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Abstract

In this work, we have reported the temperature-dependent resistive switching (RS) behavior observed in (1-x)Cul.(x)La 5
St ;MnO; nanocomposites with 0.001 < x < 0.05 within the temperature range of 150 K to 300 K. Here, we observed bipolar
and interface-type RS behavior, where the resistance can be altered to its previous state by the application of an opposite bias
voltage. The extensive analysis of the current versus voltage data for different compositions at room temperature revealed
that the dominating transport mechanisms in the low and high bias regions, respectively, were Schottky emission and Poole—
Frenkel effect. The enhanced switching response of the RS medium after the addition of La, ;St, ;MnQOj; can be attributed to
the oxygen vacancy-induced conduction which was confirmed by X Ray Photoelectron Spectroscopy (XPS) measurements.
In the endurance test, the highest ON/OFF ratio averaged over 100 cycles was observed to be 4.2 + 1.1 and 3.8 + 0.3 for x =
0.001 and 0.02 respectively at T = 300K. At 7= 250 K, we obtained the optimal ON/OFF ratio of 19.8 + 1.8 for x = 0.001
and 22.7 + 4.1 for x = 0.02. The investigation of current versus voltage graphs for 7= 250 K, 200 K, and 150 K further
confirmed Schottky emission and the Poole—Frenkel effect as the dominating transport mechanisms at lower temperatures.

Keywords Resistive switching - Non-volatile memory - Neuromorphic Computing - La,, ;St,, sMnO; - Copper iodide -
Space-charge limited conduction - Schottky emission - Poole—Frenkel effect

1 Introduction

In the past few decades, memory devices’ performance and
processing power have advanced tremendously in terms of
superior speed, lower power consumption, and down-scal-
ing of the chip size. However, conventional semiconductor-
based memories such as DRAM (dynamic random access
memory), SRAM (static random access memory), and
NAND flash memory have already reached the threshold of
the down-scaling limit predicted by Moore’s law and also
face additional shortcomings like heat death, and excessive
costs for the manufacturing of ultra-large-scale projects,
insusceptibility to strain on the devices. This led scien-
tists to a venture for building alternative memory devices/
architectures that can satisfy the ever-increasing need for
more powerful processing power in digital/analog electron-
ics, neural networks, data storage, artificial intelligence,
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etc. [1-4]. Therefore, it has become necessary to fabricate
a ‘universal memory’ that can operate at high speed with
density circuitry and possess non-volatile storage capacity,
thus incorporating the merits of different popular memory
devices into a single one. Therefore, the emergence of new
NVM (non-volatile memory devices) such as phase-change
random access memory (PCRAM) [5, 6], spin-transfer
torque magnetic RAM (STT-MRAM) [7, 8], ferroelectric
RAM (FRAM) [9], resistive RAM (RRAM or ReRAM)
[10-12] and conducting bridge RAM (CBRAM) [13] is
gaining huge momentum worldwide. Among the members of
the NVM memory family, resistive switching-based memory
has attracted huge attention owing to its comparatively easy
fabrication process and proven compatibility with CMOS
technology [14], competence for high-density packing of
chips through cross-point structure [15], superior perfor-
mance-like higher switching speed (< 10 ns) [16], scalability
(< 10 nm) [17] and low-power consumption (1pJ/bit) [18],
low operational voltage, etc.

