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A New Dioxasilepine−Aryldiamine Hybrid Electron-Blocking
Material for Wide Linear Dynamic Range and Fast Response Organic
Photodetector
Kai-Hua Kuo,∥ Richie Estrada,∥ Chih-Chien Lee, Nurul Ridho Al Amin, Ya-Ze Li,
Marvin Yonathan Hadiyanto, Shun-Wei Liu,* and Ken-Tsung Wong*

Cite This: ACS Appl. Mater. Interfaces 2022, 14, 18782−18793 Read Online
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ABSTRACT: A new dioxasilepine and aryldiamine hybrid ma-
terial DPSi-DBDTA is designed to act as the electron-blocking
layer (EBL) for vacuum-processed organic photodetector (OPD).
The O−Si−O-linked cyclic structure leads DPSi-DBDTA to have
dipolar character, high LUMO, and good thermal and morphology
stability suitable for vacuum deposition. An initial trial with C60-
based single active layer OPD device manifests the superior
capability of DPSi-DBDTA for dark current suppression compared
to the typical aryldiamines. Here, the bare and MoO3-doped DPSi-
DBDTA is further examined as EBLs for the visible light
responsive OPD comprising DTDCPB/C70 bulk heterojunction
(BHJ) as the active layer. In sync with the result of C60-based
OPD, the low dark current density and high specific detectivity D* (7.085 × 1012 cm Hz1/2 W−1) are achieved. The device with 5%
MoO3-doped EBL can exhibit a wide linear dynamic range (LDR) up to 154.166 dB, which is attributed to suppression of both dark
current density and carrier recombination. Additionally, the devices also manifest fast time-resolved performance in both frequency
and transient response measurements. Especially for the device with 20% MoO3-doped EBL, a wide cutoff frequency response
692.047 kHz and record-high transient response demonstrating ≤0.683 μs for transient photovoltage (TPV) and ≤0.478 μs for
transient photocurrent (TPC) have been realized, which is possibly owing to the balance of mobility that mitigates the damage from
traps. Such submicrosecond response is comparable with the state-of-the-art perovskite-PDs and Si-PDs.

KEYWORDS: vacuum-deposited photodetector, electron blocking material, dioxasilepine, DTDCPB:C70 active layer,
wide linear dynamic range, fast response OPD

1. INTRODUCTION

Organic photodetectors (OPDs) that convert the light signal
into electric current under a bias have gained significant
research interest due to their various applications such as large-
area sensing, biomedical imaging, and flexible mobile dis-
plays.1−3 Particularly, OPD integrating with other organic
electronics can create innovative sensing systems. For example,
a flexible display incorporating OPD and organic light-emitting
diode (OLED) demonstrated the capability of capturing a
fingerprint image. The flexibility of organic materials ensures
the device works persistently under deformation and renders
high image accuracy and good resolution feasible.4 In addition,
a 1 cm2 ring-shaped OPD-based photoplethysmogram (PPG)
sensor with comparable performance of Si-based photo-
detector (Si-PD) has been realized very recently for large-
area flexible biometric monitoring application.5 Although these
examples reveal the advantages and prospects of OPDs, some
intrinsic challenges, including stability issues, undamped noise
sources, high dark current, narrow linear dynamic range

(LDR), and slow response time, still remain to be solved. The
active layer of OPD can be fabricated by either solution or
vacuum process similar to other organic devices like OLEDs
and organic photovoltaics (OPVs). The successful commerci-
alization of OLED technology reveals the advantage of the
vacuum process for conquering the stability issue of organic
electronics. Recent studies on vacuum-processed OPVs
indicate that the suppression of charge carrier recombination
that eventually leads to superior photoconversion efficiency
can be achieved with tailor-made photoresponsive small
molecules.6 It is thus believed to be beneficial for the OPDs
active layer design. To unlock the limitation of dark current,

Received: March 11, 2022
Accepted: March 30, 2022
Published: April 14, 2022
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the interlayers (known as blocking layers)7−9 introduced
between the active layer and the electrode have been employed
to block injection of electrons from the anode to LUMO of the
acceptor and holes from the cathode to the HOMO of the
donor under a reverse bias voltage. A wide LDR would be
realized by simultaneously achieving low total noise currents
(shot and thermal) in conjunction with high photoconversion
efficiency. Finally, the response time of OPDs can be effectively
enhanced along with the improvement of carrier transportation
and extraction efficiency, which is closely related to carriers’
mobility and recombination issues within the whole device.
Therefore, to achieve a superior OPD exhibiting comparable or
even better characteristics than Si-PDs, appropriate molecular
designs of not only the active layer but also the blocking layer
are highly desired.
Typically, a material suitable for the electron-blocking layer

