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Abstract
In this work, Au/4H–SiC Schottky diodes with different  Bi2O3–x:PVA (x = Sm, Sn, Mo) thin insulator interface layer were 
produced for the fabrication of metal/insulator/semiconductor (MIS) structures. The effect of different  Bi2O3–x:PVA inter-
facial layer deposited between metal and semiconductor on important optical and electrical parameters of Schottky diodes 
was investigated. The main electrical parameters of the prepared structures such as the saturation current (I0), the barrier 
height (ΦB0), ideality factor (n), and series and shunt resistance (Rs and Rsh) were obtained from the I‒V characteristics. 
The discrepancies in these parameters can be ascribed to the use of different nanomaterials as an interlayer. Moreover, the 
values of n, ΦB0, and Rs were also extracted by using Cheung and Norde functions and obtained results were compared 
with each other. The energy dependence of interface states [Nss vs (Ec − Ess)] was investigated by taking into account the 
voltage dependence of Φe(V) and n(V). In addition, Ln(I)–Ln(V) plots were drawn to specify the possible current transport 
mechanisms of the prepared structures. Experimental results show that the Schottky structures with  (Bi2O3–Sn:PVA) and 
 (Bi2O3–Sm:PVA) interlayers yield higher RR and  Rsh values and lower Io values. This provides an evidence to performance 
increase in MS structures.

1 Introduction

A large number of experimental and theoretical studies 
have been conducted on metal/semiconductor (M/S) struc-
tures, which are obtained as a result of tight contact with a 
metal and semiconductor at high temperature under vacuum 
condition. The electrical, dielectric, and optical properties 
of MS type Schottky barrier diodes (SBDs) are affected 
by various factors such as applied frequency, doping con-
centration atoms, interface layer, interface states (Dit/Nss), 
series and shunt resistors (Rs and Rsh), sample temperature, 

and manufacturing processes [1, 2]. To improve the barrier 
height and performance of MS type SBDs, researchers have 
used a natural or synthesized thin insulator layer at metal 
and semiconductor interface [3–9]. Thus, the MS structures 
are transformed into metal/insulator/semiconductor (MIS) 
structures. This insulator layer isolates the metal layer from 
the semiconductor layer, causes significant reduction in the 
diffusion between these layers and regulates the electrical 
charge transport. Therefore, such interfacial layer improves 
the performance and quality of the structure. The homoge-
neity and the thickness of the insulator layer at M/S inter-
face also have a significant effect on the performance of the 
structure.

In recent studies, polymer-based MIS structures have 
attracted significant attention because polymeric insulator 
layer forms an alternative to traditional insulator layer, such 
as low dielectric  SiO2,  TiO2, and  SnO2, owing to their low 
cost, easy growth, flexibility, and good performance [10, 
11]. Among various polymers that are used as interfacial 
layer in MS structures, PVA has a good hydrogen bonding 
systems and chemical properties, non-toxic, water soluble, 
good technical property, wide crystallinity range, good film 
formation, low cost, high dielectric resistance (> 1000 kV/
mm), and other properties [12–14].
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Bi2O3 is one of the major transition metal-oxides in 
modern semiconductor technology because of its unique 
important features such as good dielectric properties with 
ferroelectricity, photoluminescence, and photoconductivity 
properties as well as its ionic conductivity, bandgap, and 
reactive index [15–17].  Bi2O3 has different phase polymor-
phism in a way that each phase possesses different physical 
and optical behavior. Since the predominance of a specific 
phase depends on the synthesis method, the electrical con-
ductance of  Bi2O3 can vary up to 5 times, while its band-
gap ranges from 2 to 3.96 eV [15–17]. The introduction of 
such a rich phase polymorphism into the polymeric matrices 
can alter their chemical, optical, electrical, and dielectric 
properties and can be used as an interface layer to reduce 
intermediate-diffusion between metal and semiconductor 
[18]. Meanwhile, some other studies prove that the use of 
molybdenum (Mo), samarium (Sm), and tin (Sn) as an inter-
facial layer in a SBD in the form of oxides or polymer matrix 
leads to lower ideality factor, low leakage current, and high 
barrier height [19–23]. In addition, these materials allow the 
Schottky contact to operate at high temperatures and allow 
us to perform annealing process at higher temperatures. The 
dimensions of these doped materials in the nanoscale cause 
the movement of electrons to be limited.[24–27]. In the lit-
erature, there are different methods to make nanoparticles 
such as thermal evaporation, sol–gel, gamma irradiation, 
and microwave- and ultrasound-assisted. Among these, the 
ultrasound-assisted is very easy and low-cost method that 
has simple compositional control and requires low-temper-
ature procedures and is used extensively in the production 
of nanostructures [28, 29].

