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Abstract

Herein, we demonstrate self-assembled, highly stable, high-performance, and broadband response organic/inorganic
hybrid photodetectors based on AB@Si devices formed by the integration of both n-type and p-type Si with Alcea biennis
(AB) extract. Besides, recombination currents and traps were observed to be more effective in the AB@p-Si device. Both
devices were found to exhibit remarkable photoresponse under illumination conditions in the white light as well as in UV
and IR. The AB@n-Si device exhibited impressive performance metrics at -2.0 V, with the responsivity (R), detectivity
(D), and external quantum efficiency (EQE) reaching 758 mA/W (at 365 nm), 2.42 x 10" Jones (at 590 nm), and 250% (at
365 nm), respectively. Under the same bias conditions, the AB@p-Si device exhibited enhanced performance, yielding
a responsivity of 1384 mA/W, a detectivity of 4.66 x 10" Jones, and an EQE of 282%, all recorded at 590 nm. It was
seen that the integration of AB with n-Si and p-Si holds promise for high-performance, very stable, low-cost organic/

inorganic-based devices with different designs.
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1 Introduction

Photodetectors (PDs) are types of light sensors frequently
used in applications such as image processing and energy
conservation. They are key components of various optoelec-
tronic devices that convert incident photons of different ener-
gies into modulatable electrical signals [1]. In general, PDs
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can be classified as broadband (panchromatic) or narrow-
band (wavelength selective) depending on the wavelength
at which they absorb light. Broadband PDs are expected to
cover a wide wavelength range from the ultraviolet-visible
(UV-Vis) region to the near-infrared (NIR) region, while
narrowband PDs are expected to cover a specific light range
such as red, green, blue, or a selective portion of NIR [2].
Inorganic semiconductors such as Si, InGaAs and GaAs
have undoubtedly been used in electronic or optoelectronic-
based devices for years due to their small exciton binding
energy, excellent charge-carrier mobility, and high stability
[3]. Besides, tuning the parameters of conventional silicon-
based semiconductor devices is mainly achieved by doping
the semiconductor through complex and costly processes or
by adding microstructures such as superlattices [4]. Com-
plex manufacturing processes, their hardness and brittle-
ness, the fact that they are produced at high temperatures,
the presence of toxic elements such as Cd and Pb in some
cases, and difficulties in integrating them into heterojunction
structures are among the negative aspects that may limit the
use of inorganic materials in electronics. The lack of flex-
ibility and high cost of inorganic semiconductors such as
silicon and GaAs, which are commonly used in photodiodes
or photodetector applications, are significant disadvantages.
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As an alternative to these disadvantages, research has been
conducted for years on low-cost, flexible, large-area, and
lightweight organic materials [5]. Organic semiconduc-
tor materials have been widely used in energy conversion
and electronics applications for over two decades, and their
use has led to significant advances in both materials design
and device engineering [6]. They have lower charge mobil-
ity and a lower dielectric constant than inorganic materials.
This lower dielectric constant can lead to the formation of
highly localized, tightly bound Frenkel excitons (electron-
hole pairs) upon photoexcitation [7].

Photovoltaic devices based on organic semiconduc-
tors such as solar cells, indoor photovoltaic cells, photo-
diodes, and photodetectors hold great promise due to their
many advantageous aspects, such as sustainable energy,
good optical properties and light harvesting technologies
[8—12]. Other features that make these materials stand out
are their ease of use in device manufacturing, versatility of
functionalization, a low-temperature fabricating process,
flexibility and ability to enable large-scale production [4,
13—15]. Many organic-based photodetectors also offer the
possibility of operating at room temperature [7]. Because of
these advantages, solution-processed semiconductors, such
as organic semiconductors, are increasingly being used as
alternatives to traditional inorganic semiconductors, or they
are increasing their potential use. However, organic mate-
rials also have disadvantages such as low mobility, low
responsivity, recombination and trapping due to irregular
crystal structures in some cases, as well as stability issues,
which may limit their use in optoelectronics. Despite the
disadvantages of organic and inorganic materials, their
respective advantages have been combined according to
their intended use, making them widely used, especially
for broadband photodetector applications [16—18]. Organic
materials also have the advantage of being easily inte-
grated with various inorganic materials. The development
of organic-inorganic hybrid materials has made significant
contributions to science in terms of materials and device sci-
ence. In recent years, organic-inorganic hybrid semiconduc-
tors have shown great promise in the field of optoelectronics
due to their wide absorption spectrum, high photovoltaic
conversion efficiency, structural flexibility, and multifunc-
tionality. Hybrid structures have emerged as a promising
strategy to overcome the intrinsic limitations of pure inor-
ganic or organic photodetectors, offering enhanced respon-
sivity and a broader spectral range from UV to NIR [19].
Hybrid systems combine the high carrier mobility of inor-
ganic semiconductors with the processability/flexibility of
organic components. The AB/Si device fits this mechanism:
polyphenols/anthocyanins/flavonoids  (e.g., kaempferol
glycosides such as tiliroside known from Alcea spp.) can
extend absorption and lower the interfacial barrier, while
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n-Si (or a comparable inorganic) supplies low-noise trans-
port and stability, together yielding large NPDR and fast,
self-powered properties [20]. (Chemical structure of trans-
tilirosid and general chemical structure of anthocyanins
have been given in Fig. 1a and b.). The use of hybrid mate-
rials is not limited to photodetectors; they have the potential
to be used in many different fields [21]. More importantly,
in hybrid-based photodetectors, not only the fundamental
properties of each material but also the structure of the
interface between the two materials is crucial for device per-
formance. This interface may exhibit changes due to inter-
actions between the dangling bonds or thin oxide layer on
the surface of the inorganic material and the organic mate-
rial, as well as different structural changes depending on the
properties of the chemical bonds resulting from chemical
interactions between the two materials.

Recently, plant extract-based organic optical devices have
attracted significant interest due to their high performance,
ease and low cost of synthesis, abundance, and environmen-
tally friendly properties [22-26]. Literature on natural-dye
optoelectronics supports this interpretation. Plant-derived
pigments (anthocyanins, betacyanins, flavonols) possess
anchoring —OH/~COOH groups and conjugated chromo-
phores that promote charge transfer at oxide/Si surfaces—
principles established in Dye-sensitized solar cells (DSSCs)
and bio-optoelectronic reviews and demonstrated specifi-
cally for 4. rosea and related botanicals. Efficient extrac-
tion and use of Alcea pigments for light-harvesting have
been reported, and broad surveys document how dye chem-
istry, pH, and extraction route tune spectral coverage and
interfacial energetics—factors that likely underpin your
broadband response and high on/off ratio [27]. 4. biennis
Winterl a perennial or occasionally short-lived herbaceous
species belonging to the family Malvaceae. The plant exhib-
its erect, generally unbranched stems covered with stellate
(star-shaped) and tufted hairs, giving the surface a distinctly
rough texture [28].