Resistive switching has been widely investigated in
various kinds of materials, such as binary oxide [19, 20],
transition metal oxide[21, 22], organic materials [23, 24],
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metal hydrogel [25], hybrid/composites, [26-28, 35] etc.
In general, in oxide-based resistive switching (RS) medi-
ums, the oxygen vacancy plays a crucial role in induc-
ing the high/low resistance states [29-31]. Now, most
oxide-based RRAM requires high-temperature process-
ing for device fabrication. An alternative approach for the
low-cost fabrication of RRAM is to use hybrid materials/
composites [32, 33]. Resistive switching behavior can be
easily introduced in hybrid materials/composites as we
can make sufficient charge-trapping defects and interfaces
[24, 34]. Various groups have fabricated RS devices by
dispersed inorganic materials (metal/oxide nanoparticles)
in polymer/organic matrix [26-28, 35]. From the literature
survey on the resistive switching (RS) behavior observed
in oxide-based composite systems, we mainly came across
two types of composite systems, where RS is manifested.
The first one is oxide material embedded in a polymer
matrix. Here, the electro-active oxide material is added to
the donor-containing polymer to induce a switching effect.
Till now, most studies on such systems have been based on
graphene oxide, reduced graphene oxide, ZnO, and SnO,
nanoparticles as the electro-active oxide material [36-38].
The other type of system consists of two oxide materials,
where the second oxide material assists in the increment
of oxygen vacancy in the system [39, 40]. In this study,
we have added LSMO as an electro-active oxide material
which would provide the oxygen vacancy in the system to
induce switching behavior, whereas copper iodide being
a semiconductor with a bandgap of 3.1 eV, would provide
an inorganic medium to transfer the electron. Now, most
of the oxide-based composite systems exhibited filamen-
tary-type resistive switching behavior, whereas, in our
work, we explored the interfacial-type resistive switching
considering the semiconductor behavior of copper iodide
would provide low operational voltage for switching.

In our previous work, we performed [27] pulsed voltage
induced resistive switching study of (1-x)Cul. (x)LSMO
nanocomposites with 0.001 < x < 0.05 nanocomposite
system. Here, we addressed the impact of pulsewidth,
delay time, duty cycle, etc., on the ON/OFF ratio. All the
measurements reported in [27] have been performed using
hysteretic pulse I-V measurement and square electrical
pulse train I-V measurement at room temperature. Our
present work investigated the DC response on (1-x)Cul.
(x)LSMO nanocomposites by assessing the hysteretic
transport measurement. We chose copper iodide, because
it is a multifunctional p-type semiconductor that possesses
various attractive properties like having a wide direct
bandgap of 3.1 eV at room temperature, high hole mobility
(> 40 cm? V~! s~ in bulk), high exciton binding energy
62 meV, electrosensitivity, and photosensitivity [43, 44].
La,;Sr;sMnO;, on the other hand, was chosen as it is
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a well-studied compound owing to its half-metallicity,
ferromagnetism even at room temperature [45, 46].

2 Experimental details

We purchased copper iodide and the precursor chemicals
(La,05, SrCOj3, and Mn,0;) for the synthesis of La, ;51 4
MnOj; (LSMO) from Sigma-Aldrich and all of them have
a purity of at least 99.99% (see reference [47] for details
of the synthesis procedure). After obtaining La,, ;St, ;MnO;
from the solid state synthesis route, we further ground the
calcined powder for 1 h to obtain a homogeneous mixture.

To deduce the crystalline phases of Cul, La, ;Sr, sMnO,
and their nanocomposites, we performed X-ray diffraction
(XRD) measurements. Cu-K, radiation (4 = 1.5406 10\) was
used in XRD with a scan rate of 2° per min and a step size
of 0.02°. Transmission electron microscopy (TEM), X-ray
photoelectron spectroscopy (XPS), field-emission scanning
electron microscope (FESEM), and energy-dispersive
X-ray spectrometry (EDS) were used to further analyse
these materials. To investigate the switching behaviour of
the samples, we measured transport behaviour using a two-
probe approach with a Keithley 2634B source-meter on
pellets with 6 mm in diameter and 2 mm in thickness. To
avoid dielectric breakdown, silver contacts were employed
as metal electrodes, and the compliance current was set to
100 mA. The details regarding the procedure that has been
used to calculate the ON/OFF ratio have been presented
in the supplementary article. The powder is taken from
the area between the two electrodes of the device after
terminating the SET process midway (i.e., just after altering
the resistance state of the device from ‘HRS’ to ‘LRS’) the
was used for Scanning Electron Microscopy (SEM), XPS,
Raman Spectroscopy and Tunneling Electron Microscopy
(TEM) measurement. For Raman spectroscopy, a micro-
Raman spectrometer (Seki Technotron Corporation, Japan)
with an integrated microscope from Olympus (X) with a
He—-Ne laser (wavelength, 633 nm) was used to get the
Raman spectra of the nanocomposite samples.