The goal of this study is to investigate the  effect of 
 Bi2O3–x:PVA (x = Sm, Sn, Mo) nanocomposite interface 
layers prepared with ultrasound-assisted method on the elec-
trical and optical properties of the Au/n-SiC MS diodes. In 
line with this goal, firstly the effect of different metal addi-
tive (–x) on optical, morphological, and structural behaviors 
of  Bi2O3 nanostructures was investigated. Then, the main 
diode parameters such as series and shunt resistances (Rs 
and Rsh), ideality factor (n), barrier height ΦB0), and surface 
states (Nss) were explored by using current–voltage (I–V) 
characteristics.

2  Experimental procedures

2.1  Preparation of  Bi2O3 nanostructures

Bismuth nitrate [98% Bi(NO3)3·5H2O; molecular mass 
485.07 g/mol], which was used as bismuth source, was 
purchased from Sigma-Aldrich. First, 0.97 g of bismuth 
nitrate was dissolved in 20 ml of deionized water to form 
a 0.1 molar solution of bismuth hydroxide [Bi(OH)3]. The 

solution obtained was milky and had pH 1. This solution was 
kept in the ultrasonic bath (28 kHz ± 5%, 100 W) for 30 min. 
The final solution was centrifuged at 4000 rpm for 5 min to 
separate the liquid phase from the solid phase and  Bi2O3 
nanostructures were precipitated out. Then  Bi2O3 nanostruc-
tures were washed using distilled water and then thermally 
treated at 480 °C for 24 h.

2.2  Preparation of Mo‑, Sn‑, and Sm‑doped 
 Bi2O3:PVA

Tin dichloride  (SnCl2, MW⁓189.6 g/mol), sodium molyb-
date dihydrate  [Na2Mo04·2H2O; MW⁓241.9  g/mol], 
and samarium nitrate hexahydrate [Sm(NO3)3·6H2O; 
MW⁓444.5] were purchased from Sigma-Aldrich. In the 
original procedure, 0.1  M solution of  SnCl2,  Na2Mo04 
 2H2O, and Sm(NO3)3  6H2O was prepared by dissolving 
0.38 g, 0.48 g, and 0.89 g of these materials in 20 ml dou-
ble-distilled water, respectively.  Bi2O3–Mo,  Bi2O3–Sm, and 
 Bi2O3–Sn nanocomposites were obtained by mixing 4 ml 
of prepared molybdenum, tin, and samarium solutions and 
pre-prepared 20 ml  Bi2O3 solution (0.2 M). The rest of the 
synthesis steps is similar to the previous one. The resulting 
 Bi2O3,  Bi2O3–Mo,  Bi2O3–Sm, and  Bi2O3–Sn powders were 
added to 5 ml of prepared 5% PVA with an amount of 0.1 g 
and then were mixed in a magnetic stirrer and then in an 
ultrasonic bath at 80 ºC for 1 h. Thus, these nanocrystals 
were completely dispersed homogeneously in the polymer.

