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Effect of embedded metal nanocrystals on the resistive switching
characteristics in NiN-based resistive random access memory cells
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The metal nanocrystals (NCs) embedded-NiN-based resistive random access memory cells are
demonstrated using several metal NCs (i.e., Pt, Ni, and Ti) with different physical parameters in
order to investigate the metal NC’s dependence on resistive switching (RS) characteristics. First,
depending on the electronegativity of metal, the size of metal NCs is determined and this affects
the operating current of memory cells. If metal NCs with high electronegativity are incorporated,
the size of the NCs is reduced; hence, the operating current is reduced owing to the reduced density
of the electric field around the metal NCs. Second, the potential wells are formed by the difference
of work function between the metal NCs and active layer, and the barrier height of the potential
wells affects the level of operating voltage as well as the conduction mechanism of metal NCs
embedded memory cells. Therefore, by understanding these correlations between the active layer
and embedded metal NCs, we can optimize the RS properties of metal NCs embedded memory

cells as well as predict their conduction mechanisms. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4867639]

Resistive random access memory (ReRAM) has recently
attracted considerable attention as a candidate for next-
generation nonvolatile memory devices because of its useful
properties such as a simple structure, low cost, and high-
density integration. However, the use of ReRAMs also
involves several issues, such as large variation in set/reset
voltage (Vser/Vreser) and current, the operating voltage
and current, and device reliability problems caused by high
electric fields during its formation.'™ In order to overcome
these problems, several methods such as multi-active layer,
ion doping method, and metal embedded active layer method
have been proposed.6_8 Metal embedded methods have being
actively investigated in many research groups to improve the
reliability of ReRAM devices using various kinds of metal
nanocrystals (NCs) (i.e., Pt, Au, Cu, Mo, Al, Co, Ni, etc.) in
resistive switching (RS) materials.*'* Guan ez al.” reported
improved RS characteristics by introducing Au NCs in ZrO,
film, which features the nondestructive readout capability
and good cycling performance. Wu et al.'? reported the Co
embedded memory device, which have low forming voltage
of —1.5 to —2.8 V and a robust negative bias unipolar resis-
tive switching behavior with a small negative set voltage of
—1.1 to —1.6V. In addition, Ang et al.'* also investigated
the resistive switching and current conduction characteristics
of NiO thin films embedded with Ni NCs and the influence
the charging in the NC-Ni/NiO thin film has, on the current
transport. However, the metal NC’s dependence on RS
characteristics according to the kinds of embedded metal
nanocrystals in active regions has not yet been studied.
Especially, when using the metal NCs embedded ReRAM,
among various physical properties of metal NCs, the decisive
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main factors playing a crucial role in the RS have not yet
been reported. Therefore, to fully understand the mechanism
of metal NCs embedded ReRAM, the correlation between
the active layer and embedded metal NCs should be
clarified.

In our previous work,'> we successfully demonstrated
an improved memory performance in a Pt embedded-NiN-
based ReRAM. As a result, we observed the reduction of set
and reset variation, good endurance, and long data retention
of the memory devices when the Pt embedded-NiN film was
used as the RS material, compared to a conventional NiN
film. In order to further understand the dependency of
embedded metal NCs on the different types of metal, we
have continuously studied the NiN-based ReRAM by using
various embedded metal NCs.

In this work, we investigate metal NCs, such as Pt, Ni,
and Ti, embedded-NiN-based memory cells and demonstrate
the dependence on both RS properties and reliability for the
comparative analysis according to the different types of
metal. We also discuss the different switching mechanisms
of the ReRAM cells depending on the work function and
electronegativity of the embedded metals.

