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We investigated the bipolar resistive switching (BRS) properties of Mn-doped NiO thin films by sol–gel spin-

coating. As the Mn doping concentration increased, lattice constant, grain size and band gap were found to

decrease simultaneously. Moreover, the electroforming voltages and threshold voltages were gradually

reduced. It can be ascribed to the increase in the density of grain boundaries, and the defects caused by

doping Mn and lower formation energy of Mn–O. They would be helpful for the formation of oxygen

vacancies and conductive filaments. It is worth mentioning that excellent BRS behaviors can be obtained

at a low Mn-doped concentration including enlarged ON/OFF ratio, good uniformity and stability.

Compared with other samples, the 1% Mn-doped NiO showed the highest ON/OFF ratio (>106), stable

endurance of >100 cycles and a retention time of >104 s. The mechanism should be determined by bulk

properties rather than the dual-oxygen reservoir structure. These results indicate that appropriate Mn

doping can be applied to improve the BRS characteristics of NiO thin films, and provide stable, low-

power-consumption memory devices.
1. Introduction

Resistive random access memory (RRAM) is considered as
a promising candidate for next-generation nonvolatile memory
devices owing to its advantages of the simple metal-insulator-
metal structure and high-density integration.1–4 The transition
metal oxides such as NiO, TiO2 and HfO2 are popular as the
insulated layer due to their simple composition, low cost, and
compatibility with complementary metal–oxide-semiconductor
transistor technology.5–7 However, an electroforming process
is usually required to trigger reversible resistive switching
behavior in such ion migration-based RRAM cells.3 The so
breakdown process involves large voltage and current, easily
leading to high power consumption, and even thermal damage
in the device.2 To solve this problem, electroforming-free
devices have been proposed based on the electrode/insulator
interface effect.5,8 We have reported the bipolar resistive
switching (BRS) behavior of Al/NiO/ITO (ITO: Indium Tin Oxide)
without electroforming.8 It is nonlinear since the conduction is
dominated by oxygen vacancy dri across the interface. Unfor-
tunately, the ON/OFF ratio in the electroforming-free device is
smaller compared with the counterpart aer electroforming.
ly Energy Materials, Southwest University
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Impurity doping is another effective approach to cut down
the power consumption of RRAM device. For example, H. W.
Zhang et al. have observed improved uniformity of switching
parameters, enlarged ON/OFF ratio, and decreased set/reset
voltages in the Gd-doped HfO2 RRAM devices.9 C. Y. Liu et al.
not only improved the voltage dispersions of the resistive
switching operation by Cu-doping into NiO thin lm, but
reduced the electroforming and operating voltages.10 Even the
electroforming process can be eliminated while doping nano-
crystal (NC) into switching layers.11,12 In such case, the voltage of
the rst set operation is equal to that of the following set
process. NC doping can supply more metal ions, and enhance
the electrical eld around the NC within the oxide matrix. It
would be helpful to the acceleration of ions and the reduction of
the required voltage to form the conductive laments. Manga-
nese (Mn) has been widely used as doping element to tune
physical characteristics of oxides ranging from electrical,
dielectric, to magnetic properties.13–15 Resistive switching
behaviors of Mn doped oxides have been reported in ZnO, SnO2

and BiFeO3 lms.16–19 But there was no report about the effect of
Mn doping on resistive switching of NiO lms. Resistive
switching behaviors of NiO lms have shown multiple modes,
depending on electrode materials, operating voltage, and elec-
troforming process.8,20–22 In this work, we adopted Mn doping to
modulate the electrical properties which can effectively improve
the switching performance of NiO lms. Furthermore, the
switching mechanisms were discussed.
RSC Adv., 2018, 8, 29499–29504 | 29499
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2. Methods/experimental

We fabricated the Mn : NiO thin lms on commercial ITO
substrates by sol–gel spin-coating. Nickel acetate tetrahydrate,
2-methoxyethanol and ethanolamine were served as metal
sources, solvent and stabilizing agent, respectively. Man-
ganese(II) acetate tetrahydrate was mixed into the solution
according to theMn-concentration in NiO lm from 0 to 10 at%.
Then, the mixed solution was stirred for an hour at 75 �C to
obtain a homogeneous distribution of solution (0.18 mol ml�1).
Solution was dropped on cleaned ITO substrate, and immedi-
ately spin-coated at 3000 rpm for 1 min. Aer spin coating, the
sample was prered at 120 �C for 5 min. 120 nm-thick doped
NiO lms can be fabricated by repeating above process.
Whereaer, the sample was annealed in air atmosphere at
475 �C for 2 h. Vacuum thermal evaporation deposited circular
top electrodes (100 mm in radius) of Al through a shadow mask.

