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ABSTRACT: Green-sensitive organic photodetectors (OPDs) with high sensitivity and spectral selectivity using boron
subphthalocyanine chloride (SubPc) derivatives are reported. The OPDs composed of SubPc and dicyanovinyl terthiophene
derivative (DCV3T) demonstrated the highest green-sensitivity with maximum external quantum efficiency (EQE) of 62.6 % at
an applied voltage of −5 V, but wide full-width-at-half-maximum (FWHM) of 211 nm. The optimized performance considering
spectral selectivity was achieved from the composition of N,N-dimethyl quinacridone (DMQA) and SubPc showing the high
specific detectivity (D*) of 2.34 × 1012 cm Hz1/2/W, the EQE value of 60.1% at −5 V, and narrow FWHM of 131 nm. In spite of
the sharp absorption property of SubPc with the maximum wavelength (λmax) at 586 nm, the EQE spectrum showed favorable
green-sensitivity characterized by smooth waveform with λmax at 560 nm, which is induced from the high reflectance of SubPc
centered at 605 nm. The photoresponsivity of the OPD devices was found to be consistent with their absorptance. Optimized
DMQA/SubPc device showed the lowest value of blue crosstalk (0.42) and moderate red crosstalk (0.37), suggesting its
promising application as a green-sensitive OPD.
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■ INTRODUCTION

The increasing interest for artificial vision for future
applications such as artificial intelligence has boosted up the
technology development of artificial eyes, image scanners, and
image sensors.1−4 Most of all, the development of image
sensors based on complementary metal oxide semiconductor
(CMOS) circuits has been considerably accelerated in response
to the demands for mobile phone cameras with higher
resolution and lower noise level.5 The Si photodiode (Si PD)
in conventional CMOS image sensor (CIS), with the combined
advantages of high photoelectric conversion efficiency with low
dark current, has been dominating the market and the imaging
technology development.6 However, the inherent properties of
Si PD such as nonselective color sensitivity in the visible region
and low absorption coefficient are not optimal, implying the

addition of a color separation system resulting in thick
photodiode devices. This also induces undesirable pixel-to-
pixel crosstalk in the photodiode that generates harmful noise
against the color correction in CIS device.7

Crosstalk in an image sensor array results from three
different contributions: spectral crosstalk due to imperfect color
separation, optical spatial crosstalk induced by the transmission
of unabsorbed light to an adjacent pixel, and electrical crosstalk
by movement of the photogenerated carriers to the neighboring
pixel.8 Alternative candidates for the replacement of Si PD have
been investigated for their high sensitivity with high coefficient
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of absorption in order to reduce the optical and electrical
crosstalk, simultaneously. Among inorganic semiconductor
materials, hydrogenated amorphous-Si (a-Si:H) has been
studied for its advantage of high light collection efficiency,9

but this material suffers from limitation due to long-lived
traps.10 Indium−gallium−arsenide (InGaAs) photodiodes
showed a good potential for imaging in the near-infrared
(NIR) region by integration on CMOS-based circuit.11

Colloidal quantum-dot (CQD) or quantum-dot embedded in
polymer processed in solution has received much attention to
enhance the sensitivity.6,12,13 Recently, a graphene-based
photodetector with improved absorption as compared to its
original low value has been reported with the advantages of
ultrafast response and efficient photocarrier separation.14

However, most inorganic semiconducting materials, due to
their broad absorption spectra extending from the visible to the
infrared (IR) region, are not eligible for the color-selective
photodetection.
Conjugated organic small molecules or polymers with their

easily tunable absorption in the visible spectrum are interesting
candidates as image sensor application. It was demonstrated
that a hybrid CMOS-imager using poly(3-hexylthiophene-2,5-
diyl) (P3HT):[6,6]-phenyl C61 butyric acid methyl ester
(PCBM) in a bulk-heterojunction (BHJ) structure as an active
layer suppressed the optical and electrical crosstalk due to the
high coefficient of absorption of the polymer and the low
mobility in BHJ active layers, respectively.15 However because
of the broad EQE absorption spectrum between 400 nm and
650 nm, another color separation system for realization of color
image should be added. For the practical reduction of spectral
crosstalk, the use of organic semiconducting small molecules
with specific absorption ranges for respective RGB subpixels is
promising for the replacement of Si PD. Recently, organic small

molecules with specific spectral photoresponse have been
exploited for this purpose.16,17

