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ABSTRACT: An organic photodetector prepared by a simple solution method based on ) 7

. . . .. . . . . Light ?%
renewable citrus pectin with an optimized concentration of aluminum nitrate (AICO0S) is . LY
introduced herein. The effects of different concentrations of aluminum nitrate on the \ %/+
morphology and optical properties were investigated through various characterization methods. Al / ’o’ﬁto @h
An AIC concentration of 0.5 mg/mL was found to provide the highest on/oft ratio and Z
acceptable rise and decay times. Also, the optimized device (Al/AlC0.5/ITO) exhibited good 1o

stability and repeatability at a 0.1 V bias under 440 nm visible light. Based on these results, ao’fox  ox oy ox o
citrus pectin materials were successfully used to fabricate an organic photodetector with a
simple and cost-efficient fabrication process, while taking into account environmental

commitments.

1. INTRODUCTION

To reduce electronic wastes, the implementation of electronic
devices consisting of materials that can be broken down into
bio-derived blocks has become an important requirement.
Citrus pectin is a nontoxic biodegradable material and an ideal
candidate for the fabrication of eco-friendly electronic devices."
In general, inorganic materials such as Si, Ge, and GalnAs are
widely applied in photodetectors. Although inorganic materials
exhibit good device performance, citrus materials have a low
cost, simple fabrication, and excellent mechanical character-
istics; moreover, they are renewable and can be used in low-
temperature solutions.””* Few studies have been conducted on
the use of renewable materials as sensing layers for the
discussion of their photoelectric characteristics.”® In our
previous work,” an on/off ratio of over 10* was achieved for
the Al/citrus/ITO structure. However, the application of citrus
pectin-based electro-optical devices has not yet been widely
discussed. In addition, the Al/citrus/ITO structure does not
exhibit light-sensitive properties. Organic materials are the
current research trend in light-receiving materials.” Organic
photodetectors (OPDs) have many advantages, such as a low-
temperature solution process, low cost, and an adjustable
absorption response band.”'® They are widely in demand for
visible detector applications, such as light detection and range,
time-of-flight sensors, and structured light sensors for
cameras.''~'® During the fabrication of OPDs, their photo-
electric conversion efliciency can be effectively improved based
on different structural combinations and selection of light-
receiving materials in the bulk heterojunction layer. This layer
is located between the hole- and electron-blocking layers.'”"®
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This structure has a larger contact interface between the donor
and the acceptor, making the separation of excitons from the
interface for charge separation easy. To maintain the balance of
the electron—hole mobility, the donor and acceptor materials
must be mixed in an appropriate ratio. This setup can
effectively separate the electrons and holes at the interface and
prevent recombination.'””>* Studies have reported that if the
electron donor and electron acceptor ratio is effectively
maintained, a highly efficient light-sensitive element can be
obtained. Therefore, a biodegradable material of AIC prepared
by a low-temperature solution in the Al/AIC/ITO structure is
used herein to achieve an OPD with high photoelectric
conversion efficiency. To investigate the mechanism of the
citrus-based photodetector, the relationship between the
concentration of the Al salt and the device performance is
also discussed in this paper.

2. EXPERIMENTAL DETAILS

Device Fabrication. Figure la shows the fabrication
process of OPD. The OPD consisted of a metal/insulator/
metal structure with AIC as the dielectric layer. First, the AIC
solutions were prepared by mixing different amounts of
aluminum nitrate salt powder, DI water, and citrus powder.
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Figure 1. (a) Fabrication processes of the OPD. (b) Optical image of
the organic photodetector. SEM topographic and EDS elemental
mapping images of (c) AICO, (d) AICO0S, and (e) AIC1 thin films.

The concentrations of the AIC solutions were adjusted to 0,
0.5, and 1.0 mg/mL, hereafter denoted as AICO, AIC0S, and
AICI1, respectively. Subsequently, the solution was spin-coated
onto the ITO/glass surface, followed by baking at 60 °C for 30
min in air. Finally, a shadow mask was placed onto the
dielectric layers, then placed in a radio frequency (RF)
magnetron sputtering system using the Ar gas with a working
pressure of 20 mTorr and an RF power of 250 W. After
sputtering, the shadow mask was removed to obtain an Al
square-shaped pattern layer, as shown in Figure 1b. The top Al
electrode area was 3 mm’ The device was not packaged
because Al has a slight oxidation resistance and can protect the
photodetector (slight loss).”* Figure lc—e presents the
scanning electron microscopy (SEM) topographic and the
energy dispersive X-ray spectroscopy (EDS) element mapping
images of the AlCO, AICO0S, and AIC1 thin films, respectively.
In addition, as shown in Figure 1d, the uniform distribution of
Al in the AICOS thin film can be observed.

