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Electrical properties of V20s/n-Si Schottky barrier diodes prepared by rf magnetron sputtering of
vanadium pentoxide (V20s) on n-Si wafer have been investigated. The current-voltage (I-V) and
capacitance-voltage (C-V) measurements of the diode have been performed in the dark at the room
temperature. The saturation current (lo), ideality factor (n), barrier height (®s) values of the diode
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have been determined as 6.68x108 A, 1.35, and 0.755 eV, respectively. The series resistance (Rs)
values from Norde, Cheung and Nicollian & Brews methods have been determined as 199 Q, 251 Q,
and 144 Q, respectively. The energy distribution of interface state density (Nss) was determined, and
the values of against the energy values of Nss in the vary between Ec-0.462 eV and Ec-0.713 eV were
obtained 4.343x1016 eV cm™ and 3.282x10'® eV-! cm™, respectively. The barrier height and metal
oxide thickness (0) values using capacitance-voltage (C-V) measurements in the frequency of 1 MHz
has also been calculated as 0.949 eV and 37.4 nm, respectively. The prepared diode showed abnormal

diode characteristics, indicating the existence of a space-charge limited (SCL) current. From forward
bias 1-V characteristics, the ohmic, trapped filled space charge limited current (TFSCLC) and SCLC
conduction behaviors were observed at low, middle, and high voltages, respectively. Experimental
results indicated that the prepared V20s film on n-Si can be utilized in electronic applications.
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Introduction

Thin films of vanadium pentoxide (V0s) have extensively
studied due to potential applications in rechargeable lithium ion
batteries (Liu et al., 2009), catalysts (Liu et al., 2009), gas
sensors (Akande et al., 2015), electrochromic devices (Karaca
et al., 2017), optical switching devices (Fateh et al., 2008), and
Schotky diodes (Senarslan et al., 2017; Kaya et al., 2021). V205
is environment friendly (Liu et al., 2018), high energy density
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(Liu et al., 2011), large and stable reversible capacities (Wang
et al., 2011), and low cost (lhsan et al., 2015) material in the
series of transition metal oxide semiconductors (e.g., SnO,,
Zn0O, TiOy). In recent years, diversity of synthesis methods are
utilized for synthesis of the films of V,0s such as sol-gel
method (lhsan et al., 2015), sputtering (Luo et al., 2010),
thermal evaporation (Al-Kuhaili et al., 2004), and spray
deposition (Benkahoul et al., 2017). Magnetron sputtering
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method has advantages such as very good adhesion to the
substrate, deposition at a low substrate temperature, produce
thin films with repeatable properties, and the control of process
parameters such as gas flow and/or pressure ratio (Qiao et al.,
2014; Dong et al., 2021).

A metal/insulator/semiconductor (MIS) based Schottky
diode mainly depends on added of thin interface layer such as
V,05 between semiconductor and metal. These (MIS) based
Schottky diodes increase the stability and performance of the
device (Akgul et al., 2021). There are reports on the analysis of
electrical properties of Schottky diodes with V,0s produced on
different semiconductors (Kumar et al., 2016; Senarslan et al.,
2017; Balasubramani et al., 2019; Kaya et al., 2021). In these
studies, analyzes were made on the current-voltage
characteristics of diodes with V,0s. As far as we know, much
work has not been done on Au/V,0s/n-Si Schottky diodes
produced by rf magnetron sputtering method. There is a report
on the admittance properties of V»Os film formed on p-Si
substrate. Senarslan et al. (2017) reported that the investigation
of conductance-voltage (G-V) and capacitance-voltage (C-V)
characteristics of the Al/V,0s/p-Si MIS based Schottky diode.

