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Abstract: In this study, the performance of an organic dye obtained from the bark of the red pine
(Pinus brutia) tree growing in Muğla/Turkey as an interface layer in the Au/n-Si Schottky diode
(SD) structure was evaluated. For this purpose, at first, the optimized molecular structure, the
highest occupied molecular orbital (HOMO), and the lowest unoccupied molecular orbital (LUMO)
simulations of the organic dye were calculated by the Gauss program and it was theoretically proven
that the dye exhibits semiconducting properties. Then, the electrical and photodiode variables
such as ideality factor, effective barrier height, series resistance, interface states density distribution,
photosensitivity, and photo responsivity were evaluated employing current-voltage measurements
under dark and different illumination densities. Additionally, C-V measurements were used to
demonstrate that the fabricated device has capacitive features and this capability varies as a function
of the frequency. Under these measurements, the possible conduction mechanism for the organic
dye-based Au/n-Si device was investigated and the results showed that Au/Pinus brutia/n-Si may be
a good candidate for optoelectronic applications.

Keywords: photodiode; Pinus brutia; organic dye; density functional theory; spray pyrolysis

1. Introduction

Metal-semiconductor (MS) and metal-interface layer-semiconductor type Schottky
barrier diodes (SBDs) have been extensively investigated over the years due to their unique
properties for electronic applications, such as fast response, low resistance and low transi-
tion reverse current during switching [1,2]. The performance of Schottky barrier diodes is
also known to be dependent on the characteristics of the metal/semiconductor junction [3].
Especially in recent years, improvement of interfaces in metal/semiconductor SBDs and
novel alternative materials for the interface have been searched for intensively [4,5]. Con-
sidering their chemical stability as well as their optical properties, it can be said that organic
semiconductors are good candidates for optoelectronic and photonic applications. Indeed,
in a previously published study [6], some of the authors of this manuscript emphasized
that organic substances are primarily composed of carbon-based molecules and that a
wide range of biological materials suitable for electronic applications can be obtained
due to these molecules’ ability to form extended polymeric chains. Namely, two major
classifications can be made for organic semiconductors as low molecular weight mate-
rial and polymers. Both have a conjugated π-electron system created by the pz-orbitals
of the sp2-hybridized C-atoms of the molecules [7]. Compared to σ-bonds, π-bonds are
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significantly weaker. Therefore, π-π*-transitions in conjugated molecules generate the
lowest electronic excitations, making them suitable for electronic device applications. The
energy levels of the molecule grow increasingly dense as more conjugated orbitals become
involved. Thus, the electron can be excited and a charge flow can be achieved [8]. In
addition, electron displacement along the increasing polymeric chain increases electron
conductivity and stability. Many attempts can be found in the literature to improve SBDs’
electrical properties in different electrical applications by using organic semiconductors.
As an example, Ongun et al. [9] produced an Au/BOD-Pyr/n-Si/In rectification device
and showed that the organic matter of BOD-Pyr has suitable semiconductor features for
optoelectronic applications. In another study, Tan et al. [10] conducted a comparative
investigation on the effects of organic Metal Polymer Semiconductor (MPS) and inorganic
Metal Insulator Semiconductor (MIS) interlayers in Au/n-GaAs Schottky diodes and they
observed that MIS structure exhibits better performance although MPS exhibits rectifying
properties. They also claimed that the performance of MPS-type SBDs can be enhanced
by doping polyvinyl alcohol (PVA) with different elements. Oztürk [11] also investigated
the Al/p-Si device in terms of organic/inorganic mixture-based interlayer structures. For
this purpose, a phenyl C61-butyric acid methyl ester (PCBM)-doped zinc oxide (ZnO)
interlayer was used in an Al/p-Si rectifying device to improve its electrical behavior. As
a result, it has been observed that the current in reverse biases increased for the fabri-
cated Al/PCBM:ZnO/p-Si device with increasing light illumination intensity, and it was
demonstrated that this device has good potential for optoelectronic applications. Recently,
research studies on organic dye/n(p)-Si devices are being stimulated by their high UV
absorption and ability to be produced without harmful waste to the environment. For
example, Imer et al. [12] investigated Sunset Yellow/n-Si hybrid Schottky diodes and
obtained a device very close to the ideal. They also observed that the photoresponsivity
of the Sunset Yellow/n-Si device increased with increasing illumination density because
of the excited electron-hole pair by the photons. In another study, Sahin et al. [13] used a
BODIPY-based dye as an interlayer in the Au/n-Si rectifier and investigated its photodi-
ode performance as a function of illumination intensity. They observed that the ideality
factor value of the device exhibits decreasing tendency with increasing illumination den-
sity because of the formation of electron-hole pairs by incident photons. El-Mahalawy
et al. [14] also studied a phenol-based push-pull azo dye/n-Si device and investigated
its suitability in UV photo detection applications. They observed that the reverse current
of the fabricated device increased by two orders of magnitude under UV illumination as
carriers resulting from photon interaction were swept away by the built-in area of the
junction. The purpose of our study was to develop a sustainable, economically inexpensive
organic-based electronic device based on an easily available pine resin. Among the three
most significant pine species in Turkey, i.e., Pinus sylvestris, Pinus nigra, and Pinus brutia,
the last one was selected, because, besides having a fast-growing structure, it has an area of
approximately one million hectares in the Mediterranean, Aegean, and Marmara [15]. This
findability makes it attractive for researching its suitability in optoelectronic applications.
The light response and thus the photodiode properties of the Au/n-Si device, in which
the dye produced from the bark of the Turkish pine plant is used as the interface material,
were investigated.

