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A remarkable progress in research works regarding flexibility and transparency of organic optoelectronic devices
has been observed in the past decade compared to their inorganic counterparts. However, few studies have been
devoted to the advancement of a transparent organic photodetector. In this study, we have used a wavelength-
selective bulk-heterojunction of ClAIPc:Cgg as active layer and Cu:Ag/WOs3 metal alloy as electrode to realize a
see-through organic photodetector (OPD) with an average visible transmission of 76.92%. The optimized

transparent OPDs show an average dark current density of 0.36 nA cm™2 and a rise/fall time of <5 ps under a
bias voltage of —2 V, which could be potentially applied in a home security system based on invisible near-

infrared detection.

1. Introduction

Organic photodetectors (OPDs) with low dark current density, large
linear dynamic range (LDR), and high detectivity show a high potential
to compete with the conventional inorganic photodetectors (PDs) [1,2].
OPDs possess few extraordinary characteristics that the inorganic PDs
suffer from, such as large-area devices, mechanical flexibility,
light-weight, and low-cost processes [2]. Moreover, features of OPDs
such as transparency and tunability in wavelength detection find unique
applications in image sensing, fluorescence detection, and colorimetry
[3,4]. As per requirements, transparent OPDs should be combined with
highly responsive photoactive material and highly transparent elec-
trodes for successful practical applications [5,6].

Thin photoactive layer with a selective wavelength absorption abil-
ity is required to realize an effective transparent OPDs [7-9]. For
example, semitransparent OPDs fabricated by Kim et al. implemented
the bulk-heterojunction active layer of dicyanovinyl substituted ter-
thiophene derivative (DCV3T) N,N-dimethylquinacr-idone (DMQA)
with its bulk thickness as thin as 110 nm [9]. Their devices suffered a
low transparency of 26% in the blue region due to high absorption by the
active material in the blue wavelength. To avoid absorption in the

visible region, chloroaluminum phthalocyanine (CIAlPc) is a suitable
candidate due to its absorption is in the near-infrared (NIR) region [10,
11]. For instance, application of fullerene (Cg() material as an acceptor
and ClAIPc as a donor for the bulk-heterojunction of ClAIPc:Cgo as
fabricated by Li et al. successfully demonstrated a transparent organic
photovoltaic (OPV) with AVT up to 77.45%, while Verreet et al. ach-
ieved 3% cell efficiency with ClAIPc:Cgo based OPVs by the aid of
structural templating method [12,13]. Although the
bulk-heterojunction of ClAIPc:Cgy was applied in the OPVs, this kind of
active layer is promising to be used in the structure of transparent OPDs,
since OPDs can be built based on the structure of the OPV as demon-
strated recently by Lee et al. [10]. As an alternative to the
bulk-heterojunction, the bilayer structure of ClAlPc/Cgq introduced by
Wei et al. provided AVT of 72% [14]. Various blending layers from
derivative of metallo-phthalocyanine (MPc) and fullerene (Cgg or Cyg), i.
e., the sandwiched structure of ClAIPc/ClAIPc:Cgo/Cgo [15], horizontal
bulk-heterojunction  structure of  CuPc:Ceo/ClAIPc:Cqp  [16],
bulk-heterojunction structure of ClAIPc:Cyg [17], and bilayer structure
from various types of MPc such as ClAIPc, boron(III) subphthalocyanine
chloride (SubPc), and copper(Il) phthalocyanine (CuPc) as the donor
with Cyg as the acceptor [18], were also further investigated for OPVs
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applications. Moreover, ClAlPc also successfully demonstrated beyond
the OPV or OPD applications, Shih et al. recently proposed the organic
upconversion device (infrared to visible light upconversion) based on
single photoactive material, CIAIPc [19]. Even though these studies
were not conducted to develop transparent OPD, these materials have a
low absorption in visible wavelengths that promising for the emerging
transparent OPDs. Furthermore, the transparency and overall device
transmittance also play a crucial role in transparent OPD performances.
Mostly, the transparency level of a device depends on the transmittance
of transparent electrodes. Many research groups have proposed several
solutions for the transparent electrodes. Recently, a highly conducting
poly(3,4-ethylenedioxythiophene)-polystyrene sulfonate is applied as a
transparent electrode in the self-powered NIR OPDs with a large LDR of
154 dB [20]. Widely known transparent electrode of dielec-
tric/metal/dielectric (DMD) multilayered structure, such as tungsten
(VD) oxide (WO3)/Ag/WOs or WAW, molybdenum(VI) oxide
(Mo03)/Ag/WO3 or MAW, and bathocuproine (BCP)/Ag/MoOs offering
the transmittance of >80%, 88%, and >75%, respectively [21-24]. The
application of graded silver electrode was also reported by Liu et al. with
a transmittance of ~75% [25]. Furthermore, other research works have
successfully proposed various dielectric-metal electrodes, such as a
dielectric-metal hybrid layer of fluorolithium (LiF):Al, nanostructured
metal Ca:Ag/MoOs, and thin metal alloy Cu:Ag/WOs3 with a trans-
mittance of 70%, 95%, and >75%, respectively [12,26,27]. Among
these methods, transparent electrode of Cu:Ag/WOs is highly promising
with an affordable cost in the aspects of transparency, conductivity, and
simplicity in the fabrication process simultaneously, especially for the
device fabrication with a vacuum deposition process.

