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a b s t r a c t

Potential application of amorphous silicon nitride (a-Si3N4)/silicon oxy-nitride (SiON) film has been
demonstrated as resistive non-volatile memory (NVM) device by studying the Al/Si3N4/SiON/p-Si met-
al–insulator–semiconductor (MIS) structure. The existence of several deep trap states was revealed by
the photoluminescence characterizations. The bipolar resistive switching operation of this device was
investigated by current–voltage measurements whereas the trap charge effect was studied in detail by
hysteresis behavior of frequency dependent capacitance–voltage characteristics. A memory window of
4.6 V was found with the interface trap density being 6.4 � 1011 cm�2 eV�1. Excellent charge retention
characteristics have been observed for the said MIS structure enabling it to be used as a reliable non-vola-
tile resistive memory device.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Silicon nitride (Si3N4) plays an important role in electronic and
optoelectronic devices due to its high resistivity, mechanical
strength, chemical stability and high dielectric constant [1]. Fur-
thermore, Si3N4 thin film has a great importance in metal–insula-
tor–semiconductor field effect transistors (MISFET) and thin film
transistors (TFT) as it can be used as gate dielectric [2]. The poten-
tial application of Si3N4 as an active switching element for each
pixel in a display [3] and as active charge-storage insulator for non-
volatile memory devices [4,5] has also been widely investigated in
recent years.

The memory effects of the metal–insulator–semiconductor
(MIS) structures have been related with the charge capture in
memory traps of the Si3N4 film. The memory traps referred to as
electron or hole localized states (within the band gap of the
Si3N4 film) are generally associated with impurities or defects in
the insulator [6]. Electrical conductivity of a-Si3N4 as a dielectric
is also dominated by trapped charge with intermediate energy
levels around the Fermi level [7]. Notably, the imperfections or

defects within the same material as well as at the interface
between different materials are held responsible for charge
trapping. By using electrical techniques such as capacitive and con-
ductive methods, bulk and interface traps of nitride based MIS
device can be characterized [8]. The values of the density of
interface traps, Dit, are indicated by defect levels in the silicon-
nitride band gap and are reported to be within the range of
1 � 1011–5 � 1012 cm�2 eV�1 [9].

Moreover, during the formation of Si3N4, SiON may form at the
interface of Si and Si3N4 which can induce interface defects [10]. All
the defects in oxy-nitride film such as paramagnetic defects, dia-
magnetic defects, dicoordinated Si center and neutral defects are
responsible for creating dielectric traps [11]. So, SiON may enhance
the charge storage effect coupled with the presence of Si3N4. How-
ever, till now the potential performance aspects of Si3N4 with SiON
as NVM device as well as a switch have not been fully explored. In
the present study, efforts have been made to study the deep trap
levels [12] as the most important factors for such non-volatile-
charge storage devices. Electrical properties such as current–volt-
age (I–V) and capacitance–voltage (C–V) characteristics were
emphasized to investigate the capacitance (C), conductance (G),
ideality factor (g) and flat-band voltage (VFB) of the NVM device.
In addition, the deep levels were also studied by photolumines-
cence spectroscopy and correlated with the as-found traps from
electrical characteristics.
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2. Experimental procedure

Various techniques such as chemical vapor deposition (CVD)
[13], low-temperature based plasma-enhanced CVD [14], elec-
tron-cyclotron resonance CVD [15], and sputtering techniques
[16] have been reported for the deposition of Si3N4 thin films.
Among them, PECVD is generally chosen not only to reduce ther-
mal budget, but also to achieve more flexible film [17,18]. Addi-
tionally, due to generation of high frequency plasma in PECVD
system, the grown Si3N4 film shows less dielectric charging and
better electrical characteristics as required for microelectronics
applications [19]. Further advantages of PECVD technology are
high deposition rates, high precursor utilization, and high quality
dense films. In PECVD technique large area deposition occurs at
an instance [20].

For the present investigation, silicon nitride (Si3N4) was
deposited on p-Si (100) substrates by means of PECVD (OXFORD
make) system. Prior to growth, the sample was degreased by boil-
ing with trichloroethylene, acetone and methanol successively for
10 min. Next, the native oxides of the samples were etched
through a dipping in 2% HF solution followed by repeated rinsing
in DI water. Then, the samples were immediately loaded to the
growth chamber to avoid re-oxidation. Silane (SiH4) and nitrogen
(N2) were used as the precursors for Si and N, respectively. All
the relevant growth parameters are given in Table 1.

For the contacts, aluminium (Al) was deposited by thermal
evaporation followed by an annealing at 300 �C in both the sur-
faces of the sample. The electrical measurements, such as cur-
rent–voltage (I–V) and capacitance–voltage (C–V) were conducted
using Keithley 2400 and 4200 semiconductor characterization sys-
tems (SCS), respectively. Also, room temperature photolumines-
cence spectra of the sample were acquired by Accent
Nanometrics RPM 2000 to get an insight into defect related states
in the as-grown film.

