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A B S T R A C T   

A Schottky device with structure (Ag/PVA-Ag-Coumarin/n-Si) has been fabricated for optical photodiode ap-
plications. It has been fabricated via a spin coating technique after preparing PVA-Ag nano-composite using the 
in-situ technique and then adding Coumarin dye. The photodiode device has displayed good rectification 
behavior proving the creation of Schottky junction. The high value of the junction parameters, e.g. series 
resistance Rse = 15 kΩ, ideality factor n = 1.463, as well as height barrier ϕ = 0.779 eV are calculated from the 
forward bias I–V characteristics at 50 mW/cm2 due to the interfaces between the fillers and PVA, creation of 
barrier height at the interfaces between fillers and PVA, inhomogeneity of the barrier of an interfacial layer of 
PVA, fabrication and surface processes. Interestingly, Ag/PVA-Ag-Coumarin/n-Si photodiode shows a rise time of 
90.2 ms and fall time of 340.6 ms at 50 mW/cm2. Also, C–V behavior suggested that the device significantly 
relies on voltage and frequency. The significant increase in the capacitance in lower frequency and the existence 
of a distinctive peak in the capacitance–frequency behavior refer to interface states. Thus, Ag/PVA-Ag- 
Coumarin/n-Si devices with their high light sensitivity, are brilliantly applicable in capacitance and/or photo-
diode sensors for many advantageous uses in modern optoelectronic and electronic industries.   

1. Introduction 

Recently, optoelectronic materials with high electronic and optical 
properties are very important for many applications such as p-n junction 
photodiode and Schottky photodiodes. Photodiode devices have been 
considered as one of the multipurpose semiconductor electronic appa-
ratuses that convert photon energy into electrical one. Indeed, to detect 
the wide-range of light (UV, Vis, and IR) spectra, photodiodes are 
applied. They have a depletion layer with a large electric field that 
operates on the separation of electron-hole pairs generated by photon/ 
light. To obviate the recombination of electron-holes, these holes and 
electrons must move in distinct directions. The separation of charge is 
frequently motivated by a variance in potential at an interface in the 
semiconductor [1–6]. The photodiodes are characterized by many pa-
rameters like series resistance (Rse), ideality factor (n), and barrier 
height (ϕ). The Rse is one of the most significant parameters of a diode, 
which makes the electrical features of the Schottky barrier diodes to be 
non-ideal [7,8]. I–V features significantly deviate from the linear 

behavior particularly at high forward bias region when a diode has an 
adequate large Rse value (a few Ω). Research on photodiode devices at 
the outset was performed using classic inorganic materials such as ZnO, 
Mg, Al, and others due to their boosted photo-responses. However, these 
inorganic substances have shown significant deficiencies as their high 
costly raw materials, harmfulness, plus their limited abundance [9]. 
Besides, their complicated preparation methods, which raise the cost. 
Thus, it is hard to insert these materials into devices and also it is not 
easy to recycle them. Furthermore, they have weak mechanical prop-
erties, which make them incompatible for the development of bendable 
devices [10]. Thus, it is necessary to develop flexible, economical, 
environmentally friendly, lightweight, and highly-performing materials. 
Thus, recent substances based on dye-polymeric nano-composites with 
high photo-response were developed for photodiodes. Many literatures 
have been reported based on the role played by polymeric 
nano-composites in improving photodiode performance and quality. For 
example, ZnO/PVA/graphene quantum dot nanocomposite system has 
been designed to increase the response of the photodiode [11]. Also, the 
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photodiode device has been manufactured based on Au/PVA (Bi-do-
ped)/n-Si to improve the photodiode parameters [12]. In fact, among all 
the polymers, PVA is a unique polymeric material due to its easy prep-
aration, durability, chemical resistance, thermostability, high mechan-
ical properties, and its dielectric properties [13]. Besides, PVA has been 
extensively used in the field of nanotechnology as a reducing and sta-
bilizing agent in the fabrication of nanoparticles [14]. Moreover, silver 
as a conducting particle was embedded in different crystalline, amor-
phous and polymeric materials to improve their electrical, mechanical, 
and other properties [15,16]. On the other hand, Coumarin has attracted 
great interest when compared with all dyes [17]. Coumarin dye is 
composed of two rings linked with each other. These rings are lactone 
and benzene. These two rings have either a double bond structure or a 
conjugated π-system. It is worth to mention that, this conjugated 
π-system facilitates the electron exchange between PVA and coumarin. 
The obtained structure remains scarce to maintain mechanical flexi-
bility. It is predicted that the barrier height increases, due to the influ-
ence of coumarin on the space-charge region of the Schottky junction. 
The electronic features of coumarin have been investigated broadly and 
it was found that the time of reaction raises as well as the resistivity 
decreases in general [18]. A large amount of works on enhancing the 
photodiode performance has been reported, however, the door is still 
open for developing the photodiode parameters to fulfill the desires. So, 
we introduce a new Schottky device based on PVA-Ag-Coumarin dye 
films for photodiode applications. 

