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A B S T R A C T

The advancement of electronic technology is accelerated by the discovery of two-dimensional materials, and it 
also becomes a prompting area for researchers to focus on exploring their alternatives. In these research activ
ities, silicene attracts significant attention due to its potential in various electronic applications. In addition, 
polypyrrole (PPy), belonging to the class of intrinsic conducting polymers, is another important material pref
erentially used in this technology. In this study, a composite material prepared in the form of Ppy:silicene is 
applied between metal and semiconductor. The resulting Ppy:silicene/p-Si and Ppy:silicene/n-Si photodiodes are 
discussed according to their diode responses. Structural characteristics of fabricated silicene based layer material 
are determined by X-ray diffraction technique. Device behaviors of the fabricated devices are mainly analyzed in 
response to incident light. At this characterization step, electrical measurements are conducted in a dark envi
ronment and under different light intensities ranging from 20 to 100 mW/cm2. For instance, the Ppy-Silicene/p- 
Si device exhibited a barrier height of 0.57 eV and an ideality factor of 3.1, compared to the Ppy-Silicene/n-Si 
device, which showed a barrier height of 0.55 eV and an ideality factor of 4.9. Characteristic photodiode pa
rameters, such as light sensitivity, responsivity, and detectivity are obtained through current-voltage/time 
measurements depending on power of light. In addition to these parameters, performance-determining param
eters for the diodes as barrier height, series resistance, and ideality factor are investigated according to 
thermionic emission and Cheung’s approaches. The results indicate that the performance of the Ppy-Silicene/p-Si 
photodiode is significantly more effective than that of the photodiode produced with n-Si substrate. As a result of 
these experimental works, the fabricated Ppy-Silicene composite material and its diodes, especially on p-Si, can 
be evaluated as a promising candidate for optoelectronic technology.

1. Introduction

In electronic technology, optoelectronics is a significant branch that 
combines aspects of both optics and electronics. It is important to 
highlight that these devices have various applications in fields such as 

automatic control systems, medicine, the military, and telecommuni
cations [1–4]. Basically, optoelectronic mechanisms work to generate 
electrical energy in response to the incident light. It means that electric 
current is obtained by photoelectric transducers when exposed to light 
[5,6]. The photo-response can be found in a system made of multiple p-n 
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junctions interconnected in series. Among these p-n junctions, one 
junction is exceptionally thin, allowing easy passage of light. Thus, the 
process is mainly due to absorption of light energy by a semiconductor 
material at junction region. This light absorption can form charge car
riers as a result of electron excitation and causing holes in their states 
[7–9]. Photo-generated electron-hole pairs result in a voltage genera
tion. Each photovoltaic junction typically produces a voltage of around 
0.6 V. To generate higher voltages, extensive arrays of solar cells can be 
interconnected in both series and parallel configurations [10,11]. 
Therefore, photovoltaic devices can offer a useful option to supply 
electricity as an alternative way to the conventional power sources [12]. 
In addition, they can be found in space applications to charge solar 
batteries [10,11].

As another device application under illumination, photodiodes 
inherently have high electrical impedance and usually operated with an 
applied reverse voltage. Reverse biasing results in increasing depletion 
width that reduces the capacitance of the diode and improves its 
response time and sensitivity to light. Serving as high-speed sensors, 
they produce a small current (measured in microamperes) directly 
proportional to the light intensity [13,14]. Photons possess enough en
ergy to break several covalent bonds within the junction and so that 
generates electron-hole pairs and consequently flow of current within 
the diode. An increase of light intensity prompts photodiode to release 
additional charge carrier pairs and as a result amplifying the generated 
current [15–17]. At these applications, the structure can be fabricated 
by organic materials in addition to conventional inorganic counterparts. 
Basically, organic solar cells (OSCs) and organic photodetectors (OPDs) 
have similar device configurations whereas their functions are different. 
OSCs are mainly designed to produce electricity efficiently under illu
mination. On the other hand, OPDs are optimized for detecting light 
with high sensitivity and responding to variations in light intensity. The 
crucial parameters for these structures are dark- and photo-generated 
currents. These parameters are proportional to the light absorption, 
charge transportation, losses and extraction of free-carrier. Although 
there are variety of application areas, there are physical concerns about 
device status and mechanisms of bulk-heterojunction layers [18,19].