(EBL) needs to have a high LUMO energy level to block the
direct electron injection and nice mobility for fast and efficient
hole transportation.7 Typical hole-transporting materials8,10−14

commonly used in OLEDs are suitable EBLs for OPD, leading
to good dark current suppression to 10−9 A cm−2 level. The
vacuum-processable EBL should have limited molecular
conjugation to give high LUMO and suitable HOMO and
sufficient thermal and morphological stability. In this study, a
new electron-blocking material DPSi-DBDTA with dioxasile-
pine−triarylamine hybridized structure was developed to
improve the vacuum-deposited OPD performance. The
introduction of O−Si−O-linked cyclic structure twists the
aryl core and brings in the dipolar character of the molecule.
DPSi-DBDTA exhibits a high LUMO, suitable hole-transport,
and good thermal and morphological stability. For a trial, the
electron-blocking capability of DPSi-DBDTA was initially
tested by employing C60 as the single active layer. The
superiority in suppressing dark current density was observed
down to the order of 10−11 (A cm−2), which outperforms the
conventional triarylamine-based EBLs. After demonstrating its
promising potential, DPSi-DBDTA was further employed as
EBL of the OPD device configured with a bulk-heterojunction
(BHJ) active layer for comprehensive visible spectral response
and better photoconversion efficiency. The optimal device
manifests high external quantum efficiency (EQE) as well as
very low dark current density, which eventually results in a
specific detectivity (D*) up to 7.085 × 1012 cm Hz1/2 W−1.
Further, by the aid of metal oxide (MoO3) doped in DPSi-
DBDTA, the device, to our surprise, shows an excellent LDR
(154.166 dB) and very rapid response behavior (tFall = 0.683
μs). These features not only involve the acceleration of charge
(hole) transporting inside EBL but also the carrier balancing
issue, which is closely related to the molecular interaction
between DPSi-DBDTA and MoO3. Overall, the outstanding
performance comparable to the state-of-the-art Si-PDs reveals
the bright future of design strategies for vacuum-processed
OPDs.

2. RESULTS AND DISCUSSION
The synthesis of target molecule DPSi-DBDTA is shown in
Scheme 1. The synthetic procedures and characterizations are
reported in the Supporting Information. The precursor 2 was
synthesized via Pd-catalyzed Buchwald−Hartwig amination
reaction from a reported compound 1.15 Then, the
demethylation of 2 with boron tribromide gave the
intermediate 3 with a good yield. Compound 3 underwent a
base-catalyzed condensation reaction with Ph2SiCl2, leading to

the desired DPSi-DBDTA containing a seven-membered
siloxy ring (dioxasilepine). The desired target compound was
purified by reprecipitation and then vacuum sublimation
before characterization and device fabrication. The thermal
stability of DPSi-DBDTA was studied with thermogravimetric
analysis (TGA), where the decomposition temperature (Td)
relative to 5% weight loss was recorded as 373.54 °C (Figure
S1). The high Td reveals that DPSi-DBDTA is suitable for
vacuum deposition. Differential scanning calorimetry (DSC)
was conducted for probing morphological stability of DPSi-
DBDTA. From the DSC trace (Figure S2), the glass transition
temperature (Tg) was assigned to be 101.60 °C.
The electronic absorption spectrum (Figure 1a) of DPSi-

DBDTA in toluene displays a λmax centered at 305 nm, which
was assigned to the π−π* transition, and a broad low-energy
absorption centered at around 360 nm corresponding to the
intramolecular charge transfer (ICT) transition. The emission
spectrum of DPSi-DBDTA was recorded in toluene, giving
photoluminescence (PL) centered at ∼405 nm. From the
crossing point of absorption and emission spectra, the optical
energy gap (Eg) was calculated to be 3.28 eV. The wide Eg of
the blocking material provides high transparency in the visible
range, which could prevent the EQE reduction of the OPD
device.16,17 Herein, the electrochemical property of DPSi-
DBDTA was studied with cyclic voltammetry (CV). The
voltammogram (Figure 1b) displays consecutive quasi-
reversible oxidations with the half-potential assigned at 0.52
and 0.64 V. By reference to the redox potential of ferrocene,
the HOMO level was calculated to be −5.31 eV. In contrast,
the LUMO energy level of −2.03 eV was then calculated with
Eg added to the HOMO. DPSi-DBDTA shows a high LUMO
level, which is one of the essential properties for serving as
electron-blocking materials. Interestingly, the high LUMO
energy level seems to be correlated with introduction of the
dioxasilepine ring, which can be manifested by theoretical
calculation.
The theoretical analysis of DPSi-DBDTA was conducted

through density functional theory (DFT), which was carried
out at the B3LYP/6-31G (d,p) level. The optimized structure
and the HOMO/LUMO population distribution are depicted
in Figure 1c. The population of HOMO is mainly delocalized
over the p-ditolylamine moiety and the biphenyl core, while
the dioxasilepine and the biphenyl core contribute to the
LUMO population. The spatially separated HOMO and
LUMO distributions rationalize the low energy electronic
transition (S0 to S1) with CT character. In addition, the dipolar
nature of the molecule leads to the separated electron-/hole-

Scheme 1. Synthetic Pathway of New Electron-Blocking
Material DPSi-DBDTA
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transporting channel, with ditolylamine moiety dominating the
hole transport and the dioxasilepine moiety governing the
electron-transporting behavior. Observationally, the molecular
structure and crystal packing of DPSi-DBDTA were
characterized by single-crystal X-ray crystallography (Figure
1d). Here, suitable crystals were obtained by slow diffusion of
orthogonal solvents (toluene/hexane) and evincing the twisted
biphenyl core of DPSi-DBDTA with a dihedral angle of
38.05°, rendering the dioxasilepine ring to have a nonplanar
structure. The donor−acceptor molecular structure leads
DPSi-DBDTA to pack into an antiparallel manner. However,
the nonplanar structure prevents severe intermolecular
interactions. The closest distance between two neighboring π
core (C8 and C′11) is about 4.4 Å, which is not close enough
to exhibit π−π interaction. The antiparallel arrangement had
been reported to effectively cancel molecular dipole moments
in the solid state, thus avoiding the large energetic
disorder,6,18,19 potentially benefiting transportation behavior.