2.3  Preparation of Au/(Bi2O3–x:PVA)/4H–SiC, 
(x = Sm, Sn, Mo) structures

To prepare Au/(Bi2O3–x:PVA)/4H–SiC (x = Sm, Sn, Mo) 
structures, the n-type 4H–SiC semiconductor substrate 
with a thickness of (250 ± 25) μm, 7.2 × 1017 cm−3 doping-
donor atoms (ND), and 0.012–0.0028 Ω.cm resistivity was 
purchased from Sigma-Aldrich. First of all, standard chem-
ical cleaning procedure (RCA) was performed to remove 
impurities and native oxide layers from the 4H–SiC surface. 
High-purity (99.998%) gold (Au) layer with ∼150 nm thick-
ness was deposited whole backside of the 4H–SiC wafer 
using sputtering at a pressure of ∼1.4 × 10−9 Bar and then 
annealed at 550 °C to achieve a sturdy Ohmic contact. Once 
the Ohmic contact was achieved, the prepared  Bi2O3–x:PVA 
nanocomposites was coated on the top surface of 4H–SiC 
wafer using spin-coating technique. After this coating 
process, the high-purity (99.998%) Au circular dots with 
1 mm diameter and 150 nm thickness were formed on the 
 (Bi2O3–x:PVA) interlayer as rectifying contacts. The I–V 
characteristics of these prepared samples were performed 
via a Keithley-2400 source meter whereas Janis-VPF-475 
cryostat was used to eliminate noise and light (Fig. 1).
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3  Results and discussions

3.1  Scanning electron microscopy (SEM) analysis

SEM images of prepared  Bi2O3,  Bi2O3–Sm,  Bi2O3–Sn, and 
 Bi2O3–Mo nanostructures are given in Fig. 2a–d. Figure 2a 
shows that the morphology of pure  Bi2O3 structures is 
in the form of inhomogeneous shells with a thickness of 
about 100–300 nm. Figure 2b shows the SEM image of 
 Bi2O3–Sm nanostructures. As seen in this figure, it was 
found that the crystals of  Bi0.62O0.15Sm0.38 were formed 
in spherical structures and settled between the layers of 
 Bi2O3.

Figure  2c shows  Sn3O4 structures consisting of 
chains with about 70–90 nm diameter which formed in 

and between the  Bi2O3 layers. Furthermore, this figure 
shows that  Sn3O4 nanostructures are in separate phases 
and  Sn3O4/Bi2O3 nanocomposites are formed. Figure 2d 
shows the Mo-doped  Bi2O3 nanostructures. As seen in this 
figure,  Bi2MoO6 crystals are spherical and settled on the 
 Bi2O3 layers. SEM images of all samples show that the 
structures obtained are in the form of large poly-dispersive 
clusters. In addition, SEM images show that the crystal 
sizes of all the structures produced are on nanoscale and 
form a uniform nanocrystal clusters. Variations in surface 
morphology of the prepared samples are attributed to lat-
tice mismatch, presence of residual oxides, and chemical 
bonding across the interface.

Fig. 1  The schematic of 
fabricated SBDs and electrical 
measuring system

Fig. 2  SEM images of a  Bi2O3, 
b  Bi2O3–Sm, c  Bi2O3–Sn, and 
d  Bi2O3–Mo nanostructures 
prepared by ultrasound-assisted 
method
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3.2  X‑ray diffraction

The structural properties of  Bi2O3 and molybdenum-, 
samarium-, and tin-doped  Bi2O3 were also explored using 
the X-ray diffraction (XRD) with a Cu Kα (λ = 1.5406 Å) 
radiation with range of 2θ from 20 to 80. Figure 3 shows 
the XRD pattern of the samples that are prepared using 
ultrasound-assisted method. The diffraction pattern can be 
well indexed to monoclinic phase  Bi2O3 reported in ICDD 
Card (No. 27–0053). In this pattern, the peaks belong to 
planes (− 1, 0,2), (0, 0, 2), (− 1, 1, 2), (− 1, 2, 1), (0, 1, 2), 
(− 2, 0, 2), (− 2, 1, 2), (− 1, 1, 3), (− 1, 2, 3), (− 2, 2, 3), 
(− 1, 0, 4), (− 3, 2, 2), and (− 2, 4, 1). These peaks clearly 
show that  Bi2O3 nanostructures were fabricated in the form 
of monoclinic crystal structure and the space group P21/c 
[31]. The average crystalline size of  Bi2O3 nanostructures 
was found approximately 37 nm using Debye–Scherrer equa-
tion (Eq. 1);

where D, k, λ, β, and θ are the size of the crystallite, 
Scherrer constant value (~ 0.9), the X-ray wavelength, the 
full-width at half-maximum of diffraction peak (FWHM), 
and the Bragg diffraction angle, respectively [32].