Researches into graphene-like two-dimensional (2D) materials are 
point of interest with the discovery of graphene, and these studies pre
sent various chemical compounds of transition metals [20], phosphor
ene [21], stanine [22], germanene [23], silicene [24], and hexagonal 
boron nitride [25]. Its compatibility with existing technology, as much 
as its remarkable optical and electrical properties, directs greater 
attention toward silicene compared to others [24,26]. Silicene is a 2D 
variation of silicon resembling graphene, however composed of silicon 
atoms arranged in a honeycomb lattice, holds promise as a nanomaterial 
due to its distinct properties [27]. Due to a 2D material, it provides large 
surface-to-volume ratio to increase surface interactions at interfaces. 
Similar to graphene, it has high electron mobility and that supports its 
use in electronics, especially in photovoltaic applications. In comparison 
to graphene, silicene exhibits lower values for the Poisson ratio, ultimate 
stress, bulk modulus, and Young’s modulus [28]. Specifically, its 
in-plane stiffness constant is measured at 62 J/m2 with a Poisson ratio of 
0.3, contrasting with graphene’s 335 J/m2 and 0.16, respectively [29, 
30]. Moreover, bulk modulus of graphene exceeds that of silicene by a 
factor of 3.5 [31]. Both silicene and graphene boast unique band 
structures, featuring conduction and valence bands intersecting linearly 
at the Brillouin zone points K and K′ at the Fermi energy level. Silicene 
comes in two forms: buckled and flat, each exhibiting a zero π–π* gap at 
the K point and electronic attributes similar to graphene [32,33]. Sili
cene’s electronic characteristics render it suitable for various applica
tions, including photodiodes and photodetectors. The presence of a 
direct bandgap in specific configurations enables efficient light emission 
and absorption, pivotal for advancing optoelectronic devices [34]. Ma
terials take on different characteristics through the addition or incor
poration of various substances, allowing for the redesign of their 
electrical and optical properties. Unlike graphene, bandgap of silicine 

can be tuned to achieve high efficiency in optoelectronic devices.
In recent years, intrinsic conducting polymers with conjugated 

double bonds attracts considerable interest as advanced materials in 
device applications. Among them, polypyrrole (PPy) is particularly 
notable for commercial applications due to its superior environmental 
stability, straightforward synthesis, and higher conductivity compared 
too many other conducting polymers [35–37]. Being a conducting 
polymer, at device interface it can transport charges efficiently. In 
addition, it can be evaluated as a stable material in various applications 
and it presents mechanical flexibility in use for flexible and lightweight 
devices. It can be found in a variety of applications, such as biosensors 
[38], gas sensors [39], wires [40], micro-actuators [41], antiostatic 
coatings [42], solid electrolytic capacitors [43], electrochromic win
dows and displays [44], packaging [45], polymeric batteries [46], 
electronic devices [47], and functional membranes [48]. The material 
characteristics of this polymer can be tuned by doping which points way 
to obtain suitable charge transport layer in devices. Excellent thermal 
stability of PPy coatings makes them ideal for use in carbon composites. 
Furthermore, researchers are actively concentrated on electrochemical 
process parameters that affect the properties of PPy coatings [49]. This 
organic material can be easily synthesized through either oxidative 
chemical or electrochemical polymerization of pyrrole [50,51]. How
ever, synthetic conductive material is insoluble and infusible, which 
limits its processing and applications in various fields. This challenge 
has been extensively studied, leading to the exploration of new appli
cation areas in recent years. For instance, PPy-based polymers can be 
used for loading and releasing drugs and biomolecules, while PPy-based 
polymer blends can provide corrosion protection for metals [52,53]. In 
fact, this composite introduces strength of the ingredients, silicene and 
PPy. At the interface, its component materials can facilitate charge 
transports where silicene acts in electron motion and PPy can conduct 
holes. Thus, the use of this layer at the device interface can reduce 
recombination loses through devices.