Although there are different methods for integrating
organic materials into inorganic materials, the spin coating
method stands out due to its low cost and ease of film coat-
ing [29]. This method does not require vacuum and facili-
tates the mobility of carriers by producing a homogeneous
film. Additionally, the film thickness, rotation speed, rota-
tion time, and solution viscosity can be easily adjusted.

With this aim, it is also possible to produce a photodetec-
tor operating in a broadband using a heterojunction struc-
ture created with a different inorganic semiconductor. With
this in mind, the main objective of this study is to conduct
a detailed analysis of the broadband photodetector perfor-
mance of heterojunctions formed with Alcea biennis (AB)
extract, which has a 2.73 eV bandgap, and both n-type and
p-type Si, which has a 1.12 eV bandgap.
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Fig. 1 (a) Chemical struc-
ture of trans-tilirosid and (b)
General chemical structure of
anthocyanins
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Recent advances in bio-inspired optoelectronic mate-
rials have highlighted the potential of plant-derived chro-
mophores as functional components in photodetector
applications, owing to their rich m-conjugated systems and
environmentally sustainable nature. Natural pigments such
as anthocyanins and flavonoids have been widely inves-
tigated for their light-harvesting capabilities and ability
to facilitate interfacial charge transfer in hybrid systems
[30-34].

In this context, several studies have explored the opto-
electronic potential of plant extracts in organic—inorganic
hybrid photodetectors. For instance, plant-based systems
such as Hibiscus sabdariffa have been shown to enhance
interfacial charge transport and broadband photoresponse
characteristics in hybrid devices [20]. However, despite
these advances, studies focusing specifically on A. biennis
remain very limited, and systematic investigations of wave-
length-dependent photoresponse behavior (spectral sensi-
tivity) for this species are still lacking.

Although elemental analysis provides information on
inorganic composition, it does not directly identify the
molecular species responsible for the observed photoactiv-
ity. In Alcea species, extensive phytochemical investigations
have consistently demonstrated the predominance of phe-
nolic compounds, including flavonoids, anthocyanins, phe-
nolic acids, and mucilage-associated bioactive components

OH

R1 ve R2=H, OH, OCH3

[35-37]. These compounds, particularly flavonoids and
anthocyanins, possess extended m-conjugated systems that
are highly relevant for light absorption and charge transfer
processes in optoelectronic applications.

Multiple studies have confirmed the rich and diverse
chemical composition of Alcea species across different plant
organs and extraction methods. For instance, solvent-depen-
dent extraction studies have shown that 4/cea extracts con-
tain significant amounts of bioactive phenolics and exhibit
strong biological activities [38—40]. Organ-specific analy-
ses further indicate that flowers are particularly enriched in
polyphenolic compounds, while seeds and other tissues may
contain fatty acids and additional bioactive constituents
contributing to overall chemical complexity [41, 42]. Addi-
tionally, advanced extraction approaches such as super-
critical CO:z have revealed the presence of diverse chemical
constituents with functional activity, further supporting the
compositional richness of the genus [43]. Furthermore,
environmental and stress-related studies have demonstrated
that Alcea species actively modulate their chemical com-
position under external stimuli, producing various second-
ary metabolites with functional roles [44]. Encapsulation
and formulation studies also confirm the stability and func-
tional importance of polyphenol-rich extracts, emphasizing
their structural and chemical integrity. Encapsulated pow-
ders of Alcea flower polyphenol-rich extract by different
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hydrocolloid carriers. Similarly, pharmacological and bio-
chemical investigations highlight the biological relevance
of these compounds, including antioxidant, anti-inflamma-
tory, and protective effects [45].

The UV—Vis absorption behavior observed in the AB thin
film is consistent with T—* transitions typically associated
with conjugated phenolic systems. In addition, functional
groups such as hydroxyl and carbonyl moieties, commonly
reported in Alcea extracts, further support the presence of
flavonoid-type compounds contributing to interfacial charge
transfer processes. Recent studies have also explored the con-
version of Alcea-derived materials into functional nanostruc-
tures, such as carbon dots, demonstrating their applicability
in photothermal and optoelectronic contexts [46]. However, it
should be emphasized that direct identification and quantifica-
tion of individual chromophoric compounds (e.g., via HPLC
or LC-MS/MS) were not performed in this study. Therefore,
the interpretation of structure—property relationships is based
on well-established phytochemical classes characteristic of
the Alcea genus, rather than specific molecular entities. The
observed device performance is thus attributed to the collec-
tive electronic and interfacial effects of multiple conjugated
compounds naturally present in Alcea biennis.

Therefore, the novelty of the present study lies not in the
general use of plant-derived materials, but in the compre-
hensive evaluation of wavelength-dependent photoresponse
(UV-Vis-IR) of 4. biennis, including detailed analysis of
responsivity, detectivity, and external quantum efficiency,
as well as the comparison of interfacial charge transport in
n-type and p-type Si heterojunctions.

2 Experimental

AB specimens were collected on 21 June 2019 from the area
between Kesislik and Karalar Koyu, Ermenek (Karaman,
Tiirkiye) at an altitude of approximately 1100 m. The plant
material was identified and deposited in the Herbarium of
Karamanoglu Mehmet Bey University under the voucher
code KMUB 5335.

2.1 Extraction

Ten grams of dried flowers of 4B were subjected to mac-
eration with 50 mL of distilled water for three consecutive
days, with each extraction cycle lasting 8 h. At the end of
each cycle, the aqueous extract was filtered and stored at —
80 °C until all portions were combined and lyophilized. Fol-
lowing freeze-drying, the total yield of the aqueous extract
was 3.23 g. A stock solution (1 mg/mL) of the lyophilized
extract was subsequently prepared for use in the analytical
assays [47].
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2.2 Elemental analysis