The present investigation is devoted to fabricate a new Ag/PVA-Ag- 
Coumarin/n-Si photodiode. In fact, among all polymers, polyvinyl 
alcohol (PVA) is selected in this work to make thin interfacial layers that 
produce an interface charges with bias, thanks to the extra electric fields 
in the interfacial layers and their effects on the electrical behavior of the 
diode particularly under illumination conditions. Also, the selection of 
silver (Ag) nanoparticles is due to its high optical, electrical, and high 
optoelectronic properties which help in increasing the electrical 
behavior of the diode. Also, coumarin dye is chosen due to (i) its con-
jugated π-system facilitates the electron exchanges between PVA and 
coumarin and (ii) its higher response to the UV light which may be 
useful in the charge transfer complex system in the nano-composite. In 
this work, the in-situ method was applied to obtain the reduction for Ag+

to Ag nanoparticles through the activation of (-OH) of PVA, after that 
different concentrations of Coumarin dye were added to PVA-Ag solu-
tion to produce the PVA-Ag-Coumarin nanocomposite films. The spin 
coating method has been applied to engineer the Schottky diode for 
photodiode application. The average size of Ag nanoparticles inside the 
matrix was found to be 40.2 ± 5 nm. The photodiode device exhibited 
good rectification behavior with a rectification ratio of 3.7 at applied 
voltage = ±4 V, proving the creation of Schottky junction. The ideality 
factor n = 1.463, series resistance Rse = 15 kΩ and the height barrier ϕ 
= 0.779 eV were calculated from the forward bias I–V characterstics at 
50 mW/cm2 due to the interfaces between the fillers and PVA, creation 
of barrier height at the interfaces between fillers, PVA inhomogeneity of 
the barrier of an interfacial layer of PVA, fabrication and surface pro-
cesses. Interestingly, Ag/PVA-Ag-Coumarin/n-Si photodiode shows a 
rise time of 90.2 ms and fall time of 340.6 ms at 50 mW/cm2. More 
excitingly, the diode displays current in the forward and reverse bias 
under the illumination conditions. Also, C–V behavior suggested that the 
device significantly relies on voltage and frequency. The significant in-
crease in the capacitance in lower frequency and the existence of a 
distinctive peak in the capacitance–frequency behavior refers to the 
possession of interface states. Thus, Ag/PVA-Ag-Coumarin/n-Si devices 
show a high light sensitivity, giving them the merit to be brilliant ap-
plicants as capacitance and/or photodiode sensors for optoelectronic 
applications in the modern electronic industry. 

2. Experiments and methods 

2.1. Materials 

Polyvinyl alcohol [CH2CH(OH)]n (99.8% purity), silver nitrate 
(AgNO3, 99% purity), HF acid, and Coumarin (C9H5O2) have been 
brought from the Alfa Aesar Chemicals. 

2.2. Fabrication of nano-composite PVA-Ag films 

Nano-composite PVA-Ag films have been designed by in situ chem-
ical reduction approaches under a hot condition supported by the so-
lution casting techniques as follow [19–21]: a solution of PVA has been 
prepared by resolving 0.75 g of PVA in 25 ml deionized water with 
continues stirring at 70 ◦C for 2 h even the mixture was fully solved. 
Then, freshly AgNO3 solution, which is prepared by dissolving 0.3 g/30 
ml deionized water at ambient temperature with continuous stirring for 
20 min, was added up to the solution of PVA under a hot condition 
(60–70 ◦C) and the reaction was kept for 1 h to reduce the silver nitrate 
to silver nanoparticles by the (-OH group) in PVA [22–24]. 