Various researches are documented in the literature on metal/ 
semiconductor photodevices using various interfacial layers. However, 
to the best of author’s knowledge, this report is a pioneer work for 
analysis on a silicon-based metal/semiconductor structure incorporating 
Ppy:Silicene as the interfacial material. Therefore, mechanisms of Ppy: 
Silicene/n-Si and Ppy:Silicene/p-Si are evaluated in terms of photo
diode characteristics with different measurements. Besides, by using 
different semiconductor substrates, the importance of the material used 
at the interface and the semiconductor material used has also been 
revealed. It is expected that the outcomes of this pioneering study pro
vide valuable discussions for future research endeavors.

2. Materials and methods

In the junction, 400 μm thick (100) crystalline oriented n-/p-type Si 
semiconductor wafers are used. In terms of electrical characteristics, the 
carrier concentration is about 7.5 × 1016 cm− 3, and the resistivity is in 
the range of 1–10 Ω⋅cm. Device fabrication is provided on 2×2 cm2 cut 
the wafers. Initially, they are cleaned in an ultrasonic cleaner with 
dipping in acetone and isopropanol, sequentially. In order to etch nat
ural oxide layer due to interactions of Si-O on the wafer surface, the 
pieces are dipped in a 1:1 HF:H2O solution for about 30 s, and then they 
are rinsed and dried by nitrogen gas (N₂). Following this process, 100 nm 
thick Al metal layer is evaporated on one side of the wafers to build back 
metal contact. To enhance the ohmic behavior of this contact, p-Si/Al 
and n-Si/Al samples are annealed at 550 ◦C under N₂ environment for 
about 10 min. For the interface layer fabrication, PPy-silicene composite 
is initially obtained. The process for silicene layer involves dispersing 
100 mg of Si microparticles in an equal 100 mL mixture of isopropanol 
and deionized water, and then sonicating them in a nitrogen-flow 
controlled chamber for 4 h to exfoliate the particles. The resulting par
ticles are centrifuged at 5000 and 12000 rpm for 15 min. Subsequently, 
the collected silicene is dried in a vacuum furnace. To prepare the PPy: 
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silicone composite, 5 mg of PPy and 5 mg of silicone are added to 4 mL of 
DMF solution and mixed for 72 h. The layer is fabricated by spin-coating 
50 µL of the solution on pre-cleaned and Al back-contacted Si wafers. 
Coating process is performed at 1500 rpm and 40 s. Following this 
deposition step, 80 nm thick Al metal is thermally evaporated on the 
front side of the Ppy:silicene coated side of the device. In this process, a 
shadow mask is used to specify front rectifying contact area as about 
7.85 × 10− 3 cm2. Fig. 1 shows a schematic energy band diagram of the 
obtained device. As seen in this diagram, PPy has low band energy (Eg =
2.9 eV); as a result, it can be activated in visible light [54,55]. The band 
structure of silicene (in the absence of spin–orbit interaction) has a zero 
gap at the Fermi energy, and the work function of silicene is 4.59 eV 
[56–58]. The calculated band gap energies for the prepared silicene are 
0.84 eV and 1.59 eV for indirect and direct transitions from the Kubel
ka–Munk function.

3. Results and discussion

X-ray diffraction (XRD) analysis is performed to determine the 
crystal structure of silicene and whether there is contamination due to 
chemical processes. The obtained XRD pattern of the silicene is pre
sented in Fig. 2a. The crystal structure properties of silicene affect its 

electrical properties. Contamination in silicene adversely affects the 
electrical performance of silicene [59]. The diffraction peaks indicate 
orientations from right to left as (311), (220), and (111), which can be 
attributed to centrosymmetric cubic crystals in the Fd-3m (227) space 
group. In addition to the XRD peaks of silicene, there is no pattern 
belonging to any other element observed. This experimental result 
confirms the structure of silicene and indicates its consistency with 
JCPDS Card No. 73–1665 database. It also shows the high purity of 
silicene. As a result of this evaluation, it is determined that each edge 
forms 5.431 Å long cubic cell. The structure of the obtained silicene is 
cF8 silicene, which is the 2D allotrope of silicon. Studies of different 
phases of silicon show that the cF8 form is more stable [60]. To deter
mine the fundamental optical properties, the energy band gap, 
Ultraviolet-Visible (UV–Vis) diffuse reflectance spectroscopy is per
formed. UV–Vis spectroscopy provide information on the optical prop
erties of silicene, which is important for understanding the interaction of 
materials with light and their energy levels with possible contamination 
due to chemical processes. The light absorption properties of silicene at 
specific wavelengths have an impact on its potential applications. It 
enables determine the energy band gap of silicene, which affects the 
electrical properties of silicene. Moreover, it can also provide informa
tion on purity of silicene. If unexpected absorption peaks are observed at 