In this work, we have reported the transparent OPDs along with the
reference OPDs as the performances indicator. The OPDs were fabri-
cated by a vacuum deposition process with the bulk-heterojunction
active layer of ClAIPc:Cgp at the mixing ratio of 1:2, 1:4, and 1:6. To
gain a high transparency, we followed a method proposed in the pre-
vious study by utilized the transparent electrode of thin metal Cu:Ag
capped with WOg layer in the transparent OPDs, while opaque metal
electrode of Ag layer was used in the reference OPDs. Optical and
electrical characterizations such as dark current density, external
quantum efficiency (EQE), specific detectivity (D*), LDR, -3dB limited
frequency bandwidth (f3gp), transient photoresponse, ultra-
violet-visible (UV-vis) spectroscopy, and impedance spectroscopy were
investigated to examine the OPDs performances in an ambient envi-
ronment. The optimized transparent OPDs showed an average dark
current density of 0.36 nA cm_z, AVT of 76.92%, and specific detectivity
of 4.12 x 10'2 Jones at applied bias of —2 V in the wavelength of 780
nm. On the other hand, the reference OPDs achieved an average dark
current density of 4.13 nA cm ™2 and a specific detectivity of 1.94 x 10'2
Jones under the same applied bias and wavelength. These results
demonstrate the transparent OPDs with a lower dark current density
(higher detectivity) than the reference OPDs. For comparison, our
transparent OPDs are comparable with the transparent self-powered NIR
OPDs reported by Zhu et al. that perform a decent linear dynamic range
of 154 dB and responsivity of 0.28 A w! [20]. On the other hand, our
proposed transparent OPDs exhibit sub-nA cm™2 dark current density
and AVT ~77%. Furthermore, both transparent OPDs achieved the
detectivity at the order of 102 Jones. In comparison with the other
previous results, our transparent OPDs show a superior performances
(see Fig. 1). [7,9,28-32].

2. Experiment
2.1. Materials and device fabrication

The materials such as N,N'-Bis(naphthalen-1-yl)-N,N'-bis(phenyl)
benzidine (NPB), 4,7-diphenyl-1,10-phenanthroline (BPhen), ClAlPc,

Ce0, WOs3, Ag, and Cu were purchased from Merck KGaA (Sigma-
Aldrich). ClAIPc had been sublimated two times under a vacuum
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Fig. 1. Dark current density versus voltage plot of the state-of-the-art trans-
parent OPDs. The number above the symbol points denotes the transmittance
values of these devices measured at wavelength of 515 nm.