Boron-subphthalocyanine chloride (SubPc) has been widely
used for optoelectronic applications, particularly in organic
photovoltaic device (OPV) owing to its high coefficient of
absorption while its relatively large band gap led to the
enhancement of open-circuit voltage (VOC).

18−22 On the other
hand, narrow absorption bandwidth of SubPc generates rather
low short circuit current (JSC), severely limiting the device
performances.22 As organic photodetector (OPD) application
however, this character of SubPc can be better exploited for
spectral sensitivity.
In this study, we demonstrate the highly green-sensitive OPD

with a BHJ structure comprising SubPc and other materials,
which showed potential for highly green-sensitive OPDs.23 We
investigated the electrical behavior and device efficiency of the
OPD, from which the parameters of overall specific detectivity
and spectral photoresponsivity were extracted. To interpret the
spectral response of EQE spectra in detail, the photo-
responsivities converted from EQEs are compared with the
practical absorptions corrected by reflectances of the active BHJ
layers. Finally, we calculated the spectral crosstalk based on the
model used in a conventional image sensor pixel arrays, and
investigated the relationship between the sensitivity and
spectral selectivity.8

■ EXPERIMENTAL METHODS
The molecular structures of the materials used in this study are shown
in Figure 1a. SubPc and N,N-dimethyl quinacridone (DMQA) were
purchased from Lumtec Technology Corp., whereas pentafluoro-
phenoxy substituted boron subphthalocyanine (F5-SubPc)24 and
dibutyl substituted dicyanovinyl terthiophene (DCV3T)25 were
synthesized according to the previous literature.

Figure 1. (a) Molecular structures of boron-subphthalocyanine chloride (SubPc), pentafluoro-phenoxy-substituted SubPc (F5-SubPc), N,N-
dimethyl quinacridone (DMQA), and dibutyl-substituted dicyanovinyl terthiophene (DCV3T). (b) Absorption coefficients of the four active
materials measured by UV−vis spectroscopy. (c) Energy level diagrams of donor/acceptor compositions for the four basic OPD devices. (d)
Absorbance spectra of the four BHJ layers.
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The organic photodiodes were fabricated on glass substrates
precoated with indium−tin-oxide (ITO) with a sheet resistance of
15 Ω per square, as the anode. A 30 nm thick molybdenum oxide
(MoOx) layer was further deposited on the ITO. And then the organic
BHJ layers with the thickness of 90 nm were deposited by vacuum
thermal evaporation at a base pressure of <2 × 10−7 Torr, and the
composition ratio between a donor and an acceptor was controlled as
same ratios at the deposition rate of 0.1 nm/s. The Al cathode was
finally evaporated at a rate of 0.2 nm/s through a shadow mask with an
active area of 0.04 cm2. Four OPD devices with different donor/
acceptor materials combination were fabricated: device A (SubPc/F5-
SubPc), device B (SubPc/DCV3T), device C (DMQA/SubPc), and
device D (DMQA/F5-SubPc). After cathode deposition, glass
encapsulation was immediately performed under nitrogen by using a
UV curable resin as sealant. The device stability was monitored by
measuring the current−voltage characteristics that did not change
significantly over 6 months.
The optical spectra of absorbance, transmittance, and reflectance of

the respective organic films grown on glass substrates were measured
using a Shimadzu UV-2450 spectrophotometer. The ionization
potential of organic thin film was measured by using a photoelectron
spectrometer in air (AC-2, RKI Instrument Co. Ltd.).
The charge transport characteristics of the individual materials were