To test the electron blocking capability of DPSi-DBDTA, a
standard OPD device was fabricated by considering the
cascade of energy level between the active layer and electrode
as represented in Figure 2a. The device was composed of an
active layer (C60) sandwiched between the carrier blocking
layers and electrodes. Herein, the performance of an EBL relies
on the ability to minimize the dark currents under a reverse
bias. Figure 2b shows the current density−voltage character-
istic for the OPD device with the EBL thickness of 20 nm
measured under dark conditions by sweeping the bias from 3
to −3 V. Surprisingly, a great dark current suppression is
observed with a value ∼10−11 A cm−2 under −1 to −2 V and
maintained at 1.35 × 10−10 A cm−2 under −3 V reverse bias. As
compared to commercial EBLs, N,N′-bis(1-naphthyl)-N,N′-
diphenyl-1,1′-biphenyl-4,4′-diamine (NPB), and 4,4′-(cyclo-
hexane-1,1-diyl)bis-[N ,N-bis(4-methylphenyl)aniline]
(TAPC), the dark current suppressed by DPSi-DBDTA is
lower (see Figure S3), which reveals its potential application.
Therefore, it triggered our attempt to examine its applicability

Figure 1. (a) UV−vis absorption and photoluminescence spectra in toluene solution, (b) cyclic voltammograms, (c) DFT calculated HOMO and
LUMO populations, and (d) single crystal structure of DPSi-DBDTA.

Figure 2. (a) Energy level diagram and (b) current density−voltage (J−V) characteristic (dark condition) based on the structure layer of ITO/
DPSi-DBDTA/C60/Bphen/Ag by sweeping the bias from 3 to −3 V.
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in visible-light-responsive, BHJ-type OPD. Recently, the D−
A−A′ configured donor material DTDCPB has been
demonstrated to have remarkable efficiency in vacuum-
deposited OPV when blended with C70 or C60 as the BHJ-
type active layer.6 The great performance for photoinduced
charge carrier generation thus gives a promising potential for
OPD application. Combined with our newly designed EBL,
DPSi-DBDTA, the visible-light-responsive OPD device was
designed, where the structure and corresponding energy level
diagram are shown in Figures 3a and S4a.
In addition, this study introduced metal oxide as a

conductivity dopant in EBL to improve transportation
behaviors. To date, metal oxides have often been used to
enhance hole extraction or injection in organic electronic
devices.20,21 Apart from modifying the barriers between the
electrode and organic materials, most studies disclosed that the
presence of metal oxides could also reduce leakage current
when serving as an interlayer, yet the detailed mechanism is
unclear.20 Such an effect has been pointed out in Figure S5,
where molybdenum trioxide (MoO3) and tungsten trioxide
(WO3) were introduced into the traditional EBL, TAPC,
maintaining or even enhancing leakage current suppression.
This syncs with the previous studies reported by Lee et al.,
where 10% MoO3-doped TAPC reduces the leakage electron
injection with the increment of hole transport efficiency under
the reverse bias.13 Due to these capabilities, the metal oxide is
thereby employed in this work.
The carrier transporting behavior in DPSi-DBDTA:MoO3

bulk was investigated under different MoO3 doping concen-
trations. The results show enhancement of charge carrier
mobility (electrons and holes) along with the increment of
MoO3 doping percentage (Figure S6). As summarized in Table

1, on the basis of the space charge limited current (SCLC)
measurement result, the electron mobility of bare EBL is 1.418

× 10−12 cm2 V−1 s−1, while the hole mobility of bare EBL is
2.390 × 10−6 cm2 V−1 s−1. As expected, the high HOMO level
of DPSi-DBDTA results in much faster hole transportation.
The introduction of MoO3 dopant onto EBL improves the
electron mobility up to the same magnitude as the hole
mobility. This facilitates carrier transportation, but it may lead
to concern of inferior electron blocking capability of the EBL.
The characteristics of current density−voltage for the

visible-light-responsive OPDs with different doping percen-
tages of MoO3 are measured under the applied voltage biases
of −3 to 3 V and presented in Figures 3b and S4b. In tune with
the result observed in the single active layer OPD, the energy
gap difference between the work function of ITO and the
LUMO of DPSi-DBDTA creates a barrier that prevents the
electron injection from the anode, thereby reducing the dark
current density. However, the dark current density, surpris-
ingly, tends to decrease from the device with bare EBL to the
EBL doped with 5% MoO3, then slightly increases with 10%

Figure 3. (a) Energy level diagram of the visible-responsive OPD, and the chemical structure of DTDCPB. Characteristics of current density−
voltage (J−V) under (b) dark and (c) 1 sun illumination. (d) EQE spectra and integrated JSC at a biased mode of −3 V for the OPD devices with
various doping percentages of MoO3.