In order to prepare the samples, a Ti adhesion layer was
deposited on the SiO,/Si substrate, after which a Pt bottom
electrode of 100-nm thickness was deposited by a radio
frequency (RF) sputtering system. Subsequently, three
multi-layers of NiN/metal-layer/NiN with thicknesses of
15/3/15nm were deposited on the Pt/Ti/SiO,/Si substrate
using an RF sputtering system in an Ar/N, gas flow where
the working pressure was approximately 3 x 10~ Torr.
Next, the metal NCs were formed by an annealing process in
ambient N, gas at 650 °C for 30 s. Finally, the 100-nm Pt top
electrode with a diameter of 250 um was deposited.
As shown in Fig. 1, we fabricated the Pt, Ni, and Ti
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FIG. 1. (a) Schematic drawings of the metal NCs embedded memory cells
and the measurement system. (b) Size distribution of the metal NC for 10
samples in each metal. The inset shows the AFM images of the Pt, Ni, and
Ti NCs formed on NiN film, respectively.

embedded-NiN-based ReRAM cells, in order to examine the
dependence of different types of metal. For comparison, the
reference sample which is based on the conventional NiN
film without embedded metal NCs is also prepared under the
same process. We measured the electrical properties of
memory cells using a Keithley 4200 semiconductor parame-
ter analyzer. Fig. 1 shows the schematic drawings of the
fabricated ReRAM cells and the measurement configuration.

First, in order to confirm the metal NCs, the surface
roughness was observed by using an atomic force micros-
copy (AFM) as shown in Fig. 1(b). The AFM images show
the different sizes of metal NCs depending on the different
types of metal. These results are caused by the different
physical properties of the metal NCs such as their electrone-
gativity (Pt=2.2, Ni = 1.8, and Ti = 1.5). During the anneal-
ing process, the thin metal film is transformed to the metal
NCs through the process of recrystallization in metal films,
and the size of NCs is determined according to the electrone-
gativity of each metal.'®'” Therefore, the size of NCs
follows the order of Pt, Ni, and Ti as an order of electronega-
tivity, as can be seen in the AFM images. The average size
of Pt, Ni, and Ti NC is approximately 0.37 um, 0.15 yum, and
0.15 um, respectively, and each metal NC is formed into
almost the same size in small variations under the same
annealing temperature and environment. In addition, accord-
ing to the size of NCs, the density of electric field focused
around the metal NCs varies from metal to metal.'”® As a
result, as increasing the size of metal NCs, the electric field
induced around the metal NCs will be enhanced. This in turn
results in the increase of operating current. In addition, the
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embedded metal NCs in the active layer play an important
role by trapping the electrons into the potential wells, which
are formed by the difference of work functions between
metal NCs and their active layers. Therefore, depending on
these physical properties of metal NCs such as the electrone-
gativity and the work function, metal NCs embedded mem-
ory cells will show different RS characteristics.

In order to confirm the effect of the embedded metal
NCs in the NiN-based memory cells, we investigated the RS
characteristics as a function of the DC bias voltage by meas-
uring their typical /-V curve characteristics, and a bipolar RS
behavior is observed in all samples, as shown in Fig. 2(a).
However, only the conventional memory cell without the
embedded metal NCs needs an initial forming process with
high voltage over 6V for the first set operation, while the
metal embedded memory cells with Pt, Ni, and Ti NCs show
a forming-free operation. These results indicate that the
metal NCs embedded memory cells have a low resistance in
the initial state due to the focused electric field around the
embedded metal NCs.