Elemental concentrations were determined using an induc-
tively coupled plasma—mass spectrometer (ICP-MS; Agi-
lent 7800 Series, Agilent Technologies, Japan). Sample
introduction was achieved via a U-series glass MicroMist
nebulizer (Australia) coupled with a double-pass quartz
spray chamber (USA) to ensure efficient aerosol generation
and delivery into the plasma. The plasma system comprised
a 2.5 mm quartz torch and nickel sampler and skimmer
cones, optimized with an x-lens interface for enhanced ion
transmission and sensitivity. All components in contact with
the samples were rigorously cleaned to prevent contamina-
tion. Quartz and glass parts were immersed overnight in
5-10% HNO:s, rinsed thoroughly with distilled water, dried,
and reassembled. Nickel parts underwent ultrasonic clean-
ing in pure water, 5% HNOs, and distilled water for 5 min
each, followed by drying and reinstallation. Before analysis,
the instrument was purged with helium gas for 45 min to
remove residual gases and stabilize the system. Calibration
was performed using certified multi-element tuning solu-
tions, and calibration curves were verified within standard
reference ranges to ensure analytical accuracy. Samples
were introduced using an autosampler, and all tubing and
probes were thoroughly rinsed between runs to prevent
cross-contamination. Analytical parameters such as RF
power, carrier gas flow, and nebulizer pump speed were
optimized prior to measurement. Argon gas was used as the
carrier to transport the aerosol into the plasma, where ion-
ization occurred, followed by precise mass spectrometric
detection under controlled operating conditions [48].

2.3 Device fabrication

In device fabrication, single-sided polished n-type and
p-type Si wafer plates with a thickness of 280 mm and
resistivity values of 1-10 Q.cm were used. Approximately
1 cm x 1 cm pieces were cut from both wafers, and chemi-
cal processes standard for Si, as detailed in Ref [49]., were
performed. Aluminum ohmic contacts ~100 nm thickness
were vapor-deposited onto the polished surfaces of the
wafers, and AB was spin-coated onto both n-Si and p-Si
wafers at 3000 rpm for 60 s. The Au top contacts, with a
diameter of 1 mm, were deposited onto the polished surface
of the Si substrate by thermal evaporation using a shadow
mask to form patterned electrodes. The photoelectric mea-
surements of the devices were performed using a Keithley
2400 source meter under both white light and UV and IR
light at different wavelengths. All electrical measurements
were performed in the atmospheric conditions of the room
without any encapsulation or other protection, while the I-V
measurements in the dark were performed in a closed box
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where the devices would not be exposed to light. The mea-
surements of the devices under white light as a function of
varying light intensity, as well as under UV and IR light,
were analyzed in detail.

3 Results and discussion

The use of a simple three-day, three-cycle maceration of 10
g dried AB flowers in 50 mL of distilled water, followed by
filtration, — 80 °C storage and lyophilisation (yielding 3.23
g extract and prepared as a 1 mg/mL stock) aligns well with
conventional practices in phytochemical extraction. Mac-
eration is widely regarded as a low-cost, mild technique for
extracting heat-sensitive bioactives such as flavonoids and
phenolic acids, albeit with the caveat of relatively lower
yields and longer extraction times compared with more
aggressive methods [50]. The multiple 8-hour soak inter-
vals used here facilitate sufficient solvent-solid contact and
diffusion of soluble compounds into the aqueous medium,
while freezing and lyophilisation preserve the extract’s
chemical integrity. According to the literature, key factors
such as solvent-to-solid ratio, extraction time and sample
drying state are critical determinants of extract composition
and yield [51]. Although the yield of ~ 32% (3.23 g from
10 g starting material) is relatively modest, it is acceptable
for aqueous maceration of plant material rich in mucilagi-
nous or hydrophilic constituents, and the subsequent stock
solution provides a standardized basis for downstream bio-
assays. In sum, this protocol offers a suitable compromise
between extract quality and simplicity, especially when the
goal is to capture a broad extract for analytical and biologi-
cal screening rather than to isolate single compounds.

The elemental composition of the 4B aqueous extract
(Table 1) reveals a predominance of potassium (K), mag-
nesium (Mg), and calcium (Ca) among the macroelements,
consistent with the mineral profiles typically observed in
Malvaceae species. Potassium was identified as the most
abundant element (10,758.20 g/kg), highlighting its physi-
ological importance as an osmoregulatory and enzymatic
cofactor in plant metabolism. Magnesium (4,635.15 mg/
kg) and calcium (1,606.94 mg/kg) were also present in con-
siderable amounts, reflecting their roles in photosynthetic
processes, cell-wall stabilization, and ion balance. Among
the trace elements, zinc (Zn) was detected at relatively high
levels (1,347.96 mg/kg), followed by lead (Pb) and cop-
per (Cu) at 10.20 mg/kg and 2.38 mg/kg, respectively. The
measurable zinc content suggests potential contributions
to the plant’s antioxidant and enzyme-regulating capacity,
whereas the low concentrations of lead and copper remain
within typical ranges for plants growing under non-polluted
environmental conditions.

Table 1 The composition of elemental analysis of AB extract

Major elements (g/kg) Trace elements (mg/kg) Ultratrace
elements
(ng/kg)
K 10758.200 Mg 4635.149 Na<0.000
Ca 1606.939 Zn 1347.962 Al<0.000
Pb 10.203 Fe<0.000
Cu2.383 As <0.000
Hg<0.000
Ag<0.000

According to the [IUPAC Compendium of Chemical Terminology (2nd
edition), a trace element is defined as “any element with an average
concentration of less than approximately 100 ppm (parts per million)
atoms or below 100 pg/g.” However, continual advances in modern
analytical instrumentation have significantly increased the sensitiv-
ity and precision of elemental detection. As a result, the conventional
upper limit defining “trace” concentrations has become insufficient
to describe the levels now routinely measurable. To address this, the
concept of ultra-trace analysis has emerged, generally referring to
determinations at concentration levels below 10°¢ g/g (1 ppm) and
often extending down to 10~® g/g (10 ppb). Although no universally
accepted numerical boundary exists, this term broadly encompasses
analyses conducted at concentration ranges beyond the conventional
trace domain, reflecting the enhanced detection capabilities of con-
temporary analytical techniques [52]

Notably, ultratrace elements—including sodium (Na),
aluminum (Al), iron (Fe), arsenic (As), mercury (Hg), and
silver (Ag)—were all below the detection limit (<0.000 pg/kg),
demonstrating the high purity of the sample and the absence
of toxic metal accumulation. Such findings underscore the
environmental safety and potential nutraceutical suitability of
AB extracts.