2. Materials and Methods

In this study, a Au/Pinus brutia/n-Si device was fabricated by using n-type silicon
wafers with (100) orientation, 400 µm thickness, and 1–10 Ω cm resistivity. N-type silicon
was chemically cleaned using RCA procedures [16]. A pinus barks dye-based spray
solution was prepared by using barks taken from Pinus brutia growing in Muğla/Turkey.
The dye was extracted from powdered barks in a hot water bath for 24 h at 60 ◦C using
methanol (4.5 g/30 mL). The resultant extract was filtered via filter paper to achieve the
final solution [17]. The composition of OPCs (oligomeric proanthocyanidins) obtained
from red pine bark varies according to the method of obtaining it. The OPC used in our
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research was obtained according to the above procedure. The composition of the product
obtained according to this method is given in Table 1. The results are in agreement with
the findings in the studies of Yesil-Celiktas et al. [18]. The ingredients of natural products
such as Pinus brutia work synergistically, that is, they reinforce each other’s effects. Even
when the molecules are purified and used separately, they do not show a healing effect.
In photosynthesis, which is a natural light capture process, besides chlorophyll, other
photon-capturing organic molecules such as β-carotene and lycopene are known to be
used together because they have a synergetic effect and complement each other [19], so
the molecules were used together without purification. It is accepted that the molecules
in the mixture will complement each other and strengthen their effects. The final solution
(30 mL) was sprayed on the pre-cleaned n-Si substrate at a temperature of 400 ◦C and
2 mL/min spraying rate by using air as the carrier gas. Gold contacts as the working
electrode were grown with a total area of 2.27 × 10−2 cm2 and a thickness of 100 nm in a
vacuum atmosphere of 10−5 Torr on Pinus brutia-based dye by thermal evaporation method.
In the same way, the device architecture was completed by depositing Al contacts with a
100 nm thickness on the back surface of the Si substrate. The device structure and possible
energy diagram of the heterojunction have been illustrated in Figure 1a,b respectively.
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Figure 1. Schematic diagram of the fabricated device (a) and energy diagram of the heterojunction (b).

The density functional theory (DFT) technique, as implemented in the Gaussian 09W
package, was used to optimize the geometry of the molecules. The photodiode properties
of the obtained device were evaluated by the current-voltage (I–V) analysis under dark
and illumination conditions with a Keithley 2400 source meter. I-V measurements in
dark conditions were also carried out at different temperatures in the range of 200–400 K.
Capacitance-voltage (C–V) measurements were also conducted with different frequencies
under dark conditions using HP 4192A (50 Hz–13 MHz) LF Impedance analyzer.
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Table 1. Molecular orbital distribution of Pinus brutia (1-9) indicate the number of molecules.

(+)-Catechin (1) Catechin (+)-Ferulate (2) Taxifolin (3) Taxifolin Ferulate (4)

Molecular structure

Energies 2021, 14, x FOR PEER REVIEW 4 of 16 
 

 

Table 1. Molecular orbital distribution of Pinus brutia (1-9) indicate the number of molecules. 

(+)-Catechin (1) Catechin (+)-Ferulate (2) Taxifolin (3) Taxifolin Ferulate (4) 

 
 

  

   
 

   
 

Dimer 1 (5) Dimer 2 (6) Dimer 3 (7) Trimer 1 (8) Trimer 2 (9) 

   
  

  
   

  
   

The density functional theory (DFT) technique, as implemented in the Gaussian 09W 
package, was used to optimize the geometry of the molecules. The photodiode properties 

Energies 2021, 14, x FOR PEER REVIEW 4 of 16 
 

 

Table 1. Molecular orbital distribution of Pinus brutia (1-9) indicate the number of molecules. 

(+)-Catechin (1) Catechin (+)-Ferulate (2) Taxifolin (3) Taxifolin Ferulate (4) 

 
 

  

   
 

   
 

Dimer 1 (5) Dimer 2 (6) Dimer 3 (7) Trimer 1 (8) Trimer 2 (9) 

   
  

  
   

  
   

The density functional theory (DFT) technique, as implemented in the Gaussian 09W 
package, was used to optimize the geometry of the molecules. The photodiode properties 

Energies 2021, 14, x FOR PEER REVIEW 4 of 16 
 

 

Table 1. Molecular orbital distribution of Pinus brutia (1-9) indicate the number of molecules. 