( a ) 

( b ) 

p-Si or n-Si 

Al ohmic contact

Al Schottky contacts 

PPy-Silicene composites

Fig. 1. (a) a Schematic illustration and (b) energy band diagram of Al/PPy-silicene/p-Si or n-Si devices.

A. Karabulut et al.                                                                                                                                                                                                                              Sensors and Actuators: A. Physical 379 (2024) 115996 

3 



certain wavelengths, this may indicate the presence of contaminants 
[61]. The spectroscopic measurement is performed to calculate band 
gap energies derived from the Kubelka–Munk function with the formula: 

F(R) =
(1 − R)2

2R
(1) 

where R represent the diffuse reflectance obtained from the spectros
copy measurements.

A Tauc plot is a graph used to determine the energy band gap of a 
semiconductor material from optical absorption measurements. The 
difference between the upper band gap and the lower band gap de
termines the semiconducting properties of the material. This plot usually 
plots the relationship between α (absorption coefficient) and the energy 
E. Only absorption data at specific wavelengths are used. The absorption 
coefficient usually shows a relationship of the form α ∝ (E− Eg)n, where 
Eg is the energy band gap and n represents the type of transition (e.g., 
n=1/2 for direct transitions, n=2 for indirect transitions) [61]. The Tauc 
plot of this function is drawn to obtain both direct and indirect band gap 
transitions of the silicene sample (Fig. 2b). The calculated band gap 
energies for the prepared silicene are 0.84 eV and 1.59 eV for indirect 
and direct transitions, respectively. These low band gap energies play 
important roles for the electrical devices and optoelectronic applications 
by ensuring high conductivity to results elevated output current of the 
photodiodes.

Since metal-semiconductor contacts are the primary structure of the 
fabricated photodiodes, electrical characterization is crucial for the 
performance and functionality of these devices. [62,63]. At this point of 
view, there is a conventional tendency to construct Si-based junctions. It 

is a well-known semiconducting material so that it can provide more 
predictable ways to analyze final diode characteristics. It also 
cost-effective materials with high thermal stability and low leakage 
current [64,65]. In most electronic applications, it is preferred to 
high-power industrial devices in large-scale production due to getting 
with well-established processes. The use of heterostructures in n-Si and 
p-Si is also essential for improving device performance according to 
engineering availability in band alignment, carrier transport and 
recombination loses [65–67]. Therefore, the current-voltage (I − V) 
measurements for the prepared diodes are conducted under dark and at 
room temperature. Additionally, these measurements are performed 
under various light intensities to determine the light sensitivity of the 
diodes. The obtained results are given in Fig. 3 for detailed observation 
of current behavior against varying voltage.

The forward and reverse I − V characteristics of the Ppy:silicene/n-Si 
and Ppy-silicene/p-Si devices are given in Fig. 3a and b, respectively. 
The increase in current values depending on increasing voltage and light 
intensity is clearly observed in these figures both in reverse and forward 
voltage regions. The higher-than-expected reverse bias current can be 
related to the conductivity level of the interfacial layer material and to 
the rectifying behavior capabilities of the materials used [68,69]. 
Furthermore, according to Fig. 3, the devices present highlight respon
sivity of the devices to change in light intensity [70].