It is recognized that the presence of an interfacial layer
between the metal and the semiconductor can affect the
transport across the interface. This interfacial layer can also
inhibit or induce interfacial chemical reactions (Sigaud et al.,
2003). For many diodes, the metal-interfacial layer contacts and
interfaces limit charge transport and injection. The injection of
charge in the diode depends on several factors such as band
bending or Fermi level pinning, chemical reactions, the
temperature, the applied electric field, the interface dipoles, and
the height of the injection barrier (Yan & Gao, 2002; Bokdam
et al., 2011). Although works on the electrical properties of
diodes have been introduced broadly, the analyses are still done
to determine the current transport mechanism in diodes. A
detailed understanding of the transport mechanisms and
physical properties governing their electrical action can be
determined by investigating the current-voltage characteristics
of the device. It was proposed that space charge limited current
(SCLC), thermionic recombination, and tunnelling enhanced
interface recombination can dominate the current transport in
diodes (Yan & Gao, 2002; Sigaud et al., 2003; Bayhan &
Bayhan, 2011; Bokdam et al., 2011; Saad & Kassis, 2011;
Kumar et al., 2016).

In this study, we studied the current-voltage (I-V) and
capacitance-voltage (C-V) characteristics of Au/V;0s/n-Si
Schottky diode prepared by the rf magnetron sputtering
method. Furthermore, the values of the ideality factor (n),
barrier height (&®s), series resistance (Rs) and interface state

density (Nss) from 1-V measurements were investigated at room
temperature. Moreover, the barrier height (®g) and metal oxide
thickness  values  using  capacitance-voltage  (C-V)
measurements in the frequency of 1 MHz has also been
determined. Barrier height values determined from I-V and C-
V measurements were also compared. The forward bias I-V
properties showed that the Au/V,0s/n-Si Schottky diode had
the ohmic, trapped filled space charge limited current
(TFSCLC), and SCLC (space charge limited current)
conduction behaviors were observed at low, middle, and high
voltages, respectively.

Materials and Methods

In this work, the n-type Si wafer grown by CZ method with
P-doped has 10 Q-cm resistivity, 300 pm thickness, and (100)
orientation. Before forming the contacts, the silicon crystal was
washed with the RCA method (Akgul et al., 2021) to remove
the unwanted structures such as oxide on the surface of the
silicon crystal. In order to create ohmic contact, 150 nm gold
(Au) metal was deposited on the unpolished surface of the
silicon crystal at 1x10° Torr pressure in a vacuum and by
heating it on a tungsten plate under the same pressure, the Au
metal was precipitated. The V,Os film was prepared on the
polished part of n-Si crystal by RF magnetron sputtering at the
100 W sputtered power. The base and working pressures were
maintained of the order 6x10° Pa and 5x10°! Pa in argon gas
atmosphere (purity 99.99%) during the sputtering process,
respectively. The distance between the sputtered target (V205
target, 2-inch diameter, 0.125-inch thickness, and 99.99%
purity) and the n-Si crystal and the sputtering time were fixed
at 30 cm and 20 minutes, respectively. The deposited film was
annealed in the oven at 400 °C for 10 minutes to form V;0Os.
Figure 1 shows the fabrication of V,Os thin film by the RF
magnetron method. After V,0Os film coating was made on n-Si,
150 nm gold (Au) metal was deposited on V,0s using 2 mm
diameter circular masks at the same pressure in vacuum. In this
way, Schottky rectifier contacts were created. Finally,
Au/V,0s/n-Si/Au Schottky diode structure was produced. The
contact area of the produced diode is equal to 0.0314 cm?. For
electrical characterization, Figure 2 shows the cross-sectional
representation of the Au/V.Os/n-Si/Au diode. Figure 3 shows
the energy band diagram of Au/V.0s/n-Si Schottky diode in
thermal equilibrium after contact. In order to examine the
electrical properties of the produced diode, current-voltage (I-
V) and capacitance-voltage (C-V) measurements were taken at
room temperature. 1-V and C-V measurements of Au/V,0s/n-
Si/Au Schottky diode were carried out by means of a Keithley
2410 SourceMeter and Keysight E4990A impedance analyzer
in 1 MHz frequency, respectively.
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Figure 1. Schematic diagram of preparation of V>Os thin film on n-Si by RF magnetron method.
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Figure 2. Schematic diagram of Au/V,0s/n-Si/Au Schottky diode.
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Figure 3. The energy band diagram of Au/V>0s/n-Si Schottky diode after contact.
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Results and Discussion

We have prepared the Au/n-type Si Schottky contacts with
vanadium pentoxide (V:0s) interfacial layer by rf magnetron
sputtering method. Current-voltage (I-V) measurements were
taken at dark and at room temperature. From |-V measurements
of the Au/V,0s/n-Si Schottky diodes and the thermionic
emission theory, saturation current (lp), ideality factor (n), and
barrier height (®g) values can be obtained from following
equations

Iy = AA*T? exp (— %) ; 1)
=) @
;= Lin (2T ®3)

where T is the absolute temperature, k is Boltzmann
constant, A is the Schottky contact area, q is the electronic
charge, and A” is the effective Richardson constant.