The XRD results of molybdenum-doped  Bi2O3 showed 
that the diffraction pattern could be well indexed to 
orthorhombic phase  Bi2MoO6 reported in ICSD Card 
(No. 72–1524). In this pattern, the peaks correspond to the 
planes (1, 4, 0), (0, 0, 2), (2, 0, 2), (1, 3, 3), (0, 8, 2), and 
(2, 6, 2). Therefore,  Bi2MoO6 nanostructures were fabri-
cated in the form of orthorhombic crystal structure and 
the space group 61 [33]. The average crystalline size of 

(1)D = k�∕� cos �,

 Bi2MoO6 nanostructures was found approximately 27 nm. 
The XRD results of samarium-doped  Bi2O3 showed that 
the diffraction pattern could be well indexed to cubic phase 
 Bi0.62O0.15Sm0.38 reported in ICSD Card (No. 85–2251). 
In this pattern, the peaks correspond to the planes (3, 3, 
2), (4, 2, 2), and (0, 1, 5). Thus, it was concluded that 
 Bi0.62O0.15Sm0.38 nanostructures were fabricated in the form 
of cubic crystal structure and the space group 1213 [34]. 
The average crystalline size of  Bi0.62O0.15Sm0.38 nanostruc-
tures was found approximately 32.6 nm. The XRD results 
of tin-doped  Bi2O3 show that the diffraction pattern peaks 
correspond to the planes (3, 3, 2), (4, 2, 2), and (0, 1, 5), 
which leads to the conclusion that  Sn3O4 nanostructures are 
of anorthic crystal structure and the space group P* [35]. 
The average crystalline size of  Sn3O4 nanostructures was 
found approximately 29.8 nm.

3.3  UV–visible spectroscopy

Absorbance spectrum of the  Bi2O3 and molybdenum-, 
samarium-, and tin-doped  Bi2O3 nanostructures was 
obtained using a UV-1800 Shimadzu UV–vis absorption 
spectrophotometer and the bandgap values of these nano-
structures were obtained from the data in Fig. 4. The band-
gap energy (Eg) values of the prepared nanostructures are 
obtained using the following equation:

In this relation, absorption coefficient (α) is related to the 
energy of photon (hν), c is a constant proportional, and m is 
the power factor (m = 0.5 for the direct transition) [36]. The 

(2)�h� = c
(

h� − Eg

)m
.

Fig. 3  XRD pattern of prepared Sm-, Sn-, and Mo-doped  Bi2O3 
nanostructures

Fig. 4  UV–visible absorption spectrum of prepared Sm-, Sn-, and 
Mo-doped  Bi2O3 nanostructures
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direct bandgap energy (Eg) value is evaluated by extrapo-
lating the straight line part of (αhν)2 versus (hν) curves as 
shown in the Fig. 4. Eg values of  Bi2O3 and Mo-, Sm-, and 
Sn-doped  Bi2O3 were obtained 2.4, 2.2, 2.75, and 2.8 eV, 
respectively.

3.4  Electrical characterization

For the prepared Au/Bi2O3–x–PVA/4H–SiC (x = Sm, Sn, 
Mo) samples, Figure 5 shows a comparison of the semi-
logarithmic forward- and reverse-bias I–V characteristics. 
The values of reverse saturation current (I0) and zero-bias 
barrier height (ΦB0) were obtained from the y-intercept 
of LnI vs V plot whereas those of ideality factor (n) were 
extracted using the slope values of the linear parts this plot 
[37]. As shown in Fig. 5, the LnI vs V plots are linear at low 
bias regions, but there occurs deviation from the linearity at 
high forward-bias voltages because of the effect of Rs and 
interface states. The resistance–voltage (Ri–V) profile of the 
Au/Bi2O3–x–PVA/4H–SiC structures was obtained by using 
Ohm’s law at ± 4 V as follows:

Figure  6 shows that the R i values of all Au/
Bi2O3–x–PVA/4H–SiC samples reach to minimum at high 
forward-bias voltages due to the effect of Rs. However, the 
Ri can reach maximum values at high reverse-bias voltages 
due to the effect of Rsh [9–11].

