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A B S T R A C T   

In the study, the fabrication processes of the Al/p-Si (MS), Al/ZnO/p-Si (MIS1), and Al/(ZnO:Si3N4)/p-Si (MIS2) 
structures were described and the effect of the ZnO:Si3N4 interface layer in MS was investigated in detail. The 
ZnO and (ZnO:Si3N4) thin films were coated on p-Si substrates and annealed at 500 ◦C for 1 h. Si3N4 and ZnO 
phases were identified via X-ray diffraction (XRD) and Raman spectra. FESEM images demonstrated that ZnO 
nanorods grew on Si3N4 particles with a heterogeneous nucleation mechanism. The I–V characterization was 
performed in the dark (±4 V). The basic diode parameters (barrier height (BH), series/shunt (Rs/Rsh) resistances, 
rectifying rate (RR=If/Ir), and ideality factor (n)) were calculated from various methods. The RR, and Rsh values 
increased, but n, Rs and BH decreased by insulating layer in the MIS2 The energy-dependent profiles of interface- 
states (Nss) were also extracted from the I–V plots according to voltage-dependent n and BH. The MIS2 provided 
the best passivation effect with decreasing interface traps.   

1. Introduction 

In recent years, the demand for the materials included in the wide 
band gap technologies has increased due to the developments in opto
electronic devices [1]. Among the materials with wide band gap struc
ture, ZnO is preferred in semiconductor devices because it is sensitive to 
blue light and UV light spectrum [2]. It is used in photonic applications 
since the band gap of ZnO is 3.37 eV [3]. It has a binding energy of ZnO 
(60 meV) and allows emission at room temperature (RT) and above [4]. 
In addition, ZnO has advantages such as high chemical and thermal 
stability, radiation resistance, and growth at low temperatures [5,6]. 
ZnO is more active against reduction reactions (it is highly active to
wards photo-induced redox reaction), biocompatible, environmentally 
friendly, and shows higher UV emission. Therefore, the ZnO is 
frequently used in different fields such as light emitting diodes (LEDs) 
[7] chemical and gas sensors [8], optical waveguides [9], solar cells 
[10], Schottky diodes [11], laser diodes [12], UV-photodiodes [13]. ZnO 
structures are easily grown as single crystals and have widely different 
fabrication methods such as laser deposition, chemical vapor deposition, 
spray pyrolysis, spin coating, and dip coating. The spin coating method 
is preferred more than other methods because it provides low-cost, 
applicable, and homogeneous coating. The performance of ZnO-based 

instruments depended on impurity atoms, point defects, and Zn transi
tion (electron transition in the band gap) [14,15]. Electron and hole 
recombination occurs very rapidly on the ZnO surface, resulting in low 
photogeneration [16]. Moreover, the photo-generated electrons and 
holes recombine easily on the surface of ZnO, resulting in the poor uti
lization of photo-generated carriers. In order to prevent electron-hole 
recombination, the band gap is changed by making metal [17] or 
non-metal [18,19] additives to the structure, and narrower band gap 
particles are sensitized [20] by the growth of different morphologies as 
nanotube [21] and nanodisc [22]. 

Si3N4 has three crystal structures α-Si3N4, β-Si3N4 and γ-Si3N4. α and 
β-Si3N4 are hexagonal and γ-Si3N4 is a cubic spinel crystal structure. 
α-Si3N4 was used in optical applications as doping material due to its 
similar crystal structure with ZnO [23]. The Si–N–Si bonds are given 
hardness by the necessity of nitrogen forming three bonds rather than 
two bonds. Nitrogen atoms are roughly arranged in a tetrahedral fashion 
around silicon. The structures formed by insulating layer coating on 
semiconductor in optoelectronic devices are called MIS (meta
l-insulator-semiconductor) [24]. The most fundamental requirements 
for choosing an insulating material as an interface layer or additive are 
that it should have a high dielectric constant, be able to passivate the 
surface, have a controlled current-conducting mechanism, and have a 
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low leakage current [25,26]. Recently, nitride-based thin films as an 
insulating layer collect electrons on it and prevent reverse current flow 
[27]. The photocatalytic properties of diodes are improved with surface 
passivation by adding insulating material to the structures. Nitride in
terlayers prevent the contact of silicon with oxygen and prevent the 
formation of an oxide layer. In addition, since silicon nitride (5.3 eV) has 
a narrower band gap than silicon oxide, it shows effective photo
luminescence in infrared and visible light [28]. 