(+)-Catechin (1) Catechin (+)-Ferulate (2) Taxifolin (3) Taxifolin Ferulate (4) 

 
 

  

   
 

   
 

Dimer 1 (5) Dimer 2 (6) Dimer 3 (7) Trimer 1 (8) Trimer 2 (9) 

   
  

  
   

  
   

The density functional theory (DFT) technique, as implemented in the Gaussian 09W 
package, was used to optimize the geometry of the molecules. The photodiode properties 

Energies 2021, 14, x FOR PEER REVIEW 4 of 16 
 

 

Table 1. Molecular orbital distribution of Pinus brutia (1-9) indicate the number of molecules. 

(+)-Catechin (1) Catechin (+)-Ferulate (2) Taxifolin (3) Taxifolin Ferulate (4) 

 
 

  

   
 

   
 

Dimer 1 (5) Dimer 2 (6) Dimer 3 (7) Trimer 1 (8) Trimer 2 (9) 

   
  

  
   

  
   

The density functional theory (DFT) technique, as implemented in the Gaussian 09W 
package, was used to optimize the geometry of the molecules. The photodiode properties 

Molecular
orbital surface

HOMO

Energies 2021, 14, x FOR PEER REVIEW 4 of 16 
 

 

Table 1. Molecular orbital distribution of Pinus brutia (1-9) indicate the number of molecules. 

(+)-Catechin (1) Catechin (+)-Ferulate (2) Taxifolin (3) Taxifolin Ferulate (4) 

 
 

  

   
 

   
 

Dimer 1 (5) Dimer 2 (6) Dimer 3 (7) Trimer 1 (8) Trimer 2 (9) 

   
  

  
   

  
   

The density functional theory (DFT) technique, as implemented in the Gaussian 09W 
package, was used to optimize the geometry of the molecules. The photodiode properties 

Energies 2021, 14, x FOR PEER REVIEW 4 of 16 
 

 

Table 1. Molecular orbital distribution of Pinus brutia (1-9) indicate the number of molecules. 

(+)-Catechin (1) Catechin (+)-Ferulate (2) Taxifolin (3) Taxifolin Ferulate (4) 

 
 

  

   
 

   
 

Dimer 1 (5) Dimer 2 (6) Dimer 3 (7) Trimer 1 (8) Trimer 2 (9) 

   
  

  
   

  
   

The density functional theory (DFT) technique, as implemented in the Gaussian 09W 
package, was used to optimize the geometry of the molecules. The photodiode properties 

Energies 2021, 14, x FOR PEER REVIEW 4 of 16 
 

 

Table 1. Molecular orbital distribution of Pinus brutia (1-9) indicate the number of molecules. 

(+)-Catechin (1) Catechin (+)-Ferulate (2) Taxifolin (3) Taxifolin Ferulate (4) 

 
 

  

   
 

   
 

Dimer 1 (5) Dimer 2 (6) Dimer 3 (7) Trimer 1 (8) Trimer 2 (9) 

   
  

  
   

  
   

The density functional theory (DFT) technique, as implemented in the Gaussian 09W 
package, was used to optimize the geometry of the molecules. The photodiode properties 

Energies 2021, 14, x FOR PEER REVIEW 4 of 16 
 

 

Table 1. Molecular orbital distribution of Pinus brutia (1-9) indicate the number of molecules. 

(+)-Catechin (1) Catechin (+)-Ferulate (2) Taxifolin (3) Taxifolin Ferulate (4) 

 
 

  

   
 

   
 

Dimer 1 (5) Dimer 2 (6) Dimer 3 (7) Trimer 1 (8) Trimer 2 (9) 

   
  

  
   

  
   

The density functional theory (DFT) technique, as implemented in the Gaussian 09W 
package, was used to optimize the geometry of the molecules. The photodiode properties 

LUMO

Energies 2021, 14, x FOR PEER REVIEW 4 of 16 
 

 

Table 1. Molecular orbital distribution of Pinus brutia (1-9) indicate the number of molecules. 

(+)-Catechin (1) Catechin (+)-Ferulate (2) Taxifolin (3) Taxifolin Ferulate (4) 

 
 

  

   
 

   
 

Dimer 1 (5) Dimer 2 (6) Dimer 3 (7) Trimer 1 (8) Trimer 2 (9) 

   
  

  
   

  
   

The density functional theory (DFT) technique, as implemented in the Gaussian 09W 
package, was used to optimize the geometry of the molecules. The photodiode properties 

Energies 2021, 14, x FOR PEER REVIEW 4 of 16 
 

 

Table 1. Molecular orbital distribution of Pinus brutia (1-9) indicate the number of molecules. 

