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Abstract. Ag/La1−xZnxMnO3/p+-Si devices with different Zn doping contents were fabricated through sol–gel
method. The effects of Zn doping concentration on the microstructure of La1−xZnxMnO3 films, as well as on
the resistance switching behaviour and endurance characteristics of Ag/La1−xZnxMnO3/p+-Si were investigated.
After annealing at 600◦C for 1 h, the La1−xZnxMnO3 (x = 0.1, 0.2, 0.3, 0.4, 0.5) are amorphous and have bipolar
resistance characteristics, with RHRS/RLRS ratios >103. However, the endurance characteristics show considerable
differences; x = 0.3 shows the best endurance characteristics in more than 1000 switching cycles. The conduction
mechanism of the Ag/La1−xZnxMnO3/p+-Si is the Schottky emission mode at high resistance state. However, the
conduction mechanism at low resistance state varies with Zn doping concentration. The dominant mechanism at
x = 0.1 is filamentary conduction mechanism, whereas that at x ≥ 0.2 is space-charge-limited current conduction.
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1. Introduction

Resistive random access memory (RRAM) with a small size,
high storage density, low operation voltage and high read-
ing speed has attracted considerable research interest [1,2].
A RRAM cell is generally composed of an insulator sand-
wiched between two electrons (M-I-M), which can be electri-
cally switched between high resistance state (HRS) and low
resistance state (LRS). Up to the present, resistive switch-
ing (RS) properties have been observed in many materials,
such as perovskite oxides [3,4], binary metal oxides [5,6],
solid-state electrolytes [7] and organic compounds [8]. The
perovskite Re1−xAxMnO3 (Re = Pr, La, A = Ca, Sr) [9–
11] has been given particular attention because of its poten-
tial applications in high-performance non-volatile RRAM
devices; however, most reports focused on crystallinity, and
no other doped element was reported. The annealing tem-
perature of amorphous films is lower than that of crys-
talline films, which are more compatible with CMOS tech-
nology. Although the switching behaviour has been studied
for decades, the switching mechanisms remain unclear.

This study aims to investigate the effects of Zn doping con-
centration on the microstructure of La1−xZnxMnO3 films, as
well as on the resistance switching behaviour and endurance
characteristics of Ag/La1−xZnxMnO3/p+-Si devices.
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2. Experimental

The La1−xZnxMnO3 (x = 0.1, 0.2, 0.3, 0.4, 0.5) thin films
were prepared on p+-Si substrates by sol–gel spin coating
technique using Mn(CH3COO)2·4H2O, Zn(CH3COO)2·2H2O
and La(NO3)3·6H2O powders as the sources, 2-methoxyethanol
as solvent and diethanolamine as stabilizer. Thin films
were prepared by spin coating the homogeneous solution
at 4000 rpm for 30 s, followed by preheating at 120◦C for
5 min and then at 400◦C for 15 min. The above process
was repeated for four times. The films were approximately
210 nm thick. Finally, the thin films were annealed at 600◦C
for 1 h in ambient air. The top Ag electrodes were deposited
through vacuum evaporation method with a metal shadow
mask forming a structure of Ag/La1−xZnxMnO3/p+-Si.

The phases of films were characterized by X-ray diffrac-
tion (XRD, AXS D8-ADVANCE, Bruker). The surface
morphologies and thickness of La1−xZnxMnO3 films were
observed through scanning electron microscope (SEM,
Hitachi S4800). The current–voltage (I–V ) curves of the
Ag/La1−xZnxMnO3/p+-Si devices were obtained using
Keithley 2400 source meter at room temperature.