2.3. Synthesis of PVA-Ag-Coumarin nano-composite films 

After obtaining (PVA-Ag) nano-composite, Coumarin dye solution, 
which is prepared by dissolving 0.8 g/400 ml deionized water for 1 h at 
ambient temperature, was added to the above mixture (PVA-Ag). Then, 
the mixture was left for about 24 h at ambient temperature to verify a 
homogenous and air bubble-free solution, which was casted in the glass 
dish to obtain the films. 

2.4. Fabrication of Ag/PVA-Ag-coumarin/n-Si photodiode 

The spin coating technique was applied to prepare Ag/PVA-Ag- 
Coumarin/n-Si photodiode (Scheme 1). At first, HF acid was conduct-
ed to remove both deionized water and the native oxide layer on the 
silicon wafer before the fabrication of the device. Then, the silicon wafer 
was immersed in successive baths of acetone and methanol [25]. 
Immediately after cleaning the surface, silver (Ag) with a 150 nm 
thickness was coated onto the whole back surface of the n-Si wafer to 
obtain an ohmic contact. Ohmicity of the contact was controlled by I–V 
measurements and the contact has shown a good ohmic behavior. After 
the n-Si wafer is ready for the coating process, the nano-composite was 
coated on the surface of the n-Si wafer with (5000 rpm) then left to 
air-dry. After that, Ag electrodes were made onto PVA-Ag-Coumarin film 
and the n-Si wafer. 200 nm was the thickness of the film by AFM. The 
contact area of the diodes was determined to be 3.51 × 10− 2 cm2. 

2.5. Measurements 

X-ray diffraction (XRD) patterns of the nano-composites have been 
detected by X-ray –D/Max 2200V-Rigaku-Japan diffractometer with a 
monochromatic beam of wavelength 0.154 nm Cu Kα radiation from 5◦

to 80◦. TEM microscope, with a Model: (JEOL-JEM-1230) works at 
100–120 kV, has been used to detect the average size of Ag particles and 
their standard deviation by taking a drop from the redissolved film into a 
carbon-coated copper grid. The optical absorption spectra were 
measured by JANEWAY 6405 UV/VIS spectrophotometer as a function 
of wavelength λ (nm) in the range from 200 to 800 nm. A Quanta 250 
FEG SEM microscope was applied to study the surface morphology of the 
samples using an electron beam with a current of 40 nA and energy 15 
keV. The atomic force microscopy (Bruker. Model:- MLCT-MT-A) was 
used to evaluate the thickness of the coated films. Keithley 4200 semi-
conductor system was conducted to measure the I–V diode features in 
the illumination intensity range of 10–50 mW/cm2 and dark conditions. 
150 W halogen lamp has been used as a white light emitted source. PM 
6304 programmable automatic RLC meter was also applied to study the 

M.A. Attallah et al.                                                                                                                                                                                                                             



Materials Science in Semiconductor Processing 126 (2021) 105653

3

Scheme 1. Shows the steps of preparation and fabrication of the PVA-Ag-Coumarin nanocomposite films and its Schottky diode.  

Fig. 1. Shows the XRD patterns of PVA-Ag and PVA-Ag-Coumarin dye nanocomposite films.  
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capacitance voltage (C–V) of the diode. 

3. Results and discussions 

3.1. Structural & morphological properties of the films 

XRD patterns of PVA-Ag and PVA-Ag-Coumarin nano-composites are 
shown in Fig. 1. The main peak can be seen at 2θ = 19.9◦ for the two 
samples, which represent the crystalline region of the semi-crystalline 
PVA polymer [26]. The intensity of this peak is decreased by adding 
the Coumarin dye which refers to the decrease in the crystallinity of the 
nano-composite films. The crystallinity of the nano-composites was 
calculated from the ratio between the integrated area under the crys-
talline parts and the integrated area under the whole XRD chart [27] and 
it was found to be 47.2% for PVA-Ag and 44.4% for PVA-Ag-Coumarin. 
This decrease in the crystallinity was attributed to the strong interaction 
between Coumarin and PVA-Ag composite which leads to an increase in 
the disordering behavior inside the nano-composite [28–30]. Beside this 
peak, a strong peak was observed at 2θ = 9.8◦, this peak neither belongs 
to AgNO3 nor pure PVA crystalline spectra, but it possibly arises from 
scattering the atomic plane of some crystalline patterns of PVA-Ag+