(+)-Catechin (1) Catechin (+)-Ferulate (2) Taxifolin (3) Taxifolin Ferulate (4) 

 
 

  

   
 

   
 

Dimer 1 (5) Dimer 2 (6) Dimer 3 (7) Trimer 1 (8) Trimer 2 (9) 

   
  

  
   

  
   

The density functional theory (DFT) technique, as implemented in the Gaussian 09W 
package, was used to optimize the geometry of the molecules. The photodiode properties 

Energies 2021, 14, x FOR PEER REVIEW 4 of 16 
 

 

Table 1. Molecular orbital distribution of Pinus brutia (1-9) indicate the number of molecules. 

(+)-Catechin (1) Catechin (+)-Ferulate (2) Taxifolin (3) Taxifolin Ferulate (4) 

 
 

  

   
 

   
 

Dimer 1 (5) Dimer 2 (6) Dimer 3 (7) Trimer 1 (8) Trimer 2 (9) 

   
  

  
   

  
   

The density functional theory (DFT) technique, as implemented in the Gaussian 09W 
package, was used to optimize the geometry of the molecules. The photodiode properties 

Energies 2021, 14, x FOR PEER REVIEW 4 of 16 
 

 

Table 1. Molecular orbital distribution of Pinus brutia (1-9) indicate the number of molecules. 

(+)-Catechin (1) Catechin (+)-Ferulate (2) Taxifolin (3) Taxifolin Ferulate (4) 

 
 

  

   
 

   
 

Dimer 1 (5) Dimer 2 (6) Dimer 3 (7) Trimer 1 (8) Trimer 2 (9) 

   
  

  
   

  
   

The density functional theory (DFT) technique, as implemented in the Gaussian 09W 
package, was used to optimize the geometry of the molecules. The photodiode properties 



Energies 2021, 14, 7983 5 of 18

Table 1. Cont.

Dimer 1 (5) Dimer 2 (6) Dimer 3 (7) Trimer 1 (8) Trimer 2 (9)

Molecular structure
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3. Results and Discussion
3.1. DFT Calculations

Density-functional theory (DFT) is a widely used method to calculate the electronic
structure of atoms, molecules, and solids. In this context, density functional theory (DFT)
can give a more in-depth knowledge of the connection between molecular structure and
compound characteristics [20]. Since we aimed to investigate the sensitivity of Pinus brutia
to light within the scope of this study, it was important to investigate the HOMO-LUMO
levels, which are the thermodynamic driving force for electron injection, and thus the
energy of the bandgap. Table 1 shows the molecular structures that make up Pinus brutia, as
well as the geometric shape of the HOMO and LUMO levels. For effective charge transfer,
the LUMOs of molecules must be more negative than the semiconductor’s conduction
band [21]. As it is known from the literature [7,22], we can provide information about the
conductivity of the compound thanks to the electron affinities of the HOMO-LUMO levels.
A low HOMO-LUMO gap indicates that the compound is easily excitable and polarizable,
while a large HOMO-LUMO gap means that a higher light energy is necessary to excite the
electron in the HOMO. Our calculated results are represented in Figure 1b. Pinus brutia
appears to be composed of molecular compounds with a bandgap ranging from about
4.1 eV to 6.8 eV. It can be concluded that Pinus brutia has semiconductor properties since
these results are in a range comparable to the bandgap values of some metal oxides [23]
and organic materials [24] used in optoelectronic applications in the literature. In addition,
it can be concluded that dimer structures exhibit the lowest vertical transition energies.
This may be related to the decreasing number of monomeric units. This demonstrates
that increasing p-conjugation facilitates electron movement from HOMO to LUMO, where
the molecular π-π* orbitals are shown. A careful look at the molecular structures of the
compounds shows that they correspond to polyhydroxy derivatives. Since it is known
that such compounds can be converted to quinones via redox reactions when voltage is
applied, the question may come to mind as the results here show the redox behavior of the
molecules. Within the scope of this study, it was not examined whether the compounds
were converted to quinones. The compounds in our study consisted of catechol-catechol
derivatives and taxifolin-taxifolin derivatives.

In a study conducted by Janeiro and Oliveira Brett [25], oxidation of hydroxyl groups
to quinone was explained by considering the oxidation mechanism of catechin, shown in
Figure 2, whose A, B and C rings are resorcinol, catechol and hydroxyl groups, respectively.
Accordingly, the 3′ and 4′ hydroxyl groups in the B ring of catechin are oxidized to the
quinone depending on the pH of the medium. Other hydroxyl groups are not affected.
Similar reaction can be predicted in taxifolin. However, this redox reaction takes place in
aqueous media depending on the pH, while our reaction medium is dry.
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to quinone was explained by considering the oxidation mechanism of catechin, shown in 
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tively. Accordingly, the 3′ and 4′ hydroxyl groups in the B ring of catechin are oxidized to 
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Similar reaction can be predicted in taxifolin. However, this redox reaction takes place in 
aqueous media depending on the pH, while our reaction medium is dry. 
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3.2. Au/n-Si and Au/Pinus brutia/n-Si Devices Performaces