Also, the diodes are characterized by their rectify-
ing ratio (RR), which is the rate between current for 
positive and negative electrical bias (= IF/IR at ± 4 V). 
The measurement results confirm a major decline in Rs 

(3)Ri = �V∕�I.

and leakage current values (increase in Rsh) for the Au/
Bi2O3–Sn:PVA/4H–SiC and Au/Bi2O3–Sm:PVA/4H–SiC 
structures in comparison with other samples. Therefore, 
high values of RR (9.98 × 106 and 3.34 × 106) and Rsh val-
ues (2.77 × 109 and 2.55 × 109 Ω) of the structures with 
 Bi2O3–Sn:PVA and  Bi2O3–Sm:PVA interfacial layer, 
respectively, suggest that these structures are almost an 
ideal Schottky diode. These results show that the diodes 
with Sn- and Sm-doped interlayer would perform better 
compared to the ones with pure  Bi2O3 and Mo-doped PVA 
interlayers. This is believed to be a result of addition of Sm 
and Sn materials to  Bi2O3 nanostructures which passivates 
many of the Nss or dislocations and increases the barrier 
height (BH) and dielectric constant.

If MS or MIS/MPS structures or SBDs have Rs effect 
and therefore n becomes greater than one (n > 1), the rela-
tion between the forward V (V > 3kT/q) and I values can be 
explained via the standard TE theory [9–11]:

In Eq. 4, k is the Boltzmann constant and T is tempera-
ture on the Kelvin scale. The value of I0is the reverse-bias 
saturation current given by Eq. 5 [38, 40].

In Eq. 5, A is the diode area, A* is the Richardson con-
stant and is 143 A/cm2  K2 for 4H–SiC [16], and ΦB0 is the 
apparent BH (Φapp.) at V = 0. The values of n were deter-
mined from the linear region slope of LnI–V plots using 
followin g equation:

(4)I = I0exp

(

qV

nkT

)[

1 − exp

(

−qV

kT

)]

.

(5)I0 = AA∗T2exp

(

−q�B0

kT

)

.

Fig. 5  The semi-logarithmic I–V characteristics of Au/(Bi2O3–
x:PVA)/4H–SiC structures

Fig. 6  The LnRi–V characteristics of Au/Bi2O3–x:PVA/4H–SiC struc-
tures
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The value of ΦB0 was calculated using the experimental 
values of I0 and A using Eq. 5. Table 1 shows the experi-
mental values of I0, n, ΦB0, Rs, Rsh, and RR for each sam-
ple. The obtained results indicate that these parameters are 
a powerful function of the interlayer structures. The higher 
values of n for Au/Bi2O3–PVA/4H–SiC attributed greatly to 
the existence of structural defects, organic interfacial layer, 
inhomogeneity of BH, and the existence of Nssbetween inter-
layer and 4H–SiC. The higher values of ideality factors for 
Au/(Bi2O3:PVA)/4H–SiC structure correspond to the lower 
BHs and RR (Table 1). Furthermore, there is a good lin-
ear relation between ΦB0 and n as (ΦB0 =  − 0.125n + 1.05) 
eV (Fig. 7). Such behavior can be associated with the wide 
distribution of lower BHs or patches, also the Nss at semi-
conductor and at organic layer interface. The value of mean 
barrier height ( 

−

� B0) was found as 0.92 eV for the ideal case 
(n = 1).

