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Based on Ag/In,Ses/ITO and Ta/ln,Ses/ITO asymmetrical heterostructures, several memristive samples
were prepared by the magnetron sputtering method. The In,Ses core layer is in the y-phase, as
determined by XRD and Raman spectroscopy measurements. Current—voltage measurements reveal the

bipolar resistive switching characteristics at room temperature. The underlying mechanism can be well
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Accepted 25th September 2017 interpreted by the space-charge limited conduction effect with redistribution and migration of charged
defects responsible for the switching effect. The achieved bipolar resistive switching behaviour of the

DOI: 10.1035/c7ra08438b In,Ses samples can be adjusted by transforming different electrodes. It seems to be a promising
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Introduction

The memristor is the fourth fundamental memory device orig-
inally proposed by Chua,* which is likely a promising solution to
traditional memory technologies facing physical limits. Due to
their wide applications in nonvolatile memory,>* logic opera-
tion,*® neuromorphic circuits,” programmable analog
circuits,®® etc., great advances have recently been made in
memristive devices, since the first Pt/TiO,/Pt device was exper-
imentally realized by HP Laboratories.'®"* Memristive behavior
have been shown in various materials such as transition
metal oxides,>'*"” perovskite oxides,'™ chalcogenides,**?>*
organics,”** ferroelectric materials****** and even in graphene-
based structures.”®** The possible resistive switching (RS)
mechanisms in memristive devices have been extensively
studied, mainly including ionic migration, pure electronic
effects,® and even thermal effects. Completely understanding
the underlying mechanism is the key for further controlling the
RS accurately and efficaciously. In,Se; as a binary chalcogenide
once has received little attention as a memristive material, and
most of related studies just focused on the phase change and
topological properties.**** The RS mechanism in In,Se;-based
memristive devices is lack of investigations.

In this paper, we prepared experimentally both Ag/In,Se;/
ITO and Ta/In,Se;/ITO metal-insulator-conductive oxide
(MICO) asymmetrical hetero-structures by magnetron sputter-
ing method, and investigated the corresponding RS

“Department of Optical Science and Engineering, Fudan University, Shanghai 200433,
China. E-mail: lijing@fudan.edu.cn

*Shanghai Institute of Technical Physics, Chinese Academy of Sciences, Shanghai
201204, China

‘Shanghai Ultra-Precision Optical Manufacturing Engineering Center, Shanghai
200433, China

This journal is © The Royal Society of Chemistry 2017

candidate in prospective nonvolatile memory and neuromorphic circuit applications.

mechanisms. It was found that these samples exhibited
different intrinsic memristive characteristics, which can be
controlled by transforming different electrodes. The underlying
mechanism can be well interpreted by the space-charge limited
conduction (SCLC) effect.

Experimental

All the Ag/In,Se;/ITO and Ta/In,Se;/ITO asymmetrical hetero-
structural samples were deposited on SiO,/Si (100) substrates
with a 300 nm thick SiO, layer by using magnetron sputtering
system at room temperature. The background vacuum and
working pressure are approximately 7 x 10~® mbar and 2.8 x
102 mbar respectively. A 100 nm thickness of ITO layer with
a 20 nm thick titanium junction layer was used as bottom elec-
trode (BE). As a function layer, each thickness of In,Se; films is
also about 100 nm. To realize the MICO structure, the top elec-
trodes (TE) Ag and Ta were deposited separately. Then, all
samples were annealed for 45 minutes in flowing nitrogen at
300 °C. The crystallinity of all samples was detected by X-ray
diffractometer (Bruker D8 ADVANCE) with Cu-Ka (A = 1.54056
A) radiation at room temperature. The diffraction angle was set
from 10° to 60° at 0.02° interval with lasting 3 seconds each step.
A Raman micro-spectroscopy (Nanofinder 30) and a semi-
conductor parameter analyser (Agilent B2912A) were employed to
measure the spectral and electronic characteristics respectively.