Figure 3a shows the measured semi-log I-V curves of both Au/n-Si and Au/Pinus
brutia/n-Si Schottky junctions under the dark condition at room temperature. Here, when
the dye is in close contact with the silicon, the silicon is depleted from its carriers near the
interface and the thermal energy becomes higher than kT. Therefore, the device starts to
show rectifying properties, as demonstrated by the asymmetrical behavior of I-V curves
shown in Figure 3a [25]. Additionally, it can be concluded that the organic layer improves
the rectifier characteristic of the Au/n-Si device, as well as the series resistance effect at
high voltage values. To examine the effect of the organic layer in detail, equations of
the standard Thermionic Emission (TE) theory can be used. According to TE theory, the
relationship between current and voltage is [26]:

I = I0

[
exp

(
qV
ηkT

)
− 1
]

(1)

where q, V, k, I0 and η represent the electron charge, the bias voltage, the Boltzmann
constant, the saturation current at reverse bias and the ideality factor, respectively.

η =

[
q

kT
∂V

∂ ln(I)

]
(2)

ϕB,eff =
kT
q

ln

(
AA∗T2

I0

)
(3)
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The ∂V/∂ ln(I), ϕB,eff, T (300 K), A (7.85 × 10−3 cm2), A* (112A cm−2 K−2 for n-type
silicon) symbols given in Equations (2) and (3) are the slope obtained from the linear
region of ln(I) vs. V, the effective barrier height, the operation temperature, the effective
diode area, and the Richardson constant, respectively. Using the equations given above,
ideality factor (η) and effective barrier height (ϕB,eff) values were found to be 2.35 and
0.58 eV for Au/n-Si, and 2.12 and 0.65 eV for Au/Pinus brutia/n-Si, respectively. For an
ideal Schottky type junction, the ideality factor value is 1. As seen above, the ideality
factor values calculated for both devices are greater than unity. In previously published
papers [27–30] about metal-semiconductor junctions, the greater value of the ideality factor
was attributed to the distribution of the metal-semiconductor interface states, image force
effect, recombination-generation process, and different transport mechanisms besides the
TE. In our Au/Pinus brutia/n-Si device, the lower ideality factor value is directly linked
to the presence of the pine-based dye layer. In the literature [31–33], it is possible to find
studies in which the ideality factor value both increases and decreases as a result of the
integration of the organic-inorganic layer between the metal and semiconductor. In [34,35],
the increase in the ideality factor with the presence of organic layers was attributed to the
interface mechanisms that contain interface dipoles due to the organic layer as well as the
distribution of density of interface states as a result of the fabrication-related defects in the
interface. Furthermore, Zahn et al. [36] stated that the increase or decrease in the effective
barrier height and thus the ideality factor caused by the organic interlayer is associated
with the energy level alignment of the lowest unoccupied molecular orbital with respect
to the inorganic semiconductor’s minimum conduction band at the organic/inorganic
semiconductor interface. Other authors attribute the decrease in the ideality factor value to
modification of the interfacial potential barrier depending on the organic dye layer [35,37].
That is, the Pinus brutia dye interlayer affects the space charge region of the n-type silicon
and increases the effective barrier height by changing the density of interface distribution
between n-type Si and Au, therefore causing a reduction in the ideality factor. In addition,
interface states resulting from the presence of the organic layer may behave as a trap. Thus,
the Fermi level can be shifted towards the middle of the bandgap of the organic dye layer.
Therefore, the barrier height may not have a homogeneous nature, considering that the
Fermi level can change its position throughout the whole dye layer. Similar results were
also found by other researchers to explain potential shifts due to the organic layer [38]. In
this study, we investigated the performances of the Au/Pinus brutia/n-Si device under both
dark and light conditions, in view of its potential optoelectronic applications.

