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ABSTRACT: We report that aligned nanofibers (ANs) prepared by electrostatic — o without AMONs ' '
spinning technology as an interfacial layer can significantly enhance the performance of
inverted organic photodetectors. With the insertion of ANs of titanium dioxide (TiO,),
the optimized organic photodetectors had a highest detectivity of 2.93 X 10" Jones at
zero bias, which is about 3 times higher than that of a similar organic photodetector
without ANs and also markedly higher than that of traditional silicon photodetectors.
The performance of the devices with different TiO, ANs as the interfacial layer was
investigated, and the results exhibited that photodetectors with one-way ANs had the
highest detectivity and shortest response time. This work provides a new application of
nanofibers fabricated by a simple and controllable process in high-performance organic

photodetectors.
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B INTRODUCTION

With the rapid and productive development of nanoscience and
nanotechnology, research has been focused toward developing
materials with novel nanostructures to realize various functional
applications.'™” One important direction of the research is
creating nanostructures with especially excellent optical and
electrical properties for use in optoelectronic devices. As one
kind of optoelectronic device, organic-based photodetectors
(OPDs) have been attracting considerable interest during the
past years because of their inherent advantages compared with
the traditional photodetectors with inorganic materials. These
advantages include the wide source of materials, the ease of
process, and the low-cost, flexible, large-scale, and high-
resolution fabrication of devices. This gives them promising
potential for use in a number of important areas, including
optical detection, imaging, and communications.*”'" An
appropriate interfacial layer that enables photoinduced holes
and electrons to be transferred effectively from an active layer
to an electrode is very important to obtain a high-performance
organic photodetector. Valouch et al. demonstrated that the
introduction of a hole interfacial layer prepared from a small
molecular solution can improve the dark current characteristics
of polymer photodiodes.'” Keivanidis et al. demonstrated a
dark current reduction down to few tens of nanoamperes per
centimeters squared in an all-solution-processed
P3HT:F8TBT-based OPD by the introduction of dedicated
collection layers both at the anode side and at the cathode side,
respectively.'> Gong et al. reported that photodetectors based
on the bulk-heterojunction structure of a low-band-gap polymer
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PDDTT blend with PCyBM exhibited a specific detectivity
higher than 10'* Jones at a wavelength of 800 nm by inserting
spin-coated polystyrene—N,N-diphenyl-N,N-bis(4-nbutylphen-
yl)-1,10-biphenyl-4,4-diamine—perfluorocyclobutane (PS—
TPD—PFCB) as the hole collection layer and thermally
evaporated Cg, as the electron collection layer.'* Even with
those, the performances of the detectivity, response speed, and
stability of the OPDs still require full-scale improvement for
their commercial applications.

Nanofibers produced by electrospinning technology have
been widely investigated during the past decades because of
their ease of production and various applications in key areas
such as chemical sensors,"® supercapacitors,'® mechanical and
electrical devices,"”'® and tissue engineering.lg’m In these
nanofibers, some made from n-type metal oxide semi-
conductors of zinc oxide (ZnO) and titanium dioxide (TiO,)
have aroused much interest because it was found that they
could be used as excellent electron collection and transport
materials in organic and organic—inorganic hybrid optoelectric
devices.”' ~** The performance of these optoelectric devices has
been significantly enhanced by the use of nanofibers. One of
the primary advantages of electrospinning technology is that it
has the ability to accurately control the direction and size of the
nanofibers of a variety of materials. This makes it easy to
achieve aligned nanofibers (ANs) of metal oxides such as ZnO
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and TiO,. These ANs are very likely to have better optical and
electrical properties, such as electron mobility and light
transmission, than those of the corresponding nanofibers with
unordered state. This means that they are more promising for
being able to significantly enhance the performance of devices
in optoelectronic applications. However, to our knowledge, so
far none of the ANs produced by electrospinning processes
have been explored in the fabrication of organic photodetectors.

Here, we demonstrated high-detectivity and fast-response
OPDs by the insertion of aligned metal oxide nanofibers
(AMONSs) of TiO, as an interfacial layer. In the organic
photodetectors, the blend of thieno[3,4-b]thiophene/benzodi-
thiophene (PTB7) and [6,6]phenyl C,-butyric acid methyl
ester (PC;;BM) was used as a photoactive layer. The device
with a layer of the aligned TiO, nanofiber had a significantly
increased detectivity, as well as a largely shortened response
time. The devices with random, multiway, or one-way aligned
TiO, nanofibers as the interfacial layer were comparably
investigated, which demonstrated that the device with the one-
way AMONSs of TiO, exhibited the best performance.

B RESULTS AND DISCUSSION

Figure 1a shows the chemical structures of PTB7 and PC,,BM,
and Figure 1b shows the device structure of the photodetectors.
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Figure 1. (a) Molecular structures of PTB7 and PC,;BM. (b) Device
architecture of the OPD with one-way AMONSs of TiO, as the
electron collection layer.