Figure 4 displays the experimental Inl-V measurement of
the fabricated Au/V,0s/n-Si Schottky diodes at +2V and at
room temperature. From Figure 4, the experimental
measurement of the diode displays the behavior of good
rectification. The rectification ratio (RR) [RR = I(+2V)/I(-2V)]
of the produced diode was quite high and was determined as
approximately 3940. Using the thermionic emission (TE)
theory (Rhoderick & Williams, 1988; Ongun et al., 2021;
Tezcan et al., 2021), the values of the ideality factor (n), the
saturation current (lo), and the barrier height (®g) for the
prepared Au/V,0s/n-Si Schottky diode are obtained from the
slope of the linear region of plot and the current axis intercept
as 1.35, 6.68x10% A and 0.755 eV, respectively. Mahato et al.
(2017) deposited V.05 powder on n-Si substrate by thermal
evaporation system and obtained Au/V;0s/n-Si structure and n
and &g values of the structure were reported as 2.04 and 0.83
eV. Kaya et al. (2021) produced vanadium pentoxide by
sputtering technique on (100) oriented n-type silicon crystal to
produce Au/V,0s/n-Si diode. They determined n and &g values
as 2.68 and 0.72 eV from current-voltage measurements. In
another study by Kaya et al. (2020), vanadium pentoxide was
produced by sputtering technique on (100) oriented n-type
silicon crystal to produce Ti/V20s/n-Si diode. They determined
n and &g values as 1.39 and 0.76 eV from current voltage
measurements. Balasubramani et al. (2019) produced vanadium
pentoxide by sputtering technique on (100) oriented n-type
silicon crystal to produce Cu/V20s/n-Si diode. They determined
n and &g values as 5.26 and 0.46 eV from current-voltage
measurements.
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Figure 4. Current-voltage graph of the Au/V,0s/n-Si Schottky
diode.

Series resistance behaviour is another one of the main
characteristics that analyze the electrical measurements of the
Schottky barrier diode. Using the voltage dependence of the
F(V) function introduced by Norde (1979), series resistance
(Rs) and barrier height &g values can be found by the following
relations:

_V_ 1y (1w

F(v) = a B In (AA*TZ) )
Vinin

By = F (V) + 22— 2 5)

Ry =i (6)

Blmin
Where £ is equal to g/Kt and a is a constant bigger than
ideality factor. Figure 5 shows the F(V) vs. bias voltage (V) of
the Au/SnO2/n-Si/Au Schottky barrier diode. From Figure 5,
the @ and Rs values were obtained as 0.750 eV and 199 Q from
calculating the minimum in a F(V) versus V curve, respectively.
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Figure 5. Curve of F(V) vs. bias voltage (V) of the Au/V,0s/n-
Si Schottky barrier diode.
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Another method in series resistance calculations is the
Cheung method (Cheung & Cheung, 1986). There are two
functions in the Cheung method. These functions are given in
the equations below:

dv_ nkT

an) - g T IRs )
kT 1
H(D) =V - (”T) In(——) = ndp + IR ®)

Figure 6 shows the dv/d(In(1)) and H(I) vs. current (1) of the
Au/SnO2/n-Si Schottky barrier diode. From dV/d(In(l))-1 , the
Rs and n values were found as 275 Q and 1.132, respectively.
From H(I)-1, the Rs and @g values were found as 251 Q and
0.801 eV, respectively. In classical I-V method and Norde
method, diode parameter calculations are made over voltage
dependent graphics. In these methods, since the calculation
region is at low voltages, the barrier height values are
determined close to each other. For the diode produced, these
values are 0.750 eV and 0.755 eV for the I-V method and the
Norde method, respectively. However, the reason why the
0.801 eV value obtained from the Cheung method is different
is due to the fact that this method is calculated at high voltages.
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Figure 6. Plot of dV/d(In(1))-1 and H(I)-I for the Au/V,0s/n-Si
Schottky barrier diode.