Figure 4a compares the I-V characteristic of the Au/Pinus brutia/n-Si junction in dark
and illumination (400 mW/cm2) conditions at room temperature. As can be seen, the
reverse current under illumination shows an increasing trend with respect to the dark
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state. This can be explained by considering the formation of electron holes in n-type Si.
That is, the incoming photons pass through the Pinus brutia dye without absorption and,
being absorbed in the n-Si, originate electron-hole pairs (see Figure 1b) [39]. Because of
this, the photocurrent is observed in the reverse bias under illumination conditions. To
get information about the effect of illumination on the diode performances, we obtained
some diode characteristics such as ideality factor value and effective barrier height for
the Au/Pinus brutia/n-Si device under illumination conditions. The ideality factor and
the barrier height values, as obtained by using Equations (1)–(3) are 2.81 and 0.67 eV,
respectively. Under illumination, the ideality factor of the devices increases with respect
to the dark value. A n > 2 value indicates that leakage currents are dominant in the
transport mechanisms of the devices [40]. That is, when the ideality factor values are
greater than 2, tunneling improves interface recombination and becomes dominant for
the current transport [41]. Moreover, it can be observed that not only the value of the
ideality factor increases but also the values of leakage current, which probably indicates
that the illumination affects the interface recombination of photo-generated carriers at the
junction interface [42]. The calculated leakage current for the Au/Pinus brutia/n-Si device
is 1.13 × 10−8 A and 9.70 × 10−7 A for dark and illumination conditions, respectively,
in accordance with the aforementioned conclusion. In addition, generally, there is a
reverse relationship between variation in ideality factor values and effective barrier height
values [43,44], not observed for our device under illumination. This inconsistency may be
associated with inhomogeneous barrier height, non-uniformity of dye layer, presence of
interfacial oxide layer, and distribution of interfacial charge as a result of the illumination
at the dye and n-Si interface [45]. In addition, I-V analyses of the Au/p-Si device at three
different temperatures were performed to obtain more detailed information about the
device’s conduction mechanism. Results of I-V measurements are shown in Figure 4b.
As is known, thermionic emission theory is typically used to investigate the influence of
temperature fluctuations on the ideality factor and effective barrier height of devices [46].
In practice, Schottky barrier devices operate at temperatures ranging from low to high
(depending on the power application) [47]. In our study, measurements were taken at
different temperatures between 200 K and 400 K with 100 K steps. The experimental values
of ϕB,eff and η at each temperature were determined from the slope and intercept of the log
(I) vs V plot. The Au/Pinus brutia/n-Si device values are η = 3.39 and ϕB,eff = 0.53 eV at
200 K, and η = 1.65 and ϕB,eff = 0.97 eV at 400 K. At lower temperatures, electrons surpass
the lower barriers in this process. As a result, the current flowing through patches with a
lower Schottky barrier height and a higher ideality factor dominate the current transport
phenomenon [48]. As the temperature rises, a greater number of electrons have sufficient
energy to overcome the higher barrier, resulting in an increased barrier height with rising
temperature and bias voltage. Additionally, there is a significant deviation from linearity
that is observed in the forward bias I-V characteristic. This is usually explained due to
the effect of series resistance (Rs) originated by the presence of interface defects states and
the interface layer [49]. In this context, a modified Norde approximation has been used to
determine barrier height and series resistance values. According to this approximation, the
following equations are used:

F(V) = V/γ− (kT/q) ln(
[
I(V)/(AA∗T2)

]
(4)

ϕB = F(V0) + (V0/γ)− (kT/q) (5)

where F(V0) and γ indicate the minimum value in F(V) vs. V curve and first integer value
following the ideality factor value, while V0 is the corresponding bias. After drawing
F(V)-V curves according to Equation (4), the barrier height and series resistance values can
be calculated.



Energies 2021, 14, 7983 10 of 18

Energies 2021, 14, x FOR PEER REVIEW 8 of 16 
 

 

and illumination conditions, respectively, in accordance with the aforementioned conclu-
sion. In addition, generally, there is a reverse relationship between variation in ideality 
factor values and effective barrier height values [43,44], not observed for our device under 
illumination. This inconsistency may be associated with inhomogeneous barrier height, 
non-uniformity of dye layer, presence of interfacial oxide layer, and distribution of inter-
facial charge as a result of the illumination at the dye and n-Si interface [45]. In addition, 
I-V analyses of the Au/p-Si device at three different temperatures were performed to ob-
tain more detailed information about the device’s conduction mechanism. Results of I-V 
measurements are shown in Figure 4b. As is known, thermionic emission theory is typi-
cally used to investigate the influence of temperature fluctuations on the ideality factor 
and effective barrier height of devices [46]. In practice, Schottky barrier devices operate at 
temperatures ranging from low to high (depending on the power application) [47]. In our 
study, measurements were taken at different temperatures between 200 K and 400 K with 
100 K steps. The experimental values of φ୆,ୣ୤୤ and η at each temperature were deter-
mined from the slope and intercept of the log (I) vs V plot. The Au/Pinus brutia/n-Si device 
values are η=3.39 and φ୆,ୣ୤୤=0.53 eV at 200 K, and η=1.65 and φ୆,ୣ୤୤=0.97 eV at 400 K. At 
lower temperatures, electrons surpass the lower barriers in this process. As a result, the 
current flowing through patches with a lower Schottky barrier height and a higher ideality 
factor dominate the current transport phenomenon [48]. As the temperature rises, a 
greater number of electrons have sufficient energy to overcome the higher barrier, result-
ing in an increased barrier height with rising temperature and bias voltage. Additionally, 
there is a significant deviation from linearity that is observed in the forward bias I-V char-
acteristic. This is usually explained due to the effect of series resistance (Rs) originated by 
the presence of interface defects states and the interface layer [49]. In this context, a mod-
ified Norde approximation has been used to determine barrier height and series resistance 
values. According to this approximation, the following equations are used: F(V) = V γ⁄ − (kT q⁄ )ln ([I(V) (AA∗Tଶ)⁄ ] (4)φ୆ = F(V଴) + (V଴ γ⁄ ) − (kT q)⁄  (5)

where F(V0) and 𝛾 indicate the minimum value in F(V) vs. V curve and first integer value 
following the ideality factor value, while V0 is the corresponding bias. After drawing F(V)-
V curves according to Equation (4), the barrier height and series resistance values can be 
calculated. 