Parts a and b of Figure 2 show the current—voltage (I-V)
characteristics of OPDs without AMONSs of TiO, or with one-
way AMONs of TiO,, respectively. Both OPDs showed a
rectification ratio near 1.0 X 10* at a bias voltage of +2 V,
indicating excellent diode characteristics of the two devices. At
a bias voltage of 0 V, the device with one-way AMONSs had a
current density in the darkness about 2.5 times lower than that
of the device without AMONs. Conversely, the photocurrent
density of the device with one-way AMONs was about 3.0
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times higher than that of the device without AMONSs at a wide
range of bias from 0 to —2.0 V. With a result similar to that of
the photocurrent, the external quantum efficiency (EQE), as
shown in Figure 2¢, was also significantly enhanced by adding a
layer of one-way AMONS. At a wavelength of 690 nm, EQE
was 35.60% for the device without AMONSs and 94.22% for the
device with one-way AMON:S. These results lead to a significant
enhancement of the detectivity of the device with one-way
AMONSs compared to the device without AMONS, which is
shown in Figure 2d. At a wavelength of 690 nm, the detectivity
increased from 7.05 X 10'* to 2.93 X 10" Jones, while one-way
AMONSs were inserted. The OPD with one-way AMONSs of
TiO, as an interfacial layer exhibited a detectivity higher than
10" Jones in a wide absorption range from 440 to 760 nm. The
result is nearly the highest detectivity in previous reports, which
is remarkably higher than that of conventional inorganic silicon-
based photodetectors.’”> The EQEs of these OPDs under
different reverse voltages are shown in Figure S1 in the
Supporting Information (SI). The result shows that the EQE
value is higher than 100% at a higher bias voltage. A second
carrier emission under a high biasing field could contribute over
100% quantum yield.**** Even though it is not clear what the
detailed mechanism is, these devices appear promising for use
in practical applications because of the high response (or
quantum efficiency).

Figure 3a shows the response of a device’s photovoltage
(Vip) against time, while the device was illuminated under a red
laser diode with a frequency of 20 kHz. Both the device without
AMON:Ss of TiO, and the device with one-way AMONS s of TiO,
had a short response time at the level of microseconds. The rise
time (T,, the time it took the V,, value to rise from 10% to
90%) and the decay time (T, the time it took the V,, value to
fall from 90% to 10%) of the device without AMONSs were 10.8
and 11.2 ps, respectively, while those of the devices with one-
way AMONSs of TiO, were 2.3 and 5.8 ps, respectively. Figure
3b shows the frequency response curve of these devices under
short-circuit conditions. With one-way AMONSs of TiO,, the
—3 dB bandwidth of the OPDs increases from 3.25 X 10* to
1.54 X 10° Hz. These results from the response of a device’s Vip
against time and frequency response indicated that the device
with one-way AMONSs of TiO, had a faster response speed
than the device without the insertion of AMONS. Figure 3c
shows the —3 dB bandwidth of the OPDs without or with one-
way AMON:Ss of TiO, under different reverse voltages. With the
reverse voltage changing from —2 to —7 V, the bandwidth
increases from 3.20 X 10* to 6.50 X 10* Hz for OPDs without
AMONS of TiO,, while it increases from 1.54 X 10° to 5.99 X
10° Hz for OPDs with one-way AMON s of TiO,. The increase
of the —3 dB bandwidth of the device with one-way AMONSs of
TiO, is near 3 times that of the device without the interfacial
layer. This result indicated that the response speed of devices
with one-way AMONSs of TiO, is more obviously improved at
high reverse voltage. Figure 3d shows capacitance—voltage
characteristics of the two OPDs. The capacitance of the OPD
without AMONSs of TiO, was almost constant at the reverse
bias between —5 and —0.35 V, while that of the OPD with one-
way AMONS of TiO, is constant at the bias between —5 and
+0.35 V. This indicates that fast response speeds can be
achieved even at zero or lower positive biasing voltages for the
device with one-way AMONSs of TiO,, while it can be realized
only at negative bias for the device without the AMONs.*®

To investigate the effect of the inserted TiO, nanofibers with
different alignments on the performance of OPDs, we prepared
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Figure 2. [-V characteristics of the OPDs (a) without AMONS of TiO, or (b) with one-way AMONS of TiO, measured in the dark and under
illumination (4 = 650 nm) with a light intensity of 0.25 mW cm ™ (c) EQE and (d) detectivities versus the wavelength under short circuits of OPDs

without AMON:Ss of TiO, or with one-way AMONSs of TiO,.

