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PUBLICATION DISSERTATION OPTION 

 

This dissertation has been prepared based on three manuscripts for publication. 

The first paper “COPPER NANOFILAMENT FORMATION DURING UNIPOLAR 

RESISTANCE SWITCHING OF ELECTRODEPOSITED CUPROUS OXIDE” has 

been submitted to Chemistry of Materials. The second paper “THE EFFECTIVE 

PARAMETERS ON RESISTANCE SWITCHING OF ELECTRODEPOSITED 

CUPROUS OXIDE THIN FILMS” has been prepared for submission to Materials and 

Design. And the third paper” RESISTANCE SWITCHING OF ELECTRODEPOSITED 

Cu2O NANOWIRES” has been prepared for submission to Applied Physics Letters. 

The SECTION portion of this dissertation has three parts. The first part presents 

the current state of research on resistance switching which includes: 1) classification of 

resistance switching behavior, 2) performance parameters of resistance switching random 

access memory (RRAM), 3) resistance switching mechanisms, 4) a literature review on 

resistance switching of metallic oxides, and 5) processing methods and properties of 

cuprous oxide. The second part includes the objectives and potential impacts. The last 

part is the overall conclusion of this work as well as some suggestions for future research 

in the area of resistance switching of cuprous oxide. 
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ABSTRACT 

In this work, the resistance switching behavior of electrodeposited cuprous oxide 

(Cu2O) thin films in Au/Cu2O/top electrode (Pt, Au-Pd, Al) cells was studied. After an 

initial FORMING process, the fabricated cells show reversible switching between a low 

resistance state (16.6 Ω) and a high resistance state (0.4 x 106 Ω).  Changing the 

resistance states in cuprous oxide films depends on the magnitude of the applied voltage 

which corresponds to unipolar resistance switching behavior of this material. The 

endurance and retention tests indicate a potential application of the fabricated cells for 

nonvolatile resistance switching random access memory (RRAM). The results suggest 

formation and rupture of one or several nanoscale copper filaments as the resistance 

switching mechanism in the cuprous oxide films. At high electric voltage in the as-

deposited state of Au/Cu2O/Au-Pd cell structure, the conduction behavior follows Poole-

Frenkel emission. Various parameters, such as the compliance current, the cuprous oxide 

microstructure, the cuprous oxide thickness, top electrode area, and top electrode 

material, affect the resistance switching characteristics. The required FORMING voltage 

is higher for Au/Cu2O/Al cell compared with the Au/Cu2O/Pt which is related to the 

Schottky behavior of Al contact with Cu2O.  Cu2O nanowires in Au-Pt/ Cu2O/Au-Pt cell 

also show resistance switching behavior, indicating scalable potential of this cell for 

usage as RRAM. After an initial FORMING process under an electric field of 3 x 106 

V/m, the Cu2O nanowire is switched to the LRS. During the FORMING process physical 

damages are observed in the cell, which may be caused by Joule heating and gas 

evolution. 
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NOMENCLATURE 

 

Symbol Description         

μ                Carrier mobility (cm2.V-1.s-1)  

oε                Permittivity of free space (F.cm-1) 

iε                Dynamic dielectric constant (dimensionless) 

L                Thickness of the film (cm) 

A                Cross sectional area of top electrodes (cm2) 

V                Electric voltage (V) 

I                Current (C.s-1) 

q                Electron charge (C) 

Bk                Boltzmann's constant (J.K-1) 

*m                Effective electron mass in dielectric (Kg) 

h                Planck's constant (J.s) 

T                Temperature (K) 

Bφ                Schottky barrier height (eV) 

CN                Density of states in the conduction band (cm-3) 

tφ                Trap energy barrier height (eV) 

α              Resistance temperature coefficient (K-1) 

d                Diameter of filament (nm) 

R                Resistance (Ω) 

ρ                Resistivity (Ω.cm) 
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SECTION 

1. CURRENT STATE OF RESEARCH ON RESISTANCE SWITCHING 

  

1.1 OVERVIEW 

Due to the high demand of portable electronic devices such as smartphones and 

laptops in modern life, the development of high speed, high density, and low power 

semiconductor memories is necessary [1-3]. Semiconductor memories can be classified 

as volatile and nonvolatile memories [4]. Dynamic RAMs (DRAMs) and Static RAMs 

(SRAMs) are examples of volatile memories, and unlike nonvolatile memories they lose 

their storage data when the power is interrupted [4, 5]. The current nonvolatile FLASH 

memory which is based on charge storage has a scalability problem because as the size of 

the device is decreased it becomes increasingly difficult to retain charge. Among several 

types of non-volatile memories [4, 6], resistance switching random access memory 

(RRAM) has attracted recent attention because of its high scalability, easy fabrication, 

and multibit storage potential [5, 7-12]. A RRAM has a simple cell structure composed of 

an insulating or oxide material sandwiched between two metal electrodes [13]. There are 

different types of materials that show resistance switching behavior, e.g. perovskites such 

as SrZrO3 [2, 14, 15], chalcogenides such as Ag2S, Cu2S [16, 17], and binary transition 

metal oxides such as TiO2, NiO, CuO, and Cu2O [18-20]. Among these materials, binary 

transition metal oxides are receiving increasing interest due to their simple composition, 

thermal stability, and compatibility with complementary metal–oxide-semiconductor 

(CMOS) technology [5, 21, 22]. 
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RRAM is based on reversible switching of the insulating material between high 

and low resistance states [23-25]. Typically, a high electric voltage with a limited 

compliance current is necessary to initiate the reversible switching [26-30]. This initial 

step in resistance switching is called the FORMING process which switches the as-

deposited state of the material to the low resistance state (LRS). The second step in 

resistance switching is the RESET process in which the material switches to the high 

resistance state (HRS) by applying a low voltage with no compliance current. The third 

step in resistance switching is called the SET process which is similar to the FORMING 

process except in the SET process a lower voltage is required to switch the material to the 

LRS [31, 32]. The purpose of using a compliance current in both the FORMING and SET 

process is to avoid permanent dielectric breakdown of oxide materials in resistance 

switching process [4, 11]. 