Table 1. Fitting Results of the Corresponding Electron and
Hole Mobilitiesa

MoO3 doping
percentage [%]

electron mobility
[cm2 V−1 s−1]b

hole mobility
[cm2 V−1 s−1]c

0 1.418 × 10−12 2.390 × 10−6

5 1.213 × 10−6 3.693 × 10−6

10 2.750 × 10−6 5.162 × 10−6

20 4.924 × 10−6 7.250 × 10−6

aMeasured under an electric field. b800−900 V1/2 cm−1/2. c600−700
V1/2 cm−1/2.
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and 20% dopant. It seems to contradict the mobility
measurement result, where the EBL with faster electron
mobility instead shows better electron blocking capability and
lower dark current density. This is similar to the results
mentioned in Figure S5, where low concentration metal oxide
dopant in EBL may facilitate electron blocking capabilities. As
have been well studied, the metal oxide such as MoO3 or WO3
would form deep defect/gap states and facilitate electron
transportation through a tunneling mechanism, especially in
the case with a single, neat interlayer of metal oxide, where the
interface of organic material is heavily doped.22−25 However,
such a mechanism is not expected to be significant under low
doping concentration when blending with organic materials.
Moreover, the work function of EBL would be polarized and
generate a so-called dipole interlayer with a tilted band
structure.24−26 This can be evidenced by the increase of open-
circuit voltage (VOC) when MoO3 dopant is introduced, which
will be discussed in detail in the next section. Competition
between electron tunneling via gap state and polarization effect
thus leads to the optimal doping concentration, in this case, 5%
MoO3, to achieve the lowest dark current density at 7.804 ×
10−10 A cm−2.
Under 1 sun illumination, the photogenerated carriers are

extracted from the active layer toward electrodes (see Figures
3c and S4c). To evaluate the extraction, the integrated
measurements are presented in the form of plots of the short-
circuit photocurrent density from EQE (JSC,EQE) under an
applied bias of −3 V, as shown in Figures 3d and S4d. The
devices with DTDCPB:C70 active layer exhibit JSC,EQE values of
14.620, 14.458, 14.413, and 14.132 mA cm−2 with MoO3
doped percentage at 0%, 5%, 10%, and 20%, respectively, while
the devices comprised of DTDCPB:C60 active layer also show
a similar trend under a bias of −3 V, yet with overall inferior

JSC,EQE of 11.052, 10.882, 10.758, and 10.635 mA cm−2 for
doping percentages of MoO3 at 0%, 5%, 10%, and 20%. The
slight degradation of photocurrent density, Jph, along with the
increment of doping concentration (see Figure S7 for details)
points out the trade-off between carrier speed and recombi-
nation through gap states in EBL. This is owing to the lower
EQE around 500 nm, which is the major absorption region for
C70.

27 Notably, the VOC values of the devices (the
discontinuous point in Figure 3c; see Figure S8 for detail)
show significant enhancement, from around 0.662 to 0.859 V,
in the presence of MoO3. Due to VOC being closely related to
the built-in potential of the device, we thus attributed the
enhancement of VOC to the polarization of EBL.

25,28 Moreover,
such a polarization effect originates from the participation of
MoO3 dopant. This not only consolidates our hypothesis that
the MoO3-doped DPSi-DBDTA acts like a dipole interlayer
but also alleviates the concern about its electron blocking
capability. To further study the molecular interaction between
DPSi-DBDTA and MoO3, atomic force microscopy (AFM)
measurement was carried out. As presented in Figure S9, the
surface roughness gradually increases along with increasing
dopant concentration of MoO3. It may imply that with more
MoO3, molecules (both DPSi-DBDTA and MoO3) tend to
aggregate with each other and result in stronger phase
separation, better crystallinity, and thus faster carrier
mobility.29

Noise is one of the most essential parameters that should be
included in evaluating the performance of OPD. Figure 4
depicts the noise current power spectral density (PSD)−
frequency measurements with different doping percentages
under the bias of −3 V. Subsequently, the root-mean-square
(RMS) of current noise could be determined by the following
equation30,31

Figure 4.White noise current power spectral density versus frequency of the device doped with (a) 0%, (b) 5%, (c) 10%, and (d) 20% of MoO3 at
a biased mode of −3 V. The Si-PD of Newport 818-UV/DB is also measured as the green line for comparison.
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where f1 and f 2 are respectively lower and upper bandwidth
limits of frequency. in

2 is the current noise for either white or
thermal power spectral density (A2 Hz−1). Here, the lower and
upper frequency limits are set to be f1 = 100 Hz and f 2 = 1
kHz. On the basis of eq 1, the white noise current increases
gradually with the increment of the doping percentage of
MoO3, from 2.549 × 10−13 to 4.036 × 10−12 A (see Table 2).
Regarding its opposite trend compared with dark current, it
triggered us to explore the origin of noise sources further.
Usually, the total noise can be divided into three parts: flicker
(1/f), shot, and Johnson−Nyquist (thermal) noise. Flicker (1/
f) is emergence at low frequencies yet negligible beyond the
frequency of 100 Hz.13 Shot noise describes the statistical
fluctuation of current arising from dark current,31−34 expressed
by9,30−32,35−38

= Δi qI f2shot d (2)

where q is an elementary charge (1.602 × 10−19 C), Id is dark
current (A), and Δf is the noise bandwidth (Hz). Accordingly,
shot noise follows the same trend as dark current density,
decreasing first (0−5%) and then increasing (5−20%) along
with the increment of MoO3 doping concentration. Thermal
noise is obtained by noise current PSD−frequency measure-
ments under unbiased voltage (0 V) conditions (Figure S10),
which can be verified through the magnitude of shunt
resistance, RSh,

31−33,35 and calculated by5,30,31

=
Δ

R
kT f

i
4

( )Sh
thermal,RMS

2
(3)

where k is the Boltzmann constant (1.381 × 10−23 J K−1), T is
the temperature (K), and ithermal,RMS is the RMS of current
thermal noise (A). As shown in Table S1, the calculated RSh
value is 0.402, 0.410, 0.358, and 0.307 GΩ for the introduced
MoO3 of 0%, 5%, 10%, and 20%, respectively. According to the
equivalent circuit model developed by Prince (P-model), the
value of RSh indicates the extent of photogenerated charge
carriers’ loss through an alternate pathway, which is majorly
related to the leakage due to defects in the BHJ active
layer.5,6,13,39