environment (2 x 10> torr) by a homemade purification system before
the fabrication process. The thin layer of materials was deposited on the
indium tin oxide (ITO)-coated glass substrate (Luminescence Technol-
ogy Corp., 15 Q sq1). The reference OPDs with the structure of ITO/
NPB (25 nm)/ClAlPc:Cgo (40 nm; 1:2)/BPhen (3 nm)/Ag (80 nm) and
transparent OPDs with the structure of ITO/NPB (25 nm)/ClAlPc:Cgo
(40 nm; 1:x; with x = 2, 4, and 6)/BPhen (3 nm)/Cu:Ag (8 nm; 1:50)/
WOj3 (40 nm) were fabricated by vacuum deposition process. The active
area of OPDs is 0.04 cm?. All thin films were deposited in a thermal
evaporator under 3 x 10~ torr with a deposition rate of 0.05-0.3 A s
(2.5-3 A s7! for Ag). After the deposition process, the samples were
encapsulated in a N glove box (Oxygen <0.1 ppm and moisture <0.1
ppm) with bare glass and glued with UV-curable epoxy resin under UV
light. All thin films were deposited on the bare glass.

2.2. Device characterization

Dark current density-voltage and spectral noise density measure-
ments of OPDs were measured by Keithley 2636 with Labview mea-
surement software. The measurements were carried out in dark
conditions. EQE and responsivity spectrums were measured by QE-R
Solar cell Spectral Response Measurement System of Enli Technology
Co., Ltd. Taiwan, and monochromatic light chopped at 200 Hz cali-
brated by silicon and germanium photodetectors in the QE-R system.
The EQE and responsivity of transparent OPDs were measured for both
top side (metal electrode) and bottom side (ITO) illumination. LDR were
measured by the homemade LDR measurement system, which consists
of LED with wavelength 780 nm (Thorlabs, M780L3) used as the illu-
mination source directed to the filter wheel (Thorlabs, FW102CNEB).
The output from the filter wheel was used to illuminate the OPDs, and
the data was processed by Labview measurement software. A homemade
transient photovoltage measurement setup was used to measure the
frequency of -3dB and transient photoresponse. LED (Thorlabs) with the
wavelength of 780 nm and flux density of 1 mW cm™2 modulated by the
function generator Textronix AFG3102C was used as the light source to
illuminate the OPDs. The signal from the OPDs was then collected by a
low noise current preamplifier Ametex model 5182 and recorded by
oscilloscope Teledyne LeCroy WaveRunner 625 Zi. Impedance spec-
troscopy was carried out by Solarton Material Lab XM with the fre-
quency of ac signal in the range of 1-10° Hz. UV-vis spectrophotometer
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(Jasco, V-770) was used in transmittance measurement under ambient
condition. The surface morphology was measured by an atomic force
microscope (Bruker, INNOVA) with the non-contact mode and the sili-
con tip (FESPA-V2). For the thermal shock testing, the transparent de-
vices were put on the hotplate at 100 °C with different aging times.

3. Result and discussion

Photocurrent density versus applied voltages characteristics of the
OPDs are presented in Fig. 2. All devices show current-gain in the order
of 10° under the reverse bias of —2 V. However, transparent OPDs offer
slightly higher current-gain owing to their lower dark current density
(see Table 1). The transparent OPDs show relatively lower dark current
density than the reference OPDs in the reversed bias regime (see Fig. 2
(b)). As listed in Table 1, the reference OPDs has the average dark cur-
rent density of 4.13 nA cm 2 under the reversed bias of —2 V. In
contrast, the transparent OPDs have a lower average dark current den-
sity of 0.36, 0.18, and 0.22 nA cm 2 with ClAIPc:Cgg at the ratio of 1:2,
1:4, and 1:6 respectively. To explain these results, we must consider the
origin of the dark current in the OPDs, i.e., the thermal generation
process in the photoactive layer [18,33], and the charge injection from
metal contacts to organic semiconductor [34-36]. The lower dark cur-
rent density of transparent OPDs can be attributed to the smoother
surface morphology of metal alloy Cu:Ag electrode (RMS = 1.48 nm)
compared to Ag electrode (RMS = 3.17 nm) as shown in Fig. S1, which
corresponds to a less number of metal-semiconductor interface traps and
less charge injection/extraction at the interface [37]. Consequently, the
transparent OPDs achieve a lower dark current density [33]. Note that
the transparent metal alloy Cu:Ag shows sheet resistance of 16.23 +
0.31 @ sq ! while Ag has a significantly lower sheet resistance of 0.28 +
0.01 Q sq_l. Ultra-thin and transparent Cu:Ag has a similar conduction
property with the ITO (15 Q sq!). Moreover, the amount of Ag atom in
the thin Cu:Ag electrode is less than the thick Ag electrode, which