 

 

1.2 CLASSIFICATION OF RESISTANCE SWITCHING BEHAVIOR 

Based on the current-voltage (I-V) characteristics, resistance switching can be 

classified as either unipolar and bipolar switching [3, 11, 33, 34]. In unipolar switching, 

the required voltages in SET and RESET steps are of the same polarity with different 

magnitude [6, 35] while in bipolar switching they are of opposite polarity [36, 37]. Figure 

1.1 shows I-V curves of unipolar and bipolar switching. These different switching 

behaviors can be dependent on the involved materials in RRAM; including the 

intermediate layer and both top and bottom electrodes [32, 38, 39]. 
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Figure 1.1 Current-voltage (I-V) curves of a) unipolar and b) bipolar resistance switching 
The ON and OFF states correspond to the LRS and HRS, respectively. CC is the 

compliance current. Reproduced from reference [40]. 

 

 

a)

b)
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1.3 PERFORMANCE PARAMETERS OF RRAM 

Since resistance switching has been proposed as a promising candidate for next 

generation nonvolatile memories, it is necessary to study the important performance 

parameters of RRAM such as endurance, retention or stability, and operating voltage.  

1.3.1 Endurance. An RRAM device should have a large endurance (≥ 106 

cycles). Endurance shows how many cycles a memory device can be switched between 

HRS and LRS before these two states are no longer distinguishable [39, 41, 42]. 

1.3.2 Retention or Stability. A memory device should have a long retention 

time (> 10 years ) which determines the length of time that data can be stored inside the 

memory devices [2, 43-45]. 

1.3.3 Operating Voltage. Operating voltage in memory devices is an important 

parameter. A low operating voltage is favorable to have less power consumption and to 

avoid fatal damage during practical application [6, 26, 39, 46, 47]. 

 

 

 

1.4 RESISTANCE SWITCHING MECHANISMS 

1.4.1 Conduction Mechanism in LRS. A clear understanding of resistance 

switching is necessary for future application of RRAM. Generally, the conduction 

mechanism in LRS can be categorized according to the conducting path; an interface-type 

conduction path and a filamentary conduction path [3, 6, 49, 50, 51]. 

 



5 
 

 

Interface-type conduction path 

In an interface-type conducting path, the resistance switching takes place over the 

entire area of interface between the metal electrode and oxide material [3, 6]. 

Different models have been suggested for an interface-type conducting path, 

including electrochemical migration of oxygen vacancies in the vicinity of the interface 

between an oxide and metal electrode, trapping/detrapping of charge carriers, and 

insulator-metal transition in which charge injection acts like doping at the interface [3, 

40]. 

Filamentary conduction path 

According to the filamentary mechanism, the formation and rupture of conductive 

filaments is responsible for switching the material between LRS and HRS [16, 34, 52-

57]. Electromigration of cations/anions, redox reactions, and thermal effect are expected 

to be involved in the filament model [40, 58-61]. 

The electromigration of cations usually happens due to the diffusion of metal 

cations from an electrochemically active electrode into the insulator resulting in 

conductive path between the top and bottom electrodes [40]. When a positive voltage is 

applied to the electrochemically active metal electrode of cell, the following processes 

take place in resistance switching: oxidation of metal atoms to the metal cations; drift of 

highly mobile cations in the oxide layer; reduction of the cations at the inert metal 

electrode resulting in formation of conductive filaments (LRS of cell) in FORMING and 

SET process. In RESET process, when the polarity of applied voltage is reversed, the 

conductive filaments are partially dissolved leading to the HRS of the cell [6, 62]. 
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Anion migration mostly takes place in transition metal oxides in which the 

oxygen ion defects such as oxygen vacancies are much more mobile than cations. Under 

an applied electric voltage and thermal effect, oxygen ions are retracted from the oxide 

material resulting in the formation of oxygen deficient region. Transition metal cations 

can accommodate this deficiency by redox reaction resulting in formation of metallic 

filaments [63-66]. 

 

1.4.2 Conduction Mechanism in HRS. Based on the current-voltage (I-V) 

relationships, some models have been proposed for conduction mechanism in HRS such 

as Space-Charge-Limited Conduction, Schottky emission, and Poole-Frenkel emission 

[39, 67, 68]. 

Space-Charge-Limited Conduction (SCLC) 

One of the considered mechanisms for conduction behavior in the as-deposited 

state and HRS of resistance switching is Space Charge Limited Conduction (SCLC). 

Under an applied electric field, the charge injected by the electrodes exceeds the free 

carrier density in the insulating material resulting in SCLC [69]. In this mechanism, the 

current-voltage curve shows three different regions; Ohmic region ( VI ∝ ), the Child’s 

law region ( 2VI ∝ ), and a region with a sharp current increase [5, 70]. The current for 

Child’s law is [32, 69] 

2
3
0

8

9
AV

L
I iεμε=                                                                                        (1) 
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where μ is carrier mobility (cm2.V-1.s-1), oε is permittivity of free space (F.cm-1), iε  is the 

dynamic dielectric constant, L is the thickness of the film (cm), A is the cross sectional 

area of top electrodes (cm2), and V  is the electrical voltage. 

Schottky Emission 

The second mechanism for conduction behavior in as-deposited and HRS is 

Schottky emission which is related to the metal-insulator interface [71]. The difference 

between the Fermi levels of a metal and an insulator creates a potential barrier which may 

be lowered under an applied electric field [72]. The emission of electrons over a reduced 

potential barrier results in Schottky emission and can be expressed as follows [71]: 





















+−=
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I
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                                       (2) 

where SI  is current in Schottky emission (C.s-1), q  is the electron charge (C) , Bk  is 

Boltzmann’s constant (J.K-1), *m  is the effective electron mass in the dielectric (Kg), h  is 

the Planck’s constant (J.s), T  is the temperature (K), and Bφ  is the Schottky barrier 

height (eV). 

 

Poole-Frenkel Emission 

The third conduction mechanism in the as-deposited state and HRS is Poole-

Frenkel emission which is associated with the lowering of the trap barrier in the bulk of 

an insulating material under an applied electric field [71-73]. This lowering of the trap 
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barrier can increase the probability of excitation of electrons from the trap centers (most 

likely point defects) into the conduction band of a dielectric [73]. 

In Poole-Frenkel emission, the relationship between the current ( I ) and applied 

electric voltage (V ) can be expressed as [71, 74]: 





















+−=
Tk

L

Vq

Tk
A

L

Nq

V

I

B

io

B

tC
εεπφμ

3

exp                                                          (3) 

where CN  is the density of states in the conduction band (cm-3), and tφ is the trap energy 

barrier height in oxide films (eV). 

