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Abstract 

In this study, the bipolar resistive switching behavior of Pulsed Laser Deposited Zn1-xMgxO (x= 0, 0.1) thin films in Ag/Zn1-

XMgxO/Cu structure has been investigated. The XRD pattern of Zn1-XMgxO exhibits the presence of (002) and (103) 

reflection. The cross sectional field emission scanning electron microscopy (FE-SEM) studies were further carried out to 

examine the thickness of the film. In order to analyze the bipolar resistive switching behavior of the Zn1-xMgxO thin films, an 

I-V measurement was performed at room temperature. The memory cell Ag/Zn0.9Mg0.1O/Cu exhibits set voltage (ON state) at 

2.57V and reset voltage (OFF state) at  -3.15 V, excellent OFF to ON resistance ratio (~105) for 200 DC sweep cycles and 

exhibits good retention (>103 s). The physical mechanism responsible for exhibiting switching behavior in the Zn1-xMgxO 

thin films was explained by formation and rupture of the nano-scale conduction filament due to Oxygen vacancies. Ohmic 

conduction and Poole-Frenkel emission are responsible for current conduction in Low Resistance State (LRS) and High 

Resistance State (HRS) regions respectively. Enhanced switching behavior is observed by substitution of Mg in ZnO thin 

film. Nonvolatile two resistance states of the Zn1-XMgxO thin film could prove useful in future power efficient memory 

devices. Copyright © 2018 VBRI Press. 
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Introduction 

Recent time, flash memory is the most widely used non-

volatile memory device for solid state disk drives and 

other storage media. Its operation mechanism is based on 

charge storage. Thus it is facing technological limits such 

as packaging density and access speed. Recently it has 

been demonstrated that Metal-Insulator-Metal (MIM) 

structure shows nonvolatile memory effect. On applying a 

voltage pulse to MIM structure, if at least two resistance 

states i.e. High resistance state (HRS) and Low Resistance 

State (LRS) is found, then memory effect is realized and 

it can be used as nonvolatile Resistive Random Access 

memory (ReRAM). Migration of Oxygen voids or 

vacancies in oxide layer is the mechanism for occurrence 

of switching phenomenon in ReRAM devices. During the 

forming process these vacancies are created and resulting 

in the formation of nanoscale conductive filament (CF). 

Formation of filament due to Oxygen vacancies 

composed conductive channels enable the device to act as 

a switch. ReRAM reflecting advantages like high speed, 

low voltage operation, ease of deposition by conventional 

systems, good compatibility with complementary metal-

oxide semiconductor (CMOS) process, excellent 

scalability and simple memory cell structure favorable for 

increased integration density. Thus it has great application 

potential for future nonvolatile memory.  

 The resistive switching behavior have been observed 

in various materials including transition metal oxides 

(TMO) specially binary metal oxide thin films such as 

TiO2 [1], NiO [2], ZrO2 [3], ZnO[4] and perovskite oxides 

[5, 6]. Among those materials, TMO is preferred as it is 

compatible with present semiconductor technology [7]. 

Various studies already demonstrated the enhancement of 

resistance switching performances using doping method. 

It is observed that the doping of the materials such as Mn 

[8], Li [9] and Ti [10] in ZnO enhanced the resistive 

switching properties.  

 In this work, the effect of Mg substitution on resistive 

switching performance in ZnO thin film and the 

corresponding switching mechanism has been studied.  

A comparative study of effect of Mg doping in  

ZnO is observed for improvement of various resistive 

switching properties. With the increase in Mg contents in 

Zn1-xMgxO thin film results a high OFF/ON resistance in 

the range of (104~105) and enhanced window margin 

(~104) improves the signal-to-noise ratio of memory 

devices. A wide voltage gap (~5.5V) between the set and 

reset voltage distribution minimizes the reset failure 

problems.  
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Experimental 

The targets of pure ZnO and 10% Mg doped ZnO in 

powder form for syntheses of thin films were prepared by 

conventional solid state reaction method. Both the 

powders were calcinated at 400°C for 6 hours, after 

grinding for 7-8 hours. These calcinated powders were 

transformed into palate of diameter 16 mm by hydraulic 

pressure. The palates of ZnO, Mg-doped ZnO 

(Zn0.9Mg0.1O) were sintered at 600°C and 1000°C for 8 

hours and 12 hours respectively using ceramic sintering 

process. For deposition of films initially the Si Substrates 

were cleaned thoroughly in an ultrasonic bath with 

distilled water mixed with trichloroethylene in 4:1 ratio. 

