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ctifying and nonlinear bipolar
resistive switching characteristics in Ni/SiNx/p-Si
memory devices

Sungjun Kim,a Yao-Feng Changb and Byung-Gook Park*a

Two resistive memory devices were prepared with different doping concentrations in the silicon bottom

electrodes to explore the self-rectifying and nonlinear resistive switching characteristics of Ni/SiNx/p-Si

devices. Due to the reduced current overshoot effect, using electroforming at a positive bias can

produce bipolar-type resistive switching behavior. A higher self-rectification ratio in the Ni/SiNx/p
+-Si

device is achieved than in the Ni/SiNx/p
++-Si device. The asymmetric I–V characteristics can be

explained by the Schottky barrier that suppresses the reverse current, and it is controllable by the size of

the conducting path. A conducting path with a high resistance value in a low resistance state is beneficial

for a high selection ratio. Moreover, by controlling the compliance current, we demonstrate an improved

self-rectifying and selection ratio. The results of our experiment provide a possible way to improve the

nonlinear characteristics without the need for a selector device in CMOS compatible cross-point array

applications.
Introduction

Capacitance based memory technologies such as NAND ash,
which has served as a leading player in the memory market, are
expected to reach their physical limits soon, and new 3D
structures are being introduced to further increase the memory
density.1–4 Alternately, electrical resistance switch-based
memory (RRAM) has attracted intense research interest as
a promising candidate for use in next-generation non-volatile
memory due to its high scalability down to a few nanometers
and high-density integration with CMOS technology.5–22

Conventional devices consist of a metal–insulator–metal (MIM)
structure, with insulator resistance switching caused by the
diffusion of oxygen vacancies/defects, charge carrier trapping
and de-trapping, and Schottky barrier modulation to produce
the memory effect.5 Even though many dielectric materials such
as HfOx (ref. 3) and TaOx,6 and non-stoichiometric SiOx (ref. 16
and 18) can be used as resistive switching materials, SiNx-based
RRAM also shows good resistive switching performance in
terms of its operating power, switching speed, and
reliability.23–30

Meanwhile, a device composed of a metal–insulator–silicon
(MIS) structure is more exible in terms of its resistive switching
properties.23–37 Nano-structures with a tapered sidewall prole,
gineering, Inter-University Semiconductor
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which is favourable for the electric eld concentration, can be
made via anisotropic wet etching of a silicon surface.25 Also, the
work function of the silicon surface acting as a bottom electrode
is easily tuned by controlling the impurity concentration,
leading to a difference in the resistive switching observed for
a low-dopant concentration in silicon surface.29 Diode-like
resistive switching would be one of the most signicant
advantages of the high-density crossbar array.

Rectifying and nonlinear characteristics are a quite impor-
tant requirement for two-terminal based emerging memories
such as RRAM and phase change RAM (PRAM) employing
a cross-point array due to sneak path issues.38–43 Several archi-
tectures have been proposed to solve this issue, such as one
diode and one resistive switching element connection (1D-1R),39

one transistor and one resistive switching element connection
(1T-1R)40 or one selector and one resistive switching element
connection (1S-1R).41 However, considering the design speci-
cations and integration availability, a select-less resistive
switching element can ease the design and material complexity
due to the inherent rectifying and nonlinear properties of the
simple unit device.

Current overshoot is an important issue for RRAM
commercialization.44–46 It is easily conrmed by the fact that the
reset current is much higher than the ICC that is applied using
external equipment. The ICC independent current overshoot is
contributed by parasitic capacitance in a device as well as the
testing equipment including a cable and probe station. Inte-
grated 1T-1R can solve the issue, but it is not suitable for high-
density memory. Hence, uncontrollable conducting path
growth and a high reset power consumption, which can be
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 XPS spectra of the SiNx film deposited via LPCVD: (a) Si 2p and
(b) N 1s.

Fig. 2 (a) Typical I–V curves of the Ni/SiNx/p
++ Si device (left) and Ni/

SiNx/p
+ Si device (right); electroforming at (a) positive voltage, and (b)

negative voltage.
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caused by an overshoot current, hinders RRAM commerciali-
zation due to its high power consumption.