Silicon nitride has been used as an insulating layer to create a good 
passivation layer between the metal and the contact. On the other hand, 
Si3N4 which has a wide band gap, is transparent in the UV region and a 
good passivation inhibitor in the IR region. Thanks to its feature in the 
infrared region, it is one of the materials preferred in applications 
requiring low optical loss [29,30]. At the same time, the ZnO matrix is 
suitable for use as a composite, as it will increase the UV resistance of the 
nitrided structure. The main advantage of Si3N4 is its high dielectric 
permeability and low surface density. Si3N4 is used instead of additive in 
different layers, prevents agglomeration of metal-oxide, behaves in 
hetero-nucleation centers, and improves electro-optical properties [31]. 
Si3N4 is among the favorite materials of recent times because it has 
features such as high oxidation resistance, high strength, and thermal 
stability [32]. 

In this study, by the addition of Si3N4, it is expected that will increase 
the rectification ratio by reducing the reverse bias current (leakage) with 
the help of reducing the recombination and activating the movements of 
the charge carriers [33]. 

For this aim, the addition of Si3N4 into the ZnO matrix was carried 
out by the sol-gel method. The prepared solution was coated on the 
surface of the Si substrates at 2000 rpm for 40 s by the spin coating 
method. Aluminum (Al) ohmic and rectifier contacts were coated in a 
physical vapor (PVD) device. The Al/ZnO:Si3N4/p-Si (MIS2) structure’s 
current-voltage (I–V) characteristics were compared to those of the 
reference Al/p-Si (MS) and Al/ZnO/p-Si (MIS1) structures that were 
previously achieved in the dark at room temperature. 

2. Materials and methods 

Firstly, Al was coated on a p-Si wafer (100 orientation, 1–10 Ωcm 
resistivity, and 380 μm thickness) by PVD technique to fabricate the 
reference MS sample that provides metal-semiconductor (MS) hetero
junction. After, ZnO NPs were synthesized from zinc acetate dihydrate 
(ZnAc) precursor powders via sol-gel method and it was stirred in iso
propanol at 50 ◦C for 1 h in a magnetic stirrer. The commercial Si3N4 
powders in a different beaker were dispersed in isopropanol at RT for 2 h 

in an ultrasonic bath. Both prepared solutions were mixed for 1 h with 
the help of ultrasonication at RT. The amount of Si3N4 was adjusted so 
that the stoichiometries as considering ZnO/Si3N4 molar ratio 10/0.5. 
Silicon substrates were cleaned in ethanol, sulfuric acid, and HF, 
respectively and dried in a nitrogen environment. Then, the final solu
tion was dynamically coated at 2000 rpm for 40 s in the spin coating 
device on the surface of the cleaned substrates. This process was 
repeated 10 times and the wafers were annealed at 150 ◦C for 5 min 
between each iteration. After the coating process, the coated substrates 
were annealed at 500 ◦C for 1 h in order to ensure thin film growth on 
the surface. 

The prepared ZnO and ZnO:Si3N4 thin films were coated by an Al 
rectifier and ohmic contacts for comparison of MS as 150 nm. Fig. 1 
shows the schematic image of the fabrication routes of the MIS2 sample. 

3. Results and discussion 

The fabricated samples were characterized chemically and 
morphologically by XRD, Raman and FESEM-EDS analysis. Then, the 
I–V characteristics of them were examined in a dark environment. The 
XRD diffraction pattern of the MIS2 sample was given in Fig. 2a. As seen 
in the results, it was observed that the ZnO phase was dominant in the 
peaks. The 2θ characteristic peaks of the ZnO phase founded at 31.74◦, 
34.40◦, 36.24◦, 47.58◦, 56.24◦ and they belong to (100), (002), (101), 
(102), (110) lattice planes, respectively. These values also corresponded 
to the JCPDS 36–1451 standard card and hexagonal wurtzite crystal 
structure of ZnO. In addition, the peaks located at approximately 20.88◦, 
31.30◦ and 35.64◦ were characteristic peaks of α-Si3N4 and complied 
with JCPDS 41–360 standard card. SiO2 as an impurity phase was not 
observed in the structure. The XRD results supported the successful 
fabrication of Si3N4:ZnO thin films. 