 

 

 

1.5 LITERATURE REVIEW ON RESISTANCE SWITCHING OF METALLIC 
OXIDES 
 

1.5.1 Resistance Switching of Cu2O and CuO. The early work on resistance 

switching of oxides started in 1969 by Cook [75] who studied resistive-conductive 

behavior of Cu2O and assumed a filamentary conduction mechanism for switching. The 

same assumption was made by Severdenko et al. [76] (1977); they produced Cu2O thin 

films by anodization of Cu films in a potentiodynamic regime, and observed switching 

between HRS and LRS; they assumed the transition from HRS to LRS may be the result 

of a disproportionation of Cu2O (Cu2OCu+CuO). These works did not provide any 

physical support to back up the assumption of formation of a Cu filament. Other works 
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suggested different switching mechanisms in Cu2O. In 1973, Zarabi and Satyam [77] 

suggested that a purely electrothermal process could be the cause of switching in Cu2O. 

In 2007, Chen et al. [78] suggested that the switching behavior in Cu2O could be due to a 

charge trapping process. From the above works on switching behavior of Cu2O, it is clear 

that the switching mechanism in Cu2O is yet to be determined. 

CuO also exhibits switching behavior. Lv et al. [8] studied the effect of the top 

electrode (Al, Ti, Pt) on the electrical properties of Cu-oxide based RRAM and they 

showed improvement of resistance ratio, stability, and endurance by using an Al 

electrode. They suggested that formation of AlOx at the interface of Al and Cu-oxide 

controls the diffusion of oxygen ions out of metal electrode and improves the resistance 

switching performance. In 2009, Yasuhara et al. [27] studied the chemical states in 

resistance switching of Pt/CuO/Pt structure by photoemission electron microscopy 

(PEEM) and they suggested the conductive filament forms due to the Joule-heat-assisted 

reduction of CuO. In 2008, Fujiwara et al. [31] suggested that the resistance switching in 

CuO is due to the local redox reactions. Kim et al. [35] also suggested formation of 

conducting filaments in Pt/CuO/Au using impedance spectroscopy and conductive atomic 

force microscopy (CAFM). 

During the last 10 years more research has been devoted to the study of switching 

behavior of different oxides. In the following paragraphs, the switching behavior of NiO, 

TiO2, ZnO, and some other oxides is reviewed.    

1.5.2 Resistance Switching of NiO. In 2007, Park et al. [79] studied the 

resistance switching of NiOx. They showed that the grain structure of NiOx changed after 

the forming process and Ni filaments formed along grain boundaries resulting in 
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switching the NiOx  to LRS. In 2008, Son and Shin [45] studied the resistance switching 

of NiO thin films by high-resolution conducting atomic force microscope (CAFM). They 

suggested that in HRS, the leakage current regions are almost located at grain boundaries 

while in LRS, filaments are formed at the grain boundary regions as well as non-grain 

boundary regions. Kim et al. [64] (2008) reported resistance switching in NiO nanowires 

and they showed that a lower electric field is required for electroforming of NiO 

nanowires compared to the NiO thin films. Park et al. [80] (2008) compared the resistive 

switching properties of two types of Pt/NiO/Pt structures with epitaxial and 

polycrystalline NiO layers. They reported unstable and poor reproducibility switching in 

epitaxial NiO films compared to the polycrystalline NiO films. This suggested that the 

microstructural defects such as grain boundaries play a crucial role in resistance 

switching of NiO films. Lee et al. [81] (2008) studied the effects of top metal electrodes 

(Pt, Ta, Al, Cu, and Ag) on resistance switching of NiO films. They showed repetitive 

resistance switching in Pt/NiO/Pt and loss of resistance switching after 24 hrs in 

Pt/NiO/Al and Pt/NiO/Ta. They suggested that the creation of metal oxide at the interface 

between metal electrodes (Ta and Al) and NiO affects the resistive switching due to the 

metal oxide breakdown that occurs at the anodic site. They also proposed that the 

migration of Cu and Ag atoms effect resistive switching of NiO films. In 2009, Lee et al. 

[82] showed formation of nanoscale conducting paths of Ni at the grain boundaries of 

NiO thin films by secondary-ion mass spectroscopy (SIM). In 2013, Jiang et al. [13] 

suggested formation of metallic filaments in NiO thin films using complex impedance 

spectroscopy.  
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1.5.3 Resistance Switching of TiO2. In 2005, Choi et al. [17] studied the 

resistance switching of TiO2 thin films. They showed formation and rupture of 

conducting filaments in resistance switching of TiO2 by CAFM in high vacuum. They 

suggested that switching to LRS is due to the point defects alignment in bulk material. In 

2007, Kim et al. [83] assumed that a conductive filament will form during switching, and 

based on this assumption they claimed the rupture and recovery of conductive filaments 

occur in the region near anode metal electrode (the electrode which is connected to the 

positive voltage source). They also suggested that in TiO2 the electrical conduction in 

HRS is due to the space charge limited current mechanism. In 2008, Yang et al. [61] 

reported the bipolar switching in a Pt/TiO2/Pt cell. They claimed that the resistance 

switching involves changes to the electronic barrier at the Pt/TiO2 interface due to the 

drift of positively charged oxygen vacancies under an applied electric field resulting in 

shunting the electronic barrier and switching the Pt/TiO2/Pt cell to the LRS. The drift of 

vacancies away from the interface recovers the electronic barrier and changes the 

resistance of the material to the HRS. In 2010, Kwon et al. [59] observed formation and 

disruption of TinO2n-1 (Magneli phase) as conducting filaments in unipolar switching of 

TiO2 by high-resolution transmission electron microscopy (TEM). They suggested that 

during the initial forming process oxygen atoms are displaced from the bulk position by 

external electric field and thermal effect resulting in the creation of random oxygen 

vacancies which will spontaneously rearrange to form an ordered structure. In 2010, 

Strachan et al. [66] also showed formation of Ti4O7 (Magneli phase) in bipolar switching 

of TiO2 by scanning transmission x-ray microscopy (STXM) and TEM. 
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1.5.4 Resistance Switching of ZnO. In 2008, Xu et al. [49] studied the bipolar 

resistance switching of TiN/ZnO/Pt based resistance random access memory devices. 