Next, the RS mechanism of metal NCs embedded mem-
ory cells was investigated; the I-V curves, for different
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FIG. 2. (a) Typical I-V characteristics of both the conventional NiN-based
memory cells and the metal NCs embedded memory cells. The inset shows
the forming process of the conventional NiN-based ReRAM cells. (b) Linear
fitting of the /-V curves using a log-log scale of Pt, Ni, and Ti NCs embed-
ded memory cells, respectively.
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embedded metal types have been re-plotted using a log-log
scale as shown in Fig. 2(b). As shown in this figure, the slope
is approximately 1 (region 1), in the entire voltage region of
the low resistive state (LRS) and the low voltage region of
the high resistive state (HRS), which corresponds to Ohm’s
law (Ix~V"). On the other hand, in the larger voltage
region of the HRS, the current follows a square dependence
on the voltage (region 2), which corresponds to Child’s law
(Iox ~ V?). Therefore, for all the samples of the metal NCs
embedded ReRAMSs, the conduction mechanism in the HRS
can be explained by a space charge limited current (SCLC)
theory, while the RS mechanism in the LRS can be described
by a metallic filament model."” However, according to the
different types of metal, the length of region 2 in the HRS is
different for Pt, Ni, and Ti, which means that the time to fill
the entire potential wells with electrons is different. This is
due to the different heights of the potential wells formed by
embedded metal NCs, and it depends on the difference of
work function between active layers and metal NCs as
shown in Fig. 3. This figure shows the schematic of the for-
mation of electron conduction paths through the embedded
metal NCs such as Pt, Ni, and Ti, respectively. As shown in
this figure, according to the embedded metal types, the
mechanism of electron conduction path is different because
they have different types of energy band diagrams depending
on the difference of work function between active layers and
metal NCs. In case of the Pt and Ni NCs embedded memory
cells, the work function of metal NCs is lower than the con-
duction band of NiN film. As a result, the potential wells are
formed with a height of 1.45eV and 0.25eV, respectively.
Therefore, when applying the bias on the top electrode, the
potential wells begin to fill up with the electrons, and the
conduction paths are formed after fully trapping the entire
potential wells. In addition, the barrier height of the potential
well determines the level of operating voltage. Compared to
the Ni NCs embedded memory cells, the operating voltage
of Pt NCs embedded memory cells is higher, because the
barrier height of potential well is higher than Ni NCs. On the
other hand, in case of the Ti NCs, the type of energy band
diagram is different due to the low work function of Ti
(4.9eV). In the Ti NCs embedded-NiN films, because the
metal NCs have a higher energy state than the active layer,
the mechanism of the formation of electron conduction paths
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FIG. 3. Schematics of the energy diagram in the metal NCs embedded-NiN
film and the mechanism for the formation of conducting path in the Pt, Ni,
and Ti NCs embedded memory cells, respectively.
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in the Ti NCs embedded memory cells can be explained dif-
ferently with the Pt and Ni NCs. As shown in Fig. 3, in the
Ti NCs embedded memory cells, the electron conduction
path is formed via tunneling process of electrons via the
densely formed Ti NCs. In addition, through this process, the
conduction path can be formed more quickly than the Pt and
Ni NCs, because it is not necessary to fill the potential wells
with electrons in the Ti NCs embedded memory cells. As a
result, as was mentioned before, in the /-V curves re-plotted
using a log-log scale, the length of region 2 in the HRS is
different depending on the time to form the electron conduc-
tion paths via each embedded metal NCs; Pt is longest,
followed by Ni and Ti NCs as shown in Fig. 2(b). These
experimental results demonstrate the conduction mechanism
of each metal NCs embedded memory cells depending on
the metal type.

Then, in order to examine the RS performance of the
metal NCs embedded memory cells, we investigated the
distributions of the set/reset voltage and current as shown in
Fig. 4. Compared to the conventional memory cells, the
variations of the operating voltage and current in the metal
NCs embedded memory cells were reduced by the enhanced
electric field effect near the metal NCs. In addition, in the
operating current at Vreap=0.1V, we confirm the size
effect of the metal NCs, which shows the increase in operat-
ing current of memory cells as the size of NCs increases.
Also, as mentioned before, the set/reset voltages of the mem-
ory cells are observed to be different depending on the work
function of metal NCs; the set/reset voltage and current are
largest in Pt, followed by Ni and Ti, according to the work
function of metal and the size of NCs, respectively.