Instrumentation. The surface morphology and the
roughness of the samples were determined by atomic force
microscopy (AFM, Dimension ICON with Nano Scope V
controller, Bruker, Karlsruhe, Germany) in air. The current—
voltage (I-V) characteristics and the time response of the
proposed OPD were measured using a source-measuring unit
in the dark and under blue light excitation (1 = 400—490 nm)
through the top electrode side. Transmission electron
microscopy analysis was conducted using a 200 kV JEM-
2100F electron microscope (Jeol, Tokyo, Japan). X-ray
photoelectron spectroscopy (XPS) was performed using a
PHI 5000 VersaProbe (Kanagawa, Japan).

3. RESULTS AND DISCUSSION

XPS analysis was carried out to investigate the elemental
composition of the films and examine their chemical states by

making the inner electronic state reflect the state of the outer
electrons. Four elements were observed, namely, C, N, O, and
Al, where the C element observed from the full scan was
adventitious carbon. Therefore, this work demonstrated that
the citrus layer is mainly organic. Different concentrations of
aluminum nitrate of 0 M [only 1% of citrus (AIC0)], 0.5 M
(AIC05), and 1.0 M (AIC1) were used. From the obtained
XPS survey scanning, the Al/citrus: Al (NO;);/ITO ratio was
derived and the composition of the device was verified. In the
device with a concentration of 1% citrus, the elemental ratios
of C, O, N, and Al were 57.5, 33.7, 8.7, and 0.1%, respectively.
In the two other devices with AIC0S and AIC1, the elemental
ratios were 49.3, 36.0, 8.9, and 5.9% and 42.5, 39.0, 12.5, and
5.8%. The strong peaks centered at 75 eV for the surface
indicate the presence of Al. Figure 2a shows that the
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Figure 2. (a) XPS and (b) UV—vis transmittance spectra of AICO,
AICO03, and AIC1 thin films.

proportions of C, N, and O in the three elements are similar.
The most significant difference is that the Al content clearly
increased by 6% in the citrus mixed with different
concentrations of aluminum nitrate. Figure 2b presents the
UV—vis transmission spectra of the Al-embedded citrus thin
film produced by the solution method and with different
concentrations of aluminum nitrate. The ultraviolet—visible
transmission spectra were measured at room temperature
(approximately 24.5—26 °C) using a spectrophotometer and a
quartz cuvette with an optical path of 10 mm. Compared with
the different concentrations of aluminum nitrate in the device,
the normalized values of the transmission spectra of AICO,
AICOS, and AIC1 were 0.81, 0.83, and 0.83, respectively. The
results show that AIC on the insulating layer with different
concentrations has the same transmission spectrum in the
wavelength range of 400—800 nm. Figure 3a—c shows the
respective topographic images of the AICO, AIC0S, and AIC1
layers captured using an atomic force microscope operating in
the tapping mode. The roughness values of the AICO, AICOS,
and AIC1 thin films were 8.01, 34.3, and 10.04 nm,
respectively. Figure 3d shows the Fourier-transform infrared
spectra of the AICOS thin films. The absorption bands at 1635
cm™ are related to the —C(=0)—O stretching of the
carboxylate groups and the C=0 stretching vibrations of the
carboxylic acid.”> The peaks at 1319 cm™ are related to the
—O—C stretching of the aryl—alkyl ether linkage.”® The bands
at approximately 1000—1100 cm™ could be attributed to the
C—O—H alcohol bonds of the saturated carbon as well as the
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Figure 3. AFM images of AIC at different concentrations of (a) 0, (b) S, and (c) 1 M, respectively. (d) FTIR spectrum of the AICOS thin film and
(e) comparison of the PL spectra of the thin films of citrus pectin with different concentrations of aluminum nitrate.
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Figure 4. (a) Device schematics of the organic photodetector with aluminum nitrate and (b) FIB cross-section micrographs. Photocurrent and
dark-current curves of (c) AICO, (d) AIC1, and (e) AICOS. (f) Photocurrent and dark-current curves and (g) time-dependent photoresponse while

AICOS was irradiated with a pumping light of 538 nm wavelength.

C—O stretching and deformation. Figure 3e shows the
photoluminescence (PL) spectra of the AICO, AIC0S, and
AIC1 thin films. The PL spectral data were obtained at an
excitation wavelength of 325 nm. The emission peak of citrus/
Al (NO,); was centered at 538 nm, which corresponds to the
green light emission. The quenching phenomenon and the