The largest RSh of the device with 5% MoO3-doped EBL
reveals a similar trend with dark current density, which
indicates that besides the suppression of dark current from the
anode, the introduction of MoO3 also more efficiently prevents
carrier leakage from the active layer. This is also a typical
characteristic of the dipole-interlayer,25 which further confirms
our understanding of the functionality of MoO3-doped DPSi-
DBDTA. On the basis of our above analysis, both shot noise

(dark current) and thermal noise follow the same trend along
with the doping concentration, violating the trend observed in
white noise measurement. This points out another noise
source existing here (frequency-dependent g-r noise, for
example), yet it is brutal to identify or decouple using the
conventional method. Several studies have denoted that the
deviation from the conventional methods may happen under
low noise situations,36,40,41 which indicate that better accuracy
should rely on the direct measurement results.
To identify the capability of OPD device within detection of

the weakest photosignal, defined as the specific detectivity
(D*), Figure S11a,b provides the measured results of EQE and
responsivity at the applied bias of −3 V. D* would thereby be
obtained via the following equation30

* =
Δ

D
R A f
iwhite,RMS (4)

where R is the responsivity (A W−1), A is the area of OPD
device (cm2), and iwhite,RMS is the RMS of white noise current
(A). Among these devices (see Table 2 for details), the best
D* is 7.085 × 1012 cm Hz1/2 W−1 at the wavelength of 530 nm
under a bias of −3 V for the OPD device with the bare EBL. In
contrast, the lowest D* of 4.386 × 1011 cm Hz1/2 W−1 was
obtained for the device with the blocking layer doped with 20%
MoO3, which is caused by the high value of iwhite,RMS.
Intriguingly, the calculation is prone to be ascribed from
combining the different noise contribution for D* by the
following equation30,32

* =
Δ

+ Δ( )
D

R A f

qI f2 kT
Rd
4

Sh (5)

As summarized in Table 2 and Table S1, the use of both eqs
4 and 5 gives pointedly different results, as can be seen in
Figure S11c. In contrast to eq 4, eq 5 pointed out the best D*
of 8.475 × 1012 cm Hz1/2 W−1 for the device with 5% MoO3
dopant. In addition, from applying the approximation by
further neglecting thermal noise contribution (so-called shot
approximation), which was often adopted in the previous
studies,1,13,40 the best D* is calculated to be 1.897 × 1013 cm
Hz1/2 W−1 (see Table S2 for comparison with previous
studies). Experimentally, our result demonstrates one of the
best results of D* in the wavelength around 500−550 nm
based on shot approximation. However, the comparison
among these methods indicates that the approximation (eq
5) by adding two noise sources or even neglecting thermal
noise may lead to an overestimated D* and shows significant
difference (1−2 orders) compared to the direct measurement
(eq 4) result.

Table 2. Device Characteristics Jd, EQE, R, iwhite,RMS, and D* of OPD Devices Incorporating DPSi-DBDTA as EBL Doped with
MoO3

MoO3 doping percentage [%] Jd [A cm−2]a EQE [%]b R [A W−1]b iwhite,RMS [A]
c D* [cm Hz1/2 W−1]d

0 5.263 × 10−9 ± 2.654 × 10−10 70.397 ± 0.098 0.301 ± 4.185 × 10−4 2.549 × 10−13 7.085 × 1012

5 7.804 × 10−10 ± 3.939 × 10−11 70.146 ± 0.090 0.300 ± 3.839 × 10−4 2.795 × 10−13 6.440 × 1012

10 2.491 × 10−9 ± 1.420 × 10−10 69.570 ± 0.110 0.297 ± 4.689 × 10−4 3.084 × 10−13 5.778 × 1012

20 1.289 × 10−8 ± 1.554 × 10−10 69.040 ± 0.202 0.295 ± 8.628 × 10−4 4.036 × 10−12 4.386 × 1011

aThe data were obtained at a reverse bias voltage of −3 V. bThe point spectra were acquired from the measurement under an excitation of 530 nm
with a biased voltage mode of −3 V. cOn the basis of the signal in Figure 4, the data are calculated by using eq 1, where f1 = 100 Hz and f 2 = 1 kHz.
dThe data are obtained by using eq 4, where A = 0.04 cm2 and Δf = 900 Hz (from 10−1 to 1 kHz).
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Experimentally, the photocurrent in response to a wide
range of light intensity is evaluated by linear dynamic range
(LDR) measurement. Here, the indicator of linearity is defined
by the change of optical power intensity with the limit levels
referring to the detection of strongest to weakest photocurrent
as given by8,13,30,38,40,42−44

=
J

J
LDR 20 log

high(V)

low(V)

i

k

jjjjjjj
y

{

zzzzzzz (6)

where Jhigh(V) and Jlow(V) are the upper and lower limit of
photocurrent density (A cm−2) by applying the same bias
voltage. At a bias of −3 V, the device with 0%, 5%, 10%, and

20% of MoO3 doped in EBL achieves an LDR of 133.844,
154.166, 145.432, and 123.504 dB, respectively (see Figure 5).
Fundamentally, the nonlinear points (magnitude of LDR)
under low-illumination intensities are closely related to the
level of both shot (dark current) and thermal noise.43 On the
other hand, the saturation points of high-illumination
intensities are limited by the trapping and carrier recombina-
tion,42 which could be quantified by LDR measurement under
zero bias voltage as presented in Figure S12. Under 0 V as
presented in Table S3, except for the device with 20% MoO3,
all manifest high saturation level and wide LDR around 120
dB. This is owing to the characteristics of DTDCPB:C70.
Previous studies by Che et al. and Burlingame et al.