3 Results and discussion

The XRD plots of pristine copper iodide and La,;Sr 3
MnO; (LSMO) are shown in Fig.la, b, respectively. The
Rietveld refinement of copper iodide and La,,;Sr,;MnO;
was performed using Fullprof™ software. The statistical
refinement parameters for Lay ;Sr, ;MnO; were R, = 15.3,
Ry, =23.7,R,, =3.63 and 12> =3.01. Now, the XRD plot
for x = 0.001, 0.005, 0.01, 0.02 and 0.05 are presented in
Fig.S2 in the Supporting Information section [52]. We have
used Fullprof™ software to perform Rietveld refinement
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Fig. 1 Rietveld refinement pattern of the X Ray diffraction data
measured for (a) Cul and (b) La,,Sr,;MnO; (LSMO). The experi-
mentally observed, computed, and difference between curves are

of the XRD plot of (1-x) Cul.(x) LSMO composites with
R3c space group for LSMO [54] and F43m for Cul [55].
The compositional analysis of the composites with varying
concentrations of LSMO has been analyzed using both
XRD and energy-dispersive X-ray spectroscopy (EDS).
Information regarding the compositional analysis and their
error limits are added in the Supporting Information section
[52].

Now, to analyze the local composition of the sample, we
performed HRTEM measurements. In Fig.1c, we presented
the HRTEM images of the nanocomposite with x = 0.02. To
determine the lattice parameter from the HRTEM images,
we performed Fast Fourier Transform (FFT) of the selected
area, as shown in Fig. 1d, e. Here, we observed two dis-
tinct inter-planar distance spacing; 0.275 nm (in Fig. 1d)
and 0.295 nm (in Fig. le). Now, the ‘d’ spacing 0.295 nm
associated with peak of copper iodide (26 = 29.26°) having a
plane of {200}. On the other hand, the ‘d’ spacing 0.275 nm
corresponds to the peak of La ;51 ;MnO; 26 = 32.49° hav-
ing a plane of {110}.

3.1 Resistive switching behavior in (1-x)Cul. (x)
La, ;Sro 3MnO; composite samples at room
temperature

We performed the current—voltage measurement at room
temperature by applying voltagein0 V-4V —->-4V =0
V order, where the sweep rate was set to be 0.5 V/s. Then,
we repeated the hysteretic [-V measurement for 100 consec-
utive cycles in a single sequence for all the nanocomposites.

Here, pristine copper iodide exhibited a minute hysteretic
[-V pattern in the transport measurement which is presented
in Fig.S9 in the Supporting Information section [52].
We observed a minute hysteresis in the reset process. To
understand the conduction mechanism, we have plotted

labelled, along with Bragg’s position and Miller indices. b HRTEM
image of nanocomposite with x = 0.02. ¢, d Denotes the ‘d’ spacing
associated with LSMO and Cul, respectively

log(I)-log(V). Here, we can divide the high resistance
state (HRS) region (path ‘3’) in three different sections
with slopes of 1.4, 1.96, and 1.5, respectively. Therefore,
as we increased the bias, the slope increased from 1.4 to
~ 2, which follows Child’s square law corresponding to the
trap-controlled space-charge limited conduction (SCLC)
model. Therefore, the increment in slope from 1.4 to ~2
indicates the progressive filling of the generated traps and
the approach of the Fermi level toward the conduction band.
Upon further increasing the bias, the slope decrease to 1.5,
referring to the diminished rate of trap-assisted electron
transport in the system. Hysteretic I-V plot for 1st, 50th and
100th cycle for x = 0.001 and 0.02 are presented in Fig. 2a,
b. Similar plots for x = 0.005 and 0.01 are shown in Fig.
S1la, b in the Supporting Information section [52]. Now, in
the positive polarity of Fig. 2a, the device transitioned from
a high resistance state (path ‘1’) to a low resistance state
(path ‘2°), which is a ‘Set’ procedure. In negative polarity, on
the other hand, the device progressed from a low resistance
state (route ‘3”) to a high resistance state (path ‘4”), which
is the ‘Reset’ operation. Overall, the device demonstrated
bipolar resistive switching. Additionally, we also observed
that the nanocomposite did not show any drastic deviation in
the I-V plots over 100 cycles of the measurement. For x =
0.005 and 0.01, we also observed similar resistive switching
behavior. The nanocomposite with x = 0.05 showed linear
current—voltage relation, so no hysteresis was observed in
Fig.S11c, which was included in the Supporting Information
section [52].

