaic mode. Owing to the coexistence of
p-n HJ and PM characteristics in VPS PM-type P3HT:IDIC-DEG
devices, they exhibited an approximately three orders of magni-
tude enhancement in —3 dB frequency, reaching 120 kHz, and a
200-fold faster response time (t, = 4.8 ps, t; = 8.3 ps) compared
to HD PM-type P3HT:IDIC OPDs. To the best of our knowledge,
these dynamic characteristics of the VPS PM-type P3HT:IDIC-
DEG devices are the most superior among the reported PM-
type OPDs. Harnessing VPS within a PM layer represents
a groundbreaking strategy capable of enhancing the dynamic
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Figure 5. Suggested working mechanism of a) HD PM-type OPDs and b) VPS PM-type OPDs. Formation of n-channels in the regions densely populated

with IDIC-DEG.

properties of PM-type OPDs while maintaining high EQE and D"
values.

4. Experimental Section

ITO-coated glasses, used as a transparent bottom electrode, underwent
a cleaning process involving sonication with acetone, distilled water, and
isopropyl alcohol for 20 min. A 0.1 wt% solution of PEIE dissolved in 2-
methoxyethanol was spin-coated as an ETL at 3000 rpm for 30 s. Prior to
the PEIE casting step, the cleaned ITO substrates underwent a 20 min UV-
O, treatment. The PEIE-coated ITO substrates were thermally annealed at
150 °C for 10 min. These prepared substrates were transferred into an Ar-
filled glove box. For the active layer, P3HT served as the host material, and
IDIC and IDIC-DEG were used as electron acceptors. Two different-types
of p-n HJ- and PM-type OPD devices were fabricated. To create the p-n
H)-type device, the weight ratio of P3HT to IDIC or IDIC-DEG was set at
1:1.5. These materials were dissolved in CF at a concentration of 25 mg
mL~1, with the addition of 1 vol% of 1,8-diiodooctane. After stirring for
2 h, the blend solution was spin-coated onto the PEIE-coated ITO sub-
strate at 1000 rpm for 30 s and followed by thermal annealing at 110 °C
for 10 min. In the case of the PM-type structure, the host P3HT donor and
electron-trapping (IDIC or IDIC-DEG) acceptor ratio was set at 100:1 w/w.
These materials were dissolved in a cosolvent system (CF:CB = 8:2, v/v)
and stirred for 2 h at a concentration of 50 mg mL™" based on the host
material. The P3HT:NFA solution was spin-coated onto the PEIE-coated
ITO substrate at 2000 rpm for 30 s and thermally annealed at 110 °C for
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10 min. Finally, 8 nm thick MoO, and 100 nm thick Au layers were ther-
mally deposited under a vacuum of 107° Torr, serving as the hole trans-
porting layer and top electrode, respectively. The active area of devices was
0.09 cm?.

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

the author.
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