Figure 5. Measured LDR for OPD device doped with (a) 0%, (b) 5%, (c) 10%, and (d) 20% of MoO3 under an applied bias voltage of −3 V. The
OPD device is exposed to green radiance from the LED and laser with the radiant flux from 1 pW cm−2 to 1 W cm−2. The mean square deviation
(Adj. Rsq value) is customized from the linear fitting results.

Figure 6. At an applied bias voltage of −3 V, OPD devices modulated by a green LED (525 nm) with a flux density of 1 mW cm−2 and recorded
using an oscilloscope. Normalized dynamic characteristics refer to (a) bandwidth of frequency response from 10−4 to 1 MHz and (b) the pulse of
TPV at a frequency of 10 kHz. The dashed line represents the pulse of Newport 818-UV/DB Si-PD.
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demonstrated that the strong polarity of DTDCPB could
result in the polarization shift of the acceptor’s energy
level.45,46 Such energy level shifting can form an energetic
barrier near the D/A interface, confining electrons in the
transporting channel and reducing electron−hole recombina-
tion loss. Therefore, combined with the lower shot and thermal
noise, the device with 5% MoO3-doped EBL exhibits the
widest LDR with the value of 154.166 dB.
The characteristics of frequency response, transient photo-

voltage (TPV), and transient photocurrent (TPC) by an
applied bias of −3 V were further investigated. The cutoff
frequency, f−3dB, of an OPD device indicates the limited
bandwidth acquired from the signal degradation of 1/√2
times when exposed by continuous illumination.13,30 As
described in Figure 6a, f−3dB increases along with the doping
concentration of MoO3, with the broadest value of 692.047
kHz for the device employing EBL with 20% MoO3 doping. To
further clarify the origin of the fast response speed, f−3dB is
further divided into two parts, the contribution from
photogenerated charge carriers and RC circuit response,
which could be expressed by8,13,43

π
π
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k
jjj
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(7)

where Rtot is the total resistance (Ω, including the measuring
instrument), C is the capacitance (F), and ttr is the
photogenerated charge carriers transport time (s). The
previous studies have reported that the limited-bandwidth
f−3dB for the large cross-section area (4 mm2) of the OPD
device is externally governed by the equivalent circuit of RC.
Thereby, the above equation can be further simplified as
following8,13,43

π
=−f

R C
1

2RC, 3dB
S (8)

where RS is the series resistance (Ω) and C is the capacitance
(F). Then, the impedance spectroscopy and the corresponding
Nyquist plot are conducted to fit the circuit elements, RS, RCT,
and CDL, where RCT is the charge transfer resistance (Ω) and
CDL is the double-layer capacitance (F), as presented in Figure
S13a.47,48 As a consequence, the RC-based frequency response,
f RC,−3dB, is calculated with R = RS and C = CDL, which
demonstrates the enhancement trend along with the increase
of the doping percentage of MoO3. Further, these results agree
well with f−3dB from the oscilloscope-based measurement
presented in Figure 6a, which thereby clarifies that the fastest
diffusion is indeed facilitated by the interlayer of DPSi-
DBDTA:20% MoO3 but not instrumental artifact (see Table
S4 for the summary of results).
As for time-resolved studies, both TPV and TPC present the

record of time response in the form of the rising and falling
times. Relating to the threshold values, the rising and falling
times are determined by the time interval for the intensity to
grow from 10% to 90% and drop from 90% down to 10%,
respectively.9,13 As displayed in Figure 6b, the device with EBL
doped with 20% MoO3 exhibits the fastest rise and fall times of
0.672 and 0.683 μs, respectively. The rapidity of response also
agrees well with TPC (see Figure S14a and Table S5 for
details). This is due to the decrease of RS facilitated by the gap
states of MoO3.

49 For the investigation’s completeness, carrier
transport characteristics were evaluated via the elements of RCT
and CDL mentioned above. Interpretations of this characteristic

led to the parameter of relaxation time constant (τ; in second),
which could be estimated by the following47,50

τ = R CCT DL (9)

which is correlated with the discharge speed of accumulated
carriers when the input signal suddenly turns off.51 From the
molecular level, the magnitude of RCT indicates the difficulty
encountered when a carrier is shifted from one molecule to
another. This also experimentally connects with the pulse
relaxation in the early stage of TPV and TPC (Figures S13b
and S14b).
As summarized in Table S4, the device with the interlayer of