    
(a) (b) 

Figure 4. I-V characteristic of the Au/Pinus brutia/n-Si device in dark and light conditions (a) and in dark at different 
temperatures (b). 
Figure 4. I-V characteristic of the Au/Pinus brutia/n-Si device in dark and light conditions (a) and in dark at different
temperatures (b).

Figure 5 represents F(V) vs. V curves of the Au/Pinus brutia/n-Si device under dark
and illumination conditions. The obtained barrier height values were 0.94 eV and 0.72 eV
for dark and illumination conditions, respectively. In addition, Rs values were obtained by
using Figure 2 and the following Equation:

Rs =
kT(γ− n)

qI0
(6)
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From Equation (6), the Rs values were calculated as 221 Ω and 188 Ω for dark and

illumination conditions. The increase in carrier density as a result of illumination can be
seen as a possible reason for the decrease in the series resistance of the for the Au/Pinus
brutia/n-Si device under illumination conditions [50]. The Cheung method can be also used
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to determine the diode characteristics, i.e., ideality factor, barrier height, and Rs values of
the studied device, basing on the following equations:

dV
dln(I)

= IRs +
nkT

q
(7)

H(I) = V− nkT
q

ln
(

I
AA∗T2

)
= IRs +ϕB (8)

Figure 6 is drawn on the basis of Equations (7) and (8). From Figure 6, it is possible to
infer the ideality factor, the barrier height and the series resistance (Rs) of the investigated
devices. For this aim, it is necessary to use the slope and y-intercept of the dV/dln(I)
for determining the ideality factor and series resistance values, while considering the
y-axis intercept and slope of H(I) plots makes it possible to obtain barrier height and series
resistance of the device [51].
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The diode parameters calculated from Equations (7) and (8) and Figure 6 are reported
in Table 2. Two conclusions can be made from the tabulated results. First, similar to
the previous calculations based on TE and Norde models, Cheung approximations give
the same trend in ideality factor, series resistance and barrier height values. This shows
that there is a consistency in the diode characteristics obtained by the different models.
Second, there is a significant difference between the ideality factor values obtained by
TE and Cheung approximation. This can be explained by the effect of series resistance,
voltage drop through the Pinus brutia dye layer, bias dependence of the Schottky contact,
and variation in density of interface states in the concave region of the I-V curves [52,53].
Although, the series resistance value of the device exhibited decreasing tendency under
illumination conditions if compared with the values obtained under dark conditions, their
absolute values are different. In fact, the series resistances obtained by the Norde method
are lower than the values obtained from the Cheung method. This discrepancy can be
clarified as follows.
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Table 2. Experimentally calculated ideality factor, barrier height, and series resistance of the Au/Pinus
brutia/n-Si device.

dV/dln(I) vs. (I) H(I) vs.(I)

η Rs (Ω) ϕB (eV) Rs (Ω)

Au/Pinus brutia/n-Si (dark) 3.80 609 0.61 425
Au/Pinus brutia/n-Si (400 mW/cm2 illumination) 4.52 332 0.60 354

The Norde function uses full-forward bias I-V data to calculate the diode parameters,
while the Cheung method uses data in the nonlinear region where the series resistance
effect is observed. In other words, the Norde approach is a more suitable method for
devices close to ideality. Similar differences obtained by different methods were also
observed by other authors [54].

The density of interface states is an important way of understanding the nature of the
metal-semiconductor junction. For this reason, the effect of light on the interface states
of the Au/Pinus brutia/n-Si device was investigated. Similar to our previously published
results [55], the distribution of interface states (Nss) between junction materials has been
inferred by forward bias I-V measurements, by considering the voltage dependence of the
ideality factor. This is given by:

η(V) = 1 +
δ

εi

[
εs

wd
+ qNss(V)

]
(9)

where εi, εs, δ and wd are the permittivity of the interfacial layer, the permittivity of the
semiconductor, the estimated thickness of the interfacial layer, and the depletion layer
width, respectively. Thus, voltage dependent Nss values may be written as:

Nss (V) =
1
q

[
εi

δ
(η(V)− 1)− εs

Wd

]
(10)

Equation (10) allows us to draw the distribution of interface states vs. conduction
band edge of the semiconductor. Therefore, energy differences between conduction band
edge-surface can be calculated by the following formula.