Results and discussion

The structural analysis on the annealed In,Se; film by the X-ray
diffraction is shown in Fig. 1(a). The observed (006), (208) and
(218) peaks were identified as the y-phase In,Se; structure. All
the diffraction peaks correspond well to the hexagonal defect
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Fig. 1 (a) The XRD pattern and (b) the Raman spectra of In,Ses film.

wurtzite structure with a preferential orientation (006) at 27.2°.
Meanwhile, the measurement result of Raman spectra is shown
in Fig. 1(b). The strong Raman peak at 145 cm ™ " is related to the
zone center mode of the y-phase In,Se; crystal. The weaker peak
at 235 cm™ ' is probably attributed to the Se-Se chain. The main
Raman peaks were identified as the y-phase In,Se; structure,
which is consistent to the XRD results.

The typical current-voltage (I-V) characteristics of (Ag, Ta)/
In,Se;/ITO cells with a current compliance of 100 mA are shown
in Fig. 2, and the arrows indicate the sweeping directions (step 1
— step 2 — step 3 — step 4). It is obvious that the resistance of
Ta/In,Se;/ITO device is much higher than that of the Ag/In,Ses/
ITO device, which is due to the fact that Ag is an active electrode
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Fig. 2 (a) The -V characteristic of Ag/In,Ses/ITO in a certain times

cycles test. (b) Typical bipolar /-V characteristic of Ag/In,Ses/ITO in
sweeping DC voltages. (c) The -V characteristic of Ta/In,Sez/ITO in
a certain times cycles test. (d) Typical bipolar /-V characteristic of Ta/
In,Ses/ITO in sweeping DC voltages.
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and Ta is an inert electrode. The Ag/In,Se;/ITO cell exhibits
stable bipolar resistive switching behavior during the 100-cycle
subsequent voltage sweeping process from 2.5 to —2.5 V, as
shown in Fig. 2(a). The I-V characteristics of the devices is
shifted from a high-resistance state (HRS) to a low-resistance
state (LRS) by a positive bias sweep, known as the SET
process. Then, they return to HRS by a negative bias sweep,
known as the RESET process. As shown in Fig. 2(b), the
threshold voltages for the Ag/In,Se;/ITO cell in the positive and
negative regions are approximately 0.9 V (SET) and —1.0 V
(RESET), respectively. However, the Ta/In,Se;/ITO cell has
different I-V characteristics as shown in Fig. 2(c), which exhibits
stable bipolar resistive switching behavior during the 100-cycle
subsequent voltage sweeping process from 5 to —5 V. Fig. 2(d)
reveals that the threshold voltages of the Ta/In,Se;/ITO cell in
the positive and negative regions are approximately 1.5 V (SET)
and —1.3 V (RESET), respectively. The relative larger SET/RESET
values of Ta/In,Se;/ITO cell is attributed to Ta as an inert elec-
trode instead of Ag, which causes a larger intensity injecting
current. In addition, the resistance of Ta/In,Se;/ITO cell is
continuous rather than an abrupt jump compared to that of Ag/
In,Se;/ITO cell. From the macroscopic perspective, the two
kinds of chosen electrodes have similar work functions.
Because the Ag electrode is active and Ta electrode is inert one,
the memristor with Ag top electrode has little resistance at the
same bias voltage. Thus, the injection current in the memristor
sample is greater than that with the Ta electrode. From the
microscopic mechanism, the effect of the two different top
electrodes is to effectively control the carrier mobility of the core
layer through the applied bias electric field introduced by the
electrodes. In the meantime, all of the In,Se; core layer are
crystalline after thermal treatment. Thus, there should be an
interface layer between the silver top electrode and the In,Se;
core layer. This interface will have a certain impact on the I-V
characteristics of the sample device.

Several conduction mechanism models”*" have been devel-
oped to describe the underlying mechanisms of the nonlinear I-
V characteristics including Schottky emission, Poole-Frenkel
emission (P-F), Fowler-Nordheim tunnelling (F-N), SCLC and
so on. The method to distinguish these conduction mecha-
nisms is essential because there are several available conduc-
tion mechanisms contributing to the device conduction current
at the same time.