DPSi-DBDTA:0% MoO3 exhibits the shortest relaxation time
constant τ and fastest early stage decay. This is reasonable
because the existence of a gap state may increase CDL due to
the conductivity doping process that forms extra electron−hole
pairs. Besides, the large binding energy of these electron−hole
pairs leads to the difficulty (larger RCT) for the carriers’
hopping, rendering trap-assisted recombination.52−54 Such
results also correlate with the slightly decreased EQE in the
MoO3-doped devices. This may potentially influence response
speed because CDL is encoded in f RC,−3dB. However, according
to eq 8, RS also affects f RC,−3dB, and the lack of MoO3 leads to a
significantly higher RS (see Table S4). Overall, the reduction of
RS outcompetes the increase of CDL and leads to the fastest
late-stage decay and frequency response for the 20% MoO3-
doped device. Intriguingly, for all the devices with MoO3-
doped EBL, regardless of the slight difference for final-stage
decay as demonstrated in Figures S13c and S14c, tFall and tRise
are in the submicrosecond region (both TPV and TPC
results). Compared with the transient response with bare EBL,
it enhances more than one order as MoO3 doped in EBL,
especially for tRise, which reduces from around 10 to 0.9 μs. It is
possibly attributed to the enhancement of hole mobility in the
MoO3-doped device. However, on the basis of our measure-
ment, the increment of hole mobility is quite limited (less than
one order; see Table 1). Therefore, we rationalize this issue to
the carrier balancing in EBL. Due to the high LUMO of DPSi-
DBDTA, the electron diffusion length is very short in EBL,
which can be verified by its low mobility (μe = 1.418 × 10−12

cm2 V−1 s−1).
As well studied by Goodman et al., under the illumination of

light, if one of the carriers’ diffusion lengths (ω) is much longer
than the other, in our case, ωh ≫ ωe, the accumulated, slowly
transported carriers may form an electric field that tilts the
band structure and reduces the overall extraction efficiency.55

However, the situation changes when the MoO3 is introduced,
where much balanced mobility is achieved (both μe and μh of
∼10−6 cm2 V−1 s−1), therefore resulting in better transportation
behavior. Consequently, although the existence of MoO3 may
form deep traps, the balancing of mobility mitigates these
phenomena, experimentally connecting with the fact of
decreased RS outcompeting the increase of CDL. All of the
above unique features are owing to the interaction between
DPSi-DBDTA and MoO3 that achieves this balance.
Eventually, the EBL by doping percentage of MoO3 of 20%
leads to the value of tFall of 0.683 μs, which is comparable to
the Si-PDs (0.640 μs) and the best of perovskite-PDs (0.3−10
μs).37,38,44,56,57 To the best of our knowledge, our current
result is one of the best cases ever reported for the vacuum-
processed OPDs (Table S2). These results manifest the great
potential of this new OPD device for fast time-resolved
imaging, i.e., tracing photoluminescence decay, optical
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communication technology, and other applications that require
kHz detection speed. For the stability trial, the power density
was set up at an intensity of 1 mW cm−2 to generate prolonged
illuminance of white light (5700 K); both illumination and
dark conditions are evaluated for 120 h as plotted in Figure
S15a. As shown in Figure S15b, the photoconversion efficiency
of the OPD device was plotted and compared with that of the
Si-based photodetector (Hamamatsu S1337). Both results,
including dark current and EQE, show no significant changes
after 120 h, which guarantees the stability of our devices.

3. CONCLUSION
A new EBL DPSi-DBDTA comprising an aryldiamine and
dioxasilepine was synthesized and characterized. The intro-
duction of dioxasilepine endows the new molecule with high
thermal and morphological stability and the dipolar character
verified by the DFT calculation at the B3LYP/6-31G (d,p)
level. DPSi-DBDTA exhibits a high LUMO that is mainly
populated on the dioxasilepine and the biphenyl core. Analysis
of the crystal structure indicates that the dipolar feature leads
DPSi-DBDTA molecules to pack into an antiparallel packing
manner with the twisted dioxasilepine structure preventing
neighboring molecules from π−π interacting. The high LUMO
of DPSi-DBDTA ensures its propensity to serve as an EBL in
OPD, which was verified by OPD with the single active layer
C60, giving a dark current density as low as ∼10−11 A cm−2

under a bias of −1 to −2 V that outperforms the conventional
aryldiamine-based EBLs. DPSi-DBDTA was further man-
ifested as a good EBL in the visible-light-responsive OPD
structure, composing it with the DTDCPB:C70 blend as a BHJ-
type active layer. For further modification of EBLs’ trans-
portation behavior, different doping percentages of MoO3 were
doped into the EBL. Under the dark condition, the device with
5% MoO3 dopant exhibits the best dark current suppression.
Together with VOC increment, we ascribed such phenomena to
the formation of a dipole interlayer. Similarly, the result of RSh
pointed out that the device with 5% MoO3-doped EBL has the
highest value of 0.410 GΩ, which indicates that, not only dark
current, thermal leakage from the active layer can also be
further prevented by dipole interlayer formation. In sync with
the above measurements, the device with 5% MoO3-doped
EBL exhibits the broadest LDR of 154.166 dB under −3 V.
Nonetheless, on the basis of the white noise current
calculation, the device with bare EBL shows the best D* of
7.085 × 1012 cm Hz1/2 W−1, which points out that other types
of noise are unavailable for decoupling by conventional
methods instead of direct measurements.
The AFM analysis was carried out to understand the

interaction between DPSi-DBDTA and MoO3 further. It
reveals the enhancement of DPSi-DBDTA’s crystallinity
through the interaction with MoO3. This is further verified
by carrier mobility characterizations, where the 6 order
enhancement in electron mobility was observed. Such
phenomena can then rationalize the fast response speed of
the device, where a wide cutoff frequency response of
∼692.047 kHz and a Si-PDs-comparable tFall of ∼0.68 μs
(for TPV) were recorded in the device with DPSi-
DBDTA:20% MoO3 as an EBL. Our work reveals the critical
roles of mobility, recombination, noise, and relationships with
EBL properties. Besides, the functions of metal oxide, its
interaction with EBL, and the influence on bulk properties are
explored. Finding a suitable EBL and its modification are of
primary importance for a low-recombination active layer of the

OPD device. Consequently, the introduction of MoO3 in the
designated EBL for enhancing the conductivity and adjusting
the mobility can potentially furnish low noise, fast response,
and eventually a highly efficient OPD.