They suggested generation/recovery of oxygen vacancies as the resistance switching 

mechanism in oxide RRAMs. In 2009, Yang et al. [5] developed a fully room 

temperature-fabricated Ag/ZnO:Mn/Pt device. They showed that formation and rupture 

of Ag bridges which is due to the redox reaction results in resistance switching of 

ZnO:Mn. In 2011, Zhuge et al. [84] reported an improvement in resistive switching 

properties of Cu/ZnO/Pt memory cells by doping ZnO with N at elevated temperature. 

They showed that N-doped ZnO films have larger grains with fewer grain boundaries, 

resulting in a depression of the randomness of the formation and rupture of Cu filaments. 

Additionally, they confirmed formation of nanoscale filaments at grain boundaries of 

ZnO by CAFM. In 2012, Tang et al. [32] studied the effect of the top electrode on 

resistance switching behavior of polycrystalline ZnO films deposited on a Pt/Ti/SiO2/Si 

substrate. They observed unipolar resistance switching (URS) in Pt/ZnO/Pt and bipolar 

resistance switching (BRS) in Ag/ZnO/Pt structure devices. They suggested filamentary 

conduction mechanism in both URS and BRS. In 2012, Chiu et al. [19] reported BRS in a 

Pt/ZnO/Pt structure. They reported a high ac cycling endurance (>106 cycles) and a low 

dc cycling endurance (100 cycles) in their device structure. Based on the I-V 

measurements, they suggested hopping and ohmic conduction in HRS and LRS, 

respectively. In 2013, Younis et al. [85] reported improvement of the resistance switching 

behavior of pure ZnO by using Ti dopants. They explained the resistance switching 

mechanism by trap-controlled space-charge-limited conduction theory. In 2013, Huang et 

al. [50] studied the unipolar and bipolar switching in Pt/ZnO/Pt structure. They suggested 
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formation and rupture of metallic filaments by joule heating as the unipolar resistance 

switching mechanism and trapping-detrapping effect as the bipolar resistance switching 

mechanism. In 2013, Chen et al. [62] observed the formation and rupture of conductive 

filaments in Pt/ZnO/Pt structure via in situ transmission electron microscopy (TEM). 

They showed that the filament is composed of metallic zinc and they proposed an 

electrochemical redox reaction model to explain the resistive switching phenomena. 

1.5.5 Resistance Switching of Other Oxides. In the literature, there are some 

works on resistance switching of other oxides, such as Nb2O5, SrTiO3, and MoOx. In 

2005, Sim et al. [86] reported that the resistance switching mechanism in Nb2O5 is due to 

the semiconductor-to-metallic transition and filamentary conduction. They estimated 

degradation of the LRS and HRS at 125 oC for 10 years is approximately 8 percent 

indicating great potential of their device for nonvolatile memory application. They also 

explained the conduction mechanism in HRS by field-assisted Poole-Frenkel behavior.  

In 2006, Szot et al. [24] studied the resistance switching behavior of a ternary 

oxide, SrTiO3 and they suggested extended defects, such as dislocations, cause the 

resistance switching in single-crystalline SrTiO3. 

Lee et al. [87] reported reproducible resistance switching of Cu doped MoOx for 

over 106 cycles under alternating voltage pulses. They used CAFM and showed localized 

high conductance spots after switching to LRS. Based on this result, they suggested 

formation of multi filaments in Cu doped MoOx. In 2008, Ahn et al. [48] improved the 

performance of RRAM unit cells by combination of Ti doping in NiO and small cell sizes 

patterned using a cross-bar architecture. They reported a very low writing current (current 

in LRS) of 10 μA and a programming speed of 10 ns. 
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1.6 PROCESSING METHODS AND PROPERTIES OF CUPROUS OXIDE 

Different techniques can be used to grow cuprous oxide films, such as chemical 

vapor deposition, thermal oxidation of copper, and electrodeposition [88-90]. 

Electrodeposition has advantages of low cost, low operating temperature, and provides 

high purity thin films [91]. 

Cuprous oxide is a p-type semiconductor with a direct band gap of 2.0 eV [42] 

which has been used in solar energy conversion, catalysis, and as active sensor platforms 

because of its low-cost preparation and non-toxicity [88]. Recently, this material has 

received attention due to its potential application in resistance switching random access 

memory (RRAM) [88, 92, 93]. 

From Sub-section 1.5.1 on the switching behavior of Cu2O, it is clear that the 

switching mechanism in Cu2O is yet to be determined, and more work needs to be done 

to identify the parameters controlling the switching in Cu2O and also determine some 

physical evidence explaining the switching mechanism. This research project was aimed 

to methodically study the switching mechanism in Cu2O.  
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2. RESEARCH OBJECTIVES AND IMPACTS 

The overall goal of this work is to study the resistance switching properties of 

cuprous oxide and determine the parameters controlling the switching behavior. 

Electrodeposition is used to produce cuprous oxide thin films, and a series of 

experiments, including current-voltage measurements and ac-impedance spectroscopy, 

are performed to determine electrical properties of each state of resistance switching in 

the electrodeposited cuprous oxide. The objectives of this research project are outlined 

below.  

• Objective 1: Study the resistance switching properties and the performance 

parameters (e.g., endurance and stability) of electrodeposited cuprous oxide thin 

films by dc current-voltage curve measurements. 

• Objective 2: Investigate the physical property of material in each state of 

resistance switching process by ac-impedance spectroscopy and resistance vs. 

temperature plots. 

• Objective 3: Study the effect of different parameters such as microstructure and 

thickness of electrodeposited cuprous oxide thin films, compliance current, top 

electrode area, and top electrode material on resistance switching of cuprous 

oxide thin films.  