The UV-Vis spectrum obtained from the film on glass
and the Tauc curve derived from it are shown in Fig. 2a and
b, respectively. Absorbance measurements clearly show that
the AB film exhibits high absorption, particularly in the UV
region. The optical band gap obtained from the Tauc plot was
calculated to be 2.73 eV. Furthermore, top view and lateral
scanning electron microscope (SEM) images of the AB film
on the Si substrate are given in Fig. 2¢ and d, respectively.
As can be seen in Fig. 2c that the image reveals a granu-
lar surface morphology characterized by the formation of
nanometer-sized clusters. The AB film exhibits a dense and
continuous network, which is essential for ensuring efficient
charge transport across the organic/inorganic interface. Fur-
thermore, the high surface-to-volume ratio provided by this
interconnected granular structure is expected to enhance the
light-harvesting capability of the heterojunction. No sig-
nificant micro-cracks or large-scale defects were observed,
confirming the high structural integrity of the fabricated
thin film. The cross-sectional SEM analysis reveals that the
Alcea biennis (AB) organic layer has a uniform thickness
of approximately 104 nm (Fig. 2d). This nanometric thick-
ness is well-suited for high-performance photodetectors, as
it is thick enough to ensure significant light absorption while
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Fig.2 (a) UV/Vis spectra, (b)
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remaining thin enough to minimize the series resistance and
allow for efficient charge carrier extraction to the electrodes
without excessive recombination losses.

The current-voltage graphs of AB@n-Si and AB@p-Si
heterojunction devices prepared under the same conditions
and measured in the dark and in the = 2 V range are shown
in Fig. 3a. It can be seen that both devices exhibit asym-
metric graphs that will provide a fairly high rectification
ratio. Although the reverse-bias currents of both devices
exhibit similar behavior, the forward-biased current of the
AB@n-Si device has a higher slope than AB@p-Si. This
indicates that the AB@n-Si device has an advantage over
the AB@p-Si device in terms of power consumption since
the forward current of the AB@n-Si device at the same bias
is higher than that of the AB@p-Si device for the same bias
values. The high AB@n-Si current in the forward bias was
attributed to the low series resistance and ideality factor,
and the high charge carrier injection efficiency with respect
to the AB@p-Si heterojunction. Besides, in the range of +
2, the rectification ratio of AB@n-Si is 4.45 % 10°, while
that of AB@p-Si device is 8.22 x 10% The ideality fac-
tor, which is an important parameter for rectifier devices,
is also obtained as 1.57 and 4.0 for AB@n-Si and AB@p-
Si devices, respectively, using thermionic emission theory
[53]. The value of n greater than unity is explained by the
difference in the ideal current mechanism for both devices.
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The value of 1.74 indicates that recombination currents are
partially effective in addition to diffusion, while the value
of 4.0 is attributed to the non-homogeneous barrier height
and the trapping of charge carriers due to the presence of
a high-density defects between AB and p-Si in addition to
the recombination current [54]. The distinct ideality factors,
n = 1.57 for AB@n-Si and n = 4.0 for AB@p-Si, provide
critical insight into the interface quality and charge transport
dynamics of the devices. The lower ideality factor of 1.57
for AB@n-Si suggests a more ordered interface with fewer
recombination centers, which is consistent with its superior
rectification ratio. In this device, the current is dominated
by thermionic emission with minimal leakage, leading to a
more efficient potential barrier. Conversely, the high ideal-
ity factor of 4.0 for AB@p-Si indicates a high density of
interface states and trap-assisted recombination/tunneling
mechanisms [55-57]. This high trap density facilitates a sig-
nificant photocurrent enhancement through a ‘photoconduc-
tive gain’ mechanism; under illumination, trapped carriers at
the AB@p-Si interface can modulate the depletion width or
prolong carrier lifetimes, resulting in the impressive respon-
sivity observed. Consequently, while the AB@n-Si device
shows a more ‘ideal’ diode behavior, the AB@p-Si device
leverages its trap-dominated interface to achieve enhanced
photo-sensing capabilities. To clarify the current conduction
mechanisms, the I-V characteristics of both devices were
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Fig.3 (a) I-V plots of AB@n-
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analyzed on a logarithmic scale (Fig. 3b). For AB@p-Si, the
log(I) - log(V) analysis of the forward bias characteristics
reveals three distinct conduction regions, which explain the
deviation from the ideal TE model. At low voltages(V < 0.2
V), the slope log(/) - log(¥) plot is found to be ~1.2. This
indicates that the current is dominated by thermally gener-
ated carriers. At 0.2 V<V < 0.7 V range, the current shows
a superlinear dependence (I o« V™, where m > 2), which is
characteristic of a trap-limited SCLC regime [58]. In this
region, injected carriers are progressively captured by trap
states at the organic/inorganic interface, leading to a devia-
tion from ideal quadratic behavior. The transition from
Ohmic to TFL and finally to the SCLC regime provides a
comprehensive physical explanation for the non-ideal diode
behavior and the impressive photoresponse observed in
the AB@p-Si heterostructures. At higher voltages (for V
> 0.7 V), the slope settles to 2.2. This confirms that once
the traps are filled, the current becomes space-charge lim-
ited (SCLC), following the Mott-Gurney law (Child’s Law)

Voltage (V)