On the other hand, in Fig. 2b, the Raman spectra of ZnO:Si3N4 
nanocomposite confirmed the presence of required groups and their 
characteristic stretching-bending vibrations as presented. The peak at 
305 cm− 1 belongs to the ZnO E1 (LO) mode and is due to structural 
defects and oxygen deficiency [34]. The peak at 438 cm− 1 that slightly 
observed belongs to ZnO, which has a hexagonal wurtzite crystal 
structure. In addition, Si–N bonds formed peaks at 938–1375 cm− 1 as a 
result of the contribution of doped Si3N4 [35–37]. The peak seen at 522 
cm− 1 could have originated from the silicon substrate since homoge
neity is difficult to achieve using the spin coating method due to the 
centrifugal force. If optimum conditions are obtained with different 
parameters such as coating thickness, processing time and temperature, 
the intensity of the peak originating from the substrate can be 

Fig. 1. Fabrication routes of the MIS2 sample.  
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minimized. 
As seen in Fig. 3, the FESEM results of the samples are presented. The 

grains shown with number 1st define silicon nitride because of the 
similarity of phase formation and the increase in nitride ratio with the 
EDS results. Nanorod and sphere-like structures that developed on sili
con nitride grains belong to ZnO nanorods. Si3N4 grains showed a 
nucleating effect for the development and allowed the growth of ZnO 
nanorods. Sharma et al. reported that the ZnO particles exhibited 
agglomeration-like growth on the Si3N4 structure in the form of a 
triangle-like shape with sharp corners [31]. In the EDS results, it is 
observed that the presence of N atoms and the decrease in weight per
centage of Zn in region 1. It was noted that there was no N atom in the 
second region and the Zn ratio increased. Examining the tables provided 
in the EDS spectrum has shown that the first region was Si3N4 and the 
second region was ZnO. 

The EDS mapping results are shared in Fig. 4. It is observed that N, O, 
and Zn atoms are homogeneously distributed in the structure. The sur
face coating was shown to have a uniform distribution at all points of the 
silicon substrate. 

In order to determine the basic electrical parameters of the prepared 
SDs, the forward and reverse bias I–V measurements were carried out in 
the dark with a wide range of bias voltage (±4 V) by 25 mV steps at RT. 
According to TE theory, the relation between V and I in n the forward 
bias region can be extracted as follow Eq. (1) [38–41]: 

I =A.A∗.T2 exp
(
−

qΦb

k.T

)[

exp
(

q.Vd
n.k.T

)

− 1
]

(1)  

Here, “A.A∗.T2 exp
(
−

qΦb
k.T

)
” terms is the reverse-saturation current (Io) 

and is a very important parameter to determine the nature of BH, Vd (V- 
IRs) is the voltage devolve on the diode, Rs is the series-resistance, k is 
the Boltzmann constant, T is the absolute temperature in K, n is the 
ideality factor, Φb is the barrier-height, A is the rectifier contact area, 
and A* is the Richarson constant (for p-Si, A* = 32 A cm− 2 K− 2) [39–41]. 
Eq. (1) can be modified as follows by taking the logarithm of both sides 
and n values can be calculated from the slope of the LnI vs V plots ac
cording Eq. (2). 

LnI(V)= Ln I0 +
( q

nkT

)
V (2) 

Fig. 5 (a) and (b) show the semi-logarithmic I vs V plots and Rs vs V 
plots of the SDs, respectively. Ln(I) vs V plots inset in Fig. 5 (a) and has 

Fig. 2. a) the XRD results and b) Raman spectra of the MIS2.  

Fig. 3. FESEM images of the MIS2 sample.  
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good linear behaviour in the dark. In terms of rectification performance, 
it has been reported that SDs with thin interface have a rectifier 
behaviour and the rectification-ratio (RR=IF/IR) increases with doping 
of the Si3N4 due to the passivation effect and decreased interface traps 
[41]. The interior electric field formation to the electron and hole 
diffusion and applied external electric field have the same direction in 
the reverse bias region, they have opposite directions in the forward bias 
region. Mansour et al. [42] reported that a space-charge effect and 
localized electric field are likely to be strengthened in the p-Si/ZnO 
junction; so that the dependence of the reverse current on the enhanced 
electric field will result in an increase in the reserve saturation current of 
the investigated Ag/ZnO nanofibers/p-Si diodes. 