investigated by measuring the single carrier mobilities. The hole-only
devices were fabricated by depositing a 30 nm MoOx film on the ITO-
coated glass substrate, on top of which were deposited sequentially a
100 nm active layer, a 30 nm MoOx layer, and an 80 nm Al electrode
layer. The electron-only devices were prepared by the sequential
deposition of a 100 nm active layer on the ITO, an ultrathin LiF layer
and an Al cathode.
The external quantum efficiency (EQE) of OPD devices was

measured using a spectral incident photon-to-current efficiency
(IPCE) measurement system while illuminating monochromatic
light generated by an ozone-free Xe lamp with a chopper frequency
of 30 Hz. A calibrated Si-PD was used to measure the incident
monochromatic light intensity. The current−voltage (J−V) curves
were measured using a Keithley K4200 semiconductor parameter
analyzer, and the light response was measured under illumination from
a white LED with a broad range of emission wavelengths of 400−675
nm and light output intensity of approximately 1 mW/cm2.

■ RESULTS AND DISCUSSION
Figure 1b shows the film absorption spectra in the visible
region of the different materials taken separately. SubPc shows
the prominent lowest energy absorption band between the
wavelengths of 560−600 nm, known as the Q-band resulting
from the C3ν symmetric ligand/molecular fragment.26 The
absorption spectra confirms high green color sensitivity of
SubPc, with a maximum wavelength (λmax) at 586 nm, a high
absorption coefficient of approximately 1.4 ×105 cm‑1, and a
narrow full-width-at-half-maximum (FWHM) of 80 nm.
Despite the change in electronic character, from p- to n-type,
the absorption spectra of F5-SubPc exhibit moderate variation
as compared with those of SubPc, with a λmax at 581 nm, a high
absorption coefficient of 1.47 × 105 cm‑1, and narrower FWHM
of 49 nm. It was previously reported that axial substitutions on
SubPc have little effect on the shift of absorption band
position.27 DMQA shows low absorption with narrow FWHM,
whereas DCV3T shows high absorption but relatively wide
FWHM.28,29

The potential of SubPc as a donor was first examined in
combination with DCV3T and F5-SubPc as acceptors in
devices A and B, respectively. Then, the possibility of using
either SubPc or its derivative F5-SubPc as acceptor was
evaluated by choosing DMQA as the donor, in device C and D,
respectively. For the choice of donor and acceptor, it is
necessary to consider the offset of LUMO levels between the

two respective active materials. Except for composition A with
an offset of 0.2 eV, all LUMO level differences for the other
device compositions were above 0.4 eV, which is sufficient for
efficient charge separation.30 Despite its small offset, device A
has a potential for high EQE and good rectification, as shown in
a previous study26 in the field of OPV, where this composition
was used to build planar heterojunction structures. In Figure
1d, the absorbance spectra of all four BHJ films are consistent
with the absorption coefficient spectra of the single active
materials shown in Figure 1b. Regarding the basic transport
properties of these active materials, the charge mobilities
measured by space-charge-limited-current (SCLC) model31 are
shown in the Table S1 in the Supporting Information. The hole
mobilities were similar for DMQA and SubPc with values of
1.62 × 10‑8 and 8.95 × 10‑8 cm2/(V s) at an applied electric
field of 0.3 MV/cm, respectively, whereas the electron
mobilities were different by orders of magnitude with values
of 2.73 × 10‑8 for DCV3T, 1.36 × 10‑9 for SubPc, and 1.93 ×
10‑10 cm2/(V s) for F5-SubPc. The difference in h+/e−
mobilities for SubPc is consistent with the values reported in a
previous study.21 For the unambiguous characterization of the
device performance, the structure of the OPDs was fabricated
to be rather simple by avoiding the use of additional interlayers
that could further complicate the analysis by introducing new
interfaces in the system.
As the basic performances of the photodetectors, the current

density−voltage (J−V) characteristics and the EQE spectra of
devices A−D are shown in Figure 2. The fundamental
parameters of OPD devices are extracted from Figure 2 and
summarized in Table 1. All devices exhibited similar levels of
reverse dark current densities (Jd), within the same order of
magnitude, from 4 × 10‑8 to 9 × 10‑8 A/cm2 at an applied
voltage of −5 V. This particularly low Jd, considering the