Crystal structures were investigated by X-ray diffraction
(XRD; Philips X'pert MPD Pro, Amsterdam, Netherlands) with
Cu Ka radiation (l ¼ 0.15406 nm). Surface morphology was
evaluated by atomic force microscopy (AFM; Seiko SPI 3800,
Japan). The transparency of the devices was measured by
ultraviolet-visible spectrophotometer (UV-3150, Shimadzu,
Japan). The transport properties of the devices were character-
ized using a Keithley 2400 SourceMeter (Cleveland, OH, USA) at
room temperature.
3. Results and discussion

Fig. 1(a) performed the XRD patterns of the ITO substrate and
Mn-doped NiO lms. Compared with those diffraction peaks of
ITO substrate, only NiO (200) peaks were observed. It shis
slightly toward higher angles from 43.28� to 43.46� with the
increasing percentages of doping concentration from 1% to
10%. These results are explained by the radius of the Mn2+ (0.58
Å) and Mn3+ (0.67 Å) ion is slightly smaller than that of Ni2+

(0.69 Å). Fig. 1(b) shows the AFM image of the Mn-doped NiO
lms to observe the surface roughness of the lms. The root-
mean-square value of surface roughness is about 3 nm in all
Fig. 1 (a) XRD patterns of ITO substrate and Mn-doped NiO films; (b) A

29500 | RSC Adv., 2018, 8, 29499–29504
of the samples, indicating that the lm has a smooth surface
relatively. Average grain size decreases from 44 nm to 26 nm as
doping content increases to 10%. It is different from the case of
Li : NiO, in which high diffusivity due to Li incorporation is
expected to promote grain growth.8

The inset of Fig. 2(a) compares the optical transmittance
spectra of the pure NiO and Mn : NiO lms. Mn : NiO lms at
a low concentration also perform excellent transparency to
visible light and the average optical transmittance value is about
80% which is close to that of pure NiO lm. The transmittance
is reduced to about 70% as the doping content increases to
10%. In addition, direct band gap NiO lm obeys the following
relation for high photon energies:

(ahy) z A(hy � Eg)
1/2 (1)

where a is the absorption coefficient, hy is the incident photo
energy, A is a constant, Eg is band gap. Based on the above
equation, we estimated the band gap of NiO by the (ahy)2 versus
hy plot. Obviously, the calculated band gap of NiO lms
decreases from 3.69 eV to 3.56 eV with the increasing percent-
ages of Mn doping by corresponding transmittance spectra, as
shown in Fig. 2(a). It can be attributed to the shi of the band
edges due to the existence of exchange and correlation energies
between the electron/hole and the impurity quasi-particle
systems.23 The tendency of calculated lattice constants,
average grain size, and band gap can be concluded in Fig. 2(b),
which is respectively extracted from XRD, AFM, and optical
transmittance spectra. They decrease monotonically with Mn
doping content.

A schematic of Al/NiO/ITO device is presented in Fig. 3(a),
with a sweeping voltage applied to the ITO bottom electrode to
Al top electrode while the ITO bottom electrode is grounded.
Fig. 3(b) shows the initial leakage current of the Al/Mn : NiO/
ITO in different doping concentration. The initial resistance
decreases with the doping content. Fig. 3(c) demonstrates the
electroforming process with compliance current (CC) of 1 mA
for the samples with different doping concentration. With the
increase of the applied voltage from 0 V, the electroforming
process occurs at high positive voltage (forming voltage). An
FM images of undoped NiO and Mn-doped NiO films.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) Calculated band gap of Mn : NiO thin films in different doping concentration, the inset is their corresponding optical transmittance
spectra; (b) relationship between the lattice constants, average grain size, band gap and Mn doping concentration.
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abrupt current increasing activates the memory device from
high resistance state (HRS) to low resistance state (LRS), and
conductive laments can be formed. It can be found that elec-
troforming voltage remarkably reduces with the increasing
percentages of doping concentration, as shown in Fig. 3(d). It
also indicates that defect concentration is helpful to the
formation of conductive laments.

Fig. 4(a) shows typical BRS of I–V curve of NiO lm without
doping aer electroforming process, and the bias direction is
0 V/ negative/ positive/ 0 V as indicated by arrows. When
the negative voltage increases from 0 V, the device is
Fig. 3 (a) Schematic of Al/Mn : NiO/ITO devices for measurement; (b) sta
based on 20 devices in different doping concentration; (c) electroformi
tration; (d) statistical results of electroforming voltage of the Al/Mn : NiO

This journal is © The Royal Society of Chemistry 2018
transformed from LRS to HRS at about �3.4 V, which is called
as reset process. Subsequently, with the sweeping the voltage
reversely, the device returned to LRS at about 4.1 V, which is
called as set process. According to conductive laments mech-
anism, the switching process can be accomplished by the
migration/diffusion of oxygen vacancies, and the switching
voltages were called as threshold voltages. The switching
polarity can be easily understood based on the switching
mechanism that set/reset processes reect the growth/rupture
of conductive laments. Effect of Mn doping concentration in
NiO lms on BRS behaviors is demonstrated in Fig. 4(b).
tistical results of initial leakage current (@0.5 V) of the Al/Mn : NiO/ITO
ng curves of the Al/Mn : NiO/ITO devices in different doping concen-
/ITO based on 20 device in different doping concentration.