(a)

Photocurrent density
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Table 1
The characteristics of OPD devices with various active layer blending ratios.

Device  Jq [nA EQE R[A D* Current-gain
em 2] [%]> w19 [Jones]? [a.u.]®

Ref 413+036 39.4+ 0.23 + 1.94 x 1.77 x 10°
0.71 0.004 1012

1:2 0.36 +0.05 29.5 + 0.17 + 412 x 6.16 x 10°
0.36 0.002 1012

1:4 0.18+0.02 28.0+ 0.17 + 3.22 x 6.58 x 10°
0.52 0.003 102

1:6 0.22+0.01 249+ 0.15 + 2.51 x 6.82 x 10°
0.54 0.003 10'!

@ The values are measured at a reverse bias voltage of —2 V.

5 The value of the spectral responses was measured under reverse bias of —2 V
and wavelength 730 nm.

9 The value of the spectral responses was measured under reverse bias of —2 V
and wavelength 730 nm.

9 The values are derived from eq. (3), where A = 0.04 cm? and normalized
bandwidth f = 1 Hz.

® The current-gain was calculated by Jphoto /Jdark under the applied bias of —2
V.

suggests a fewer organic/metal interface that resulting a lower dark
current density in the transparent OPDs [38].

Fig. 2 (b) shows that a minimum value of dark current density with
the positive voltage sweep is observed at around —0.5 V rather than at 0
V. In contrast, when the negative voltage sweep is applied on the same
device, the minimum value of dark current density is shifted to 0 V (see
Fig. S2). This phenomenon i.e. the shifting of the minimum value is
probably caused by the trapped charges in BPhen [39]. This means that
the buffer layer of BPhen is crucial to determine the trapping center in
our OPD system. For example, Fig. S3 shows that dark current density
(transparent OPDs with 1:2 ratio of ClAIPc:Cgg) is significantly changed
after the thermal shock. Furthermore, we replaced BPhen with 1,3,5-Tris

—

Dark current density
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Fig. 2. (a) Photocurrent density-voltage and (b) dark current density-voltage characteristics of the OPDs based on ClAlPc:Cgq active layer at different mixing ratios.

(c) Energy level diagram of the materials following the device structure.
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(3-pyridyl-3-phenyl)benzene (TmPyPB) to improve the thermal stability
of the transparent OPDs. TmPyPB-based transparent OPDs show a good
thermal stability even after 4 h of thermal shock (100 °C). But, we
observe that dark current density of TmPyPB-based devices is 1077 A
cm 2, which is significantly higher than that of BPhen-based devices.
We believe that the trade-off between thermal stability and low dark
current density could be resolved in future work by designing a proper
blocking material that can achieve both requirements.