Figure 2. (a) Current density−voltage characteristics in the dark and
under illumination at 1 mW/cm2 for the four OPDs and (b) external
quantum efficiency (EQE) spectra at an applied voltage of −5 V.
Device descriptions are as follows: (A) SubPc/F5-SubPc, (B) SubPc/
DCV3T, (C) DMQA/SubPc, and (D) DMQA/F5-SubPc as donors
and acceptor.
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absence of any electron or hole blocking layers in the simple
device structure, reflects the absence of leakage current. Under
illumination at a light intensity of 1 mW/cm2, the photo-
generated current densities (Jph) of all four devices significantly
increased by two orders of magnitude. However the ratio Jph/Jd
was different depending on the devices. Devices B and C
exhibit relatively high Jph/Jd ratios of 3.99 × 103 and 3.69 × 103,
respectively, while devices A and D show relatively low Jph/Jd
ratios of 1.26 × 103 and 6.64 × 102 at the applied voltage of −5
V, respectively. From the results of devices B and C, it appears
that SubPc can work as a donor or an acceptor, as long as
energy levels are matched.20 Additionally, the orders in Jph/Jd
ratios are consistent with the orders of forward photocurrent
densities, which are 5.00 × 10‑3 A/cm2 for B, 1.52 × 10‑3 A/cm2

for C, 1.61 × 10‑4 A/cm2 for A, and 1.02 × 10‑4 A/cm2 for D at
the applied voltage of 3 V. It has been reported that the forward
current reduction under illumination influences the charge
transport in devices composed of the same materials, resulting
in variation in device efficiency.31,32

In addition, we evaluated the specific detectivity as the green-
sensitivity parameter considering dark current noise, related

with device efficiency, as shown in Table 1. The specific
detectivity (D*) can be calculated from the expression of D* =
(Jph/Llight)/(2qJd)

0.5, where Jph is the photocurrent density at
the incident light intensity (Llight) at the wavelength of 550 nm
and q is the absolute value of electron charge (1.6× 10‑19 C).
Device C shows the highest value of 2.34 × 1012 cm·Hz0.5/W
owing to the high photocurrent and low dark-current. The high
D* values over 1012 cm·Hz0.5/W of all devices are comparable
with the detectivity of photodetectors based on polymers or
inorganic materials.33,34

To evaluate the spectral selectivity at the respective
wavelength, the EQE plots of the four OPDs at the applied
voltage of −5 V were measured, as shown in Figure 2b. In the
target wavelength range of green color, between 500 and 600
nm, devices B and C exhibited high EQE values of 62.6% at 540
nm and 60.1% at 560 nm, respectively, while the devices D and
A showed relatively low values of 52.2 % at 580 nm and 49.2 %
at 550 nm, respectively. Despite the EQE being a function of
different interdependent factors, it is noted here that these EQE
values correlate with the electron mobilities of individual
materials taken as acceptors. It would imply that electron

Table 1. Electrical Parameters of the Four OPD Devices Decomposed in Terms of Detectivity, Sensitivity, and Spectral
Selectivity at the Applied Voltage of −5 Va

detectivity sensitivity selectivity

device Jd (A/cm
2) D* @550 nm (cm Hz1/2/W) λmax (nm) EQE @λmax (%) EQE @450 nm (%) FWHM (nm)

A 6.79 × 10‑8 1.48 × 1012 550 49.2 11.0 137
B 5.31 × 10‑8 2.12 × 1012 540 62.6 38.1 211
C 4.01 × 10‑8 2.34 × 1012 560 60.1 17.1 131
D 8.99 × 10‑8 1.28 × 1012 580 52.2 13.1 126

aAbbreviations: dark current density (Jd), specific detectivity (D*), external quantum efficiency (EQE), and full-width-at-half-maximum (FWHM).