• Objective 4: Study the scalability and switching mechanism of Pt/Cu2O/Pt device 

structure by producing Cu2O nanowires and depositing Pt top and bottom 

electrodes using an electron beam.  
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The results of this work may help electronic industries to improve the RRAM 

device characteristics and provide guidelines to obtain low power consumption, high 

scalable and high density memory device. Different experiments were performed in this 

work to gain fundamental understanding of resistance switching mechanism which is 

necessary for practical application of RRAM.  
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ABSTRACT 

An emerging non-volatile, solid-state memory is resistance switching random 

access memory (RRAM). RRAM is based on reversible switching of resistance in 

semiconductor and insulator thin films. Here, unipolar resistance switching is 

demonstrated in electrodeposited films of [111]-textured cuprous oxide (Cu2O). The 

textured cuprous oxide is electrodeposited from a highly-alkaline bath using tartrate as 

the complexing agent. The switching is observed in a cell composed of a film of Cu2O 

sandwiched between Au and Au-Pd contacts. The switching is attributed to the formation 

and rupture of a Cu nanofilament in the Cu2O. The initial resistance of the cell is 6.17 x 

106 Ω, and a conducting filament is formed in the film by scanning the applied electric 

field to 6.8 x 106 V/m. The cell is then reversibly cycled between a low resistance state of 

16.6 Ω and a high resistance state of 0.4 x 106 Ω by SET and RESET processes. In the 

low resistance state the resistance decreases linearly with decreasing temperature, 

consistent with metallic behavior. The resistance temperature coefficient of  

1.57 x 10-3 K-1 is similar to that of nanoscale metallic Cu. Current-voltage (I-V) data 

suggests that applying a higher compliance current increases the filament size during the 

FORMING and the SET process, and also causes a higher RESET current. The calculated 

filament diameter varies from 50 to 147 nm for compliance currents ranging from 10 to 

100 mA. At high electric voltage in the as-deposited state, the conduction behavior 

follows Poole-Frenkel emission. The filament temperature is estimated from the non-

ohmic behavior of the cell in the RESET step. The calculated temperature of 798 K 

before rupture of the Cu filament suggests Joule heating of the filament, resulting in 

melting, sintering, or thermal oxidation of Cu filament. 
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INTRODUCTION 

Nonvolatile memory is widely used in different electronic applications because of 

its ability to store data even if the power is removed [4]. Among several types of 

nonvolatile memories [3, 7, 41], resistance switching random access memory (RRAM) 

has attracted recent attention because of its reversible switching, scalability, low power 

consumption, and low cost [2, 93, 94]. An RRAM cell is composed of an insulating or 

semiconducting material sandwiched between two metal electrodes [95]. There are 

various types of materials (e.g. perovskites and chalcogenides) that show resistance 

switching behavior [1, 12, 17, 24, 40, 65, 96, 97], and among them binary oxides such as 

Cu2O, NiO, and TiO2 are receiving increasing interest due to their simple composition, 

thermal stability, and compatibility with complementary metal–oxide-semiconductor 

(CMOS) technology [5, 21, 22]. 

A crucial characteristic of RRAM is the soft dielectric breakdown of insulating or 

semiconducting materials that causes a reversible switching from a high resistance state 

(HRS) to a low resistance state (LRS) [14, 59, 83]. Soft dielectric breakdown is assured 

by applying an appropriate compliance current. Based on the polarity of voltages required 

for changing the HRS to the LRS (SET) and vice versa (RESET), resistance switching 

can be classified as either unipolar and bipolar switching [80]. In unipolar switching, the 
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SET and RESET processes are dependent on the values of applied voltage, whereas in 

bipolar switching they are dependent on the voltage polarity [34, 98]. 

Several mechanisms have been proposed for resistance switching [31, 45], and 

among them the filamentary mechanism (formation of a conductive filament) has been 

widely accepted in transition metal oxides [42, 83, 99]. However, the physical properties 

of these filaments, the rupture mechanism, and also the effect of various important 

parameters such as the compliance current in resistance switching process is not fully 

understood. 

Unipolar resistance switching behavior of electrodeposited cuprous oxide thin 

films was shown previously by Kang et al. [88] The as-deposited cuprous oxide prepared 

by their work did not show resistance switching before an additional rapid-thermal-

annealing treatment. In this work, we report unipolar resistance switching of as-

deposited, textured films of cuprous oxide prepared by electrodeposition. We studied the 

effect of compliance current on the RESET parameters, the rupture mechanism of 

resistance switching, and the physical properties of the material in each state of resistance 

switching process. We show that the switching mechanism is consistent with the 

formation and rupture of a nanoscale metallic Cu filament, and that the filament diameter 

can be controlled by varying the compliance current. 

 

EXPERIMENTAL 

Cuprous oxide thin films with 5 µm and 2 µm thicknesses were electrodeposited 

cathodically onto gold coated glass substrates (SiO2/30 nm Ti/100 nm Au). The 

electrodeposition process was performed at a constant current density of 1 mA/cm2 and 
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60o C using Cu(II) tartrate solution; 0.2 M L(+)-tartaric acid, 0.2 M copper (II) sulfate 

pentahydrate, and 3 M sodium hydroxide [90]. The structure and orientation of Cu2O thin 

films was identified by a high resolution Philips X-Pert MRD X-ray diffractometer 

(XRD) using Cu Kα radiation (wavelength of 1.54056 Å) at 45 kV and 40mA. The 

surface morphology of the thin films was characterized with scanning electron 

microscope (SEM). 

In order to measure the resistance switching behavior of the cuprous oxide thin 

films, circular Au-Pd top electrodes with a diameter of 260 µm and a thickness of 100 nm 

were sputtered on the films using a shadow mask. Electrical connection to the top 

electrodes was performed by using a sharp Au spring pin contact. DC current-voltage 

properties were measured in air using a Keithley 2400 current source. The electrical 

property of different states of cuprous oxide was examined by AC-impedance 

spectroscopy (Solartron SI frequency response analyzer). Impedance properties were 

measured as a function of frequency from 100 mHz to 1 MHz. The as-deposited, low 

resistance and high resistance states of cuprous oxide thin films were measured by 

applying AC voltages of 1 V, 10 mV, and 50 mV, respectively.  