To further investigate the robustness of the resistive
switching behavior, we examined the ON/OFF ratio
derived from the I-V curves recorded during RS cycling
through a DC voltage sweep. Figure2c, d represents
the Rggg, Ry value and corresponding ON/OFF ratio
for x = 0.001 for 100 cycles. In the endurance test for
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Fig.2 a Hysteretic I-V plots of 1st, 50th and 100th cycle for (a) x
= 0.001 and (b) x = 0.02. (c) and (d) represents the R,,, R value
and corresponding ON/OFF ratio for each consecutive cycle for

nanocomposite with x = 0.001, irregularity in the
resistance of high resistance state at read voltage (R g)
up to 30 cycles that have been reflected in the fluctuations
in the ON/OFF ratio. Now, we know that higher oxygen
deficiency leads to a higher Schottky barrier at the
interface [53]. Therefore, We are assuming that as the
concentration of LSMO is quite sparse for x = 0.001
nanocomposite sample, it took around 30 cycles to set up
stable pathways for migration of oxygen vacancy to/from
the electrode as a function of the bias voltage. After 30
hysteresis cycles, we observed a stable switching between
R and R, value. Similar plots for x = 0.02 are presented
in Fig. 2e, f. In addition, we also calculated the statistical
distribution variables like mean and standard deviation
using the following formulas:

T

n

ey

mean = y =X =

and standard deviation
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where ‘n’ indicates total switching cycles.
The average ON/OFF ratio over 100 cycles was 4.2 + 1.1
and 3.8 + 0.3 for x = 0.001 and 0.02, respectively.

3.2 Charge transport properties and switching
mechanisms

In Fig. 3a, b, we have presented the log—log I-V plot for
both the ‘Set’ and ‘Reset’ processes for x = 0.001. The
high resistance state (HRS) of the ‘Set’ process (path ‘1’ in
Fig. 3a can be divided into two regions with (i) nonlinear
behavior (Ie<V'!7) at low bias region and (ii) child’s square
law, (IxV?) at higher bias region. Now, the HRS of the
‘Reset’ process (path ‘4’ in Fig. 3b) can also be segmented
into two nonlinear regions, (i) I V15 (i) IxV?, i.e., child’s
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Fig.3 a Log-log I-V plot of positive polarity (‘SET’ process) and
b log-log |I| — | V| plot of negative polarity (‘RESET’ process) for x
= 0.001. Linear fitting of (c) In(l/)-4/|V| for Schottky Emission (SE)

square law. On the other hand, for x = 0.02 (see Fig. 3e), the
HRS of the ‘Set’ process can be divided into two regions
exhibiting (i) linear behavior (IxV'?) at low voltage region,
(ii) nonlinear behavior (I<V'%) at higher voltage region.
Now, the HRS of the ‘Reset’ process (see Fig. 3f) can be
categorized into three regions (i) low bias regime where
IxV!3 (which can be approximated to V), i.e., Ohmic
conduction mechanism, (ii) nonlinear region where IcV'"
and, (iii) increment in the current where I«cV?!; these can
be approximated to Child’s square law (~ V?). Now, the
analysis of the log—log I-V plot indicated the possibility of
the existence of two separate charge transport mechanisms
being dominant in different segments of the nonlinear region.
Therefore, we matched the I-V plot with the current—voltage
relationship associated with various conduction methods.
Next, we fitted the I-V data of the HRS region (see path
‘4’ of Fig. 3b) of the negative polarity with (a) In(l/l) vs.
\/m and (b) Inl(//V)l vs. \/m . From the linear fitting, we
got (i) Schottky emission (SE) to be dominant in — 0.1 V to
— 0.9 V region (confirmed by the linear fitting of In(I) vs.
\/m plot in Fig. 3c) and (ii) Poole-Frenkel (P-F) effect was
dominant in — 0.8 V to — 2.3 V for x = 0.001 (see Fig. 3d).
On the other hand, for x = 0.02: (i) Schottky emission
(SE) was dominant from — 0.06 V to — 0.66 V and (ii)
Poole-Frenkel (P-F) effect was dominant from —0.66 V to

and (d) In(I/VI)-\/|V| for Poole-Frenkel (P-F) effect (path ‘4’ in
Fig. 2h) for x = 0.001. e, f analogous to a—d for x = 0.02

—2.04 V supported by the linear fitting of the corresponding
region (see Fig. 3g, h). Thus, our findings agree well with
our previous work [27] where Schottky emission (which
follows In(I71) vs. \/m relation) and Poole—Frenkel effect
(which follows Inl(Z/V)I vs. \/m relation) turned out to be
the main driving charge transport mechanisms in lower and
higher bias regions, respectively.