In order to discuss the conduction mechanism of Ag/In,Ses/
ITO cell, the I-V curves have been replotted using log scale as
shown in Fig. 3. The trap-controlled SCLC mechanism can well
account for the conducting I-V features. As we know, three key
factors, i.e. an ohmic regime, a trap-filled limited regime, and
Child's square law region, constitute the trap-controlled SCLC.
The current density for trap-controlled SCLC emission can be
expressed as follows,*

[ Que e V2
=(—)==" 1
! (6‘ + 1) 8L 7 @)
where J is the current density, § = (No/Ny)e <~V is the ratio

of free electron to trapped electron, N. is the effective density of
states in the conductive band, N; is the number of emptied
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Fig. 3 (a) The /-V" curves of Ag/In,Ses/ITO in positive voltage region.
(b) The I-V" curves of Ag/In,Ses/ITO in negative voltage region.

electron traps, kg is the Boltzmann constant, ¢, is the static
dielectric constant, ¢, is the permittivity of free space, u is the
electron mobility, V is the applied voltage and L is the film
thickness. In the low voltage region, when the density of ther-
mally generated free electrons inside the cell is larger than that
of the injected electrons from electrode, the majority of electron
traps are emptied (6 < 1). The cell I-V characteristics is domi-
nated by the ohmic emission mechanism. As the applied
voltage increases, the partial trap centers are filled at high
injection and the transition from the ohmic to the trap-filled
limited SCLC. In this case, the I-V curves depend on the exis-
tence of trap, the trap distribution, trap depth and temperature.
The exponential distribution of traps can be described by the
expression as follows,*

N, E—E,
oE) = o exn( - £ ). @)

where D(E) is the trap density per unit energy range at an energy
E above the valance band edge, Ny, is the total density of traps,
and Ny/kgT. is the trap at the valence band edge, T. is the
characteristic temperature.

Generally, the defects in the polycrystalline chalcogenide can
be divided into two types, (i) defects within the crystalline grain,
(ii) defects at the grain boundaries arising from dangling bonds.
These defects form localized states near the valance band,
which can act as charge traps and absorb injected carriers.
Therefore, the current can be described by*
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ereoM m 2m + 1 m+1 Vm+1
J = Nc/-"cff(El)q(thln+l) (m +1 ) [2m+1? (3)

where N, is the density of states, ueg is the effective carrier
mobility, E, is the trap depth, q is the carrier charge, the power
factor, m is directly related to the slope of the SCLC region.
When the density of injected electrons gradually exceeds the
thermal equilibrium concentration in the cell, all the traps are
filled (# > 1). The conduction mode transforms into trap free
space charge limited current, which obeys the Child's law given
by,

Querey V2
= R @)

In the positive voltage region, as shown in Fig. 3(a), it is clear
that the I-V characteristics is dominated by the linear ohmic law
(I « V) atlow voltage because the density of thermally generated
free carriers inside the cell is predominant over the injected
charge carriers. When the applied voltage reaches 0.37 V, the I-V
curve changes from the ohmic to trap-filled limited SCLC
conduction. Initially, the SCLC is controlled by single shallow
traps, and the current, given by eqn (1), has a square law
dependence on voltage (I « V?). When the bias increases well
above the trap-filled limit voltage (Vx = 0.88 V), the rapid
increase in current (I « V®) indicates a transition from single
shallow trap controlled SCLC to exponentially distributed trap
controlled SCLC, and the I-V relationship is given by eqn (3).
Finally, all the traps are filled and the current follows square
dependence on voltage, corresponding to the Child's square law
region (I o V?). Thus, the process in the positive voltage region
can be described as ohmic — SCLC conduction (controlled by
single shallow trap) — SCLC (controlled by traps with expo-
nential distribution) — Child's law — ohmic.

In the negative voltage region, as shown in Fig. 3(b), it is
observed that the I-V characteristics in the 0 V. — —2 Vregion is
similar to that in the 2V — 0 Vregion before the voltage reaches
at Vi = —0.92. When the sweep voltage is beyond Vj, the
current reduces with increasing voltage. The trapped carriers
are released at Vi and the conduction mode changes from the
SCLC (controlled by traps with exponential distribution) to
SCLC (controlled by single shallow trap). The slop of current
controlled by traps with exponential distribution is changed
abruptly, which is different from the positive region. The I-V
characteristics transit from SCLC (controlled by single shallow
trap) to ohmic conduction during the sweep voltage of -2V —
0 V. Thus, the process in the negative voltage region can be
described as ohmic — Child's law — SCLC conduction
(controlled by traps with exponential distribution) — SCLC
(controlled by single shallow trap) — ohmic.