Figure 3. Comparison between the photoresponsivity spectra of the OPD devices at an applied voltage of −5 V and absorptance spectra of the four
active BHJ films. The device descriptions are as follows: (a) A with SubPc/F5-SubPc, (b) B with SubPc/DCV3T, (c) C with DMQA/SubPc, and (d)
D with DMQA/F5-SubPc as donors and acceptors.
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mobility, lower than the hole mobility, is the transport limiting
factor. Meanwhile, the EQEs also show nontrivial intensity in
the blue-color region between 400 and 500 nm, which may
aggravate the spectral crosstalk. At the wavelength of 450 nm,
device B showed the highest value of 38.1% due to the broad
absorption of DCV3T used as an acceptor, but the other
devices also exhibited over 10% EQEs despite the quite low
absorption in the blue region of DMQA and SubPc derivatives.
The exact EQE and λmax values extracted from Figure 2b are
presented in Table 1. The FWHMs used as the simple index for
the spectral selectivity35 exhibited the highest value of 211 nm
for device B with the best EQE, and secondly 137 nm for device
A due to the low EQE value despite narrow absorption
bandwidths of both donor and acceptor materials. It is noted
that there is a conflict between high EQE and narrow FWHM.
In the EQE spectra of Figure 2b, it is interesting to note that
λmax at 550 nm is significantly shifted as compared to the
highest absorption of SubPc derivatives at 580 nm, as shown in
Figure 1d. This is beneficial for the spectral sensitivity of a
green-sensitive OPD.
To understand the difference between the EQE spectra of

the OPD devices and the absorption spectra of the materials,
we analyzed the optical properties of the four BHJ films
including the transmittance, reflectance, and absorbance that
can be simply measured by UV−vis spectroscopy. The term of
absorbance is defined as the logarithmic ratio between the
radiation falling upon a material and the radiation transmitted
through a material, which is used as a conventional optical
parameter of photopigment. In contrast, the absorptance is the
absorption fraction out of the whole incident radiation flux,
which complements the fractions of transmission and
reflection.36 Absorptance is thus the reflection-corrected
absorption characteristic, which can be estimated by subtracting
transmittance and reflectance from optical unity. The trans-
mittance and reflectance spectra of four BHJ films are shown in
Figure S1 (Supporting Information).
In Figure 3, all absorptance spectra exhibit blunt shapes with

a reduction of maximum absorption (see Figure 1d), which is
induced from the reflectance effect. Whereas SubPc has proper
property in terms of absorption, at 586 nm, the films
comprising SubPc show high reflectance at the wavelength of
605 nm (Figure S1b). Device D without SubPc showed the
maximum reflectance at the wavelength of 594 nm (Figure
S1b), resulting in the same behavior but different peak position
compared with other devices including SubPc, which implies
that the high reflectance at 605 nm is caused by SubPc. With
these practical absorption properties of BHJ layers corrected by
reflections, we compared the photoresponsivity (as the spectral
sensitivity) for the OPD devices in Figure 3. The photo-
responsivity (R) is defined as R[A/W] = Jph/Llight = EQE/hν,
where hν is the energy of the incident photon in electron volts
(eV).33,37 For devices A, C, and D, the R profiles are consistent
with the absorptance profiles, as the maximum peak intensities
are located at the same wavelength. In contrast, device B
composed of SubPc and DCV3T shows a broader spectral
responsivity with λmax at 560 nm, which reflects that the
absorptance is dominated by the absorption of DCV3T. The
valley present around 540 nm in the absorptance spectrum is
not visible in the photoresponsivity spectrum because of the
applied bias voltage of −5 V. The R values could be simply
converted to the EQE spectra, as shown in Figure 2b, after
correction with the photon energy of the respective wavelength.
Whereas the R values are similar in the blue and red regions,

the EQE spectra show an amplified shoulder in the blue region
compared to that in the red region due to the difference in
photon energy.
In conventional image sensor arrays with color pixels, the