3. Results and discussion

Figure 1 shows the XRD patterns of the La1−xZnxMnO3/p+-
Si (x = 0.1, 0.2, 0.3, 0.4, 0.5) heterojunction and p+-Si.
Except for the diffraction peaks of p+-Si, the diffraction
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peaks of La1−xZnxMnO3 were undetected, which indicated
that the La1−xZnxMnO3 films grown on the p+-Si (100)
substrate were amorphous after annealing at 600◦C for 1 h

Figure 1. XRD patterns of the La1−xZnxMnO3/p+-Si hetero-
junction and the p+-Si.

in ambient air. The surfaces of the La1−xZnxMnO3 films
were characterized by SEM (figure 2a–e). The images reveal
the granular microstructure because of the volatilization of
organic matter by sol–gel technology. The almost uniform
roughness was a result of small variations in the Zn doping
concentration. The cross-section of the films is presented
in figure 2f. Only one specimen with x = 0.3 is shown
because their cross-sections are similar, where a clear inter-
face between La1−xZnxMnO3 and substrate p+-Si can be
observed, without any evidence of interfacial reactions. The
thickness of the La1−xZnxMnO3 films is approximately
215 nm, as shown in figure 2f.

Figure 3 shows the typical I–V characteristics of
Ag/La1−xZnxMnO3/p+-Si devices in semi-logarithmic scales,
which reveal the typical bipolar resistance switching behaviour.
The voltage bias was swept in a sequence of 0 → 6 →
−6 → 0 V at room temperature. By steadily increasing the
positive voltage imposed on the Ag/La1−xZnxMnO3/p+-Si
device, resistance of the devices suddenly decreased from
HRS to LRS at approximately 4 V (set voltage), which is
called ‘set’ progress. Subsequently, when sweeping the volt-
age in reverse to negative values, the ‘reset’ progress could
be seen, as evidenced by the resistance switching from LRS

Figure 2. SEM images of (a–e) surface and (f) cross-section morphology of the
La1−xZnxMnO3/p+-Si.
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Figure 3. I–V curves of the Ag/La1−xZnxMnO3/p+-Si devices
in semi-logarithmic scales.

to HRS again at reset voltage. Different Zn doping concen-
trations correspond to different reset voltages. At x = 0.1,
0.2, 0.3, 0.4, the reset voltages are approximately −4 V;
however, the reset voltage is −6 V at x = 0.5. The defect
density may change with the increase of the amount of doped
Zn because of R2+

Zn < R3+
La [12], accounting for the difference

of the reset voltages. When the bias voltage sweeps from −6
to 0 V, the current reached the minimum value at a certain
voltage, which indicated the hysteresis of the capacitance of
the devices.

To clarify the conduction and switching mechanisms of
the devices, the I–V characteristics are replotted in the ln–
ln scale. As shown in figure 4, for the HRS the slope of the
I–V characteristic is smaller than 1 at low electric fields. In
addition, the current is mainly caused by the intrinsic carrier
and small amounts of injected carrier under a low electric

Figure 4. Linear fitting for the I–V curve of the Ag/La1−xZnxMnO3/p+-Si in ln–ln scale and corresponding
slops for each portion.
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field. The slope is much lower and then gradually increases
with the increase in voltage. The conduction follows the
behaviour of the Schottky emission mode [13] because of the
Schottky barrier formed in the interface between LZMO and
Ag at low electric fields, as evidenced by the curve show-
ing a line in the ln |I | ∝ V 1/2 in the inset of figure 4. The
slopes are different when the resistance switches from HRS
to LRS. At high electric fields, as can be seen in figure 4a, the
slope is 1.33, close to 1; however, as shown in figures 4b–e,
the slope is approximately 2. The slopes then all grad-
ually decreased to approximately 1. The Schottky barrier
changes with the change in voltage bias. Then, the dominant

conduction mechanism gradually changes from Schottky
emission to filamentary or space-charge-limited current
(SCLC). The curve at x = 0.1 can be explained by fila-
mentary mode [14–16], which is formed by oxygen vacancy
or electrode Ag+, and the RS of LZMO is a displacement
of oxygen vacancies located at the bottom of Ag/LZMO
interface. The curve at x ≥ 0.2 can be explained by
SCLC [17–20]. As an inevitable defect, oxygen vacan-
cies exist in the La1−xZnxMnO3 thin films, these vacan-
cies act as trap centres for charge carriers leading to
the trap-controlled SCLC transport behaviour. With the
increase in Zn doping concentration, the trapping of defects

Figure 5. The reading endurance and stability of the Ag/La1−xZnxMnO3/p+-Si devices.
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increases within the films. Under the voltage bias, the
trapping of defects near the interfaces may form a space
charge region. When the space charge region becomes suf-
ficiently large, the dominant conduction mechanism gradu-
ally changes from Schottky emission to SCLC. When the
opposite bias is applied, for x = 0.1, the conducting fila-
ments rupture and then the mechanism changes back to the
Schottky emission. For x ≥ 0.2, the space charge region
decreases, and then the SCLC conduction changes back to
the Schottky emission.