In order to understand the top electrode effect, the I-V curves
of the Ta/In,Se;/ITO cell have been replotted using log scale, as
shown in Fig. 4. The result is similar to the behavior of the
Ag/In,Se;/ITO cell. The conduction behavior obeys SCLC
mechanism conduction. In the positive voltage region, the I-V
curves shows linear behavior under low voltage and then
quadratic. At the voltage (Vr = 1.16 V), the current rises rapidly

RSC Adv., 2017, 7, 46431-46435 | 46433
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Fig. 4 (a) The /I-V" curves of Ta/In,Ses/ITO in positive voltage region.
(b) Thel-V" curves of Ta/In,Ses/ITO in negative voltage region.

and the slope reaches ~6. Then the current rises slowly and the
slope reduces to 2. In the negative voltage region, the trapped
carriers are released at Vp = — 2 V and then the slope reaches
~6. The current of Ta/In,Se;/ITO device is smaller due to the
weaker injection, while the current of Ag/In,Se;/ITO is larger
due to the stronger injection.

The resistance of Ta TE is tuneable continuously dis-
tinguishing with the Ag TE, which is related to the strong
injecting current of the Ag TE than the Ta TE. The values of Vr
and V; in the two cells are different since Ag is an active elec-
trode and Ta is an inert electrode.

To further investigate the performances of the Ag/In,Se;/ITO
and Ta/In,Se;/ITO devices, the cycling endurance characteris-
tics were measured in the pulse sweep mode with 1000 cycles,
respectively, as shown in Fig. 5. The applied plus is 2 V us™* for
SET process and —2 V for the RESET process, respectively. The
reading voltage is 0.5 V as shown in Fig. 5(a). Fig. 5(b) shows the
endurance behavior of Ag/In,Se;/ITO cell in 1000 cycles test
without sensing margin deterioration. It is obvious that the HRS
is more discrete than the LRS due to the more stable LRS of the
cell. The resistance ratio of HRS/LRS is at least 17 times large
enough for the periphery circuits to probe the different resis-
tance states. Fig. 5(c) shows the endurance behavior of
Ta/In,Se;/ITO cell in 1000 cycles test without switching failure.
It is obvious that the HRS is more discrete than the LRS due to
the wide distribution HRS of the cell. The resistance ratio of
HRS/LRS is more than 21 times large enough for distinguishing
in storage application. The power consumption of the Ta TE is
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lower than that of Ag, which makes the Ta/In,Se;/ITO cell more
suitable for storage application rather than the Ag/In,Se;/ITO
device due to higher ratio of HRS/LRS and low power
consumption. The similar results for the endurance cycle tests
of these two kinds of cell can be attributed to the same resis-
tance switching conduction mechanism.

Conclusions

In summary, based on the In,Te; core layer, two kinds of Ag/
In,Se;/ITO and Ta/In,Se;/ITO asymmetrical hetero-structures
had been successfully prepared using magnetron sputtering
method. Experimental characterizations including structure,
spectra and electronic properties were investigated by XRD,
Raman spectroscopy and semiconductor parameter analyser
respectively. The main Raman peaks were identified as the
v-phase of In,Se; structure which conformed by the XRD
results. The two kinds of sandwich structure devices with In,Se;
core layer show bipolar memristive switching behavior and
possess the properties of reversible switching, reproducible
resistance, non-destructive readout, good cycling performance
and nonvolatile. The intrinsic memristive characteristics
conforms to the SCLC mechanism that is contributed by the
defects existing in the polycrystalline chalcogenide of In,Se;
core layer. The Ag top electrode in the asymmetrical hetero-

This journal is © The Royal Society of Chemistry 2017
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structure shows the lower interface resistance and strong
injection that the resistance change is an abrupt jump suitable
for storage application, while the Ta top electrode presents the
higher interface resistance and weak injection that resistance
change is continuous suitable for neuromorphic circuits
application.
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