So far, RRAM devices with an MIS structure have been re-
ported in the literature.25–37 In a recent study, we reported on
self-rectifying unipolar resistive switching in SiNx-based
RRAM.27 For unipolar switching, it is difficult to perform
uniform and repetitive resistive switching due to the narrow
margin between the set voltage and the reset voltage. On the
other hand, bipolar switching, in which a different polarity is
used for set and reset switching, is more favourable to high
performance applications as long as the leakage current
elements can be suppressed in a cross-point array. In this work,
we investigate the current overshoot effects and the successful
resistive switching current range, depending on the bias
polarity and dopant concentration in the silicon bottom elec-
trode surface.

Experimental

To form the bottom electrode in an MIS system, diuoroboron
(BF2) ions were implanted with an energy of 40 keV into a single
crystalline Si substrate. The doses of p+ Si and p++ Si in the
bottom electrodes were 5 � 1013 and 5 � 1015 cm�2, respec-
tively. The lattice damage was repaired, and the dopants were
activated by the drive-in process at 1050 �C for 10 min. A 4 nm
thickness SiNx lm, serving as a resistive switching layer, was
then deposited using low-pressure chemical vapor deposition
(LPCVD) at 785 �C, with a mixture of SiH2Cl2 (30 sccm) and NH3

(100 sccm). Finally, the Ni top electrode was deposited using
a thermal evaporator using a shadow mask, with a device size of
100 mm. All electrical properties were characterized via the DC
voltage sweep mode and the pulse mode using a Keithley 4200-
SCS semiconductor parameter analyzer and a 4225-PMU ultra-
fast current–voltage (I–V) module at room temperature,
respectively. To operate the device, the bottom electrodes of the
p+ Si and p++ Si surfaces were grounded, and a bias voltage was
applied on the Ni top electrode. To analyze the SiNx material
deposited in our laboratory using different methods, X-ray
photoelectron spectroscopy (XPS) analysis was performed
using a Thermo VG ESCA Sigma Probe spectrometer operating
at 15 kV and 100 W with a monochromatic Al-Ka radiation
source. The calibration of the binding energy scale was set by
xing the C 1s at 284.5 eV.

Results and discussion

Fig. 1(a) and (b) show high-resolution XPS of the Si 2p and N 1s
spectra for the SiNx lm, respectively.47 The atomic concentra-
tion was calculated from Si 2p and the N 1s peaks. The N/Si ratio
in the SiNx was 0.87. When compared to the stoichiometric
Si3N4 sample (x ¼ 1.33), our silicon-rich SiNx sample (x < 1.33)
offers favorable resistive switching behavior due to the higher
density of traps in the SiNx lm. Fig. 2(a) shows typical bipolar
I–V curves of the Ni/SiNx/p

++ Si device and Ni/SiNx/p
+ Si device

for electroforming at a positive voltage. A compliance current
(ICC) of 300 mA was applied to the devices to limit the size of the
conducting path, and a higher low-resistance-state (LRS)
This journal is © The Royal Society of Chemistry 2017
current was observed for the Ni/SiNx/p
++ Si device compared to

the Ni/SiNx/p
+ Si device since the current overshoot can affect

the size of the conducting path in the SiNx lm.
The subsequent LRS current aer the forming and set

process is a good barometer of the current overshoot. For the
reset process, the devices are switched from LRS to a high-
resistance-state (HRS) when a negative bias is applied to the
devices. An additional current surge is observed for the Ni/SiNx/
p++ Si device before a sharp current drop. The positive bias leads
to set switching, in which the devices are switched from HRS to
LRS. Here, for both devices, the forming-free resistive switching
makes no difference between the forming and the set voltage
due to the thinness of the SiNx layer.48 Unlike most metal oxide-
based RRAM that use the movement of oxygen vacancies, the
switching mechanism in SiN-based RRAM is still unclear. We
believe that the switching mechanism of the SiN-based RRAM is
RSC Adv., 2017, 7, 17882–17888 | 17883
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basically related to the traps in the SiN lm that can be affected
by the deposition methods and subsequent switching. The
formation and rupture of conducting paths made up of many
traps from dangling bonds in the trivalent Si atoms can lead to
resistive switching.24 Much more than the amount of initial
traps are required for an effective conducting path for the set
process and the accelerated electrons with a thermal effect
under a high electric eld trigger bonding breakage in the SiN
lm. Then, the electrons injected through the increased trap
sites can produce additional traps again. Recently, X. Jiang
et al., reported that hydrogen can play an important role in
resistive switching, including the reset process.28