The decrease in Io with the addition of Si3N4 is the result of reducing 
interface traps under the passivation of oxygen defects into ZnO leads to 
which is due to Si3N4 already formed in as-deposited films. During the 
re-construction procedure of thin film morphology, the Si3N4 nano
particles and the dopping-induced defects can behave as nucleation 
centers and excessive Zn+2 ions can transport more freely, which leads 
to the participation of the interface layer [31]. At the same time, the 
other result extracted from Fig. 5 (a) is that the MIS2 type SD shows a 
typical rectification behaviour with low turn-on voltage and leakage 
current. The observed non-saturation in the reverse current can be also 
rooted in the generation-recombination current, tunneling effect, sur
face states, and interfacial layer. 

Both values of the Io and n can be calculated from the intercept and 
slope of the linear part ln(I) vs V (inset in Fig. 5a) plos and then, the 
value of Φb can also be calculated by using these experimental values of 
Io and Schottky-contact area (A) as given follows [43,44]: 

n=
dV
dlnI

.
q

k.T
(3a)  

Φb =

(
kT
q

)

Ln
(

A.A∗.T2

I0

)

(3b) 

On the other hand, as can be clearly seen in Fig. 5b, the Rsh values 
were decreased in the MIS2 type SD and the diode current is limited due 
to the increase in Rs with the increase in voltage and ZnO:Si3N4 inter
facial layer. Because the applied voltage on the diode will be shared 
between them (Va = Vd + VRs + Vi). The Rs and Rsh values of two-type 
SDs are extracted from Ohm’s Law (Ri = Vi/Ii) at enough high forward 
and reverse bias voltages (±4 V), respectively. The values of basic 
electric parameters such as Rs, Rsh, Io, n, and Φb were found in the dark 
for all samples that calculated different methods as given in Table 1. It is 
clear that the MIS2 SD has a low reverse-saturation current, low ideality 
factor (n), and low BH and hence this is evidence of the best of SD when 
compared to others. 

In this study, the ideality factors of the SDs fabricated from ZnO thin 
films are similar to the results of metal/ZnO/p-Si MIS type diodes/SDs 
fabricated by sol-gel spin coating in the literature [45–47]. On the other 
hand, the presence of a thin film between metal and semiconductor, its 
thickness, and the inhomogeneities of BH bring about a higher value of 
the ideality factor. The currents arising from the recombination of car
riers in the depletion region or the tunneling effect are also the other 
reasons for higher n values [48–51]. 

Another approach to defining both the value of BH and Rs is the 
Norde method. According to Norde, when the I–V plot has not a distinct 
linear behaviour for intermediate bias voltage, the obtained value of 
them from TE theory becomes questionable. For this reason, the modi
fied Norde function (Eq. (4)) for non-ideal cases is determined as follows 
[39,41]; 

F(V;α)=V
α −

kT
q

Ln
(

I(V)

AA∗T2

)

(4) 

Fig. 4. EDS mapping of the MIS2 sample.  
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Here α is an integer and must be greater than the “n”. F(V; α) vs V plot 
gives a minimum point when the I–V plot starts to deviate from linearity 
due to the effects of Rs and interfacial layer. In this case both the value of 
BH and Rs can be calculated by using minimum values of Fmin and 
corresponding voltage and current to the minimum point as given follow 
Eq. (5) and Eq. (6): 

Φb =Fmin(V; α) +
(α − n

n

)(Vmin

α −
kT
q

)

(5)  

Rs =
kT(α − n)

qImin
(6) 

As can be clearly seen in Fig. 6d, the minimum point of the F(V)–V 
curve has a distinct minimum point for two types SD’s in the dark. The 
value of Φb and Rs were calculated using Eqs. (5) and (6), respectively, 
and also tabulated in Table 2. 

The density of Nss offers important data on the conduction mecha
nism and leads to the higher value of n and tunneling by interface traps. 
Because, they act as recombination centers and so may capture and 
release any electron under electric field, illumination, and temperature 
effects [52]. 

The values of Nss can be calculated from rearranged Eq. (7) as given 
following [40,43]: 

Nss =
1
q

[
εi

δ
(n(V) − 1) −

εs

WD

]

(7)  

In formula 7; εs is the permittivity of the semiconductor, εi is the 
permittivity of the interface layer, WD is the depletion layer width, and δ 
is the thickness of the interface layer. Card and Rhoderick are indicated 
that the energy of the interfacial states (Ess) in p-type semiconductors 
and the valence band edge (EV) are calculated by Eq. (8) [43,44]: 

Ess − Ev = q(Φe − V) (8)  