Electrical parameters of SBDs could be obtained via sev-
eral methods which vary due to difference of measurement 
conditions such as bias voltage and measurement system 
[39, 42]. Therefore, it is often that some parameters, such as 
BH, ideality facto,r and Rs, of the SBDs show dependence 
on the applied bias voltage as well as the methods utilized 
for measurements and calculation. Moreover, the accuracy 

(6)n =
q

kT

(

dV

d(LnI)

)

and reliability of calculations might be reduced due to very 
narrow linear section in LnI–V plots. In order to overcome 
these problems, a new method was developed by Norde and 
utilized by researchers for the extraction of BH and Rs for 
the case of n = 1 [41–43]. Later, Bohlin [44] modified this 
method for the case of n > 1 as follows:

In Eq.  7, γ is a dimensionless quantity which is 
larger than n. Therefore, F(V) values for the Au/
Bi2O3–x:PVA/4H–SiC structures were calculated using 
Eq. 7 and F(V) vs V curves of these structures were rep-
resented in Fig. 8. It is obvious that these curves for all 
SBDs have a local minimum point [F(V0)] thus Rs and ΦB 
are extracted from I–V data using the following equations:

In Eqs. 8 and 9, V0 and I0 are the bias voltage and cur-
rent values that correspond to the minimum point of the 

(7)F(V) =
V

�
−

kT

q

[

Ln

(

I(V)

AA∗T2

)]

.

(8)Rs =
kT(� − n)

qI0
,

(9)�B = F
(

Vo

)

+
Vo

�
−

kT

q
.

Table 1  The obtained electrical 
parameters of Au/Bi2O3–
x:PVA/4H–SiC structures

Structures I0(A) n ΦB0 (eV) Rs(Ω) Rsh (Ω) RR

Au/(Bi2O3:PVA)/4H–SiC 7.77 × 10−5 4.08 0.57 777 4.69 × 105 6.03 × 102

Au/(Bi2O3–Sm:PVA)/4H–SiC 2.47 × 10−9 1.95 0.84 763 2.55 × 109 3.34 × 106

Au/(Bi2O3–Sn:PVA)/4H–SiC 6.39 × 10−6 3.23 0.65 277 2.77 × 109 9.98 × 106

Au/(Bi2O3–Mo:PVA)/4H–SiC 4.23 × 10−9 2.00 0.82 1691 5.40 × 107 3.19 × 104

Fig. 7  The ΦB0 versus n plot of Au/Bi2O3–x:PVA/4H–SiC structures
Fig. 8  The F(V)–V characteristics of the Au/Bi2O3–x:PVA/4H–SiC 
structures
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F(V0) in F(V) vs V curve. Using these values in Eqs. 8 and 
9, Rs and ΦB of Au/Bi2O3–x:PVA/4H–SiC structures were 
extracted and presented in Table 2. Observations showed 
that the values of BH and Rs calculated using the Norde 
method are higher than those calculated using TE theory 
for two type structures. Some observed discrepancies in 
the BH and Rs obtained from TE and Norde theory are 
associated with bias voltage and the nature of the method 
used.

The basic electrical parameters of the fabricated MPS 
structures such as n, ΦB, and Rs values were also calcu-
lated using the Cheung’s functions as an alternative way. 
In order to derive the Cheung functions, the I0 from Eq. 4 
must be replaced and logarithm of both sides must be taken 
as follows:

Therefore, equation is obtained and from here I. Cheung 
function is derived from [42],

In addition, if both sides of Eq. 10 become equal with 
H(I),

II. Cheung functions are obtained as mentioned above 
[42]. The dV/d(LnI) and H(I) versus I curves of the different 
Au/(Bi2O3–x:PVA)/4H–SiC MPS structures were obtained 
using Eqs. 11 and 12 and given in Fig. 9a–d. These figures 
show that the dV/d(LnI) vs I and H(I) vs I curves of all struc-
tures have good linear behavior. Thus, the values of n, ΦB, 
and Rs for fabricated MPS type structures were obtained 
from the slope and y-intercept point and are presented in 
Table 3. There are some differences between the obtained 
values from Cheunge and Norde methods (Tables 2, 3). 
These results showed that the voltage region has a signifi-
cant effect on the values of basic electrical parameters and 
therefore must be taken into account. In other words, both 