Schottky emission is an interface-limited conduction
mechanism that takes place when due to the application of
an electric field, thermionic emission of electrons occurs
over a reduced work-function barrier. Now, in the oxide-
based resistive switching medium, voltage direction-depend-
ent migration of oxygen via oxygen vacancies induces an
oxygen-deficient/oxygen-rich region at the interface of elec-
trode and resistive switching medium. This results in altering
the resistance state of the switching medium. Poole-Frenkel
emission, on the other hand, is a type of bulk restricted con-
duction that happens in the presence of a given moderate
electric field as a result of field-assisted thermal excitation
of trapped electrons into the conduction band, where the
trapping centers are provided by defects. As the conduction
mechanism of the Poole-Frenkel effect is related to trap-
ping sites in the dielectric material, we are deducing that
copper iodide acted as a dielectric medium, while LSMO
provided oxygen vacancies by acting as defect traps. The
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results obtained from X-ray photoelectron Spectroscopy
(XPS) measurements analysis also supported this theory.
We used XPS to clarify the role of oxygen vacancies
in resistive switching. In Fig. 4a, we presented the high-
resolution XPS spectra for pristine Cul, nanocomposite
with x = 0.001 and 0.02 consisting of O-1s, I-3d and,
Cu-2p peaks. Here, the C-1s peak (284.6 eV) was used to
calibrate the XPS curves. Now, the short-range scan of the
O-18 peak was shown for Cul, x = 0.001 and 0.02 in Fig.
S9 (in the Supporting Information section [52]), Fig. 4b—d,
respectively. As we calculated the area under the peaks for
Cul, x = 0.001 and 0.02, we observed that the area under
O-1s peak for x = 0.001 and x = 0.02 were significantly
higher compared to pristine copper iodide. After fitting the
raw data with the multi-peaks model following Shirley’s
background, we were able to deconvolute the O-1S broad
peak into three peaks corresponding to the binding ener-
gies 529.4 eV, 530.2 eV, and 531.4 eV, respectively. In
addition, for x = 0.02, the triplet peaks are associated with
529.0 eV, 530.2 eV and, 531.4 eV, respectively. In gen-
eral, O-1s spectra of LSMO exhibits asymmetric broad-
band with two or three peaks. The peak in the 528-530
eV region corresponds to the Mn-related lattice oxygen
(O*). Whereas in 530-534 eV region the peaks manifest
from the under-coordinated oxygen at the interface oxygen
bonding with La/Sr at A sites in ABO; perovskite struc-
ture and/or oxygen vacancies, i.e., to the oxygen-related
defects [48-50]. In addition, we also observed in the O-1S
peak for x = 0.02 has (i) a sharper intensity peak at 530.2
eV compared to x = 0.001, which is typically associated
with the oxygen vacancy, (ii) a larger area under the curve

compared to x = 0.001 and (iii) shifted the position of the
peak corresponding to Mn—O.

In Fig. 4d, e, the peak shift of Cu-2p and I-3d towards
higher binding energy as the concentration of LSMO
increases is shown. Now, we know that if we modify a
specimen by adding electro-negative (compared to the
base element) elements or impurities, electron density
around the base element will decrease, increasing the
binding energy. Therefore, we will observe a shift in the
positive direction in binding energy [51]. As the LSMO
concentration is increased in our study, a positive shift in
peak position in Cu-2p was observed. In addition, we have
also calculated the ratio of area under the Cu-2p;,, and
Cu-2p, , peaks for Cul, x = 0.001 and 0.02 which can be
found in Table S1 in the Supporting Information section
[52]. The ratio of area under the Cu-2p;,, and Cu-2p,
peaks for pristine copper iodide was 2.00, as predicted
from a sample with no impurities. As we increased the
concentration of LSMO in copper iodide the ratio between
areas decreased gradually. This consolidates our previous
claim regarding the role of LSMO (oxygen present in
LSMO to be precise) being responsible for the chemical
shift in Cu-2p peaks. Overall, we are deducing the origin
of resistive switching to be the elevated presence of
oxygen in the sample, which occurred because of oxygen
migration from the area adjacent to the metal electrode.
The migration of oxygen reduced oxygen concentration
(i.e., rise in the presence of oxygen vacancy) at the
interface of nanocomposite and electrode. As we discussed
earlier, the presence of oxygen vacancy lowers the barrier
height of the Schottky barrier, which in turn helped to