In order to fabricate MIM structure of Ag/Zn1-xMgxO/Cu, 

the Cu bottom electrode layer and Zn1-xMgxO thin film 

deposited by the Sputtering and PLD respectively. The 

Ag top electrode of 300 µm diameter, synthesized by 

sputtering after applying a shadow mask on the  

Zn1-xMgxO/Cu. Before deposition, chamber was 

vacuumed to a base pressure of the order of 4×10-6 torr. 

To avoid thickness gradient across the film, the typical 

size of the substrate was selected as 5×5 mm2 which was 

smaller than the confined PLD plume. For the deposition 

of Zn1-xMgxO layer on the Cu coated Si substrate, Oxygen 

pressure and the substrate to target distance were 

maintained at 20 mtorr, and 4 cm respectively. The 

deposition was done at room temperature and the laser 

energy density at the target surface was maintained at  

1.9 J/cm2. The laser beam of 300 mJ energy and 5 HZ 

repetition rate was focused onto the targets. The 

schematic of the MIM structure is shown in inset of Fig.1. 

        The crystallinity and orientation of the films were 

characterized using a Bruker AXS – D8 advanced X-ray 

diffractometer of Cu Kα (1.54 Å) radiation in θ-2θ 

geometry at a scan speed 1°/min. The cross sectional 

interface of the thin films were investigated by Field 

Emission Scanning Electron Microscope (FE-SEM). The 

resistive switching behaviors of the films were studied at 

room temperature by Keithley 4200 semiconductor 

characterization system (SCS) Analyzer. 

 

 
Fig. 1 X-ray diffraction pattern of ZnO and Zn0.9Mg0.1O films. The inset 

shows schematic structure of the Ag/Zn1-xMgxO/Cu ReRAM memory 

cell. 

Results and discussion 

Fig.1 shows the X-ray diffraction pattern of ZnO and 

Zn0.9Mg0.1O thin films, which revealed the presence of 

(103) and dominant (002) orientation. As the Mg content 

in Zn1-xMgxO increases, the peaks slightly shift towards 

high diffraction angle is observed. This shifting could be 

due to Mg atoms assimilate into ZnO lattice [13]. Fig. 2 

(a) and (b) shows the FE-SEM image of ZnO and 

Zn0.9Mg0.1O thin film respectively which indicates that the 

thin film surface is dense, smooth and having uniformly 

distributed grains. Cross sectional FE-SEM (Fig. 2 (c)) 

conforms the film thickness is 145 nm thick and having a 

good quality interface. 

 

 

Fig. 2 (a), (b) shows FE-SEM image of ZnO and Zn0.9Mg0.1O thin  

films respectively and (c) Cross sectional FE-SEM image of 

Zn0.9Mg0.1O/Cu/Si film. 
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Fig. 3 (a) Typical bipolar resistive switching characteristics for  

Ag/Zn1-xMgxO/Cu memory cell for a DC voltage sweep 

(0V→3.5V→0V→-3.5V→0V). Conduction mechanism of  

Ag/Zn1-xMgxO/Cu thin film (b) Ohmic conduction in LRS region and  

(c) Poole-Frenkel emission in HRS region.  

 

To examine the resistive switching behavior of 

Ag/Zn1-xMgxO/Cu thin films, a DC sweeping sequence of 

0V → +3.5V → 0V → -3.5V →0V was applied by SCS 

setup. Biasing voltage was applied on the Ag top 

electrode while the Cu bottom electrode was kept 

grounded. A compliance current (CC) of about 15 mA 

was set in order to prevent the film from permanent 

breakdown. It was found that the films were initially in 

the HRS. Fig. 3 (a) shows a typical bipolar current 

voltage (I-V) characteristics for the Ag/Zn1-xMgxO/Cu 

structure for x= 0 and 0.1. When a positive voltage pulse 

(0V → +3.5 V) was applied to the top electrode of 

Ag/ZnO/Cu in HRS, there was a linear increase in current 

in log-linear scale is observed as shown in Fig. 3(a). At 

about +2.32 V (set voltage Vset) the current abruptly 

increase and the film comes into ON state (LRS). This 

ON state occurred due to filament forming process. When 

a negative voltage pulse (0V → -3.5V) was applied to the 

top electrode of the memory cell in LRS, at about -3.36V 

(reset voltage Vreset) the film switches back to HRS (off 

state). This process is called as reset process. 

 To investigate the effect of Mg substitution in ZnO 

on resistive switching behavior, Mg is doped up to 10% in 

ZnO (Zn0.9Mg0.1O). An I-V measurement is repeated as 

performed for Ag/ZnO/Cu. The observed Vset for 

Ag/Zn0.9Mg0.1O/Cu is +2.57 V which is slightly larger 

than Vset for Ag/ZnO/Cu and Vreset is around -3.15 V as 

shown in Fig. 3(a).  