Fig. 2(b) shows typical bipolar I–V curves of the Ni/SiNx/p
++ Si

device and Ni/SiNx/p
+ Si device for electroforming at a negative

voltage with a compliance current of 300 mA. Note that low reset
switching yields were observed for both devices under the
negative forming process. For the Ni/SiNx/p

++ Si device, a severe
current overshoot leads to a very large conducting path that is
hard to rupture, even at a high reset power. On the other hand,
for the Ni/SiNx/p

+ Si, the reset failure indicates that the reverse
current suppressed by the Schottky barrier is not appropriate to
rupture the conducting path. The suppressed current may have
a negative effect on the reset switching driven by Joule heating
and eld enhancement. To further identify the current over-
shoot effect, Fig. 3(a–d) show a check of the distribution of the
LRS resistance (RLRS) as a function of the ICC aer a positive and
a negative forming of the Ni/SiNx/p

++ Si and Ni/SiNx/p
+ Si

devices.
When we read HRS and LRS, we do not setup the compliance

current for read operation. Low read voltage of �0.5 V cannot
affect subsequent resistive switching by read disturbance. Aer
the positive forming, the RLRS value in both devices decreases
Fig. 3 (a) Statistical distribution of the LRS resistance for the Ni/SiNx/p
++

(b) for positive forming; and read voltage of �0.5 V (c), and 0.5 V (d) for
teristics of positive forming and negative forming, respectively, for the N

17884 | RSC Adv., 2017, 7, 17882–17888
with the ICC. Note that a low RLRS is randomly observed for the
Ni/SiNx/p

++ Si device, even though a low ICC is imposed to the
device for low-power switching, leading to poor controllability
of the conducting path. The current overshoot leads to very high
current in the LRS, which can have a tail bit in distribution for
Ni/SiNx/p

++ Si structure. Conversely, the Ni/SiNx/p
+ Si device has

a much higher RLRS with better uniformity. Also, note that
Fig. 3(a) and (b) show that the RLRS at a positive region is higher
than that at a negative region. When negative forming is used
for the Ni/SiNx/p

++ Si device, a more severe current overshoot is
observed, leading to very low RLRS with a large conducting path,
regardless of the polarity of the read voltage, as shown in
Fig. 3(c) and (d), indicating that there is a very weak rectifying
effect.

The insets in Fig. 3(b) and (c) show the transient character-
istics of positive forming and negative forming, respectively, for
the Ni/SiNx/p

+ Si device. A single pulse with a height of 10 and
�10 V is applied to the device for positive forming and negative
forming, respectively. The peak current that indicates the
overshoot current in negative forming is higher than that in
positive forming.

Tunneling carriers from the metal electrode and the silicon
bottom electrode may affect the current overshoot. For positive
forming, the electrons and holes are injected from a silicon
electrode and Ni electrode, respectively. For negative forming,
the injections of the carriers are in the opposite direction,
leading to a much higher overshoot due to the abundant carrier
concentrations. Note that, except for a reverse current sup-
pressed by the Schottky barrier, which is not appropriate to
rupture the conducting path, the polarity effect induced by the
resistive switching behavior can be potentially explained by the
lament tip contact location in the localized region (close to Ni
Si device and Ni/SiNx/p
+ Si device: read voltage of �0.5 V (a), and 0.5 V

negative forming. The insets of (b) and (c) show the transient charac-
i/SiNx/p

+ Si device.