(a) Cul (b
x= 0.001
x= 0.02
S
&
2
5
2| b .
3 a
L N
- & 3
L_La ]
T T T T T T T
0 200 400 600 800 1000

Binding energy (eV)

Fig.4 a Wide scan range XPS spectra of pristine copper iodide,
nanocomposite with b x = 0.001 and ¢ x = 0.02. Short scan range of
oxygen (O) along with fitted XPS curve of the for (b) x = 0.001 and
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induce LRS. Therefore, essentially, the system went from
‘HRS’ to ‘LRS".

Now, for XPS, TEM, and SEM (see Figs. S3—-S7 in the
supplementary document [52]), we have used the sample
taken from the intermediate area of the pellet after the
‘SET’ process. We did not observe the trace of silver in XPS
spectra, HRTEM image or in SEM-EDX plots. Therefore,
this essentially omits the possibility of the migration of
silver ion as a potential reason for the emergence of resistive
switching in the system.

3.3 Temperature dependence of the resistive
switching behavior

To understand the impact of temperature on the conduction
mechanisms and ON/OFF ratio of the nanocomposites, we
have repeated the hysteretic I-V measurement at different
temperatures. The hysteretic I-V plots corresponding to
the nanocomposites with x = 0.001 and 0.02 at 7 = 150
K, 200 K, 250 K, and 300 K are presented in Fig. 5a, b
respectively. The area between the hysteretic [-V plots
also increased as we lowered the temperature. To analyze
the conduction mechanism, we have plotted log—log I-V of
the ‘Reset’ process for both x = 0.001 (see Fig. 5b) and x
= 0.02 (see Fig. 5f). Now, the HRS of the ‘Reset’ process
can be divided into three different regions (i) nonlinear
behavior (I«V!* for x = 0.001 and IxV'? x = 0.02) at
lower voltage region (ii) steep increase in the slope (IocV2#

for x = 0.001 and Iex V27 x = 0.02) and finally (iii) child’s
square law (IxV?) for both x = 0.001 and x = 0.02. From
the fitting of the In(l1l) vs \/m and In(I/V) vs. \/m curve,
we got (i) Schottky emission was dominant in — 0.08 V
to — 0.88 V region for x = 0.001 (see Fig.5c) and from —
0.08 V to — 0.80V for x = 0.02 (see Fig.5g); for higher
bias region (ii) Poole—Frenkel effect was dominant from
—0.96 Vto— 1.68 V (see Fig.5d) for x = 0.001 and from
—0.80 Vto — 1.52 V for x = 0.02 (see Fig. 5Sh). We did
similar analysis for x = 0.001 and x = 0.02 at T =200 K
and 150 K. In all the cases, the HRS of the ‘Reset’ process
was dictated by Schottky emission at lower bias region and
Poole—Frenkel emission at higher bias region.

For the endurance test of x = 0.001, 0.02 at T =250 K,
the ‘Set’—‘Reset’ process was repeated for 100 consecutive
cycles in a single sequence. The hysteretic I-V plot for 1st,
50th and 100th cycles for both samples are shown in Fig.
S12 in the Supporting Information section [52]. Here, we
observed that the deviation of the path of the I-V pattern
of 1st from 50th and 50th from 100th cycle differs slightly
(both for x =0.001 and x = 0.02). R ¢, R, value and their
ratio at T = 250 K are presented in Fig. 6a, b for x = 0.001
and Fig. 6c¢, d for x = 0.02, respectively. The average ON/
OFF ratio was 19.8 + 1.8 for x = 0.001 and 22.7 + 4.1
for x = 0.02. Now, at 7= 200 K and 150 K for x = 0.001
average ON/OFF ratio was 9.6 +1.8 and 2.9 + 0.2; and
for x = 0.02 average ON/OFF ratio was 12.7 + 0.8 and