(10)V =

(

nkT

q

)

Ln
(

I

AA∗T2

)

+ n�B + IRs

(11)
dV

d(LnI)
=

(

nkT

q

)

+ IRs

(12)H(I) = V −

(

nkT

q

)

Ln
(

I

AA∗T2

)

,

(13)H(I) = n�B + IRs.

the ideality factor and the barrier height vary significantly 
with voltage. In the high forward-bias voltage region, the 
resistance of the structure corresponds to the actual series 
resistance. While Rs is dominant at high forward-bias volt-
ages, the Nss is predominant in medium voltage regions.

In general, n and ΦB0 are calculated using TE theory 
since Ln(I) vs V curves yield a linear region at low for-
ward-bias region. On the other hand, these parameters 
show dependence on bias voltage as in Eqs. 10 and 11 for 
the bias voltages after the linear region. Therefore, Rs and 
Nss show dominance in different voltage regions such that 
the former dominates in the downward of the I–V curve 
whereas the latter dominates at the low and intermediate 
bias voltage ranges. Moreover, Nss exhibits a distribution 
profile and its distribution within the bandgap energy can 
be obtained using the following equations [45]:

where Φe, α(V), εs, εi, and WD are the voltage--depend-
ent effective BH, the changing in the BH with applied bias 
voltage [α(V) = dΦe/dV], the permittivity of semiconductor 
material, the permittivity of polymeric layer material, and 
the depletion layer width which may be computed from 
the reverse-bias C−2 vs V curve at high frequency. The 
energies of Nss (Ess) with respect to conduction band edge 
(Ec) for n-type semiconductors are express as [45] follows:

In the MIS or MPS structures, the interfacial layer 
thickness is usually higher than 30 Å; therefore, the sur-
face states are completely governed by semiconductor. As 
a result, the charges at surface states are in-equilibrium 
with semiconductor. Thus, the energy-dependent profile 
of Nss is deduced by Card and Rhoderick as follows [45]:

In Eq. 17 δ is the thickness of interface layer. Therefore, 
the Nss density distribution profiles for prepared structures 

(14)�e = �B0 + �(V) = �B0 +

(

1 −
1

n(V)

)

V ,

(15)n(V) =
qV

kTLn
(

I∕I0
) = 1 +

�

�i

[

�s

WD

+ qNss(V)

]

,

(16)Ec − Ess = q
(

�e−V
)

.

(17)Nss(V) = 1∕q
[

�i∕�(n(V) − 1) − �s∕WD

]

.

Table 2  Some diode parameters 
obtained from Norde functions

Structures Fmin(V) Vmin(V) Imin (A) ΦB(eV) Rs (Ω)

Au/(Bi2O3:PVA)/4H–SiC 0.84 1.75 5.58 × 10−5 1.09 944
Au/(Bi2O3–Sm:PVA)/4H–SiC 0.83 0.89 2.50 × 10−5 1.11 1006
Au/(Bi2O3–Sn:PVA)/4H–SiC 0.76 1.19 17.4 × 10−5 0.98 239
Au/(Bi2O3–Mo:PVA)/4H–SiC 0.77 0.72 3.62 × 10−5 0.87 714
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were obtained by using I–V data in Eqs. 16 and 17 and 
given in Fig. 10.

The value of Nss increased from nearly the middle 
of the bandgap energy of SiC towards the bottom of Ec 
(Fig. 10). The tail of curves in Fig. 10 for Nss was attrib-
uted to the deep-level density of Nss in the near band-
gap energy of semiconductor. Figure 10 shows that the 
value of Nss for Au/(Bi2O3–x:PVA)/4H–SiC (MPS) struc-
tures with x = Sm and Sn is quite lower than that for Au/

Fig. 9  dV/d(LnI)–I and H(I)–I curves of a Au/(Bi2O3:PVA)/4H–SiC, b Au/(Bi2O3–Sm:PVA)/4H–SiC, c Au/(Bi2O3–Sn:PVA)/4H–SiC, and d 
Au/(Bi2O3–Mo:PVA)/4H–SiC structures