three different TiO, nanofibers for use as an electron collection
layer in the photodetector devices. Figure 4 shows the scanning
electron microscopy (SEM) images of one-way AMONSs of
TiO,, multiway AMONSs of TiO,, and random AMONs of
TiO,. The diameters of TiO, nanofibers with all of these
alignments are mostly between 200 and 300 nm. The
performance of the devices using these three different
AMONSs of TiO, is summarized in Table 1. From Table 1,
the device with one-way AMONSs of TiO, exhibited the lowest
dark current and the highest photocurrent, EQE, and
detectivity. The reason for the results should be associated
with the ability of charge separation from the active layer into
the interfacial layer. According to a previous report,®” with the
alignment degree of the TiO, nanofibers increasing, the
photoluminescence intensity of polymer/TiO, systems was
significantly decreased, which indicates that TiO, with high
order formation could accelerate charge separation at the
inorganic—organic interface. Similarly, the response speed of
the device can also be enhanced by suppressing the charge
recombination and facilitating the charge transportation.*®
Therefore, the fast transfer of the electron between the organic
layer and the TiO, layer also lead to the fast response speed of
the OPDs with one-way aligned TiO,. To further investigate
the reason why AMONSs of TiO, have better charge separation
at the interface and charge transport within the interfacial layer,
X-ray diffraction (XRD) of one-way AMONSs of TiO,, multiway
AMON:Ss of TiO,, and random AMONSs of TiO, was measured,
and the results are shown in Figure 4d. From the XRD spectra,
one-way AMON s of TiO, exhibited a better crystallization than
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the other two AMONSs of TiO,. The electric field force at a
fixed direction during the preparation of AMONs of TiO,
caused the polymer main chain to arrange and accumulate more
compactly toward one direction, resulting in crystallization of
TiO, occurring more easily. The semiconductor of metal oxide
with good crystallization not only has a good charge-transport
property but also can facilitate charge separation at the
organic—inorganic interface because the trap density induced
by defects is markedly reduced in it.*

The stability of the OPDs was investigated by measuring how
changes in the maximum photoresponse voltage (erp) and rise
time (T,) of the devices depended on the times that they were
electrically read. Measurements were carried out on conditions
that the devices were exposed to air without any encapsulations
and illuminated under a pulse monochromatic light with a
wavelength of 650 nm, an intensity of 0.25 mW cm™? and a
frequency of 10* Hz. Figure S shows the delay of Vi and T, of
the OPDs without AMONSs of TiO, or with one-way AMONs
of TiO,. Both devices displayed less of a change in V,,, and T,
after they were read a large number of times at 10°. With the
read times increased to 10°, Vi and T, of the device without
AMONSs of TiO, were decreased from 84 to 78 mV and
increased from 10.8 to 13.1 us, respectively. When the read
times were increased to 10'°, Vi and T, of the OPDs without
AMON s of TiO, were decreased to a low value of 62 mV and
increased to a high value of 14.2 us. However, there was no
obvious change in V,, and T, for devices with one-way
AMON:Ss of TiO, even after they were electrically read up to
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Figure 3. (a) Transient response under short-circuit conditions of the OPDs without AMONSs of TiO, or with one-way AMON s of TiO, under 20-
kHz-modulated 650 nm monochromatic illumination. V,,, is for the device’s photovoltage. (b) Frequency response under short-circuit conditions of
the OPDs under 650 nm monochromatic illumination with different frequencies. (c) —3 dB bandwidth of the OPDs without AMONs of TiO, or
with one-way AMONSs of TiO, under different reverse voltages. (d) Capacitance—voltage measurements of the OPDs at a frequency of 10 kHz.
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Table 1. Performance of OPDs with One-Way AMON:S of TiO,, Multiway AMONSs of TiO,, or Random AMON:S of TiO, as the
Electron Collection Layer at Wavelength = 690 nm under Short-Circuit Conditions

TiO, nanofibers Jaa™ (A cm™)

one-way AMONSs 1.01 X 107 128 x 107*
multiway AMON's 1.34 x 10~° 117 x 107*
random AMONSs 1.89 x 107 1.03 x 107*

“Dark current. “Photocurrent. “Responsiveness. dDetectivity.

Jon” (A cm™?)

EQE (%) R° (AW D*? (Jones)
94.22 0.52 293 x 10%
89.06 0.50 242 x 10"
86.41 048 1.96 x 10"
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Figure 5. Changes of (a) the maximum photoresponse voltage (er},) and (b) rise time (T,) of the devices without AMONS’s of TiO, or with one-
way AMON:Ss of TiO, depending on the times that they were electrically read under illumination of a pulse monochromatic light with a wavelength of

650 nm, an intensity of 0.25 mW cm™, and a frequency of 10* Hz.

10' times. The high stability indicates that the OPDs will easily
realize commercial applications.

B CONCLUSION

In conclusion, we have demonstrated the high detectivity and
fast response of OPDs by inserting AMONSs of TiO, as an
electron collection layer. With one-way AMONSs of the TiO,
layer, PTB7:PC, BM-based OPDs exhibited the highest
detectivity of 2.93 X 10" at zero bias and the shortest rise
time of 2.3 us. The enhancement of the performance was
attributed to better crystallization of one-way AMONSs of TiO,,
which facilitate charge separation at the organic—inorganic
interface and electron transport within the interfacial layer. This
work provides a pathway to the use of AMONS in fabricating
high-performance OPDs.
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