These plots show achievement to rectifying behavior in the devices, 
that allows currents to flow in the positive voltage region while blocks in 
the negative voltage region (reverse bias). The ratio between forward 
and reverse bias currents are calculated to indicate rectification ratios 
and the results are presented in Fig. 4a and b, for Ppy:silicene/n-Si and 
Ppy:silicene/p-Si photodiodes, respectively. As seen from these obtained 
plots, the rectification ratio of Ppy:silicene/p-Si device is significantly 
higher than that of device Ppy:silicene/n-Si. This situation can be 
attributed to the fact that the p-Si material forming a more favorable 
contact with Al metal. The rectifying behavior can be analyzed by 
conventional thermionic emission model in which potential contribu
tions from various transport mechanisms are disregarded [71,72]. It can 
be used to determine characteristic diode parameters from I − V data and 
so that these results obtained under different conditions can be 
compared to evaluate diode response. Thus, the dark and illuminated 
I − V plots are examined to get detailed characterization of the devices. 
As seen in Fig. 3, exposure to illumination leads to rise of minority 
charge carriers within the diode, leading to generation of photocurrent. 
At the region of the reverse bias polarization, the current magnitude is 
observed to be increased from dark to higher light intensities. This 
characteristic behavior proves the light sensitivity of the fabricated 
diode and highlights increase in this response with light intensity. As a 
result of these observations, the fabricated devices are found in 
photo-responsive properties [73].

Thermionic emission method widely used to obtain diode ideality (n) 
and barrier height (Фb) and its standard formulation is as follows [64,65, 
73]: 

I = I0exp
(

qV
nkT

)[

1 − exp
(

−
qV
kT

)]

(2) 

where I0 is named as reverse saturation current, which depends on the 
Richardson constant (A∗), with values of 32 A/cm2K2 for p-type Si [59]
and 112 A/cm2K2 for n-type Si [65,74], ambient temperature (T), 
Boltzmann constant (k), and active device area (A). 

I0 = AA∗T2exp
(
−

qФb

kT

)
(3) 

The I0 values are obtained from the semi-logarithmic I − V plots of 
the Al/Ppy–silicene/n-Si and Al/Ppy–silicene/p-Si photodiodes (Fig. 3). 
These values vary with type of the Si material depending on their 
different work functions where they are 4.3, 4.6, and 4.1 eV for Al, n-Si, 
and p-Si, respectively. Another well-known fact is that for rectifying 

Fig. 2. (a) XRD diffractogram and (b) the Tauc plots of Kubelka-Munk function 
for both direct and indirect band gaps of silicene materials.
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contact formation, the work function of the semiconductor must be 
lower than that of the metal contact. Therefore, creating a rectifying 
contact between n-Si) and Al is challenging. However, it is possible to 
create a barrier that prevents electrons from easily passing between 
these two layers. This barrier can be formed either by deposition of 

interface material between them or by allowing a natural oxide layer to 
develop on Si surface. Thus, this barrier gives the device rectifying 
properties, enabling it to control the direction of electron flow, similar to 
a diode [33,75]. Through the mathematical rearrangement of Eqs. 2 and 
3, the diode parameters can be calculated from Eqs. 4 and 5 [76]. 

Fig. 3. Semi-logarithmic I − V properties of (a) Ppy:silicene/n-Si and (b) Ppy:silicene/p-Si photodiodes.

Fig. 4. Rectification ratios of (a) Ppy:silicene/n-Si and (b) Ppy:silicene/p-Si photodiodes.

Fig. 5. The ideality factor and barrier height values against to voltage data of (a) Ppy:silicene/n-Si and (b) Ppy:silicene/p-Si photodiodes.
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Фb =
kT
q

ln
(

A∗AT2

I0

)

(4) 

n =
q

kT

(
dV
dlnI

)

(5) 