Table 3  Some diode parameters obtained from the Cheung’s func-
tions

Structures dV/d(LnI)–I H(I)–I

Rs (Ω) n Rs (Ω) ΦB (eV)

Au/(Bi2O3:PVA)/4H–SiC 154 18.3 143 0.60
Au/(Bi2O3–Sm:PVA)/4H–SiC 89 31.6 86 0.53
Au/(Bi2O3–Sn:PVA)/4H–SiC 106 17.7 101 0.54
Au/(Bi2O3–Mo:PVA)/4H–SiC 586 28.8 569 0.53

Fig. 10  The energy density distribution profile of the Au/(Bi2O3–
x:PVA)/4H–SiC structures
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(Bi2O3:PVA)/4H–SiC structures. Such behavior of the 
Nss confirmed that adding the Sm and Sn into  Bi2O3:PVA 
interfacial layer leads to increased performance due to the 
decrease of the average value of Nss. This enhancement 
is also associated with particular density distribution of 
the Nss and their re-ordering and re-structuring under bias 
voltage.

Double-logarithmic Ln(I)‒Ln(V) curves are plotted and 
given in Fig. 11 to determine the possible transmission 
mechanisms in the correct bias region. As seen in Fig. 11, 
these curves yield three linear regions with different slopes 
for each sample. These regions will be referred as low 
(slope 1), medium (slope 2), and high (slope 3) voltage 
regions. If the obtained slope values are close to 1, the cur-
rent transmission mechanism can be explained by Ohm’s 
law. In addition, if these slopes are greater than 2, the cur-
rent mechanism can be explained by space charge-limited 
current (SCLC) and if the slopes are larger than these val-
ues, the trap charge-limited current (TCLC) can dominate 
in current mechanism. As shown in Fig. 11 and the table 
in it, almost all slope values are considerably higher than 
2. Therefore, TCLC appears to be more dominant current 
transport mechanism rather than SCLC. In other words, 
the current transport is provided by the TCLC mechanism, 
especially at medium and high forward biases (V > 2). In 
this mechanism, increased number of injected charges 
causes filling of the Nss or traps and this in turn increases 
in the space charge [39, 40]. Moreover, high slope val-
ues can be associated with the distribution of trap states 
located below the Fermi level.

4  Conclusion

The structural, optical, and electrical parameters of the pre-
pared Au/Bi2O3–x–PVA/4H–SiC (x = Sm, Sn, Mo) (MPS) 
structures were characterized by various methods. The band-
gap energy of  Bi2O3 and Mo-, Sm-, and Sn-doped  Bi2O3 
was obtained as 2.4, 2.2, 2.75, and 2.8 eV, respectively. The 
important diode parameters such as n, ΦB, and Rs values 
were obtained from Ohm’s law, Norde, and Cheung func-
tions for all structures and were compared with each other. 
A good linear relation between ΦB0 and n was ascribed to 
the existence of organic layer  (Bi2O3–x:PVA), the wide dis-
tribution of low barrier height, and also the Nss at semicon-
ductor and at organic layer interface. Energy distribution 
profile of interface states [Nss vs (Ec − Ess)] was obtained by 
taking into account the I‒V results, voltage-dependent bar-
rier height [Φe(V)], and ideality factor [n(V)]. In addition, 
Ln(I)‒Ln(V) curves were plotted to determine the possible 
current transmission mechanism of the prepared structures. 
The experimental results showed that the electrical param-
eters are greatly affected by the doped nanomaterials. These 
results also showed that the Au/Bi2O3–x–PVA/4H–SiC sam-
ples show a good performance in terms of diode parameters. 
These results indicated that especially  (Bi2O3–Sm–PVA) 
and /(Bi2O3–Sn–PVA) interfacial polymer layer lead to the 
increase in quality or performance of the structure rather 
than conventional insulator layer with low dielectric permit-
tivity such as  SiO2,  SnO2, and  Si3N4.
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