(I V?). Besides, for AB@n-Si device, at higher injection
levels (V > 0.6 V), the current transport transitions from a
diode-like behavior to a SCLC regime, where the slope of
the plot reaches ~2.05. This confirms that the charge trans-
port is governed by the Mott-Gurney law in the high-voltage
region. The combined presence of recombination (n = 1.57)
and SCLC (slope~2) provides a complete physical picture
of the carrier dynamics in the produced heterostructure [58,
59] A higher value of the ideality factor can also lead to
a higher series resistance. The changes in series resistance
(R,) with voltage for both devices are shown in Fig. 3¢. It can
be seen that R decreases with increasing forward bias volt-
age. However, the R, value of the AB@p-Si device is higher
for every voltage value than AB@n-Si device. Because the
width of depletion region is large at low forward bias volt-
ages, a significant portion of the applied voltage is lost in
this region, and the concentration of charge carriers contrib-
uting to conductivity in the neutral regions is low. There-
fore, R, is high. However, with increasing forward bias, the
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width of depletion region narrows, increasing conductivity.
This, in turn, reduces R,. Shunt resistance (Ry,) is one of the
important parasitic parameters in heterojunction diodes and
plays an important role in leakage and device performance.
Alarge Ry, indicates low leakage current paths. Ry, -V curves
for both devices are given in Fig. 3d. It is seen that Ry, is
high for both devices in reverse bias and partially increases
with increasing bias. Since the width of the depletion region
depends on the applied voltage, fluctuations in Ry, appear as
a result of the capture and release of charge carriers by the
traps between AB and Si with changing bias. Furthermore,
Ry, increases abruptly for AB@p-Si in the zero-bias region,
while it decreases conversely for AB@n-Si. In fact, because
Ry, is an effective resistance that models the leakage paths
in the diode, its value decreases when there is an open cur-
rent path and increases when leakage currents are blocked.
By measuring a photodetector over a wide range of light
intensities (P), we can obtain information about the device’s
thermal stability, sensitivity to light intensity, and the pres-
ence of internal gain. For this purpose, we performed I-V
measurements over a wide range of white light intensities for
both AB@n-Si and AB@p-Si devices. The photoresponse
measurements were conducted by illuminating the device
from the top (AB thin film side) to ensure that the incident
photons directly interact with the AB@Si heterojunction
interface. [-V measurements of AB@n-Si and AB@p-Si het-
erojunctions under varying white light intensities are given
in Figs. 4a and b, respectively (The device schematic of the
produced heterojunction devices is shown as an inset in Fig.
4c.). Measurements performed with a standard solar simula-
tor (Sciencetech SF300 model (AM1.5 G)) show that both
devices have a high photoresponse to white light, and the
photoresponse even increases with increasing light inten-
sity. This means that the number of photogenerated charge
carriers increases proportionally to the light intensity, and
the number of charge carriers that are drifted and collected
at opposite ends increases with the reverse bias because of
the enhanced electric field. However, when the currents of
both devices are examined around zero bias, it is observed
that the current of the AB@n-Si device is higher than that
of the AB@p-Si device at all light intensities. This indicates
that the internal electric field in the AB@n-Si device is
higher than that in the AB@p-Si device, and that photogen-
erated carriers can be generated by this electric field when
light is incident on the AB layer. Furthermore, although
the reverse currents of both devices are close to each other,
under illumination the reverse currents of AB@n-Si and
AB@p-Si devices (at —2.0 V bias) are 3.10 x 10~ and 6.01
x 1077 A (for 10 mW/cm?) and 1.40 x 10" *and 1.14 x 10~ *
A (150 mW/cm?), respectively. Besides, in the forward bias
region, the photocurrent is almost negligible since the width
of the depletion region decreases with increasing bias [60].
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Furthermore, the value of the photocurrent, which is already
quite low relative to the forward current, may contribute to
the forward current to a negligible extent due to the effect
of recombination currents. This situation has been observed
in our devices.

The curves of photocurrent (I;) versus bias voltage
depending on light intensity are shown in Fig. 5a and b. It
is clearly seen that the photocurrent increases with increas-
ing light intensity for both devices. While the AB@n-Si
heterojunction shows a partial increase in photocurrent
with increasing bias voltage, the AB@p-Si heterojunction
first exhibits a linear increase in photocurrent with increas-
ing bias, followed by a saturation trend. This means that at
high voltages, almost all photogenerated charge carriers are
collected. Partial changes in both figures express the non-
homogeneous interface structure between AB and Si and the
trapping or release of charge carriers by the traps originating
from them.

In most photodetector applications, such as image sen-
sors and light meters, measurements can be taken across a
wide range of light intensities to determine whether the pho-
todetector has a constant photosensitivity. For this purpose,
[-V measurements dependent on light intensity are impor-
tant. The [, vs. V plots at constant bias voltage for both
AB@n-Si and AB@p-Si heterojunction devices are shown
in Fig. 5¢ and d, respectively. In general, it is observed that
L, increases linearly with increasing light intensity for
both devices. By linearly fitting the data, we found that the
R-squared (coefficient of determination) of the linear fit-
ting for AB@n-Si and AB@p-Si heterojunction devices are
0.977271 and 0.91583, respectively, which are indicating
the linearity of the data [61]. For Fig. 5¢ and d, we obtained
slopes of 1.74 and 1.68 for AB@n-Si and AB@p-Si, respec-
tively, using the simple power law Iph=APC. (Here, A, P and
c are the proportionality constant, the light intensity inci-
dent on the device and the experimental coefficient, respec-
tively). A slope greater than 1 also indicates the presence
of internal gain in both devices. The ¢ values for the same
devices are 1.06 x 10~ ® and 4.30 x 10 ?, respectively. Small
c values indicate that the traps act as recombination centers,
and the similar results in both A and c generally indicate
that both devices operate with a similar mechanism [62].
The imperfect linear change (Fig. 5d) was attributed to the
trapping of charge carriers, distributed within the energy
gap [63]. Deviations from linearity may also occur due
to traps caused by inhomogeneities or defective interface
structures in the SiO, layer or between AB and Si [60]. In
addition, the more pronounced linearity in AB@n-Si indi-
cates that recombination losses in this device are lower than
AB@p-Si.

A measure of a photodetector’s response to light is the
ON/OFF ratio, given by the ratio of the photocurrent under
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light to the dark current. That is, when the dark current is
low and the photocurrent is high, this ratio will also be large.
The ON/OFF ratio-V graphs as a function of light inten-
sity for AB@n-Si and AB@p-Si devices are illustrated in
Fig. 6a and b, respectively. While the change in the ON/
OFF ratio with voltage is weak for the AB@n-Si device,
it clearly increases with increasing light intensity. In the
AB@p-Si device, in addition to the increasing ON/OFF
ratio with increasing light intensity, both increasing and
decreasing ON/OFF ratios depending on voltage are clearly
observed. In AB@n-Si device, the increase in photocurrent
with increasing light intensity increases the ON/OFF ratio,

while in AB@p-Si device, the weak increase in photocur-
rent with voltage at low intensities and the more pronounced
increase at high light intensities are the reasons for these
behaviors. Additionally, it is clearly seen that the ON/OFF
ratio peaks at this bias as a result of the low dark current at
zero bias for both devices. For AB@n-Si, the highest ON/
OFF ratio is 8396 at zero bias of 150 mW/cm?, while for
AB@p-Si, the highest value is calculated as 6578 at —1.78
V bias voltage of the same light intensity value.