RSC Adv., 2018, 8, 29499–29504 | 29501
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Fig. 4 (a) I–V hysteretic curve of undoped NiO film; (b) comparison of BRS curves of Al/Mn : NiO/ITO device in different doping concentration;
(c and d) statistical results of set/reset voltages of the Al/Mn : NiO/ITO based on 20 devices in different doping concentration.
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Analogous stable BRS behaviors are observed in all of the
samples. It can be found that the threshold voltages decrease as
the Mn doping concentration increases, as show in Fig. 4(c) and
(d). The 10% Mn-doped NiO lm performs the lowest threshold
voltages below 1.5 V. It could be due to increasing ionic
conductivity of oxygen vacancies, which can be modulated by
Mn-doped defects.19,24 The defects caused by doping Mn and
lower formation energy of Mn–O compounds facilitate the
formation of oxygen vacancy, which is helpful to the formation
of conductive laments.25 Similarly, doping with trivalent
impurity into ZrO2 and HfO2 can provide the initially high
concentration of oxygen vacancies.26 In addition, the formation
of conductive laments is easy to grow along the grain
boundary.27,28 The images of AFM show a signicantly reduced
grain size aer doping, meaning a great increase in the density
of grain boundaries. It can prominently drive the movement of
oxygen vacancy. Furthermore, Mn-doping also improves the
stability of threshold voltages while a larger dispersion can be
found in the pure samples.

Fig. 5(a) compares the relationship between Mn doping
concentration and the resistance at HRS, and ON/OFF ratio.
Different from themonotonic trendwith increased doping content
for initial resistance, forming voltage, set voltage and reset voltage,
the largest ON/OFF ratio (read at 1 V) reaches 106 for the 1% doped
thin lm, which is enhanced by two orders of magnitude
compared with undoped lm. It could be due to the difference
between the initial state and HRS because of their different
29502 | RSC Adv., 2018, 8, 29499–29504
distribution state of oxygen vacancies. In addition, excessive
defects in the case of higher doping concentration decrease the
resistance at HRS. Furthermore, the retention properties of
undoped and 1% Mn-doped NiO samples over 104 s without
degeneration by sweeping model are shown in Fig. 5(b) and (c).
Meanwhile the doped device also shows stable cycling property
over 100 cycles, indicating the good reproducibility (Fig. 5(d)).

To achieve further understanding of the mechanism of the
typical BRS behaviors, the current conduction mechanisms of
the LRS and HRS should be understood. Two linear tting
curves of undoped and doped NiO are separately depicted in
Fig. 6(a) and (b). Both of undoped and doped NiO exhibit
similar conduction behaviors. At LRS, the linearity curves with
the slopes of almost 1 indicate ohmic conduction behavior,
which is typically due to the formation of conductive laments
in Mn : NiO lms. However, at the HRS, the I–V characteristic
was more complicated and could be divided into two parts. At
low voltages, the I–V curve was linear with slope about 1.3,
corresponding to the ohmic mechanism region. At high volt-
ages, the slope was increased close to 2, indicating that the
conduction mechanism is dominated by trap-limited space
charge-limited current conduction. The same results can also
be tted as the negative bias is applied. In our previous work,
resistive switching modes can be tuned by the CC of electro-
forming and switching in the Al/NiO/ITO devices.21 It can be
ascribed to Joule heating lament mechanism. For the BRS
behavior obeying the mechanism, strong asymmetric I–V curve
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 log(I)–log(V) curves of undoped (a) and 3% doped (b) NiO films.

Fig. 5 (a) Relationship between Mn doping concentration and the resistance at HRS, andON/OFF ratio (read at 1 V) (b) retention data of undoped
device, (c) retention data and (d) cycling characteristics of the Al/1% Mn : NiO/ITO. The dashed lines in (b) and (c) are extrapolated by the fitting
data of linear function.
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can be found. In addition, HRS at high voltage seems to be
governed by Poole–Frenkel emission that involves thermal
effect and trap sites. For the nonlinear BRS, it is dominated by
oxygen vacancy dri induced by electric eld across the inter-
face between electrodes and NiO.8 In the two cases, dual-oxygen
reservoir structure composed of Al/NiO interfacial layer and ITO
should play an important role. But it should be ascribed to bulk
properties associated with defects in this work, which is also
conrmed by easier formation/rupture of conductive laments
at high doping concentration.
This journal is © The Royal Society of Chemistry 2018
4. Conclusion

The BRS behaviors of Al/Mn : NiO/ITO device were investi-
gated with different Mn doping concentration. The decreased
electroforming voltage and threshold voltages have been
found. Excellent BRS characteristics with enlarged ON/OFF
ratio, good retention and stable cycling properties can be ob-
tained at a low Mn-doped concentration. However, a lower ON/
OFF ratio was presented in higher doping concentration.
These results demonstrated that appropriate Mn doping can
RSC Adv., 2018, 8, 29499–29504 | 29503
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improve the BRS characteristics of NiO thin lms including
ON/OFF ratio, power consumption, and stability.
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