In order to examine the reliability of metal NCs embed-
ded memory cells, we also measured both data retention and
endurance at room temperature (RT), followed by post
endurance-retention and high-temperature retention at 85 °C.
Figure 5 shows retention properties at RT, where conven-
tional memory cells exhibited the obvious degradation in the
LRS after 10%s, and the current ratio was reduced from
0.15 x 10% to 0.08 x 10> after 10°s. On the other hand, the
Ni and Pt NCs embedded memory cells were stable in both
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( ) A Niembedded : @ Tiembedded

¥ Ptembedded

b ppp gy GELCLL
TGN ¢ gy LRS
ERIN | 4: -

10°F

MAAAAAAAAAAAAAAA““
10% L 90900,0,%00,0 400

Current at 0.1V (A)
=

0 20 40 60 80 100
# of DC cycling

(b) —A— Ni embedded —#— Ti embedded
~—m— Pt embedded

|
~

/( -0—C—(
L=I=L=1 =|7|=151:] -i=p=p LRS
40—~

p—
<

——
S,
T

-E-E-N-g-N-g-m-g-p-m-m HRS

A-A—-A-A—-A-A-A-A-A-A-A-A

[ 4-0-0-00-0-0-0-0-0-0-0

10° 10' 102 10’ 10‘ 105 106 10’
Time (s)

Current (A)

\
IS

o
<

(C) —A— Ni embedded —@— Ti embedded
— Pt embedded

~

o
cl

FESE RS s 34K Lrs

000000 at85°C

P
cl
T

3333*‘44'3’?3* at 85°C
10° 10" 10> 10° 10* 10° 10° 10
Time (s)

Current (A)

IS

P
cu
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LRS and HRS over 10° s, whereas the current ratio of Ti
NCs embedded memory cells was abruptly increased after
107 s. Figure 6(a) shows endurance properties of the different
embedded NC for repetitive 100 DC cycling, where the cur-
rent at the LRS for Ti NCs embedded memory cells shows
the abrupt increase in current after 60 DC cycling, while Pt
and Ni NCs embedded memory cells are nearly stable at
both the LRS and HRS. These results are due to the defects
that occurred during the degradation of film under repetitive
biases. In particular, in the Ti NCs embedded memory cells,
these defects between the Ti NCs can induce additional
conduction paths by connecting the densely formed Ti NCs
in active layers. Therefore, the electrons can be easily trans-
ferred via the conduction paths formed by these defects
(trap-based tunneling) as well as the Ti NCs, and it results in
a dramatic increase of operating current. This behavior is
also observed in the post endurance-retention test. We per-
formed the retention test after repetitive 50 DC cycling for
three different NC based memory cells as shown in Fig. 6(b),
where we observed that the degradation is observed more
quickly in Ti NC based memory cells rather than the other
two memory cells. This is because the Ti NC based memory
is more vulnerable to the defects induced by post-endurance
test. On the other hand, Pt and Ni NC based memory devices
show stable characteristics even for >10°. Finally, we also
measured data retention at 85°C for different metal NCs
embedded memory cells, as shown in Fig. 6(c), where over-
all current level of the LRS and HRS is increased due to the
high leakage, caused by thermally excited electrons at high
temperature.

In summary, we have demonstrated the RS characteris-
tics of metal NCs embedded-NiN-based ReRAM cells such
as Pt, Ni, and Ti. Depending on the electronegativity of
metal, the size of NCs can be varied. In addition, the density
of electric field near the metal NCs can be enhanced by
increasing the size of NCs. The conduction mechanism can
be explained differently depending on the barrier height of
the potential well, formed by the difference of the work func-
tion between metal NCs and active layers. In case of Pt and
Ni NCs embedded memory cells, the conduction path is
formed after filling the potential wells, while in Ti embedded
memory cells, the conduction path is formed by tunneling
process via the Ti NCs. Therefore, we can optimize the RS
properties of the ReRAM cells and predict their conduction
mechanism by understanding the correlation between the
embedded metal NCs and the active layers.
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