complex [31,32]. Also, the intensity of this peak decreases with 
coumarin dye content, which reveals strong interaction between 
PVA-Ag nano-composite and coumarin dye and proves the role of 
Coumarin in destroying the crystalline planes and increasing the 
amorphous regions in the nano-composite. This means that Coumarin 
dye has a strong effect on controlling the reaction, i.e coumarin may 
accelerate the reaction between PVA and Ag. However, no peaks 
appeared for Ag nanoparticles, this is probably due to the tiny Ag 
nanoparticle size formed in the nano-composite. Similar behavior was 
observed in the literature [22]. To confirm the formation of Ag nano-
particles, TEM image was carried out (Fig. 2). As seen, TEM image shows 
that Ag is present in the nanoscale and its average size is 40.2 ± 5 nm. Ag 
nanoparticles have a spherical shape with uniform edges. Also, the 
strong adhesion of PVA polymers on the surface of Ag was observed 
proving the strong interaction between PVA and Ag with the presence of 
Coumarin. 

On the other hand, SEM and EDX analyses for the surface of the films 
were performed to study the surface morphology and identify the ele-
ments in the nano-composite. Fig. 3 shows SEM image and EDX spectra 
of PVA-Ag and PVA-Ag-Coumarin nano-composite. As seen, Ag nano-
particles were arranged uniformly with a spherical shape. Also, they are 
segregated from the matrix of PVA by adding Coumarin. This behavior 
leads to creating a conductive path of Ag nanoparticles and improving 

the particle-particles behavior and hence increasing the conductivity. 
EDX spectrum confirms the subsistence of perfect quantities of silver in 
PVA host matrix. As seen, three elements were detected at energies 0.2, 
0.5 and 3.2 KeV for the C, O, and Ag, which are the content of the nano- 
composite. 

3.2. Optical properties of the films 

Fig. 4 shows the optical spectra (absorption, A) for the PVA-Ag and 
PVA-Ag-Coumarin dye nano-composites. As seen, two absorption peaks 
were detected in the UV region for PVA-Ag film. These peaks were 
located at λ = 200 and 275 nm. The peak at λ = 200 nm appeared due to 
the n–π* transition for the unsaturated bonds C––O and/or C––C that 
exist in PVA tail–head. Also, the peak at λ = 275 nm appeared due to the 
π–π* transition for the charge transfer group [19–24]. However, in 
PVA-Ag-Coumarin films, the intensity of these peaks increases due to the 
addition of Coumarin dye in the composite, which increases the n–π* 
and π–π* transitions by increasing the number of the unsaturated C––O 
and/or C––C bonds and charge transfer complex inside the films. 
However, in the visible regions, a peak at λ = 436 nm was detected for 
PVA-Ag composite due to the creation of Ag in the nano-scale. The 
corresponding reduction of Ag ions in metallic silver Ag+ + e− → Ag was 
produced by the activation of (-OH) group of PVA [19–24]. This peak 
intensity increases in case of PVA-Ag-Coumarin film, owing to the in-
crease in the number of Ag nanoparticles in the matrix. This behavior 
confirms the role of Coumarin in the reaction and formation of Ag 
nanoparticles. 

The optical bandgap of the nano-composites was determined by the 
following relation [19–24]: 

(αhν)s
=M

(
hν − Eg

)
(1)  

where M is constant, Eg is the optical bandgap and s is an exponent that 
depends on the optical transition type. 

Fig. 5 shows (αhν)0.5 vs.hνfor PVA-Ag and PVA-Ag-Coumarin dye 
nano-composites. The values of the optical bandgaps are evaluated from 
the linear fitting straight lines as reported in Refs. [19–24]. It was found 
that the energy bandgap has been decreased from 2.5 eV for PVA-Ag to 
2 eV for PVA-Ag-Coumarin. This depression in the optical bandgap value 
on PVA-Ag with coumarin renders to the induction of a photochemical 
reaction by the effect of coumarin dye on the nano-composite that in-
spires more stenography of the residual Ag ions in the metallic silver Ag 
+ e− → Ag. This happens during the release of an electron from PVA 
chain, and elevating the metallic silver concentration in the 
nano-composite. These Ag nanoparticles are in charge of the 

Fig. 2. Shows (a) the TEM image of the PVA-Ag nanocomposite by taking a drop from the re-dissolving of the nanocomposite on a carbon coated copper grid (b) 
histogram shows the size distribution of the Ag nanoparticles inside the sample. 
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formalization of centralized electronic states in the HOMO and LUMO 
orbitals. This centralized state acted as a trapping and recombination 
center, thus, facilitating low energy transitions, producing the noticed 
modulation in the band gap. 