The physical properties in the low resistance state (LRS) was determined using a 

Quantum Design Physical Property Measurement System (PPMS). Temperature 

dependence measurements of the resistance were carried out with pressed In contacts on 

cuprous oxide thin films instead of Au-Pd contacts which were used during DC and AC 

measurements. The high and low resistance states were measured at 5 nA, and 25 µA, 

respectively.    
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RESULTS AND DISCUSSION 

CUPROUS OXIDE THIN FILMS. Cuprous oxide thin films were 

electrodeposited onto gold-coated glass substrates (SiO2/30 nm Ti/100 nm Au) from a 

highly alkaline tartrate bath. The film deposits with 100% current efficiency from this 

solution, growing 1.2 μm for every 1 C/cm2 of charge that is passed. Figure 1 shows the 

x-ray diffraction pattern (XRD) of electrodeposited a cuprous oxide thin film with a 

thickness of 5 μm. The XRD shows a highly [111]-oriented cuprous oxide film. Only the 

(111) and (222) reflections for Cu2O are observed in the diffraction pattern. The [111] 

texture is a result of both the [111] texture of the sputtered Au substrate, and the [111] 

preferred growth direction in the alkaline tartrate bath.31 The [111] texture of the film is 

also evident in the (110) pole figure that is shown in Figure 2. The pole figure shows a 

ring of intensity at a tilt angle of 36o
, in good agreement with the expected 35.2o angle 

between the [111] and [110] directions in the primitive cubic cuprous oxide structure. The 

ring indicates that the film has a [111] out-of-plane fiber texture, with no in-plane order. 

From the SEM image in Figure 3, it can be seen that large, flat grains of cuprous oxide 

were grown on the substrate by the electrodeposition process.  The electrodeposited Cu2O 

film offers essentially single-crystal grains in the perpendicular direction for resistance 

switching experiments, with no or minimal grain boundaries in the current path. 
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Figure 1. XRD pattern of electrodeposited cuprous oxide thin film (5 μm in thickness) on 
gold coated glass substrate. 

 

 

 

 

Figure 2. X-ray pole figure of [111]-oriented cuprous oxide on Au-coated glass. The 
(110) pole figure has a ring at a tilt angle of 36o, consistent with the [111] out-of-plane 

texture. 
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Figure 3. Top-view SEM image of cuprous oxide grains in a 5 μm thick film. 
 

DC AND AC CHARACTERISTICS OF AS-DEPOSITED CUPROUS 

OXIDE THIN FILMS. The as-deposited cuprous oxide thin films show resistance 

switching behavior. During resistance switching measurements, a positive bias voltage 

was applied to the top electrode while the bottom electrode was grounded, as shown in 

Figure 4. DC current-voltage curve measurements of the electrodeposited cuprous oxide 

thin films show unipolar resistance switching (Figure 5). As it is shown in Figure 5a and 

5b, the resistance switching process can be divided into 3 main steps; FORMING, 

RESET, and SET steps. During the FORMING step, a high voltage (34±6.7 V) with a 

compliance current (10 mA) is applied to the top electrode to switch the Cu2O from its 

as-deposited state to the low resistance state (LRS). This bias corresponds to an electric 

10 µm 
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field of 6.8 x 106 V/m. According to the filamentary mechanism, a temporary conductive 

filament forms in the FORMING step which plays a crucial role in the reversible 

switching process. During the RESET and SET steps, rupture and reformation of the 

filament causes the reversible switching between high resistance state (HRS) and low 

resistance state (LRS) (Figure 4, bottom). The solid points in Figures 5 correspond to the 

average switching parameters of 5 different contact points with their standard deviation.  

 

Figure 4. Schematic of resistance switching cell. 
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Figure 5. Current-voltage characteristic of Au/Cu2O (5 μm in thickness)/Au-Pd cell 
during a) FORMING, b) RESET (blue) and SET (red) steps. Both FORMING and SET 
steps were performed at a compliance current of 10 mA. The scan rates of the RESET 

and SET steps were 0.68 V/s and 6.3 V/s, respectively. The solid points show the average 
values for switching parameters of 5 different contact points with their standard 

deviations. 

 

 

a) 

b) 
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Figure 6 shows the endurance property of Au/Cu2O (5 μm thick)/Au-Pd cell. The 

reversible resistance states are stable for 170 cycles with a high resistance ratio (RHRS/ 

RLRS) of about 104. The stability of HRS and LRS versus time is shown in Figure 7. 

There is no significant change in both HRS and LRS during the retention test. The results 

from endurance and retention tests indicate the potential application of Au/Cu2O/Au-Pd 

cell as a nonvolatile memory. The resistance values in both endurance and retention tests 

were measured at 0.025 V.  

 

Figure 6. Endurance of the Au/Cu2O (5 μm thick)/Au-Pd cell showing 170 cycles of 
stable reversible switching between LRS and HRS. 
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Figure 7. Retention characteristics of Au/Cu2O(5 μm in thickness)/Au-Pd cell in each 
state of LRS and HRS. The resistance values in both HRS and LRS were measured at 

0.025 V. 
 

In addition to DC current-voltage properties, AC impedance spectroscopy was 

employed to determine the electrical property of the material in each state of the 

resistance switching process. Figures 8a and 8b show the Nyquist plots of the as-

deposited, high, and low resistance states.  The equivalent circuits of both as-deposited 

and high resistance states are composed of a parallel connection of a constant phase 

element and a resistor while in the low resistance state it consists of an inductor which is 

in series with a resistor. Different electrical properties of HRS and LRS indicate the 

metallic behavior of the filament in LRS and semiconductor behavior of the material in 
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HRS [13, 35]. The equivalent circuit parameters shown as insets in Figures 8a and 8b are 

summarized in Table I. A sharp decrease and increase of the resistance happens after the 

FORMING and RESET processes, respectively. Comparing the resistance values of both 

as-deposited state and HRS shows a decrease of resistance in HRS which can be due to 

the formation of a gap in the filament with a smaller thickness compare to the initial 

thickness of cuprous oxide [100]. Based on the information that we have about the cell 

such as contact area, the thickness of the film and resistance of the as-deposited state, the 

calculated resistivity of cuprous oxide is 3.8×106 Ω.cm which is in good agreement with 

the reported value for resistivity of electrodeposited cuprous oxide [101, 102]. 
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Figure 8. Impedance spectra of three different states of Au/Cu2O (5 μm thick)/Au-Pd cell. 
a) as-deposited state (black circle), HRS (red square), and b) LRS (blue diamond) with 
their equivalent circuit fits. LRS was achieved by applying a compliance current of 10 

mA. 

 

 

a) 

b) 
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Table 1. Summary of equivalent circuit parameters obtained from impedance 
spectroscopy at three different states. 