(a)100 (b) 1071 Y 3 (¢) e+Ilinear from -0.08 Vo -0.88
/ lory 4 =
2 o2 2] = et
= 504 / . 7 -2° 5 laV z s
£ / 107 vt o . : : : :
Z o — o2 030 045 080 ~ 075 080
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o 4 g o  loav2* CI \Y
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/ loov 4 / 232,
, 104 RESET =341
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) 107 ' ! v*‘;% (2)  &*4linearfrom -0.08t0 -0.80 V.
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Fig.5 a Hysteretic I-V curve for x = 0.001 temperature 7 = 150
K, 200 K, 250 K, 300 K. b log—log I-V of negative polarity for x =
0.001 at T = 250K. ¢ In(I/l)-/|V| for SE (or negative polarity) and

(d) In(1Z/V1)-y/| V| for P-F. (or negative polarity) for x = 0.001 at T =
250K. e-h are analogous to a—d for x = 0.02
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OFF ratio over 100 cycles at x = 0.001 and 0.02 for 150 K to 300 K

8.8 + 0.2, respectively (see Fig. S12 in the supplementary
document [52]). We did not observe any specific pattern of
rising/diminishing value of ON/OFF ratio as we varied the
concentration of LSMO in the nanocomposite. The reason
behind the fall in ON/OFF ratio at a temperature lower
than 250 K might be associated with the localization of the
oxygen ions. As the localized ions lack sufficient thermal
energy to cross the barrier or hop from one trapping site to
the other. Therefore, the oxygen vacancy sites get partially
filled because of reduced migration of oxygen ions which
can lead to the reduction in current.

In our work, we explored the idea of enhancing the
performance of RS medium (pristine copper iodide)
with the addition of impurity (LSMO). Although at
room temperature, the impact of LSMO on the resistive
switching properties was not apparent, as we lowered the
temperature, it became prominent. We observed the optimal
temperature for the operation of resistive switching is 250
K. The underlying reason behind this drastic change can be
associated with the contribution of oxygen vacancy in the
system because of LSMO. As it is portrayed in the short scan
of O-18 peak of x = 0.001 and x = 0.02 (see Fig. 3a, b), in
both samples, the peak corresponding to oxygen vacancy
was present. As we have seen from the cases with a high ON/
OFF ratio, HRS showed nonlinear behavior even at low bias
voltage, and LRS showed ohmic behavior. We conclude that
the nonlinearity at low voltage is directly associated with the
oxygen vacancy peak owing to LSMO. Another trend we
observed was that as the LSMO concentration increased in
copper iodide, the overall performance in terms of the ON/
OFF ratio also improved at lower temperature regions (see
Fig. 5b and d). At 250 K and 200 K, both x = 0.001 and x =
0.02 exhibited comparable ON/OFF ratio whereas we further
lowered the temperature (150K) x = 0.02 exhibited higher
ON/OFF ratio. Another thing we observed is that x = 0.02
demonstrated a more stable result (denoted by the smaller
value of the standard deviation in the ON/OFF ratio) at T =
300 K, 200 K, and 150 K. On the other hand, at T=250 K, x
=0.001 demonstrated a more stable ON/OFF ratio variation.

@ Springer

4 Conclusion

To summarize, temperature-dependent resistive switching
behavior was studied for (1-x)Cul.(x)LSMO nanocomposites
with 0.001 < x < 0.05. Resistive switching responses
were stable over 100 repeated cycles of hysteretic [-V
measurement for all the samples. The highest ON/OFF ratio
averaged over 100 cycles for x = 0.001 and 0.02 were 19.8 +
1.8 and 22.7 + 4.1, respectively (at 250 K). From the analysis
of the I-V plots, it turned out that Schottky emission and
Poole-Frenkel were the dominant conduction mechanism
for the low bias and high bias segment of the nonlinear
region, respectively. The enhanced switching response of the
RS medium after the addition of LSMO can be associated
with the oxygen vacancy-induced conduction which was
confirmed by XPS. The results above provide insight into
how we can alter the resistive switching behavior by adding
impurity to the specimen and also how temperature affects
the ON/OFF ratio in an RS medium.
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