spectral crosstalk usually corresponds to the ratio between the
target signal (i.e. a signal in a green-absorbing pixel under green
light illumination) and the undesirable signal (a signal in a
green-absorbing pixel under blue- or red-light illumination).
The signal is defined by the integral of photoresponsivity as
spectral response at the specific wavelength region.8 Although
the single color unit OPD is investigated in this study, the guide
line for color selectivity is needed. Hence, we examined the
modified spectral crosstalk, which is defined as the ratio
between the signal in green-region and the signal in blue- or
red-region within a single responsivity spectrum. The specific
wavelength regions are divided in blue (440−500 nm), green
(510−570 nm), and red (590−650 nm) region according to
conventional image sensor. Figure 4a shows the spectral

responses by integrating the photoresponsivity within the
specific wavelength regions. Among the four devices, device B
exhibits the highest integrated R value in the green region,
however, with also pronounced R values in the blue and red
regions. In contrast, device D showed a particularly low spectral
response in the red region as well as in the green region. In
Figure 4b, the green-sensitivity-spectral crosstalk characteristics
are represented by using the integral of R values in the green
region and the ratio of integral values at blue/green regions and
red/green regions. In terms of selectivity, device D showed the
lowest red crosstalk around 0.2, as the consequence of the
presence of F5-SubPc, which induced an enhanced blue-shifted
absorption in the blend film, as compared with SubPc.
However, the green-sensitivity of devices A and D is especially
low. The sensitivity of device C is improved by around 17% in
comparison with device D, as a result of the difference of
maximum EQE values. In contrast, device B shows the highest
green-sensitivity with the desirable maximum peak position,
even though the blue sensitivity exhibits a factor of 0.7 of the
green-sensitivity. From a comprehensive perspective, device C
exhibits optimized performance in terms of high spectral
sensitivity and selectivity.
To this point, on the basis of material properties and device

characterization, it appears that it is difficult to achieve
simultaneously high green-sensitive OPD with low blue
crosstalk. High EQEs in the green-region have been reported
in numerous devices, which however needed an additional
color filter for specific color recognition due to their wide

Figure 4. (a) Spectral responses from the integral of responsivity
within specific wavelength regions. (b) Green-sensitivity and spectral
crosstalk of the four OPD devices.
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bandwidth.9−14 On the contrary, a device with narrow FWHM
under 100 nm has been reported with an efficiency under 1% at
the applied voltage of −1.5 V.38 It was reported that the blend
layer thickness can be used to control the spectral selectivity,
but may lead to limited sensitivity at high bias due to the
absorption limitation of materials.37 In this study, it is shown
that SubPc derivatives are attractive material candidates for
green-sensitive OPD with the merit of high absorption
coefficient in the green region and narrow FWHM. Addition-
ally, the control of charge generation through proper energy
levels and balanced charge transport is a prerequisite to achieve
high sensitivity.23 Considering these different aspects, it comes
out that device C composed of DMQA and SubPc,
characterized by reduced blue crosstalk with sufficient green-
sensitivity, presents the ideal material combination for OPD
application.

■ CONCLUSIONS
We have investigated the green-sensitive OPD with high
spectral sensitivity and selectivity using SubPc derivatives for
organic image sensor applications. The optimized composition
is achieved by blending DMQA as the donor and SubPc as the
acceptor, and the performances exhibit high D* of 2.34 × 1012

cm Hz0.5/W, EQE value of 60.1% at −5 V, and small FWHM of
131 nm. In spite of the sharp absorption property of SubPc
with λmax at 586 nm, the EQE spectrum showed favorable
green-sensitivity characterized by smooth waveform with λmax at
560 nm, which is induced from the high reflectance with λmax at
605 nm. The highly green-sensitive OPD with low blue
crosstalk is difficult to achieve; nevertheless, the device
comprising DMQA and SubPc realized the reduced blue-
crosstalk and the high green-sensitivity, demonstrating its
promising potential for application to CMOS image sensors.
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