3.3. The diode performance 

Fig. 6 clarifies the I–V behavior of Ag/PVA-Ag-Coumarin/n-Si diode 
under dark and different intensities of illumination. The photodiode 
displayed a good rectification performance with a rectification ratio of 
3.7 at applied voltage = ±4 V. The rectification performance was 
detected owing to the creation of the Schottky junction at the n-Si 
substrate and the nano-composite interfaces [33]. Notably, by 
increasing the intensity of illumination, the diode possesses a current in 
both the reverse and forward bias. At a certain voltage, the photodiode 
possesses a higher reverse current under lighting conditions than that in 
the dark conditions, proving the good rectification behavior. Moreover, 
non-saturating behavior was observed in the reverse bias I–V charac-
teristics. The image of lowering forces of barrier height can illustrate this 
non-saturating behavior [33,34] and the presence of PVA layers at 
nano-composite and Si interfaces. Photons acquire energy (E = hc/eλ) 
under illumination conditions higher than the energy band gap of the 
composite that can produce a pair of (e− /h+) in the depletion layer at the 
interface. Subsequently, the structure is stressed with an electrical field, 
this pair of (e− /h+) is isolated/separated under the strong localized 

electrical fields that are produced internally at the grain boundaries. 
Holes are slowly removed from PVA layers under the effect of the 
electrical fields however, the electrons are rapidly removed therefore 
they could be trapped by the defects. 

The Schottky (ideality factor n, series resistance Rse and effective 
barrier height ϕ) parameters are determined from the forward bias I–V 
characterstics. From the theory of thermionic emission, the Schottky 
diode can be explained as [35]. 

I = Io

[

exp
(

qV
nkT

)

− 1
]

(2)  

where q is the electronic charge, the ideality factor is donated by n, the 
Boltzmann constant is donated by k, the applied voltage (V), absolute 
temperature (T), and the reverse saturation current is donated by Io and 
given by [35]. 

Io = ​ AA∗T2exp
(
−

qϕ
kT

)
(3)  

where A is the area of the device, the effective Richardson constant is 
donated by A* and the barrier height is donated by ϕ. The ideality factor 
(n) can be calculated from the ln(I)–V plot of the forward bias by taking 
the slope of the linear part through the relation [36], 

n=
q

kT

(
d(V)

d(ln I)

)

(4) 

Fig. 3. Shows (a) SEM image of PVA-Ag nanocomposite films (b) SEM image of PVA-Ag-Coumarin nanocomposite films (c) EDX spectra of the PVA-Ag nano-
composite films (d) EDX spectra of PVA-Ag-Coumarin nanocomposite films. 
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The barrier height ϕ has been determined from, 

ϕ=
kT
q

ln
(

AA*T2

Io

)

(5) 

Fig. 7 shows the semi-logarithmic ln(I)–V of Ag/PVA-Ag-Coumarin/ 
n-Si diode under different intensities of illumination and dark condi-
tions. The diode parameters are listed in Table 1. It is noticed that the 
reverse saturation current increases by increasing the intensity of 

Fig. 4. Shows the optical absorption spectra for the PVA-Ag and PVA-Ag-Coumarin dye nanocomposite films.  

Fig. 5. Shows the band gap of PVA-Ag and PVA-Ag-Coumarin dye nanocomposite films.  
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illumination. This increase is possible because of the generation of 
charge carriers upon the light absorption. An additional current will be 
produced by these carriers and will flow across the junction, added to 

the dark current. Ideality factor (n) increases from 1.275 at dark to 
1.463 at the intensity of illumination 50 mW/cm2. This could be due to 
the recombination of (e− /h+) in the depletion layer. In addition to the 

Fig. 6. Shows the I–V characteristics of the Schottky diode under the dark and different intensity of illumination (10–50 mW/cm2) at room temperature.  