10624

reduction in the full width at half-maximum (FWHM) can be
observed. The FWHM values for the AICO, AICO0S, and AIC1
thin films were 93, 81, and 72 keV, respectively. The data
above show that the smaller the FWHM value corresponds to a
narrower waveform and a better energy resolution. Figure 4a
presents the structure of the AICOS device. In Figure 4b, the
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FIB diagram shows that the AICOS film prepared by the
solution method was of approximately 10 nm. In this paper, an
OPD manufacturing process was developed to create a very
thin AICOS film using an organic polymer, and the I-V curve
was measured to characterize the organic polymer photo-
sensitive layer. In addition, the measurement results were
determined by two index values, photocurrent and dark current
(Ihght/ldark), to observe the trend of light and dark currents at
different voltages. The OPD without the mixture (the active
layer only with citrus) was selected as a reference device
(AICO), and the OPDs with doping concentrations of 0.5 M
(AICO0S) and 1 M (AIC1) were used as comparison devices.
Figure4c—e shows the I-V curves of AICO, AIC0S, and AIC1
obtained in the dark and under excitation with a pumping
beam of 365 nm wavelength. On the one hand, the values of
Ijjgne of AICO, AICOS, and AlIC1 were around 107%2.5 x 107%,
and 107° A, respectively. On the other hand, the values of I
of AIC0, AIC05, and AIC1 were around 1072, 6 X 107, and
107% A, respectively. Figure4f,g shows the I-V curves recorded
in the dark and under excitation with a pumping beam of 538
nm wavelength and the long-term cycling performance (I-T),
respectively. Ij o and Ip,y were around 3.4 X 107 and 2.4 X
1077 A, respectively. In addition, Figure Sa shows that the
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Figure S. (a) I-V performance and (b) time-dependent photo-
response of AlC0S. (c) Enlarged view of the time-response spectrum.

values of Ijp, and Ip,y of AICOS obtained under excitation
with a pumping beam of 440 nm wavelength and in the dark,
which were 107% and 3.2 X 107 A, respectively. Compared
with the reported OPDs S and 6, the AIC0OS photodetector had
a relatively high on/off ratio. Based on the I-V results, the
dynamic value of wavelength 538 nm was lower than the value
of wavelength 440 nm. In addition, the I-T curves obtained
under excitation with a pumping beam of 538 nm wavelength
exhibited an unstable dynamic photoresponse. Therefore, the
wavelength of 440 nm was selected as the measurement
condition in this paper. AIC0OS had better properties because
the uniform distribution of Al particles enabled the transfer of
electrons and holes easier. However, when the Al concen-
tration was increased, conductivity also increased, following
which the dark current increased, resulting in a decrease in the
on/off ratio. This phenomenon limited the photoelectric
conversion efficiency of the device (photo-to-volt effect) and
made the Ij, value and I, characteristics of the device
insignificant. In addition, in our proposed device, the citrus
pectin (acceptor) and a sufficient concentration of aluminum
nitrate (donor) were uniformly mixed. Thus, the photo-

sensitive layer became a single-layered heterojunction (bulk
layer heterojunction), and the donor was uniformly formed in
the acceptor. The mesh path allowed the carrier to transfer
easily to the corresponding electrodes and smoothly produce a
photovoltaic special effect, clarifying the characteristics of light
and dark currents. In modern technology applications, the
repeatability and the stability of photoelectric sensors play a
crucial role in determining their function and response speed.
The time response of the UV of OPD was measured at 0.1 V
bias under 440 nm visible light with an on/off interval of 15 s.
From the enlarged rising and decaying edges of the
photocurrent response in Figure Sc, the time taken for the
current to increase from 10 to 90% of the peak value, or vice
versa, was defined as the rise or decay time. The rise and decay
times of the AIC0S OPD were approximately 6.67 and 6.79 s,
respectively, indicating the existence of two channels for the
recombination of holes. The issues of OPD were structural
imperfection, thermal damage, and diffusion phenomena,
which would result in physical or chemical wear and a slow
response.”” Figure Sb shows a long-term cycling performance
(I-T), which was measured under excitation with a pumping
beam of 440 nm wavelength for 380 s. A stable dynamic
photoresponse can be observed. These results provide one
more possibility for the application of renewable materials in
optic electronics.

4. CONCLUSIONS

In summary, according to the experimental results, when the
active layer concentration was 1% citrus blended with
aluminum nitrate (0.5 M) and the layer thickness was ~10
nm, a high I /In, performance was achieved with the
renewable material. This bulk layer heterojunction of the OPD
was fabricated using rapid spin-coating and thermal evapo-
ration. By applying this renewable material consisting of citrus
pectin and aluminum nitrate as the active layer of the OPD, an
appropriate amount of electron acceptor and donor can
transfer to the network channel. This setup can efficiently
transfer the separated charges to the corresponding electrodes.
Moreover, AICOS had an Ig, of 10 and an Ip,, of 107%,
indicating a higher sensing ability than the reference device and
a successful photovoltaic effect. The AIC thin film produced by
the solution method, where the metal salts were dissolved in
citrus pectin, was presented. OPD was characterized under
visible light irradiation after blending aluminum nitrate with
the citrus pectin layer. Overall, the emerging organic visible
OPD based on the natural citrus pectin material may help in
developing low-cost, environmentally friendly devices. Photo-
detector optimization via biomaterial engineering enables a
deeper understanding of the material parameters controlling
the device performances, enabling their better exploration for
future bioelectronics.
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