 As-deposited state LRS HRS 

R (Ω) 6.17×106 16.6 0.4×106 

CPE (F) 1.93×10-11 _ 2.26×10-11 

 

 

FORMATION OF COPPER NANOFILAMENT IN RESISTANCE 

SWITCHING OF Cu2O. The physical property of the material in each state of 

resistance switching process can be determined by measuring the resistance as a function 

of temperature (Figures 9 and 10). The measurements were made with an Au/Cu2O (2 µm 

thick)/In cell. As shown in Figure 9a, the resistance of both as-deposited state and HRS 

increases exponentially by decreasing the temperature which shows semiconductor 

behavior of the material in these two states. Figure 9b shows the Arrhenius plot of the as-

deposited state and HRS. From the Arrhenius plot, the activation energies for the as-

deposited and HRS are 0.37 eV and 0.24 eV, respectively. These low activation energies 

may correspond to the energy difference of the valence band and the acceptor level of 

cuprous oxide which is a p-type semiconductor.  
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Figure 9. a) Resistance vs. temperature plots of the Au/Cu2O (2 μm thick)/In cell in as-
deposited state (black circle) and HRS (red square). b) The Arrhenius plots of the as-

deposited state and HRS. The obtained activation energies of the Arrhenius plot for the 
as-deposited and HRS are 0.37 eV and 0.24 eV, respectively. 

 

a) 

b) 
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The resistance vs. temperature plot for the LRS is shown in Figure 10. The 

resistance decreases linearly when the temperature decreases from 300 K to 3.7 K. This 

result confirms the metallic nature of the filament in the LRS. From the fitted line, the 

slope of the resistance vs. temperature is 0.014 Ω.K-1 corresponding to a resistance 

temperature coefficient (α ) of 1.57×10-3 K-1 at room temperature. This result is in 

reasonable agreement with the resistance temperature coefficient of Cu nanowires 

reported by Huang et al (α = 1.34×10-3 K-1) [103]. 

Assuming a cylindrical shape for the Cu filament allows us to calculate its 

diameter ( ) by 

 
R

L
d

π
ρ4= ,                                                                      (1)                                                 

where, ρ  is the resistivity (Ω.m), L  is the thickness of cuprous oxide (m), and R  is the 

resistance of the filament (Ω). At room temperature ( =0T 300 K), by assuming the 

resistivity of the bulk copper ( ρ = 1.71×10-8 Ω.m [104]), and using the resistance of 

filament from Figure 10 ( 0R = 8.8 Ω; resistance at room temperature), the estimated 

diameter of a 2µm-long Cu filament is 70 nm. The resistivity is size dependent in the 

nanoscale range [105], and we expect a higher value of resistivity for a Cu nano-filament 

compared to bulk copper [103, 106] which will result in a larger diameter for the Cu 

filament by a factor of 1.5. 
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Figure 10. Resistance vs. temperature plot of the Au/Cu2O (2 μm thick)/In cell in LRS 
with its linear fit. SET step was performed at compliance current of 25 mA. 

 

In Figure 11, the effect of compliance current on the diameter of Cu filament 

is shown for a cuprous oxide with a thickness of 5 µm. For these calculations, the 

resistivity of bulk copper at room temperature was used, and the resistance value for 

each case was measured from the slope ( RVI 1=∂∂ ) at the beginning part of its 

RESET plot (Figure 12). As it is shown in Figure 11, applying higher compliance 

current forms larger diameter filaments. The diameters of the copper filament are in 

the range of 50.5±16 nm to 146.9±6.8 nm at compliance currents of 10 mA to 100 
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mA. The filament’s cross-sectional area plays a crucial role on reversible switching 

process, and a larger diameter of filament may result in permanent dielectric 

breakdown of oxide material. 

 

 

Figure 11. Diameter of the filament vs. compliance current in Au/Cu2O(5 μm thick)/Au-
Pd cell showing increasing the filament’s diameter by increasing the compliance current. 
The solid points show the average diameter of filament for 5 different contacts with their 

standard deviations. 
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Figure 12. Corresponding RESET plots of Cu filaments with diameter of a) 73.7 nm 
which was formed at compliance current of 18 mA, and b) 115 nm which was formed at 

compliance current of 50 mA. 

 

a) 

b) 
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The effects of compliance current on RESET current, voltage, and current density 

was also studied. Figure 13 shows that the RESET current increases by increasing 

compliance current, while the RESET voltage is independent of compliance current 

(Figure 14). From these results, it can be inferred that the RESET current has a more 

significant effect in rupturing the filament compared to the RESET voltage. The amount 

of RESET current is proportional to the filament’s diameter, and higher amount of 

current passes through a bigger filament. The current density can be estimated by using 

the calculated filament’s diameter and the current flow ( 24 dIj π= ). The current density 

is almost independent of the compliance current and the average current density is 

estimated to be about 8.2±2.3 ×108 A/cm2 during RESET process (Figure 14). 
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Figure 13. The effect of compliance current on RESET current in Au/Cu2O (5 μm in 
thickness)/Au-Pd cell. The solid points show the average RESET current of 5 different 

contacts with their standard deviations. 
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Figure 14. The effect of compliance current on RESET voltage (blue) and current density 
(red) in Au/Cu2O (5 μm in thickness)/Au-Pd cell. The solid points show the average 

values of 5 different contacts with their standard deviations. 

 

 

STUDYING THE RESISTANCE SWITCHING MECHANISM OF Cu2O.  

Despite various studies on resistance switching of different materials [45], the 

resistance switching mechanism is still unclear. To clarify this issue, certain relationships 

between current and voltage in each state of resistance switching can be used. Figure 15 

shows the log I-log V of FORMING process. Different mechanisms are dominated in as-

deposited state due to the different slopes of I-V curve. At low electric voltage, the 

conduction behavior follows Ohm’s law which can be due to the electron hopping 

between the states of cuprous oxide with low activation energy [67]. In high electric 
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voltage (14.3-19.4 V), a non-linear behavior of log I-log V appears in as-deposited state 

of material which can be explained by Poole-Frenkel emission theory. According to the 

Poole-Frenkel emission [74],  the relation between the current ( I ) and voltage (V ) can 

be written as  

 

)exp(

3

Tk

L

Vq

Tk
A

L

Nq

V

I

B

io

B

tC
εεπφμ +−=                                                       (2)                                      

 

where q is the electric charge (C), μ is the electronic mobility (cm2.V-1.s-1), CN is the 

density of states in conduction band (cm-3), A is the cross sectional area of top electrode 