EC − Ess = q(ϕe − (V− IRs)) (11)

Figure 7 shows Nss vs. Ec-Ess plots of the Au/Pinus brutia/n-Si device. As can be
observed in Figure 7, Nss decreases from 2.099 × 1015 to 4.429 × 1014 in the range of
0.426 eV and 0.521 eV in illumination conditions, while it decreases from 4.268 × 1015 to
1.587 × 1015 in the range of 0.401 and 0.447 eV in the dark condition. In addition, it can
be observed that the density of interface states exhibits decreasing tendency compared
with the values obtained under dark conditions. These variations may be linked with
the decrease in recombination centers and reordering interfacial states in the Pinus brutia
layer. Based on the Pinus brutia-based device photoresponse, we can conclude that it is
suitable for photodetector applications. The current-voltage characteristics of the device
were measured under different illumination intensities to get a detailed analysis of the
photodiode characteristics of the device and the results are shown in Figure 6.
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Photocurrent and photosensitivity are important parameters for a photodetector. In
our device, the current under illumination is significantly higher than the dark current at
the same voltage, which shows that the photodetector responds well to incoming light
and possesses strong photoelectric conversion ability. The variation in the photocurrent
at 1 V as a function of illumination intensities is given in Figure 8. Following the above
discussion, the photocurrent values obtained at +1 V exhibit increasing tendency as a
function of illumination intensities. The photosensitivity S of the studied detector can be
determined by Equation (12):

S = Iph/Idark (12)

where Iph and Idark are the photocurrent and dark currents, respectively, for reverse biases.
For photodiodes or detectors, there is a relationship between the photocurrent and the light
power (P) given by Iph = BPµ [56]. In this equation, B indicates a constant, while µ indicates
a photoconduction mechanism. µ can be determined by the slope of the photocurrent plot
and in our case is 1.38. Similar to the study made by Shiu et al., it can be concluded that this
non-integer exponent may be related to the complex process of electron-hole generation,
trapping, and recombination with the topological insulator [57]. The photosensitivity S
and the photocurrent Iph, the latter calculated according to the formula Iph = Iill − Idark,
are shown in Figure 9 under different illumination intensities.
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The photo responsivity value (R) of a photodiode or detector can be seen as another
important parameter and can be obtained from the relationship below:

R = Iph/PA (13)

where P is the incident illumination power density and A is the effective diode area.
The variation in the photoresponsivity of the device as a function of illumination in-

tensities under the reverse bias condition is shown in Figure 10. From Figure 10, it is seen
that the photoresponsivity of the device shows decreasing tendency with the increasing
illumination condition. This case is frequently observed in organic-based photodiodes [57,58]
and attributed to the enhancing recombination under high illumination densities [59].
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The carrier density of the fabricated device was calculated from the C-V curves. C-V
measurements were taken by superimposing an ac signal into a dc biased device. Therefore,
all curve change depends on the frequency. In addition, it can be seen from the graphs
that capacitance increases with bias at low frequencies, and decreases at high frequencies.
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For this reason, we made our analysis by considering 500 kHz as the frequency value
by using a 1/C2 graph (inset of Figure 11), as in our previous studies on a different
junction [60,61]. Diffusion potential and acceptor carrier concentration were found to be
0.75 V and 1.5 × 1015 cm−3, respectively. The obtained carrier concentration value is in the
normal range of typical semiconductors for such applications [50,62]. In addition, from
the C-V curves the barrier height value of the Au/Pinus brutia/n-Si device was determined
as 0.93 eV, which is considerably higher if compared with the one obtained from I-V
measurements. This result can be explained by the non-homogeneous nature of the barrier
height formed due to the presence of the interface oxide layer on the n-Si wafer and the
non-uniformity of the interface layer [51].
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4. Conclusions

In this study, Au/Pinus brutia/n-Si device architecture was obtained by using an
economically inexpensive homemade spray pyrolysis technique. For this purpose, a
homogeneous solution was obtained by an organic dye from red pine (Pinus brutia) grown
in Muğla/Turkey, using methanol as solvent. The solution was sprayed onto a n-Si
substrate heated at 400 ◦C. Gold dot contacts were deposited on the organic dye, and the
device structure was completed by using Al contacts on the n-Si. Dye molecular structure
and compound characteristics were evaluated using DFT calculations. From the DFT
calculations, it was found that Pinus brutia is composed of molecular compounds with
a bandgap in the range of 4.1 eV–6.8 eV. The junction parameters of the device, such as
the ideality factor values and barrier height, exhibit different tendencies under dark and
400 mW/cm2 illumination conditions. It was also observed that (Nss) decreased from
2.099 × 1015 to 4.429 × 1014 in the range of 0.426 eV and 0.521eV in illumination conditions,
while Nss decreased from 4.268 × 1015 to 1.587 × 1015 in the range of 0.401 and 0.447 eV
in the dark conditions. The response of the device to light was also investigated using
photosensitivity and photoresponsivity measurements. Results showed that the conduction
mechanism of the Au/Pinus brutia/n-Si device may be explained by several mechanisms:
electron-hole generation, trapping, and recombination through the topological insulator.
Diffusion potential and acceptor carrier concentration were also inferred by C-V analysis
and found to be 0.75 V and 1.5 × 1015 cm3, respectively. All the results show that the Pinus
brutia dye is a good candidate for optoelectronic applications.
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