Figure 7 shows the double logarithmic forward bias I-V
curves of the Au/V,0s/n-Si Schottky barrier diode. According
to Figure 7, at low-voltage part, the current conduction in the
Au/V,0s/n-Si Schottky diode obeys Ohm’s law. At the middle
and high-voltage parts, the charge transport phenomenon
dominates to be trapped filled space-charge-limited current
(TLSCLC) and space-charge-limited current (SCLC),
respectively.

102 3

Region 3

1073 SCLC

5 .
1074 Region2 4% trap-filled (SCLC)

Region 1

108 T
0.01 0.1 1
logV (V)

Figure 7. The log (I)-log (V) graph of Au/V,0s/n-Si Schottky
barrier diode.

According to the method proposed by Card and Rhoderick
(1971), the change in the energy band gap of the interface states
(Nss) in the case of the interface states being in equilibrium with
the n type semiconductor is found by the following equations
(Card & Rhoderick, 1971; Tugluoglu & Karadeniz, 2012):

)

Ns =2 ($ () -1 - %) 9)
E,—Ess =q(®, —V) (10)

where ¢ is the thickness of the V05 interface layer, Ec and
Ess are the energy of the interface states and conduction band,
respectively. The permittivity of silicon semiconductor and
V,0s are & = 11.8¢gp and & = 12¢, respectively. Figure 8 shows
the interface state density (Nss) vs. energy distribution (Ec - Ess)
curve of the Au/V,0s/n-Si Schottky barrier diode. From Figure
8, in the vary between Ec - 0.462 and Ec - 0.713 eV, the Nss
values for Au/V,0s/n-Si Schottky diode were determined to
change from 4.34x10% to 3.28x10™ eVt cm2, respectively.
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Figure 8. The variation Nss values with Ec - Ess in Au/V,0s/n-
Si Schottky diode.
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Figure 9 displays the capacitance-voltage (C-V) and 1/C?
characteristics of the produced Au/V;0s/n-Si diode at 300 K, at
1 MHz and at +3V. The thickness (6) of V.0s is found
capacitance-voltage (C-V) measurement in accumulation
region by means of the relation for V,0Os oxide layer
capacitance (Cox = goxeoA/dox = 8.91x107°F), where gox = 12¢0
and g are the permittivity of the V,Os thin film and free space.
The value of V,0s thickness for Au/V.Os/n-Si diode was
determined as 37.4 nm. The curve of 1/C? inferred from
capacitance-voltage (C-V) measurement can yield knowledge
about barrier height @z of the produced Schottky diode. From
the slope of 1/C? - V plot, the value of &g is calculated as 0.948
eV in Au/V,0s/n-Si diode.
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8.0x10° - 2.5x10%°
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Figure 9. Capacitance-voltage (C-V) and 1/C? - V characteristics
of the Au/V,0s/n-Si Schottky diode.

Conclusion

For investigation the electrical properties of Au/V,Os/n-
Si/Au Schottky diode, forming V,0Os thin films on n-Si wafer
were fabricated by the RF magnetron sputtering. The
rectification ratio of the produced diode was quite high and was
determined as approximately 3940. The ideality factor of the
diode was low and was determined as 1.35. The values of
barrier height were found as 0.755 eV and 0.984 eV from |-V
and C-V characteristics of the diode, respectively. This
difference in value is due to the difference in measurement
techniques. Space charge limited current (SCLC) in the current
transport of the diode was also observed. The logl - logV curves
of the dioded indicated three parts. At low voltage, the ohmic
conduction mechanism referred to the charge carrier tunneling
at the interfaces in region. At middle and high voltages, a
TFSCLC and SCLC mechanism is the dominant current
transport mechanism in Il and Il parts, respectively. In
conclusion, the I-V and C-V results introduced that the
Au/V,0s/n-Si/Au Schottky diode are useful different device
applications.
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