Fig. 7. Shows the ln(I)–V characteristics of the Schottky diode under the dark and different intensity of illumination (10–50 mW/cm2) at room temperature.  
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ideality factor (n) values are higher than the ideality factor of ideal 
semiconductor diode (n = 1). The observed higher ideality factor values 
are larger than unity denoting the existence of heterogeneities in barrier 
height. These heterogeneities may be due to many factors: (i) the dif-
ference in the work function of Ag contact and n–Si. (ii) pinning of the 
Fermi level at the interface (iii) image forces acting on barrier height, 
(iv) tunneling current, and (v) the formation of interface states as well as 
the existence of series resistance [37]. It can be seen that the barrier 
height (ϕ) values decreased by increasing the intensity of illumination. 
This decrease may be illustrated in the terms of band gap narrowing. 
Variation of the intensity of light changes the occupancy in conduction 
and valance bands. Consequently, the occupied levels and the unoccu-
pied ones in valance and conduction bands are near to each other pro-
ducing a reduction band gap and hence reducing the barrier height. 

In general, at low bias voltage, the ln(I)–V characteristics are linear 
but deviate from linearity at high bias voltage because of the series 
resistance (Rse). So that, at high bias voltage the values of Rse, n, and ϕ 
are calculated from the function of Cheung’s as [35]: 

dV
d ln(I)

= IRse + n
(

kT
q

)

(6)  

H(I)= IRse + nϕ (7)  

Where 

H(I)=V − n
(

kT
q

)

ln
(

t
AA*T2

)

(8) 

Fig. 8 illustrates the dV/dln(I) versus I for Ag/PVA-Ag-Coumarin/n- 
Si photodiode under dark and different intensities of illumination, 
respectively, The values of Rse and n are calculated from the slope of the 
linear region and the intercept with y-axis and the results are listed in 
Table 1. The plot H(I) vs I is depicted in Fig. 9, which denotes a straight 
line with an intercept of the y-axis (nϕ) and slope denoting the second 
determination of Rse. The values of n, ϕ, Rse are recorded in Table 1. By 
looking again to Table 1. It can be observed that there is a divergence 
among the barrier height and ideality factor calculated from ln(I)–V in 
Fig. 7 and dV/dln(I) – I in Fig. 8. This difference may be attributed to the 
drop in voltage across the depletion layer, the interface states, and series 
resistance [38]. 

The interface states distribution can be understood better throughout 
measuring the effect of illumination intensity upon the diode current. 
Increasing illumination intensity creates additional free charge carriers 
that increase the photocurrent. This photocurrent can be inspected 
through the equation [39]: 

Iphoto = γPm (9)  

where γ is the a constant, P is the illumination intensity and m is an 
exponent. 

Fig. 10 shows the photo-current Iphoto dependence on light intensity 
(P). It can be suggested that Ag/PVA-Ag-Coumarin/n-Si is a Schottky 

Table 1 
The ideality factors (n), barrier height (ϕ) and series resistance (Rse) at different 
illumination intensities.  

Intensity 
(mW/cm2) 

Saturation 
current Io(A) 

Barrier height 
ϕ (ev) 

Ideality factor 
(n) 

series 
resistance 
Rse (kΩ)   

I–V dV/ 
dln 
(I) 

I–V dV/ 
dln 
(I) 

dV/ 
dln 
(I) 

H 
(I) 

Dark 1.448 × 10− 8 0.782 1.1 1.275 1.9 131 130 
10 2.341 × 10− 8 0.769 0.89 1.497 6.35 68 70 
20 1.337 × 10− 8 0.784 1.01 1.463 3 26 31 
30 1.410 × 10− 8 0.782 0.39 1.463 2.6 33 34 
40 1.478 × 10− 8 0.781 0.82 1.463 7.6 10 20 
50 1.569 × 10− 8 0.779 0.90 1.463 4.5 15 24  

Fig. 8. Shows the dV/dlnI versus I of the Schottky diode under the dark and different intensity of illumination (10–50 mW/cm2) at room temperature.  
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diode, which could be used as a photosensor. The value of m = 0.112 
pointed to the presence of localized states that have a regular distribu-
tion in the gap of these materials [40]. 

The time response behavior of the device is clarified in Fig. 11. It can 

be seen that, Iphoto grows and reach 160 μA from IDark = 20 μA. The 
device shows a noticeable sharp change in the current value which 
means a good and fast response. The response to the light signal was 
obtained by evaluating the rise time, trise, and the fall time, tfall. As seen, 

Fig. 9. Shows the H(I) versus I of the Schottky diode under the dark and different intensity of illumination (10–50 mW/cm2) at room temperature.  