4. EXPERIMENTAL SECTION
The detailed synthetic procedure and characterization of the final
compounds are provided in the Supporting Information. In this study,
the structures of OPD device are fabricated as follows: (1) ITO/NPB
(20 nm)/C60 (80 nm)/Bphen (3 nm)/Ag (120 nm), (2) ITO/
TAPC:xMoO3 (x = 0%, 5%, 10%, and 20%; 20 nm)/C60 (80 nm)/
Bphen (3 nm)/Ag (120 nm), (3) ITO/TAPC:xWO3 (x = 0%, 5%,
10%, and 20%; 20 nm)/C60 (80 nm)/Bphen (3 nm)/Ag (120 nm),
(4) ITO/DPSi-DBDTA:xMoO3 (x = 0%, 5%, 10%, and 20%; 20
nm)/DTDCPB:C60 (1:2; 80 nm)/Bphen (3 nm)/Ag (120 nm), and
(5) ITO/DPSi-DBDTA:xMoO3 (x = 0%, 5%, 10%, and 20%; 20
nm)/DTDCPB:C70 (1:2; 80 nm)/Bphen (3 nm)/Ag (120 nm).

NMR spectra were measured in CDCl3 and CD2Cl2 using a Varian
(Utility 400) spectrometer for 1H NMR (400 MHz) and 13C NMR
(100 MHz). Optical absorption and emission measurements were
conducted by a JASCO V-670 spectrophotometer and Hitachi F-4500
spectrometer, respectively. The concentration of the sample is about
10−5 M dissolved in toluene. Thermogravimetric analysis (TGA) was
conducted under a nitrogen atmosphere at a heating rate of 10 °C
min−1 on a platinum pan via a TA Instruments Q500 TGA (V20.13
Build 39). Differential scanning calorimetry (DSC) analyses were
performed on a TA Instruments DSC-2920 low temperature
difference scanning calorimeter at a heating rate of 10 °C min−1

under nitrogen atmosphere. The electrochemical properties were
measured by cyclic voltammetry (CHI619B potentiostat). A glassy
carbon electrode was used as a working electrode, and a platinum wire
was used as a counter electrode. The oxidation potentials were
conducted in dried dichloromethane (1.0 mM) with 0.1 M
tetrabutylammonium hexafluorophosphate (nBuNPF6) as the support-
ing electrolyte, which was recorded versus Ag/AgCl as a reference
electrode, and further calibrated with the ferrocene/ferrocenium (Fc/
Fc+) redox couple. The mass spectra were recorded by the National
Taiwan University Mass Spectrometry-based Proteomics Core Facility
by Bruker Daltonics Autoflex speed in MALDI-TOF mode.
Crystallographic data were carried out at 200(2) K on an Oxford
Gemini A CCD diffractometer using with Mo Kα radiation (λ =
0.710 73 Å). Cell parameters and data reduction were retrieved and
refined manipulating CrysAlis Pro software on all reflections. The
structures were solved and refined with the SHELXL programs. The
hydrogen atoms were included in calculated positions and refined
using a riding mode.

In the dark condition and under AM 1.5G solar simulator
irradiation (Newport, 91160A) with an intensity of 100 mW cm−2,
the current density−voltage (J−V) characteristics by sweep measure-
ment mode were recorded using a unit of programmable source meter
(Keithley, model 2636A). On the range frequency of 300−850 nm,
the spectrum of EQE and responsivity were recorded in DC mode
using QE-R systems (Enlitech, Taiwan) with Si-based photodetector
(Hamamatsu S1337) that was procedurally using to calibrate
monochromatic light beams. This was carried out according to the
standard of IEC 60904-8:20146. The external equivalent circuit
combination was identified using electrochemical impedance spec-
troscopy (Solartron, Materials Lab XM) with a signal of sinusoidal AC
(an amplitude of 1.5 V) analyzed under a swept-frequency mode of
10−6 to 1 MHz. In computer-based data-acquisition systems, the
LabView software was developed by Enlitech (Enli Technology Co.,
Ltd., Taiwan), which allows controlling of the setup and displaying of
the noise current power spectral density using the source measure unit
instrument (Keithley, model 2636A). For measurement of LDR, the
light beams of the laser (CNI, MGL-III-532) and LED (Thorlabs,
M530L3) with respective emission wavelengths of 532 and 530 nm
were pointing to a motor-driven filter wheel (Thorlabs,
FW102CNEB), which generates a controlled light intensity to the
area of the OPD device. For the frequency response and transient
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response of OPDs, a commercial LED (Thorlabs, the emission
wavelength of 525 nm) that was tuned in a flux density of 1 mW cm−2

was connected to a function generator (Tektronix, AFG3102C),
which generates the pulse to trigger out the device of OPDs. The
output pulse from the OPD device was amplified by a preamplifier
that operates in the low noise current with an A/V gain factor of 10−6,
then captured and plotted by a 2.5 GHz oscilloscope (Teledyne
LeCroy, WaveRunner 625Zi), while Newport 818-UV/DB Si-PD was
used as a comparison pulse. Further, an LED white light (5700 K) was
tuned to the intensity of 1 mW cm−2 by using a spectrum meter
(Optimum, SRI-2000), intended for the stability trial of the OPD
device.
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