This journal is © The Royal Society of Chemistry 2017
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top electrode or p+ Si bottom electrode).49 Further studies in the
conducting path growth direction and rupture mechanism
during the switching process will be challenging, but it is
important to have robust device performance prediction in
compact model analysis.

Fig. 4(a) shows the energy band diagrams of the Ni/SiNx/p
+ Si

device under the reverse bias considering the material properties.
At a low voltage bias region (0.05–1 V), the holes from the Ni top
electrode tunnel into the trap state in the SiNx layer that can be
controlled by the ICC, and then the hole injection from SiNx layer
to p+ Si is strongly affected by the depletion region in the p-Si
surface. Unlike the Ni/SiNx/p

++ Si device, the depletion region
from a lower dopant concentration in the silicon surface acting as
the series resistance helps alleviate the current overshoot. More
importantly, the Schottky barrier that formed at the surface of the
silicon bottom electrode is responsible for the asymmetric I–V
curves. The forward current and reverse current are driven by
a negative bias voltage and a positive bias voltage, respectively.
The forward bias voltage lowers the energy barrier in the deple-
tion region, causing the carriers to move uently. The forward
current (IF) can be expressed as IF¼ IR{exp(eV/nkBT)� 1}, where IR
is the reverse current IR ¼ A*AT2 exp(�ØB/kBT), n is the ideality
factor, kB is the Boltzmann constant, T is the Kelvin temperature,
A* is the effective Richardson constant, A is the contact area, and
ØB is the Schottky barrier height. The Schottky barrier suppresses
the reverse current, considering ØB is bias voltage-independent.

It is also conrmed that all reverse currents of the Ni/SiNx/p
+

Si device in the LRS caused by different ICC (0.1, 0.3, 1, and 3
mA) are well tted with the I–V relationship of ln(I) � V1/2, as
shown in Fig. 4(b), indicating the reverse current is dominated
by Schottky emission. Fig. 4(c) shows a plot of ln(I/T2) versus 1/
kT for ICC of 0.3 mA. The slope of Fig. 4(c) means the activation
energy (Ea) at the bias voltages (0.1–0.4 V), and then a ØB can be
extracted from the plot of Ea versus V

1/2 in Fig. 4(d).
Fig. 4 (a) Energy band diagram of the Ni/SiNx/p
+ Si device under a negat

Ni/SiNx/p
+ Si device under negative bias. (c) Plot of ln(I/T2) vs. 1/kT at 0.1,

SiNx/p
+ Si device. (e) log–log plot and temperature dependence of Ni/S

This journal is © The Royal Society of Chemistry 2017
The ØB is reduced with increasing ICC, indicating that the ØB

can be modulated by the size of the conducting path, which is
better controllable through ICC for the Ni/SiNx/p

+ Si device.
Fig. 4(e) shows the log–log plot of the reverse current of the Ni/
SiNx/p

++ Si device. Unlike the Ni/SiNx/p
+ Si device, the Ni/SiNx/

p++ Si device shows ohmic conduction for the reverse current,
suggesting strong and continuous conducting paths are formed
within the SiNx lm. The inset of Fig. 4(e) shows that the current
slightly increased with the temperature, indicating that the
conducting path has semiconducting properties.

We dene two crucial parameters to assess the nonlinearity
of the LRS current. The rst parameter is the forward-to-reverse
current ratio (F/R ratio) that is important for bipolar switching
as well as unipolar switching, as shown in Fig. 5(a). The forward
current can be affected by the thickness of the SiNx lm and the
size of the conducting path. The reverse current can be mainly
determined by the Schottky barrier, as seen by the holes.
Fig. 5(b) shows the F/R ratio as a function of the ICC for both
devices. The Ni/SiNx/p

++ Si device has a very low F/R ratio
regardless of the ICC, suggesting that the interface resistance
and barrier between the SiNx layer and p++ Si are negligible due
to the degenerated Si surface with a high dopant concentration.
Therefore, the carriers move freely without encumbrance of the
barrier, and then the size of the conducting path cannot affect
the F/R ratio.