The EQE spectrums of the OPDs for both bottom and top sides are
shown in Fig. 3 (a) and (b). The EQE of the reference OPDs with bottom
side illumination (see Fig. 3 (a)) shows a higher value than that of the
transparent OPDs. The EQE peaks for the reference OPDs reach 51% and
41% at the wavelength of 375 and 730 nm, respectively. While the
transparent OPDs with ClAIPc:Cg at the ratio of 1:2, 1:4, and 1:6 can
reach 32%, 45%, and 46% at the wavelength of 345 nm; 24%, 27%, and
30% at the wavelength of 730 nm, respectively. The higher EQE values
of the reference OPDs are due to a better light trapping capability
compared to the transparent OPDs, i.e. Ag electrode serves as a mirror
reflecting the incident light [40]. Note that the EQE of transparent OPDs
(1:2 ClAIPc:Cgg ratio) slightly decreases after the thermal shock (see
Fig. S4). Fig. 3 (c) and (d) show that the AVT value of transparent OPDs
approaches to 77%, while the AVT of photoactive layers (CIAIPc:Cg) is
higher with the value > 81% (see Fig. S5). The AVT is calculated with
the following equation [20]:

s T(A)P(2)S(2)d(2)

AVT = 380nm 1
o P(2)S(A)d(4) W

380nm
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where T(2) is the transmission spectrum, P(}) is the luminous-efficacy of
the human eye, and S()) is the incident light correction factor. Inter-
estingly, different ratio of ClAlPc:Cg in the active layer of transparent
OPDs strongly influences the peak values of the corresponding EQE
spectrum. The peak in the UV spectrum increases with the ratio of Cg, i.
e. the peak in the NIR spectrum decrease accordingly. This is to note that
the UV spectrum increases due to the UV absorption characteristic of Cgg
which has a higher ratio in the bulk-heterojunction. In contrast, the NIR
spectrum decreases due to the lower ratio of ClAIPc (NIR absorption
characteristic). The EQE spectrum shows a similar trend for all trans-
parent OPDs under the top side illumination (Fig. 3 (b)). However, we
observed that the device performance under bottom illumination is
much better than that under top illumination. Such phenomena can be
attributed to the higher transmittance of ITO than Cu:Ag/WOs [7,41].
Another parameter that can be derived from the EQE spectrum is
responsivity. The responsivity equation can be expressed as:

—poE™
R(1)=EQE e (2)

where R is the responsivity (A W™1), A (m) is the wavelength, q (1.602 x
1071° C) is the electron charge, h (J s) is the Planck constant, and ¢
(2.998 x 108 ms1) is the speed of light. Under bottom side illumina-
tion, the reference OPDs show maximum responsivity of 0.24 AW,
while the maximum responsivity of transparent OPDs is 0.17 AW! (see
Fig. S6 (a)). Furthermore, the responsivity of transparent OPDs under
top side illumination is slightly lower than bottom side illumination
which exhibit the maximum value of 0.1 AW (see Fig. S6 (b)).

(b)

Top side
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.

Fig. 3. EQE vs. wavelength for incident light from the (a) bottom and (b) top sides. Note that the device was measured under the voltage of —2 V. (c) The
transmission spectra of proposed transparent OPDs. (d) The photograph demonstrates the transparency of a whole structure of transparent OPDs with ClAIPc:Cgg

mixed at 1:2.
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A crucial parameter to evaluate the performance of an OPD is its
specific detectivity, i.e. OPD’s ability to detect the weakest possible
signal [10]. The level of specific detectivity is defined as the signal to
noise ratio of EQE to dark current noise, which could be evaluated with
the following equation [42]:

VAT

Lnoise

D*=R 3)
where D* (Jones) is the detectivity, R is the responsivity (A W’l), A
(cm?) is the device’s active area, f (Hz) is detection bandwidth, and ijojse
(A) is noise current in dark condition. Among the parameters defining
the equation of specific detectivity, ineise is usually simplified by only
considering shot noise, which could overestimate the detectivity value
[42,43]. To avoid this case, all current noise components have to be
calculated, including shot noise, thermal noise, and 1/f noise. 1/f is
called flicker noise which is significant in the low frequency [44], it is
negligible for frequency beyond 100 Hz [42]; whereas shot noise and
thermal noise (Johnson noise) are the white noise [34]. To get a white
noise value, shot noise and thermal noise should be involved in calcu-
lating an accurate detectivity value, especially if these noises are in the
same order of magnitude [42,45]. The value of shot noise is determined
by the dark current, while thermal noise is influenced by the intrinsic
value of shunt resistance (Rsy) [42]. Both noises could be expressed as
the following equations [45,46]:

Lstomoise =/ 2q1aarc B ()]

4kTB
Dinermatnoise = 5
thermal Ron (%)
2 2
Livise = \/ (Ishomoise)” + (Lihermatmoise) (6)

where q (C) is the electron charge, I,k (A) is the dark current, B (1 Hz) is
the normalized bandwidth, k (1.38 x 10723 J K1) is the Boltzmann
constant, T (K) is the temperature, and Rgy (Q) is the shunt resistance of
the OPDs. The Rgy value is estimated from the linear fitting of the dark
current-voltage plot as shown in Fig. S7. Rgy vs voltage is plotted in
Fig. S8, where the differential resistance is taken from 0 to 0.2 V; the
average value of Rgyy was determined by the linear fitting method [44]. A
better method to get the white noise value is by directly measuring the
noise current, which contains all noises simultaneously [42,45]. Based
on the current noise calculation as shown in Table 2, shot noise is one
order of magnitude higher than thermal noise, in contrast with the result
from Lee et al. and Wu et al. that thermal noise dominated noise current

Table 2
The summary of noise currents by the following eq. (4), eq. (5), and eq. (6).
Device  Rsu Tdark Lshot Ithermal Tnoise Tnoise,
[Ge1”  [pAl”  [A1Y [fA]Y A7 measured
N
Ref 156 165 7.27 0.32 7.28 7.765
1:2 113 14.4 2.15 0.38 2.18 2.82
1:4 61 7.2 1.52 0.52 1.61 2.88
1:6 212 8.8 1.68 0.28 1.70 2.87

) The values are calculated from the linear fitting of dark current-voltage in
Fig. S7.

) The values correspond to the dark current density of the device with the
area of 0.04 cm? and applied bias —2 V.

9 The values are derived from eq. (4), where q = 1.602 x 107 CandB =1
Hz (normalized bandwidth).

9 The values are derived from eq. (5), wherek = 1.38 x 10728y K’l, T =298
K, and B =1 Hz.

® The values are derived from eq. (6).

D The values are based on the RMS value of noise spectral density as shown in
Fig. S9.
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[10,42]. In this work, a standard method of calculation which consider
only shot noise as noise current (eq. (3)) for detectivity estimation could
be used. Furthermore, measured values and calculated values of noise
current are close to each other (see Table 2). For better accuracy, the
detectivity in this work were calculated from the measurement-based
noise current. The measurement-based noise current is calculated with
the following equation [47]:

1000Hz

[f(0)dv @

Lypise =

where v is the frequency (Hz) and f(v) is the spectral noise density (A
Hz?)in Fig. S9. In the applied bias of —2 V and wavelength of 780 nm,
detectivity of the reference OPDs is 1.94 x 10'2 Jones, while the
transparent OPDs with ClAIPc:Cgg at the ratio of 1:2, 1:4, and 1:6 are
4.12 x 1012, 3.22 x 1012, and 2.51 x 10'2 Jones, respectively (see
Fig. 4). The lower dark current of transparent OPDs is responsible for a
higher detectivity value due to the inverse proportion of dark current in
the estimation of detectivity. Sub-nA cm~2 dark current density of
transparent OPDs compensates the lower responsivity values, resulting a
higher detectivity value compared to the reference OPDs (nA cm ™2 dark
current density level).