The n values are determined by analyzing the slope of the linear 
region (Eq. 5) of the I − V graphs and Фb values are found from their 
extrapolation on V-axis. Fig. 5a displays the electrical parameter values 
of the Ppy:silicene/n-Si device, and Fig. 5b presents the data for the Ppy: 
silicene/p-Si device. The characteristics of the device based on p-Si 
indicate that n values increase with increasing light intensity whereas 
this change decreases Фb values Additionally, the device formed on n-Si 
shows that n values decrease from approximately 4.9 to 4.5 at initial 
illumination condition. However, these values increase following to 
increasing in light intensity. On the other hand, Фb values of this diode 
exhibit the opposite behavior compared to them. The values of the Ppy: 
silicene/p-Si given in Fig. 5b verify proper device operation in this 
structure due to the compatibility between the work functions of the 
used metal and semiconductor. However, n value of the device fabri
cated using p-Si substrate is approximately 3.1 under dark conditions, 
whereas it is found approximately as 4.9 for the device based on n-Si. 
Therefore, it can be stated that the device with p-Si substrate and Ppy: 
silicene interfacial layer exhibits behavior closer to an ideal diode than 
the other diode structure. Furthermore, as evident from both graphs 
(Fig. 5), n value is significantly higher than the value required for an 
ideal diode (n = 1). It can be related to a variety of factors, including 
series resistance, recombination effects, irregularities at the barrier 
interface, and conditions affecting the interface [77,78]. These results 
reveal that charge transport across the junction interface is under effect 
of thermionic emission transport mechanisms in the conduction [79,80]. 
The calculated n values are higher than 2 and it generally indicates that 
mechanisms as recombination, tunneling, or space-charge-limited con
duction are in effective roles in the charge transport. Thus, space charge 
limited current (SCLC) mechanism can be supporting mechanism under 
the effect of traps in the structure [81]. In addition, possible defects in 
the structures may increase the interface states, which result in in
homogeneity and deviation from ideality [82]. The ideality factor of 
these diodes is found higher than 2 that can be related to dominant effect 
of hetero face on the diode’s recombination. Depending on the charge 
motion between trap assisted tunnels, defect recombination and gener
ation of weak photo-generating charge carriers, this factor can be 
resulted in these high values [83–86]. Therefore, according to these 
results, the device based on p-Si leads to more efficient device perfor
mance and better output characteristics. On the other hand, the decrease 
in Фb values can be associated with an increase in both photocurrents 
and saturation currents of the diodes. Under increased light intensity, 
electrons in the structure can gain enough energy to move freely. This 
increased movement of electrons reduces the threshold energy barrier 
that usually restricts their flow [87]. In addition, the behavior of the 
current values under the reverse bias of the devices produced also 
differed. The linear increase in reverse current without saturation sug
gests that the device operates predominantly in the photogenerated 
current regime. The absence of soft saturation or breakdown effects 
implies that the applied reverse bias is below the threshold for avalanche 
breakdown, allowing for continuous charge carrier collection with 
increasing bias voltage.

These parameters can also be derived from Cheung’s method [88]. 
Modeling I − V data by this approach, series resistance (Rs) are calcu
lating in addition ton and Фb values. Voltage region of interest is the 
main difference between this method and the thermionic emission 
method. Unlike thermionic emission model, the current values from the 
high voltage region known as the series resistance region where the 
current deviates from linearity, are used in the evaluations [89]. The 
I − V equation in Cheung analysis is essentially derived from Eq.1 [64, 
65] as; 

I = I0exp
(

−
q(V − IRs)

nkT

)

(6) 

Different from Eq.1, this current equation includes the IRs term 
representing the voltage drop across the device due to the existence of 
Rs. Related to this approach, Cheung functions can be found as [90]; 

dV
d(lnI)

= IRs + n
kT
q

(7) 

H(I) = V −
nkT
q

ln
(

I
AA∗T2

)

= IRs + nФb (8) 

According to these functions, the obtained characteristic plots for 
Ppy:silicene interlayered devices based on n-type and p-type Si are 
presented in Fig. 6a and b, separately. These equations gives in linear 
relations in between the variables linearity; hence the data curves are 
exhibited as in linear behaviors. The reasons for using two Cheung 
functions are to reach diode parameters as well as consistency control
ling the obtained values. While Rs and Фb are calculated from the H(I) − I 
graph, Rs and n are found from the dV/dlnI − I graph (Fig. 7). Using Eq.7, 
the n values are obtained as 5.13 for the device based on n-type Si and 
3.04 for the device based on p-type Si. Additionally, the Фb values are 
determined as to be 0.563 eV for the n-type Si-based device and 
0.559 eV for the p-type Si-based device. These obtained values differ 
those found through thermionic emission analysis due to the regions of 
data used, despite being approximately consistent. In the evaluation of 
the n-type Si-based Ppy-silicene interface-layered device, the Rs value 
obtained from the H(I) graph is about 11.8 kΩ, whereas this parameter 
obtained from the dV/dlnI graph is in a values close to 12.6 kΩ. Addi
tionally, for the p-type Si-based device, this value obtained from H(I) is 
6.4 kΩ, while from the dV/dlnI graph it is found to be 6.7 kΩ. The main 
reason for the values obtained for the n-Si-based device being larger 
compared to those obtained for the p-Si-based device can be attributed 
to the difference in barrier inhomogeneity between the semiconductor 
and metal, as well as the influence of interface states [14,90].