3. Results and discussions

A schematic cross-sectional view of the fabricated Al/Si3N4/
SiON/p-Si MIS device is shown in Fig. 1a. The thickness of the
Si3N4 film was measured to be about 100 nm by ellipsometry.
The interfacial regions of the structure were further scrutinized
by cross-sectional transmission electron microscopy (TEM) imag-
ing as shown in Fig. 1b. The presence of an silicon oxy-nitride
(SiON) of 4 nm thickness in between the Si and Si3N4 was revealed
from the analysis of the bright field (BF) images, and the thickness
of Si3N4 was reconfirmed. This SiON film aided to increase charge
trapping effect due to the formation of nitrogen induced interface
defects.

In this aspect, we have studied the photoluminescence (PL)
spectroscopy of the deposited a-Si3N4 to find out the trapped
levels. Earlier, Anutgan et al. [21] had reported a general conse-
quence of silicon-rich-a-Si3N4 (SRSN) deposition by PECVD system.
This SRSN system exhibits a very notable photoluminescence
which reveals the formation of interface states acting as a recom-
bination centers [22]. These interfacial states reportedly originated
from Si–Si, Si–N bonds, and from the structural and compositional
disorders at the interface [23]. Fig. 2 shows the photoluminescence
(PL) spectrum of the present amorphous silicon nitride-silicon

structure. The PL spectrum exhibits a broad peak around 2.2 eV
(553.8 nm). Gaussian fitting of the entire luminescence spectra
[24] gives the information about emission bands (2.15 eV,
2.19 eV, 2.23 eV, 2.27 eV and 2.30 eV) of Si3N4 which are caused
by different excitonic transitions between the defect levels and
corresponding band as well as between the defect levels them-
selves [25,26]. In a previous study it was observed that all the
emission bands in between 2 and 3.2 eV correspond to trap levels
(defect levels) in Si3N4 film [25–27]. As it is confirmed from the
various experiments that follow, these same defect levels conse-
quently give rise to memory effect by charge accumulation in
nitride film as a result of transitions of electrons and holes into the-
se traps [28].

Fig. 3 shows the cyclic current–voltage characteristics of the
MIS device. The curves show a bipolar resistive switching behavior
in the sequence of swept voltages from 0 V to +10 V and +10 V to
0 V in forward bias, and also from 0 V to �10 V and �10 V to 0 V
in reverse bias. Initially, there occurs a forming process due to sud-
den increase of current level (from 0 to +10 V) when transition
takes place from high resistance state (OFF state) to low resistance
state (ON state) [29]. From the I–V characteristics it has been found
that in between the sweeping mode (0–10 V), two states, viz., OFF
and ON state have been occurred. Initially, while the forward bias
was applied the device remains in the OFF state until the threshold
voltage (Vth � 4.6 V) is reached. At V = Vth, the device current
increases almost 104 times than that of the OFF state, and conse-
quently ON state is achieved. Such ON state continues with the fur-
ther increase of the applied bias voltage. By sweeping the voltage
from +10 V to 0 V, a second jump from a low resistance state (ON
state) to the high resistance state (OFF state) is observed at 1.2 V.
Notably, the current did not retreat following its previous transi-
tion from OFF state to ON state. A similar resistive switching
behavior has been found in the reverse bias also.

Here it should be mentioned that for sufficiently thick dielectric
layers on silicon, the charge conduction mechanism is governed by
bulk traps [30]. Previously, the conduction mechanism of the Si3N4

insulating film has been explained through the Frenkel–Poole
mechanism [31,32] in which there occurs an emission of electrons
from traps into the conduction band [33]. Theoretically, this con-
duction mechanism is expressed by the relation between J and E [8]

J ¼ C � E exp
�q £t �

ffiffiffiffiffiffiffiffiffi
qE

pe0er

qh i
kT

ð1Þ

where J is the current density (A/cm2), C is the preexponential fac-
tor, E is the electric field (V/cm), q is the electric charge
(1.602 � 10�19 C), £t is the barrier height of electrons for emission
from trap state (V), e0 is the permittivity of vacuum
(8.854 � 10�14 F/cm), er is the relative dielectric constant, k is Boltz-
mann’s constant (1.38066 � 10�23 J/K), and T is the absolute tem-
perature (K). In Fig. 4a, the log(J/E) vs E1/2 characteristics is
observed to yield a linear fit in the high conduction region for our
specimen. Though the plot suggests that the current density exhi-
bits field dependence according to the said law, but the value of
high frequency relative dielectric constant extracted from the curve
is orders more than theoretically predicted value [34]. Additionally,
the nature of conduction was also scrutinized from the plot of log(J/
E) vs E as shown in Fig. 4b. A linear fit for this curve is again
obtained, inferring that the current–voltage characteristics is more
likely to follow Poole’s law (r ¼ r0eaE, where r is the conductivity),
a conduction mechanism more suitable for solids with ionized
defects in such high density that their coulombic potentials can
overlap one another [35]. Alternately, in recent studies, [34,36]
multi-phonon trap ionization has been proposed as a probable
transport mechanism in Si3N4 which may describe the present case
with emission-and-capture from the multiple discrete trap levels as

Table 1
The optimized parameters utilized for Si3N4 film deposition.

Temperature Pressure Flow rates (sccm) RF frequency

Silane Nitrogen

300 �C 200 mTorr 2 940 13.56 MHz
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