 The current conduction mechanism of  

Ag/Zn1-xMgxO/Cu memory cell has been understood by 

replotting the I-V curves in both LRS and HRS regions. 

Fig. 3(b) shows the plot between log (I) Vs log (V) for 

the films in LRS region. In the voltage region of (V<Vset) 

of the ON-state exhibits a linear increase in current with a 

slope of 0.98 and 1.02 is detected for ZnO and 

Zn0.9Mg0.1O films respectively. It confirms the conduction 

mechanism in the LRS region is dominated by ohmic 

behavior [11]. In the HRS region the current conduction 

mechanism can be explained by Poole-Frenkel (PF) 

emission theory [12] can be characterized by equation (1). 

       ln (
I

V
) ≈ [(

𝑞3

ᴨ𝑑ɛ0ɛr
)

1

2
]

𝑉
1
2

𝐾𝐵𝑇
                      (1) 

here d is the thickness of the film, q is the electric charge, 

ɛ0 is the permittivity of free space, ɛr is the dynamic 

dielectric constant, KB is Boltzmann’s constant and T is 

the Kelvin temperature. According to the equation (1), the 

dominant current conduction mechanism can be 

interpreted in terms of the relation between ln (I/V) Vs 

V1/2. Fig. 3(c) shows replotting of experimental data can 

be fitted Poole-Frenkel emission over the low voltage 

region (V<Vset) in the HRS region. So the carrier trapping 

and detrapping of Poole-Frenkel emission theory is 

considered as the main mechanism in HRS. 

 A filamentary model is proposed to explain the 

physical mechanism behind the resistive switching 

behavior of Zn1-xMgxO thin film. From previous studies, 

it is inevitable that some defects like interstitial atoms and 

Oxygen vacancies are present in Zn1-xMgxO thin film 

[13]. Oxygen void defects are intrinsic crystal defects 

such as Oxygen vacancies. This type of defect is formed 

when an Oxygen atom is missing from a position that 

ought to be filled in the crystal. Oxygen vacancies 

creation and recombination is the dominant mechanism 

for RS behavior. The schematic diagram in Fig. 4 (a) 

depicts the formation and rupture of filament due to 

Oxygen vacancies. During the set process, Oxygen atoms 

are removed from the switching layer and Oxygen 

vacancies are created in the switching layer [2, 14]. 

Oxygen ions are drifted and are stored at the Ag interface 

forming an Oxygen reservoir. Thus a conducting filament 

is formed between the top and bottom electrode which 

results LRS. As a read pulse is applied, the carriers 

transport through the filamentary path, exhibiting ohmic 

I-V behavior. The film remains on LRS until the filament 

ruptures. During the reset pulse, Oxygen ions drift from 

the interface back to the switching layer and recombine 

with the Oxygen vacancies created during set process. 

This causes rupture of conducting filaments near the Ag 

interface and the resistance state of the device changes to 

the HRS. 

   The endurance property is measured by applying 1V 

of read pulse to ZnO and Zn0.9Mg0.1O films before and 

after the forming process up to 200 cycles. Fig. 4 (b) 

shows the OFF and ON resistance values in HRS and 

LRS region respectively for both the films. It is observed 

that the minimum value of resistance ratio (ratio of OFF 

to ON resistance RH/L) for ZnO film is 125. However the 

RH/L value for Zn0.9Mg0.1O film is approximately in order 

of 105 which is an excellent value in comparison with 

undoped ZnO film. The memory window (w) [15] of a 

memory cell can be defined as  

      w = (ROFF-RON)/RON ~ ROFF/RON              (2) 

here ROFF, RON are the resistance of the OFF and ON 

state, respectively. For ZnO thin film the memory window 
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distributes between 136 and 1225. However for 

Zn0.9Mg0.1O film the memory window distributes between 

7×103 and 4×105. The memory window margin (wm) [15] 

can be defined as 

     𝑤𝑚 = (𝑅𝑂𝐹𝐹
𝑚𝑖𝑛 − 𝑅𝑂𝑁

𝑚𝑎𝑥)/ 𝑅𝑂𝑁
𝑚𝑎𝑥~𝑅𝑂𝐹𝐹

𝑚𝑖𝑛/𝑅𝑂𝑁
𝑚𝑎𝑥       (3)       

here 𝑅𝑂𝐹𝐹
𝑚𝑖𝑛 is the minimum resistance of the OFF state and 

𝑅𝑂𝑁
𝑚𝑎𝑥 is the maximum resistance of the ON state 

measured within the 200 cycles. The memory window 

margin for ZnO film is 3×103 where as for Zn0.9Mg0.1O is 

larger than 4×104. This increase in RH/L ratio and memory 

window improves the signal to noise ratio for memrister 

application. In HRS region the resistivity of Zn0.9Mg0.1O 

film is higher compared to ZnO thin film. In ZnO, the 

presences of interstitial Zinc atoms create donor levels. 