Fig. 10. A plot of ln (IPh) vs ln (P) of the Ag/PVA -Ag-Coumarin/n-Si Schottky diode.  
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both the rise time and the fall time values decreased from 341 to 90.2 
ms, and 482 to 340.6 ms, respectively, just when rising the intensity of 
light from 10 to 50 mW/cm2 (Fig. 11). The response time is the time 
spent for generating excitons, dissociation, and collecting charge car-
riers as well as the diffusion time of charge and the circuit time constant 
[41,42]. The excess of (e− /h+) pair is the main reason behind the rise 
and fall time improvement with the growth in the intensity of light. Also, 
the presence of the interlayer of PVA-Ag-Coumarin composite in the 
photodiode boosts the silicon absorption on the interface and restricts 
the charges generated by a photon that is created inside the silicon deep 
levels which consume a long time for sharing in the generated photo-
current and this explains the slow response to the signals of light [41, 
43]. The improvement in our device is clearly observed in Table 2. 
Table 2 shows the comparison between the diode parameters obtained 
from our device and the other previous reported devices. In addition to 
the fast preparation, easy fabrication, affordability, and the simplicity of 
our structure. Our structure shows a rise time faster than that reported in 

previous literatures. Also, the ideality factor of our structure (1.463) is 
lower than the reported literatures giving this structure the opportunity 
to be a good photodiode. This n value tends to make this structure 
behave like an ideal photodiode. It can be concluded that the obtained 
structure in the present work shows higher response than ZnS/InP 
core/shell NW, ZnS/SnO2 nanoribbons, PbS QDs/ZnO and 
CH3NH3PbI3/ZnO. The excess of (e− /h+) pair is the main reason behind 
the rise and fall time improvement with the growth in the intensity of 
light. Also, the presence of the interlayer of PVA-Ag-Coumarin com-
posite in the photodiode boosts the silicon absorption on the interface 
and restricts the charges generated by a photon that is created inside the 
silicon deep levels which consume a long time for sharing in the 
generated photocurrent resulting in the slow response to the signals of 
light. 

Capacitance-voltage measurement is common in diode character-
ization because one can determine the barrier height, built-in potential, 
the donor in n-type, or the uncompensated ionized density of acceptor in 
p-type. But the calculated barrier heights through this approach are 
looked unlike those calculated from the I–V approach. Indeed, the 
capacitance of diode is a set of depletion and diffusion layer capaci-
tances. Diffusion capacitance (Cdiffussion) and the voltage (V) have a linear 
relation [59]: 

Cdiffussion =
q2n2

cLe

kTNa
exp

qcβV
kT

(10)  

Where q is the electronic charge, nc is the intrinsic charge carrier con-
centration, Le is the excess minority carrier diffusion length, k is constant 
of Boltzmann, T is the temperature in (kelvin), Na is the acceptor charge 
carrier concentration, and c and β are constants. The capacitance of the 
depletion layer (Cdiffussion) can be possibly described as [60]. 

1
C2

depletion
=

2
qεeA2Nia

(Vbi +Vra − Vth) (11)  

where εe = εsεo is the permittivity, A is the area of the diode, the built-in 
voltage is donated by Vbi, the non-compensated ionized acceptor density 

Fig. 11. A Transient photocurrent measurement of Ag/PVA-Ag-Coumarin/n-Si Schottky diode under different intensity of illuminations 10–50 mW/cm.2.  

Table 2 
The comparison between the diode parameters obtained in our diode structure 
and the other previous reported structures.  

Structure n trise (ms) tfall (ms) Ref. 

Au/PVA-(Co,Zn)/n-Si 1.5 – – [44] 
ZnS/SnO2 nanoribbons – 8 × 103 – [45] 
Al/PVA-10% Coumarin/p-Si 2.3 – – [46] 
ZnS/InP core/shell NW – 75 × 101 – [47] 
CH3NH3PbI3/ZnO – 43 × 101 – [48] 
Au/PVA-Bi/n-Si 2.30 – – [49] 
PbS QDs/ZnO – 9 × 103 – [50] 
Al/PVA-Bi2S3/p-Si 4.48 – – [51] 
Au/PVA-Co/n-Si 2.5 – – [52] 
PVA-ZnO/Al – 22 × 103 – [53] 
Au/PVA-SnO2/n-Si 4.2 – – [54] 
Ag/PVA-nGO/p-Si 2.5 – – [55] 
Al–ZnS NW – 95 × 103 – [56] 
GaP/ZnS nanocable – 3 × 102 – [57] 
ZnO–ZnGa2O4 – 45 × 101 – [58] 
Ag/PVA-Ag-coumarin/n-si 1.463 90.2 340 This work  
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is donated by Nia, the reverse applied voltage is donated by Vra and Vth is 
the thermal voltage. Fig. 12 shows (1