On the other hand, a much higher F/R ratio in the Ni/SiNx/p
+

Si device is obtained compared to the Ni/SiNx/p
++ Si device. For

the ICC of 3 mA, the main cause of the reduced F/R ratio would
be attributed to a shape increase in the reverse current since the
conducting path is too large with a loss of Schottky barrier
transport, indicating that the size of the conducting path can
modulate the Schottky barrier. The second important param-
eter for the nonlinear characteristics is the selection ratio (SR)
that can be dened as SR ¼ I@VREAD/I@0.5VREAD, as shown in
ive bias. (b) ln(I) versus V1/2 plots with different compliance currents for
0.2, 0.3, and 0.4 V for Ni/SiNx/p

+ Si device. (d) Plot of Ea vs. V
1/2 for Ni/

iNx/p
++ Si device.

RSC Adv., 2017, 7, 17882–17888 | 17885
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Fig. 5 (a) I–V characteristics in the low voltage region in a Ni/SiNx/p
+ Si device for F/R ratio. (b) F/R ratio as a function of the compliance current

for the Ni/SiNx/p
+ Si device and the Ni/SiNx/p

++ Si device. (c) I–V characteristics in the low voltage region in Ni/SiNx/p
+ Si device for selection

ratio. (d) Selection ratio as a function of the compliance current. Selection ratio-LRS resistance scatter plots for nonlinearity at a read voltage of
�0.5 V (e), and 0.5 V (f).
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Fig. 5(c). A read voltage that is as low as possible is desirable to
minimize the read disturbance, and it causes less stress in the
device cells. Fig. 5(d) show the SR at a VREAD of �0.5 V as
a function of the ICC for both devices, and much higher
nonlinear I–V characteristics in the Ni/SiNx/p

+ Si device are
observed, compared to the Ni/SiNx/p

++ Si device.
Fig. 5(e) and (f) show the SR versus the LRS resistance of the

forward and reverse bias, respectively, for both devices. For the
Ni/SiNx/p

++ Si device, the inherent weak nonlinearity is related
to the conducting path with semiconducting behavior. Unlike
metal nitride-based RRAM devices showing metallic properties
of the conducting laments in the LRS, the intrinsic SiNx-based
RRAM device shows non-ohmic I–V characteristics when even
a large conducting path is formed in the SiNx lm.50–53 Moreover
as the LRS resistance increases, the selection ratio tends to
increase, as shown in Fig. 5(e) and (f). The experimental results
are consistent with the theoretical background of the conduc-
tion transport in the conducting path with quantum-size
effects.54,55

In particular, the Ni/SiNx/p
+ Si device that has a well-

controlled conducting path by the ICC shows a clearer rela-
tionship between the SR and LRS resistance. The maximum
value is higher than 100 for the forward current when the
conducting path with LRS resistance of more than 100 kU is
formed. The narrow conducting path with a high LRS resistance
induced by a low ICC can boost the SR, without an additional
selection device. Note that the SR in the forward current is much
higher than that in the reverse current. As previously
mentioned, the forward current is sensitive to changes in the
applied bias voltage. Therefore, for forward current, tunneling
transport governed by trap-assisted-tunneling (TAT) and con-
ducting path in the SiNx lm plays an important role in the
17886 | RSC Adv., 2017, 7, 17882–17888
nonlinear characteristics.10,56–58 On the other hand, in a low
voltage region, the reverse current suppressed by the Schottky
barrier height shows weaker nonlinear characteristics.

Conclusions

In summary, the Ni/SiNx/p
+-Si device shows better rectifying

and nonlinear bipolar resistive switching behavior when
compared to the Ni/SiNx/p

++-Si device. The electroforming
process at a positive voltage guarantees better resistive switch-
ing performance due to the reduced current overshoot. The
rectifying I–V characteristic is attributed to the Schottky barrier
in the silicon surface that suppresses the reverse current. Since
the conducting path that can be controlled by the ICC shrinks,
the selection ratio generally increases, which shows great
potential to produce high-density memory in a cross-point
array.
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