Two of the most important parameters that measure the
performance of photodetectors are responsivity (R) and
detectivity (D). R is used to find the gain in electrical output
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per optical input. In contrast, D indicates the photodetec-
tor’s ability to measure weak optical signals that are dis-
tinguishable from noise. R and D are calculated using the
following equations [64]:

I
R= G (1)
Ipn
D= P 2
R 2quark ( )

@ Springer

where [, P, A and g indicate the photocurrent, illumination
power, effective device area and electronic charge, respec-
tively. Figs. 7a and b depict the R-V plots as a function of
the light intensity. It is clear that the R values of both devices
exhibit a non-linear change depending on voltage and light
intensity. However, it is also seen that the dependence on
intensity is more pronounced at high light intensities. In
general, the AB@n-Si device exhibits higher R values than
the AB@p-Si device across the entire light intensity range.
For example, at the highest light intensity of 150 mW/cm?
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and —2.0 Volts, the R values for the AB@n-Si and AB@p-Si
devices were calculated as 123 and 97 mA/W, respectively.
Peak values are observed just before —2.0 volts in both
graphs. The drops following this peak value were attributed
to recombination due to the effect of interface traps between
AB and Si. Another reason for this decrease may be that
photogenerated charge carriers, which gain high energy due
to high electric fields or reverse bias voltage, reduce the
total charge density as a result of colliding with each other
[65, 66]. For both devices, the changes in D’s light intensity
and voltage showed behavior similar to R (Fig. 7c-d), and
the highest D values were obtained at high light intensity
and high bias voltage. For example, for a bias value of —2.0
volts at 150 mW/cm?, the optimum values for AB@n-Si and
AB@p-Si devices were obtained as 3.92 x 10'° and 3.20 x
10'° Jones, respectively. However, for the —2.0 V bias and
at 10 mW/cm?, for AB@n-Si and AB@p-Si devices, D were
calculated as 6.09 x 10° and 2.47 x 10° Jones, respectively.
The changes of the basic parameters R and D depending on
the light intensity are given in Table 2 for both AB@n-Si
and AB@p-Si photodetectors.

The I-V characteristics of AB@n-Si and AB@p-Si
devices under light sources with four different wavelengths
are shown in Fig. 8a and b, respectively. For both devices,
the photoresponse is quite high across all wavelengths.
Furthermore, while the rectification ratio is high for the

AB@n-Si device with respect to AB@p-Si, the AB@p-Si
device exhibits an I-V change that is close to ohmic behavior
under light, i.e., a very low rectification ratio. In fact, it can
be understood from the difference in reverse currents under
dark and light conditions that the responses of both devices
to light at different wavelengths are of the same order. How-
ever, it is observed that the photoresponse of the AB@n-Si
photodetector increases with voltage up to 0.4 volts and does
not change significantly with light wavelength. This indi-
cates that the AB@p-Si device does not generate electron-
hole pairs up to 0.4 V bias with light, and that the charge
carriers are generated by an electric field corresponding to
the sum of the external bias and the internal electric field
(in depletion region). Following this voltage, wavelength-
dependent changes are observed due to the photogenerated
current caused by charge carriers originating from band-to-
band of AB and Si or interfacial traps or from the functional
groups of AB for different wavelengths. Furthermore, it
can be seen from the I-V characteristics that both devices
exhibit self-powered properties. The open-circuit voltage
for the AB@n-Si and AB@p-Si devices was obtained as
0.20 and 0.35 V, respectively. In the AB@p-Si device, the
permanent charge accumulation caused by charge traps at
the interface has increased the internal electric field, lead-
ing to easy charge transfer. In this case, as shown in Fig.
8b, the early forward current has shifted slightly to the left
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Table 2 Photodetector parameters of AB@n-Si and AB@p-Si hetero-
junctions for various light power densities (P) (at V=-2.0 V)

P (mW/cm?)  AB@n-Si AB@p-Si
R (mA/W) D (Jones) R (mA/W) D (Jones)

10 19.77 6.32x10° 737 2.48x10°
20 23.23 7.40x10° 8.91 2.99%10°
30 27.52 8.77x10° 7.41 2.49%10°
40 24.55 7.82%10° 9.81 3.30x10°
50 23.79 7.58x10°  12.09 4.06x10°
60 33.90 1.08x10' 1199 4.03x10°
70 42.13 1.34x10° 1241 4.17x10°
80 53.68 1.71x10'°  11.92 4.01%10°
90 53.01 1.69x10"0  23.74 7.98%10°
100 68.34 2.38x10"0  33.84 1.14x10'
125 131.06 4.10x10'° 3561 1.21x10'
150 123.12 3.92x10"  96.80 3.26x10'

of the I-axis. However, the wavelength-dependent reverse
current of the AB@n-Si photodetector is relatively high
at 590 and 365 nm compared to other wavelengths. Simi-
larly, for the AB@p-Si photodetector, higher reverse current

is observed at 590 and 365 nm compared to other wave-
lengths in wavelength-dependent changes beyond 0.4 volts.
This situation was attributed to lower light absorption and
photogenerated charge carrier formation in AB@n-Si due
to Si, which has a band gap of 1.12 eV at 850 nm in both
devices. However, it can also be explained by higher light
absorption and photogenerated charge carrier formation at
590 nm due to the interface energy states and at 365 nm in
the AB layer [67]. The higher photoresponse at 365 nm UV
light originates from the AB layer, and it is understood that
at 365 nm, the release of electrons trapped in defects at the
AB/Si interface is effective, rather than direct band-to-band
electron transfer from the AB layer. It is observed that the
photoresponse for both devices are close to each other, and
electron-hole pairs are formed even at very low bias volt-
ages for AB@p-Si due to a higher bias voltage (or built-in
electrical field). In addition, it is clearly seen that AB@n-Si
also responds to light after a certain voltage, just like in the
I-V graphs (Fig. 8c and d). The high photocurrent at 590 nm
for both devices was attributed to charge carriers emitted
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as a result of photon absorption through defects/tail states
formed between AB and Si at this wavelength and local lev-
els within the energy band gap [68].

ON/OFF ratio-voltage graphs for different wavelengths
are shown in Fig. 9a and b. It is clearly seen that the ON/
OFF ratios of both photodetectors vary with both bias and
wavelength. While the AB@n-Si device has the highest
ON/OFF ratio at zero bias, the highest values for AB@p-
Si are more clearly seen at higher voltage values. As men-
tioned above, in the AB@p-Si photodetector, the current is
generated by bias voltage (or built-in electrical field) up to
a certain voltage, and then by the effect of light. That is, at
low biases, the current is generated by the electric field, and
since the current around zero bias is close to the current in
dark, the ON/OFF ratio around zero bias is lower than that
of AB@n-Si. According to the measurement results at all
wavelengths, the highest ON/OFF ratios for both devices
were obtained at 590 nm. Specifically, the highest ratio for
AB@n-Si at zero bias was calculated as 4375, while for
AB@p-Si it was 4237 at —1.88 V.

The R-V graphs calculated using Eq. 1 based on
wavelength are depicted in Fig. 10a and b. In accordance
with the photoelectric effect, the highest values of R for
both devices were obtained at 590 nm. For example, at
590 nm, the highest value for AB@n-Si was calculated as
906 mA/W (for —1.4 V), while for AB@p-Si it was 1384
mA/W (for —2.0 V). For the AB@n-Si device, the decrease
in R after its maximum value was attributed to trap-assisted
recombination processes. The different values and different
responses in both devices depending on the wavelength can
be explained by the different interface structures of both
devices and the resulting different activation energies of
the traps in the interface defect and energy states formed
between AB and Si.