Thus, the energy-dependent profiles of Nss for SDs were calculated from 
Eqs. (7) and (8) by using the forward bias I–V data by taking into account 
voltage-dependent of ideality factor (n(V)) and effective BH (Φe) and as 
given in Eq. (9) and Eq. (10) [38,44,52]: 

n(V)=
q(V − IRs)
kT.ln

( Ii
Io

) (9)  

Φe =ΦBO + β(V − IRs)=ΦBO +

(

1 −
1

n(V)

)

(V − IRs) (10) 

Fig. 7 shows the Nss vs (Ess-Ev) for the fabrication of the SDs in dark 
cases. The value of n in MS is higher than the others which can be 
attributed to the existence of Nss, ZnO:Si3N4 layer, voltage-dependent 
BH and a spatial barrier-inhomogeneity at MS interface due to the 
native SiO2 layer [43,44]. Max and min Nss values of the samples were 
given in Table 2. 

The decrease of the gaps between grains contributed to the decrease 
in the surface-states/interface traps, some dislocations or impurities due 
to doping acceptor atoms, some disorders density of in the crystal 
structure, and some inorganic-dirties in the laboratory environment 
during the fabrication processes. They are usually located between the 
interfacial layer and p-Si within the energy band gap of the semi
conductor and show almost U shape behaviour dependent on a special 
distribution of them between the interface layer and semiconductor in 
the forbidden band gap of Si [53]. They usually increase from the 
mid-gap of Si towards to bottom of the valence band almost as expo
nentially. The values of Nss for the SDs are lower than due to the 
passivation effect of Si3N4 in the dark. With the addition of Si3N4, the 
surface states are reordered by reconstruction of microstructure [31,52] 
and it supports explaining the electrical performance of the MIS2 and 
why it is the best one of the samples. 

4. Conclusions 

The junction properties of Al/p-Si SDs with ZnO and ZnO:Si3N4 
nanocomposite interface layers have been investigated by various I–V 
methods. Al/ZnO:Si3N4/p-Si SD has a metal-insulator layer-semi
conductor configuration rather than an ideal SD. The basic diode pa
rameters (n, Φb, Rs and Rsh) were determined from TE, Norde, and 

Fig. 5. a) the semi-logarithmic I–V, b) Ri-V curves of the samples in the dark.  

Table 1 
Comparison of the different obtained basic diode parameters of the samples in dark.  

Sample Ideality (n) Φb (eV) Rsh (kΩ) Rs (kΩ)  

TE dV/dLnI TE Norde dV/dLnI Ohm’s Law Ohm’s Law Norde dV/dLnI H(I) 

MS 4.58 6 0.66 0.66 0.64 20 4.65 2.73 3.64 3.04 
MIS1 4.26 5.2 0.60 0.62 0.60 145 2.47 1.48 1.84 2.88 
MIS2 3.85 4.8 0.55 0.58 0.56 258 0.65 0.16 0.23 0.78  
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Cheung functions and compared with each other. The n values were 
found 4.58, 4.26, 3.85 from TE and 6, 5.2, 4.8 from dV/dLnI vs I plots for 
the MS, the MIS1, and the MIS2 samples, respectively. The lowest Rs 
values were calculated as 0.65, 0.16, 0.23, and 0.78 kΩ by various 
methods for MIS2 and given in detail. The MIS2 sample has the highest 
Rsh values extracted from the reverse bias region of I–V curves and Ri-V 
plots by calculation with Ohm’s Law as 258 kΩ. 

The Φb values were obtained as 0.66, 0.60 and 0.55 eV for MS, MIS1 
and MIS2 with the TE method, and also calculated by different methods. 
It was decreased with doping of the Si3N4 and provided to increase in 
conduction with the help of reconstruction of microstructure. 

The energy distribution of the interface states has been extracted 
from the I–V data. The density of interface states has been calculated as 
(1.56–6.42)x1013, (1.11–4.78)x1012 and (1.08–2.15)x1013 eV− 1 cm− 2 

for the MS, the MIS1, and the MIS2 samples, respectively. Referring to 
all these properties of the MIS2 SD, it has the best basic diode parameters 
and it can be said that ZnO:Si3N4 nanocomposite can be promising as an 

insulating material for optoelectronic devices. 
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electric and photoelectric properties of the Al/n-ZnO/p-Si/Al photodiodes by green 
synthesis method using chamomille flower extract, J. Mater. Sci. Mater. Electron. 
34 (3) (2023) 242, https://doi.org/10.1007/s10854-022-09515-9. 
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