Transient photocurrent measurements are essential tools in investi
gating the performance characteristics and dynamic behavior of a 
photodiode. These measurements are used to examine the impact of 
external stimulus light, which is crucial for photonic applications of the 
fabricated devices. These measurements are performed for both of the 
fabricated and their response are presented in Fig. 7a and b, respec
tively. The results show that there is a transition from high to low 
conductivity when the light is turned off, and high conductivity when 
turned on again. Under illumination, photocurrent is generated imme
diately, leading significant increase in the number of charge carriers. 
This causes total current rise until reaching a certain point, where it 
stabilizes. Subsequently, when the light source is deactivated, the cur
rent rapidly decreases back towards its initial level. This swift decline in 
photocurrent can be attributed to the trapping of charge carriers at deep 
levels [91,92]. This evaluation of the measurement data involves two 
crucial parameters; photoresponse magnitude and its duration. From 
Ion/Ioff ratio, the photoresponse values of the produced n-type and p-Si 
semiconductor-based devices are found to be 29 and 173, respectively. 
This result indicates that the photoresponse value of the photodiode 
with the Ppy-silicene/p-Si structure is approximately 6 times greater 
than that of the Ppy-silicene/n-Si photodiode. In addition to the pho
toresponse value, the rise and fall times are also been investigated from 
Fig. 7. While the rise time of a detector is defined a time of the increase at 
the current between the 10 % and 90 % of its maximum value, the fall 
time shows a time of decrease at the current 90 % and 10 % of its 
maximum value. The rise (fall) time for the n-type Si-based device is 
measured as to be 0.054 (0.065) seconds, while for the p-type Si-based 
device it is 0.028 (0.036) seconds.

Another crucial variable in analyzing a generated photodetector is 
the photoresponse mechanism in the device. To ascertain the predomi
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nant mechanism affected on photoresponse behavior, it is necessary to 
analyses the photoresponse value for each light intensity. The related 
graph plotted in a relation of the measured photocurrent values against 
the light intensity is shown in Fig. 8. When interpreting this graph, the 
following power law can be used to express the relationship between 
photocurrent and exposed light intensity [93]. 

Iph = βPα (9) 

The variable in this equation is the measured photocurrent (Iph) 
where it is mainly dependent on the applied luminous power P. The 
parameters β and α denote a constant and the exponent of the relation, 
respectively. From the gradient of the graph, the values of α are 

calculated at − 2 V bias value. It is expected to equal to or greater than 1, 
fall within the range of 0.5–1. These values help determine the mecha
nism that effectively transmits the photocurrent [94]. The calculations 
for the Ppy-silicene/n-Si and Ppy/p-Si photodiodes are resulted in values 
of α as 0.612 and 1.414, respectively. The obtained value is greater than 
1 for the p-type Si-based device, indicating that the localized states are 
appropriately positioned within the mobility gap. On the other hand, the 
value obtained for the n-type Si-based device is less than 1, which sig
nifies the presence of localized traps [95]. As observed Fig. 8, the 
photocurrent increases directly proportional to the intensity of illumi
nation, which refers that photogeneration is correlated with the number 
of photons adsorbed by the device [96,97].

Fig. 6. Cheung curves of the fabricated (a) Ppy:silicene/n-Si and (b) Ppy:silicene/p-Si photodiodes.

Fig. 7. Transient photocurrent measurements of the generated (a) Ppy:silicene/n-Si and (b) Ppy:silicene/p-Si photodiodes.

Fig. 8. log (Iph) - log (P) graph of the manufactured (a) Ppy:silicene/n-Si and (b) Ppy:silicene/p-Si photodiodes.
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There are parameters to provide a more comprehensive presentation 
of the device performance under light in addition to the sensitivity of the 
device to illumination. Therefore, essential detector parameters can be 
determined using transient photocurrent experiments. The sensitivity 
(R), specific detectivity (D∗), and photocurrent (Iph) values of the device 
with the n- and p-type Si are obtained using the following equations [98, 
99]. 