Fig.9 (a) ON/OFF ratio versus

The performance parameters of the wavelength-depen-
dent photodetector are given in Table 3 at V=—-2.0 V.

The external quantum efficiency (EQE) of a photodetec-
tor is a fundamental performance metric that indicates the
detector’s efficiency in converting incident photons into
electrical carriers (electron-hole pairs). The EQE of a photo-
detector can be calculated according to the expression [69]:

he
EQE = Rq—A (3)

where, R, i, ¢, A and g are responsivity, Planck’s constant,
speed of light, wavelength of the light, and elementary
charge, respectively. Plots of EQE versus voltage calculated
using Eq. 3 for AB@n-Si and AB@p-Si heterojunction pho-
todetectors under different wavelengths are given in Fig.
11a and b, respectively. It is clearly seen that EQE varies
with both wavelength and voltage. Furthermore, the highest
EQE value for the AB@n-Si device is observed under 365
nm UV light, while the lowest is observed under 850 nm
IR light. For example, the optimum EQE value is 267(%)
under 365 nm light (at —1.76 V), while it is 85(%) (at —1.68
V), at 850 nm. After these values, the partial decrease in
EQE with increasing voltage is attributed to the recombina-
tion of charge carriers by traps due to the inhomogeneous
interface structure [25, 57]. For the AB@p-Si photodetec-
tor, the highest EQE values were obtained at 590 and 365
nm, while the lowest value was obtained at 850 nm. The
optimum EQE values at 590 and 365 nm were obtained as
282(%) (for — 2.0 V) and 274(%) (for — 1.72 V), respec-
tively. The highest EQE value at 850 nm was obtained as
~56(%) at —2.0 volts. The overall evaluation of the EQE
values for both devices shows that the EQE exceeds 100%
at wavelengths other than 850 nm. This high value of EQE
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Table 3 Photodetector parameters of AB@n-Si and AB@p-Si heterojunctions for different wavelength (A) (at V=-2.0 V)

A (nm) AB@n-Si (V=-2.0V) AB@p-Si(V=-2.0 V)

R (mA/W) D (Jones) EQE(%) R (mA/W) D (Jones) EQE(%)
365 749 2.42x10" 250 814 2.73x 10" 268
395 473 1.51x10" 143 520 1.74x 10" 159
590 758 2.42x 10" 154 1384 4.66x 10" 282
850 569 1.82x 10" 80 394 1.32x 10" 56

is attributed to the high photoresponse under UV light in the
AB layer and the contribution to the photocurrent by the dis-
charge of interfacial traps at different wavelengths, resulting
in a photoconductivity gain for the devices at these wave-
lengths [70]. Furthermore, the remarkably high EQE values
(exceeding the unity limit) indicate that the device operates
in a photomultiplication regime. We attribute this perfor-
mance to the impact ionization mechanism within the AB@
Si, where the accelerated primary photo-generated carri-
ers gain sufficient kinetic energy to impact the lattice and

generate additional carriers, thereby significantly enhancing
the device’s responsivity [71-73].

Energy-band diagrams illustrating the photocurrent gen-
eration mechanism in the devices are shown in Fig. 11c and
d. When p-type AB and n-Si materials, whose p-type status
has been determined by comparison with a p-type reference
material, are combined, electrons flow from the n-Si side
toward the p-AB side until the Fermi levels of both materi-
als are equalized. At equilibrium, the equilibrium Ej level
shown in Fig. 1lc is reached. These electron transitions

@ Springer
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cause band bending in the region indicated by the deple-
tion zone (DZ) in both materials, and an internal (built-in)
electric field forms in this region from right to left. At low
forward bias voltages, current is generated as carriers over-
come the potential barrier (thermionic emission). However,
the fact that the ideality factor is greater than 1 (1.57) indi-
cates that interface recombination is active. In other words,
while some electrons and holes overcome the barrier, oth-
ers recombine at defect levels at the interface. Deep traps
within the organic layer (AB) and at the interface are filled
by the injected carriers. During this process, the current
responds very sharply to even small increases in voltage. A
low reverse bias current is generated in the dark.

Under IR light, high-energy photons generate carri-
ers in the Si surface. They also excite electrons trapped in
the interface (“de-trapping”) and incorporate them into the
current (photoconductive gain). Light at 590nm (visible)
passes through the organic layer and reaches deep into the
Si depletion region. The electron-hole pairs formed here are
rapidly separated by the internal electric field. The AB layer
acts as an effective passivation agent in this region, reducing
surface recombination and maximizing efficiency (EQE).
Furthermore, when light (UV or visible) strikes the material,
electron-hole pairs are generated. Under these conditions,

@ Springer

the internal electric field and the electric field caused by
the external bias are in the same direction. Therefore, the
electron-hole pairs generated by the light effect separate,
with the electrons moving toward the n-Si layer and the
holes moving toward the p-Si layer, eventually reaching the
electrodes.

When AB and p-Si are brought together, electrons flow
from AB to p-Si and holes flow from p-Si to AB, reaching
equilibrium conditions and forming a depletion region. At
equilibrium, an internal electric field develops from right
to left (Fig. 11d). The barrier in the region where the bends
between the two materials occur acts as an accumulation
zone for the carriers. Under the forward bias, the holes
moving from p-Si to AB must pass through this barrier
region. When light strikes the AB layer under reverse bias,
electrons excited by UV light are transferred very rapidly
from the LUMO level of the AB to the conduction band
(CB) of p-Si and a portion of the light-induced carriers are
trapped in the traps at the interface. This trapping modu-
lates the local electric field at the interface. As long as a
trapped charge remains there, a large number of opposite
charges are injected into the device from the external cir-
cuit to maintain charge balance. The photogenerated carrier
density can also increase when UV photons have sufficient



Harnessing Alcea biennis for sustainable and high-performance organic/Inorganic heterojunction...

Page 17 of 20 546

energy to excite carriers trapped in deep trap levels at the
interface. Interface traps multiply the current by extending
the lifetime of the photoconductors. This is the “photocon-
ductive gain” mechanism, which causes multiple electrons
to flow from a single photon.