To evaluate the response behavior of OPDs, we measured the LDR
with respect to the change in optical illumination power. The optical
power versus photocurrent plot could demonstrate OPD’s linear
response. The linear fitting of the plot to evaluate LDR can be expressed
as the following equation [10,45,48,49]:

LDR =20 log (J—) (8)

min

where LDR is the linear dynamic range (dB), Jmax (A cm’z) is the
maximum photocurrent density, and Jyin (A em™?) is the minimum
detectable photocurrent density along the linear trajectory. The refer-
ence OPDs achieved the LDR of 104.99 dB, while the transparent OPDs
with ClAIPc:Cgg at the ratio of 1:2, 1:4, and 1:6 achieved the LDR of
111.04, 93.46, and 100.43 dB, respectively (see Fig. 5). The LDR results
show a linear characteristic in the log-log plot of the photocurrent vs
illumination power with the slope of 0.95, 1.01, 0.98, and 1.02 for the
reference OPDs and the transparent OPDs with the active layer ratio of
1:2, 1:4, and 1:6, respectively. Furthermore, the dark current started to
dominate the measured photocurrent in the lowest illumination power
density (see Fig. 5). As can be seen in Table S1, the generated
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Fig. 4. Specific detectivity of the OPDs under the voltage of —2 V.
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linear fitting.

photocurrent is only a fraction of the measured photocurrent, which
indicates dark current dominates measured photocurrent in the lowest
illumination power.

Another critical parameter that determines OPD’s performance is its
frequency response. This parameter is evaluated based on the cut off
frequency (known as f.34g), which corresponds to a -3dB signal attenu-
ation or 50% of the steady-state signal power; mathematically, it is a
function of slower carrier’s transit time and RC-time of the OPDs and
given by Refs. [45,48,50]:

1 271\ ? 2
de’;: <§> + (27[R1C) (9)

where f 34p is the cut-off frequency (Hz), t (s) is the carrier transit time,
R; (Q) is the total series resistance, and C (F) is the capacitance of
photodetector. The RC-time constant would dominate the f34p as the
device’s area scaled up due to the size effect [51]. Consequently, only
the limited bandwidth of RC-time significantly influences the cut off
frequency. Hence, the f 345 can be written in the following form [45]:

1
fosap =55~ (10)

27R,C
The f3qg measurement shows that the reference OPDs offer the
highest limited bandwidth, which is slightly higher than that of the
transparent OPDs with ClAIPc:Cgg at 1:2, 1:4, and 1:6 ratios. The values
for the transparent OPDs are 763.15, 639.54, 539.84, and 493.04 kHz,
respectively (see Fig. 6 (a)). The f 34p values decrease with the increase

of the Cg ratio for transparent OPDs due to the increase in resistance
(Table S2). Based on eq. (10), the resistance increment reduces the
bandwidth of -3dB since it is inversely proportional to f.3gp. As a com-
plementary measurement, the transient photovoltage study is proposed
to investigate the response time of the OPDs when a modulated optical
signal is illuminated on it by measuring the rise and fall time of the
response [49]. Rise time is the interval of time that is needed by pho-
tovoltage to rise from 10% to 90% of its maximum value, whereas its fall
from 90% to 10% is identified as fall time [52]. As displayed in Fig. 6 (b),
(c), and (d), the transparent OPDs with ClAlPc:Cgq at the ratio of 1:2
demonstrate the response time faster compared to the other ratios (see
Table S2 for the details). These results can be attributed to the early
dissociation of excitons in ClAlPc:Cgo with 1:2 ratio compared to other
ratios [53].

4. Conclusions

In this work, an efficient and transparent OPD with high AVT and
fast-photoresponse was achieved. The optimized device exceeded the
reference OPDs in several aspects, such as dark current density and
detectivity. It has been shown that the optimized transparent OPDs with
CIAIPc:Cgp at 1:2 ratio offers a average dark current density of 0.36 nA
cm™2 and detectivity of 4.12 x 10'2 Jones, while the reference OPDs
have an average dark current density of 4.13 nA cm ™2 and detectivity of
1.94 x 10'2 Jones. The lower dark current density possessed by the
transparent OPDs originates from the utilization of Cu:Ag/WOj3 as the
transparent metal electrode in the device structure. Moreover, the
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(b) Normalized transient photovoltage curve. (c) Rise time and (d) fall time from the normalized transient photovoltage measurements.

optimized transparent OPDs showed the AVT of 76.92% and the rise/fall
time <5 ps, which could be potentially applied in the home security
system based on invisible light detection.
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