R = Iph
/
PA (10) 

D∗ = R

̅̅̅̅̅̅̅̅̅̅̅̅̅̅
A

2qIdark

√

(11) 

The responsivity of a photodevice represents the relationship be
tween the generated photocurrent and the absorbed/incident optical 
power. In photodiodes, responsivity peaks in the wavelength range 
where photon energy exceeds the band gap energy, and sharply reduces 
within the band gap zone can be observed due to reduced absorption 
[99]. Photosensitivity (K) is an essential characteristic parameter that 
outlines the capability of a photodiode to convert incident light into an 
electrical signal. It is an indispensable metric for assessing the perfor
mance of photodetectors [99–101]. The K values can be determined by 
dividing Iph by the dark current (Idark) [101].

The experimental values are plotted in Fig. 9 to show the responsivity 
values of the devices with different substrates. Fig. 9a indicates the 
characteristics of the Ppy-silicene/n-Si photodiode where responsivity 
values decrease as the light intensity increases. Conversely, for the de
vice designed with p-Si substrate, it is seen that responsivity increases in 
with following increase in light intensity (Fig. 9b).

The detectivity values of photodiodes for the fabricated diodes on n- 
Si and p-Si are illustrated in Fig. 10a and b, respectively. These values 
are found in the order of 109 Jones consistent with the literature 
[102–105]. As given in these figures, detectivity values vary propor
tionally with sensitivity values as expected.

4. Conclusion

The PPy-silicene composite material is prepared and deposited as an 
interfacial layer on n-/p-type Si semiconductors for fabrication of Al/ 
PPy-Silicene/n-Si and Al/PPy-Silicene/p-Si photodiodes. In the XRD 
analysis, the silicene material is found to be in a crystalline structure. In 
the diode studies, the diode parameters as barrier height, series resis
tance, and ideality factor, which reveal the performance level of the 
device, are analyzed using current-voltage measurements. Thermionic 
emission and Cheung approaches are employed in detailed analyses. The 
barrier height (ideality factor) values for the fabricated p-type and n- 
type Si based devices are calculated as 0.57 eV (3.1) and 0.55 eV (4.9), 
respectively. Moreover, as an essential analysis for the fabricated de
vices in photonic application, effects of illumination on the electrical 
performance, is studied under various light intensities (20, 40, 60, 80, 

and 100 mW/cm2) through current-voltage/time measurements. Addi
tionally, detector parameters as sensitivity, detectivity and responsivity, 
having significant importance for optoelectronic applications, are 
investigated. The experimental results show that both diode and 
photodiode performance of the Al/PPy-Silicene/p-Si device is signifi
cantly higher than that of the Al/PPy-Silicene/n-Si device. Moreover, it 
can be concluded that the PPy-Silicene composite material is suitable for 
use in photodetection.

The charge transport mechanisms in Ppy are based on the motion of 
radical cations or anions, which are created by oxidation or reduction, 
along a polymer chain and on charge hopping between neighboring 
molecules [106–109]. Semiconducting properties of Ppy come from the 
delocalized π-electron bonding along the polymer chain. Molecular or
bitals of the repeated units overlap in space and lift their degeneracy by 
forming a series of energy bands. Delocalized valance and conduction 
bands are created by π-bonding and π*-antibonding orbitals, respec
tively [107–110]. The Fermi level of the Ppy or Ppy:Silicene layer is 
strongly influenced by the structure, the dopant type and the doping 
level [110–112]. Hence, the junction characteristic of the metal/PPy 
and metal/Ppy:Silicene Schottky diodes are strongly influenced by the 
conditions of preparation [107]. A doping/dedoping process of Ppy or 
Ppy:Silicene layer can realize the reversible change in Ppy: 
silicene/n-type or Ppy:silicene/p-type interface. It’s known that the 
insulator-to-metal transition is related to the delocalization of the elec
tronic charge along the polymer backbone. The charging of Ppy or Ppy: 
Silicene results in the appearance of positively charged species such as 
polarons or bipolarons [113,114]. Owing to highly controllable prop
erties for synthesis of Ppy, it has been utilized in heterojunction devices 
as an alternative of conventional inorganic semiconductive/conductive 
materials in the field of photodetectors and the other devices [109–115].
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