The device exhibits a distinct wavelength-dependent
photoresponse, rooted in different physical processes. The
high responsivity at 365 nm is attributed to the UV-induced
de-trapping of carriers from interface states, leading to a
photoconductive gain mechanism. In contrast, the peak
performance at 590 nm originates from the optimized
collection of carriers generated deep within the Si depletion
region. At this wavelength, the Alcea biennis layer serves
a dual purpose: it provides effective surface passivation to
minimize recombination losses and functions as a hole-
selective interlayer.

A comparison of the AB@Si photodetector’s instrument
performance with other previously reported organic/inorganic
hybrid and silicon-based heterojunction photodetectors is
given in Table 4.

The exceptional optoelectronic response of the AB@Si
hybrid photodetector can be attributed to the synergistic
effects of its phenolic constituents and essential elements
identified in the aqueous extract. Phenolic compounds
such as tiliroside, kaempferol derivatives, and flavonoid
glycosides possess extended m-conjugation and abundant
hydroxyl and carbonyl groups that facilitate strong elec-
tronic coupling and efficient charge transfer at the semi-
conductor interface, thereby enhancing photoresponsivity
and broadening spectral absorption. Similar findings were
reported in studies on plant-based photodiodes employing
anthocyanin- and flavonoid-sensitized junctions, where
phenolic w-systems enabled visible-to-NIR sensitization
and improved built-in electric field strength across the
hybrid interface.

In addition, the elemental composition of AB, dominated
by K, Mg, Ca, and Zn, supports the formation of interfacial
dipoles and defect passivation layers. These elements are
known to influence surface potential and dielectric balance
in bio-hybrid materials—potassium enhancing ionic mobil-
ity and conductivity, magnesium and calcium contributing
to charge neutrality and film stability, and zinc facilitating
exciton dissociation and electron transport through coordi-
nation with oxygen-rich phenolic sites. Consequently, the
AB layer likely operates through (i) spectral complemen-
tarity between phenolic chromophores and the underlying
semiconductor to expand the detection range, (ii) element-
assisted dipole formation that strengthens the built-in poten-
tial enabling self-driven operation, and (iii) phenolic—metal
coordination networks that minimize interfacial traps and
dark current.

One of the major problems that makes organic materials
disadvantageous for practical optoelectronic applications
is their inability to maintain stability over long periods of
time. Therefore, stable organic materials are considered
a step ahead in practice. For this purpose, the stability of
the AB@n-Si heterojunction device, which was left in the
atmospheric environment after device fabrication, was
retested under different light sources 152 and 327 days after
its fabrication to evaluate the performance of the AB pigment
organic material both in the dark and under different light
sources (Fig. 12a-d) (Since the stability of inorganic silicon
is known, only time-dependent stability results for AB@n-Si
were provided to observe the stability of the AB). As seen,
the device is stable under all light sources used in both dark
and experimental stages, maintaining its antisymmetric I-V
characteristic. The fact that the reverse current does not
change in the dark demonstrates that the device maintains
its stable physical design. However, it was considered that
the partial changes in the device’s I-V measurements might

Table 4 Comparison of the optoelectronic performance parameters of the fabricated AB/n-Si photodetector with other reported organic/inorganic

heterojunction devices in the literature

Device A(nm) ON/OFF ratio D* (Jones) R (mA/W) EQE (%) Ref.
AB@n-Si 590 4375 2.42 x 10" 758 154 This work
AB@p-Si 590 4237 4.66 x 10" 1384 282

Al/DPAVBi/n-Si 600 - 3.37 x 10'° 890 7.01 [74]
Gr/H-Gr/Si 532 2.3 x 101 245 ~60 [75]
EA/n-Si 850 ~2.5 x 10* 1.41 x 10'? 650 149 [76]
graphene: PVA/p-Si White 1.41 x 10* 5.35x 10° 5.7x10°° - [77]
DiMe-PTCDI/p-Si IR - 7.0 x 107 0.2 9x10°° [78]
BTPDS-8/Si 850 983 1.22 x 10'° 1.56 - [79]
PEDOT: PSS/p-Si 455 - 2.85 x 10" 527.5 ~80 [80]
MDMO-PPV/n-Si 351-1100 8 x 100 22 0.5 [81]
PANI: Coronene/p-Si white - 3.94 x 1010 5.34 - [82]
CU/Si 395 1.8 x 10* 1.22 x 10" 13.19 A/W 451 x 103 [83]
PPD-RGO/Si 382 - - 1.4 - [84]
HBS/n-Si 850 ~10° 2.0 x 10" 1160 - [20]
LiPOM/p-Si 1000 - 434 x10'° 64.17 7.96 [85]
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have been caused by unstable derivatives resulting from the
reaction between oxygen in the air and the AB surface. In
other words, the partial improvement in photocurrents was
attributed to the device’s ability to increase conductivity
in the AB layer by acting as a molecular dopant in the air
environment, utilizing O, and H,O in the air. Furthermore,
the partial decrease observed in the forward current during
the stability measurements can be attributed to the increase
in series resistance induced by the interfacial oxidation
of the silicon surface. Over the 205-day storage period,
the formation of a thin native oxide layer (SiOx) at the
heterojunction interface serves as an additional barrier for
charge carrier transport, which slightly restricts the forward
current flow [86].

@ Springer

4 Conclusion

In conclusion, novel type of organic/inorganic heterojunc-
tion photodetectors were fabricated by facile spin coating of
an AB plant pigment layer on n-type and p-type Si to obtain
AB@Silicon devices. Both devices exhibited excellent recti-
fying in the dark, with the forward current of AB@n-Si being
higher than that of AB@p-Si, while the reverse currents were
found to be close to each other. The difference in currents
in the forward bias was explained by the non-homogeneous
interface structure for AB@p-Si and the higher density of
interface traps compared to AB@n-Si. It was seen that both
hybrid photodetectors can operate without external bias.
Additionally, both devices demonstrated high performance
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under white light, UV, and IR light. Measurements based
on white light intensity showed that the ON/OFF ratios in
AB@n-Si and AB@p-Si devices could reach values of 8396
and 6578, respectively, for a light intensity of 150 mW/cm?.

Under lights with an intensity of 8 mW/cm? and wave-
lengths of 365, 395, 590, and 850 nm, it was generally
observed that the performance at 365 nm was higher than at
the other wavelengths. This was attributed to the significant
light absorption of the AB layer, which has a wider band gap
than Si, leading to the formation of electron-hole pairs for
UV light. For AB@n-Si, the R, D, and EQE values are 749
mA/W, 2.42 x 10" Jones, and 250 (%), while for AB@p-Si,
the same parameters reached 814 mA/W, 2.73 x 10! Jones,
and 268 (%) respectively.
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