Carrier electrons excited thermally from the donor level 

resulting ZnO an n-type semiconductor. When ZnO is 

doped with Mg, interstitial metal atoms and Oxygen void 

defects could be depressed, because formation energy of 

Mg-doped ZnO increases [9]. On other hand, Mg doping 

in ZnO results increase in band gap. Thus the decrease in 

the defects and increase in band gap causes increase in 

resistivity of Zn0.9Mg0.1O thin film in HRS region. 

However in LRS region a conducting filament is formed 

for both the films resulting no difference in resistivity. It 

is observed that, at the initial cycle testing the OFF 

resistance value is high and unstable and after some 

switching cycles (after 150 cycles) become relatively 

stable. The ON resistance values at the LRS region are 

noticeably steady within 200 switching cycles. This 

decrease in the OFF resistance in the thin film can be 

explained by Joule heating effect [16]. Kim et al. reported 

that additional filament could be formed nearby the first 

filament by local Joule heating due to high current density 

[17]. These enhance the filament formation and as a result 

conductivity increases. This increase in conductivity 

increases the current in the OFF state and thus results in 

decrease the OFF state resistance. In the ON state the 

semiconductor-metal junction is forward biased. So there 

is relatively small effect of temperature and filament 

formation. Hence no change in resistance is observed in 

the ON state. 

 Fig. 4 (c) shows the distribution of set and reset 

voltage for both films by application of 200 DC pulses. It 

is observed that for Ag/Zn0.9Mg0.1O/Cu structure the 

distribution of Vset is 0.42 V and Vreset is 0.27V while for 

Ag/ZnO/Cu film the distribution of Vset and Vreset is 0.45V 

and 0.22V respectively. This large variation in Vset 

occurrence can be explained as according to the 

conducting filament model. During the formation and 

rapture process of a filament, the development of a 

filament should be irregular than the destruction of an 

existing filament. Large voltage gap (~5.5V) results no 

RESET failure in the 200 measured cycles. Fig. 4 (d) 

shows the data retention performance of Ag/ZnO/Cu and 

Ag/Zn0.9Mg0.1O/Cu structure at room temperature. The 

OFF and ON resistance in LRS and HRS regions were 

measured for more than 2×103 s at 1 V in sampling mode. 

Good retention property and very good endurance 

property for Zn0.9Mg0.1O thin film is observed which is 

listed in Table 1. This table clearly signified that the 

values of Vset and Vreset in Ag/Zn0.9Mg0.1O/Cu are smaller 

as compared to Ag/ZnO/Cu. However minimum RH/L and 

memory window margin (Wm) values are larger. 

 

 
Fig. 4. (a) Schematic diagram of the switching mechanism of  

Ag/Zn1-xMgxO/Cu memory cell, (b) Endurance performance of  

Ag/Zn1-xMgxO/Cu thin films for 200 switching cycles at 1V read pulse, 

(c) Set and reset voltage distribution of both films and (d) Data retention 

property of both memory cells. 

Table 1. Values of Vset and Vreset in Ag/Zn0.9Mg0.1O/Cu and 

Ag/ZnO/Cu. 

Device Distri-

bution 

of Vset 

Distri-

bution 

of 

Vreset 

Minimun  

RH/L 

Memory 

window 

Margin 

(Wm) 

RH/L 

(after 

200 

cycles) 

RH/L  

(after 

2×103 

sec) 

Ag/ZnO/Cu 0.43 0.27 125 3×103 ~110 ~80 

Ag/Zn0.9Mg0.1O/Cu 0.42 0.22 ~105 4×104 ~104 ~~104 

 

Conclusion 

In summary ZnxMg1-xO thin films were prepared on Cu 

coated Si substrate by PLD technique having good 

crystalline quality with preferred (002) orientation. 

Formation and rupture of conductive filament via 

migration of Oxygen ions and vacancies are the main 

cause for resistive switching behavior in Ag/Zn1-

xMgxO/Cu. The dominant conduction mechanisms of LRS 

and HRS are ohmic conduction behavior and Poole-

Frenkel emission respectively. On comparison the 

resistive switching performance of Mg0.1Zn0.9O film with 

ZnO film, we found that as the concentration of Mg in 

ZnO is increased, the resistance ratio between HRS and 

LRS improves from the order of ~102 to the order of ~105, 

although the set voltage slightly increases after doping.  In 

addition narrow set/reset voltage distribution, high 

resistance ratio, good retention property and very good 

endurance properties observed on Zn0.9Mg0.1O thin film. 

Thus Ag/Zn0.9Mg0.1O/Cu device can be used as a highly 

efficient ReRAM device. 
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