Figure 5 shows the repeatable RS behaviour of the
Ag/La1−xZnxMnO3/p+-Si memory devices. The figure
shows the evolution of RHRS and RLRS in 1000 cycles under
a reading voltage of 2 V every 10 cycles. The endurance per-
formances of the Ag/La1−xZnxMnO3/p+-Si devices are dif-
ferent. For x = 0.1, the RHRS/RLRS ratio is larger than 103

in the beginning, and then gradually decreases and finally
disappears. For x = 0.2, the device still exhibited RS char-
acteristics after 1000 repeated sweep cycles; however, the
RHRS/RLRS ratio has a larger range of 102–104. For x = 0.3,
the RHRS/RLRS ratio of the device has no obvious degra-
dation during 1000 I–V cycles, i.e., >103. For x = 0.4,
the RHRS/RLRS ratio of the device is more than 103 in the
beginning, gradually decreases, and then finally remains sta-
ble at 10. For x = 0.5, the resistance does not change in
the beginning. After about 500 cycles, it starts to change
but shows disorder, and finally disappears again. As can
be seen from figure 5, the device with x = 0.3 has the
best read/write endurance characteristics, in which it shows
steady and reproducible bipolar RS behaviour after 1000
switching cycles. A previous study showed that the conduc-
tive mechanism of the Re1−xAxMnO3 system may be the
electrons jumping in Mn4+–O–Mn3+; in addition, the defect
density and Mn4+/Mn3+ ratio change accordingly with the
increase of the amount of doped Zn in the films [20], result-
ing in different endurance performances. Studies have shown

Figure 6. The cumulative probabilities of the set and reset
voltages of Ag/La1−xZnxMnO3/p+-Si during the 1000 resistive
switching cycles.

that the RS characteristics of the La1−xAxMnO3 with x ≈
0.3 have better properties [9–11,20,21].

The fluctuating scope of set voltage (Vset) and reset voltage
(Vreset) is an important feature of RRAM, which can reflect
the stability and applicability of a device. The cumulative
probabilities of the Vset and Vreset of Ag/La1−xZnxMnO3/p+-
Si during 1000 RS cycles with different Zn concentrations
are shown in figure 6. Only the cycles for x = 0.2, 0.3
and 0.4 are presented because the devices with x = 0.1 and
0.5 exhibited poor fatigue properties. As shown in figure 6,
Vset and Vreset are distinguishable under the bipolar mode.
With change in concentration of doped Zn, the Vset and Vreset

exhibited small differences; the Vset ranges from 2.5 to 5 V
with centre of 4 V, and the Vreset ranges from −2.5 to −5 V
with centre of −4 V.

4. Conclusion

La1−xZnxMnO3 (x = 0.1, 0.2, 0.3, 0.4, 0.5) thin films
fabricated using the sol–gel method on p+-Si substrate are
amorphous after annealing at 600◦C for 1 h in ambient air.
The Ag/La1−xZnxMnO3/p+-Si devices exhibited excellent
bipolar resistance characteristics. The statistic distribution
of Vset and Vreset is significantly tight and distinguishable.
The endurance characteristics of the device are different. The
device with x = 0.3 shows the best read/write endurance
characteristics as well as steady and reproducible bipolar
RS behaviour after 1000 switching cycles. The RHRS/RLRS

ratio is more than 103. The results of current fitting
showed that the dominant conduction mechanism of the
Ag/La1−xZnxMnO3/p+-Si devices can be explained by the
Schottky emission mode in HRS. However, the dominant
conduction mechanism varies in LRS with the change in Zn
doping concentration. At x = 0.1, the dominant mechanism
is filamentary conduction, whereas at x ≥ 0.2, the dominant
mechanism is SCLC conduction.
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