/

C2
depletion

) versus Vra at ambient 

temperature. From the slope and the intercept, both Nia and Vbi can be 
calculated [61]. The values of the density of non-compensated ionized 
acceptor (Nia) and built-in voltage (Vbi) are shown in Table 2. It can be 
seen that both Nia and Vbi rise with rising frequency. The barrier height 
(ϕc

b) is described by Ref. [62]: 

ϕc
b =Vbi +

kT
q

[

1+ ln
Nc

Ni

]

(12)  

where Nc is constant. Eq. (12) can be rewritten as: 

ϕc
b =Vbi + Vth + Vp (13)  

Where 

Vp = +
kT
q

[

ln
Nc

Ni

]

(14) 

The values of barrier height (ϕc
b) as well as the difference in potential 

between the bottom of the valance band and the Fermi level in the 
neutral region of the n-silicon (Vp) are shown in Table 3. It can be seen 
that ϕc

b and Vp increase with rising frequency. 
Fig. 13. Illustrates the frequency-dependent capacitance-voltage of 

the Ag/PVA-Ag-Coumarin/n-Si diode. The capacitance behaviour relies 
on both applied voltage and frequency. It can be depicted that the diode 
capacitance is reduced by raising the frequency. In the reverse bias re-
gion, the capacitance alters clearly with voltage, while in the forward 
connection, the capacitance slightly varies. The C–V plot clarifies a peak 
in which its location is shifted together with the applied frequency [63]. 
This emphasizes the formation of the interface states inside the photo-
diode. The reduction in the magnitude of the peak with the frequency 
renders to the existence of a continuous interface state distribution [64]. 
At the low frequency, the interface states follow up the applied voltage 
frequency, whereas the interface states at the higher frequencies do not. 
Therefore, the states of interface do not make any contribution to the 

capacitance [65]. 

4. Conclusion 

Schottky (Ag/PVA-Ag-Coumarin/n-Si) diode has been engineered for 
photodiode applications for the first time. The spin coating technique is 
applied to fabricate the Schottky device after the preparation of PVA-Ag- 
Coumarin nano-composite by using the in-situ method. Optical ab-
sorption spectra indicate the presence of silver (λ = 436 nm) in the 
matrix of nano-composite and the results have been confirmed by TEM, 
SEM and EDX. The effect of coumarin on the absorption spectra was 
significantly observed especially in the UV region. At ambient temper-
ature, the I–V behavior of the diode displayed an increase in current in 
both the reverse and forward bias with increasing the intensity of illu-
mination. All the Schottky diode parameters such as n, Rse, and ϕ are 
strong functions of the light intensity. It was observed that the diode has 
deviated from the ideal behavior, and this may be illustrated on the 
series resistance basis. Furthermore, the diode shows a high sensitivity 
to illumination intensities according to I–V characteristics. The experi-
mental results have confirmed that the Ag/PVA-Ag-Coumarin/n-Si de-
vice is a good photosensor with superior electrical parameters. The C–V 
behavior shows that, at a higher positive voltage, the independent 
behavior of capacitance on both the frequency and voltage can be 
noticed. Also, in the reverse bias connection, the high capacitance values 
at lower frequency are ascribed to the surplus capacitance produced 
from the states of the interface. 

Fig. 12. Shows the relation between 1/C2 and V with different frequencies (5, 10 and 20 kHz) at ambient temperature.  

Table 3 
The non-compensated ionized acceptor density (Nia), the built-in voltage (Vbi), 
values of barrier height (ϕc

b) and the potential difference between the Fermi level 
and the bottom of the valance band in the neutral region of the n silicon (Vp).  

F (kHz) Nia × 1021 (m− 3) Vbi (volt) ϕc
b (volt)  Vp (volt) 

5 1.74 14.53 14.74 0.21 
10 1.28 18.56 18.78 0.22 
20 3.8 53.25 53.45 0.19  
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