(cm2), L is the thickness of the film (cm), tφ is the trap energy barrier height in Cu2O 

films (eV), Bk is the Boltzmann’s constant, T is the temperature, oε is permittivity of free 

space (F.cm-1), and iε is the dynamic dielectric constant. From the slope of 






V

I
Ln versus 

5.0V plot in the as-deposited state (Figure 16), the calculated dynamic dielectric constant 

is 6.5, which is close to the reported value of 6.6 for cuprous oxide [107]. Therefore, at 

high electric voltage the conduction mechanism in as-deposited state is dominated by 

Poole-Frenkel emission in which the high electric voltage causes thermal excitation of 

trapped electrons into the conduction band [67]. The electron traps are most likely point 

defects in the oxide films[108]. In the RESET process, a large current density is involved 

(8.2±2.3 ×108 A/cm2) which can result in Joule heating of the filament.  
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Figure 15. Log I-Log V curve of FORMING process showing linear and non-linear 

behavior at low and high electric voltage, respectively. 

 
Figure 16. Poole-Frenkel emission plot of as-deposited state at high electrical voltage 

(14.3-19.4 V). 
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To understand the rupture mechanism, we estimated the temperature of the 

filament before rupturing by using the I-V curve of the RESET process. The data in our 

RESET curve show non-linear behavior resulting in change of resistance of the filament. 

We assume that this non-linearity is due to the change of filament temperature. 

Therefore, we can calculate the temperature of the filament using the temperature 

dependence of a metallic resistance:  

)](1[ 00 TTRR −+= α ,                                                                       (3) 

where 0R  is the estimated resistance of the filament at 0T (room temperature) which 

corresponds to the beginning part of RESET plot and α  is the resistance temperature 

coefficient obtained from Figure 10. The resistance in each region of the RESET plot can 

be estimated by RVI 1=∂∂ . Assuming that the filament diameter does not change from 

room temperature to the highest temperature before rupturing, we calculated the 

temperature in different regions of the RESET plots for a filament with length of 5 μm 

and average diameter of 73.2±14.7 nm.  

Figure 17 shows the measured I-V curve during the reset process, and the 

calculated average temperatures of 5 different RESET plots with their standard 

deviations. These results are consistent with Joule heating occurring during the RESET 

process. The average temperature before rupturing the filament is calculated to be 

798±55 K which can result in melting, sintering or thermal oxidation of cupper 

nanofilament.[109, 110] Although 798 K is well below the 1356 K melting temperature 

of bulk Cu, it is reasonable that nanoscale Cu would melt at a lower temperature. Also, if 

sintering of the material were to occur, a gap could form in the metal filament due to 

shrinkage during sintering. 
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Figure 17. Current-voltage curve of Au/Cu2O (5 μm thick)/Au-Pd cell during RESET 
process with calculated temperatures in each region of the plot before rupturing the 

nanofilament. The reported temperatures are the average of 5 different RESET plots with 
their standard deviations. 

 

 

CONCLUSIONS 

We studied unipolar resistance switching in electrodeposited cuprous oxide 

(Cu2O) thin film. After the FORMING process, Cu2O shows stable reversible switching 

with high resistance ratio (RHRS/ RLRS) of about 104 for 170 cycles. AC-impedance 

spectroscopy results and resistance vs. temperature plots suggest formation of a Cu 

filament in the LRS. Diameter calculations and the obtained value for resistance 

temperature coefficient in LRS indicate formation of a nanoscale Cu filament during the 
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SET step. The filament’s diameter is a function of compliance current. Increasing the 

compliance current increases both the filament diameter and the RESET current. At high 

bias, the as-deposited state shows Poole-Frenkel conduction behavior that is related to 

point defects in the cuprous oxide. The calculated temperature before rupture of the Cu 

nanofilament at RESET process suggests the possibility of gap formation due to melting, 

sintering, or thermal oxidation of the Cu nanofilament due to Joule heating. 
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ABSTRACT 

In this work, we studied the effect of cuprous oxide microstructure and the top 

electrode area on resistance switching of electrodeposited cuprous oxide thin films. 

Different microstructures of cuprous oxide are achieved by changing the applied potential 

at 500 C and by changing the bath temperature in the galvanostatic mode. The applied 

potential changes both the grain size and orientation of films. Higher negative potentials 

result in finer grain size with a preferred orientation in the [111] direction. Increasing the 

bath temperature in galvanostatic electrodeposition increases the grain size of cuprous 

oxide. All the films in Au/Cu2O/Au-Pd cell showed unipolar resistance switching 

behavior after an initial FORMING process. The obtained results show that the 

microstructure of the deposited films, the orientation of the cuprous oxide grains, and the 

top electrode area affect the required FORMING voltage. The current level in HRS 

increases by increasing the top electrode area and decreasing the grain size of cuprous 

oxide. The independency of current in LRS to the top electrode area suggests the 

filamentary conduction mechanism in unipolar resistance switching of cuprous oxide thin 

films. 
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47 
 

 

INTRODUCTION 

Cuprous oxide is a p-type semiconductor with a direct band gap of 2.0 eV [111] 

which has recently received much attention due to its potential application in resistance 

switching random access memory (RRAM) [3, 63]. A RRAM is a nonvolatile memory 

with a capacitor-like structure composed of an insulating or oxide material between top 

and bottom metal electrodes [95]. The principle characteristic of the RRAM device is 

reversible switching of the insulating material between high and low resistance states 

[59][14].  

Typically, a high electric voltage with a compliance current is necessary for most 

of metal oxides such as cuprous oxide to initiate the reversible resistance switching [26]. 

This initial process in resistance switching is called FORMING. After FORMING, the 

material can be switched from a low resistance state (LRS) to a high resistance state 

(HRS) by a RESET process and from HRS to LRS by a SET process [83]. In spite of the 

importance of the FORMING step in resistance switching, there is lack of information on 

the parameters that can affect this process. Generally, a lower FORMING voltage is 

favorable to have less power consumption and to avoid fatal damage during practical 

application [39, 112].  

Based on the current-voltage (I-V) characteristics, resistance switching can be 

classified to two groups; unipolar and bipolar switching [80]. In unipolar switching, the 

required voltages in SET and RESET steps are of the same polarity with different 

magnitude, while in bipolar switching they are of opposite polarity [34]. These different 

switching behaviors are dependent on the materials used in RRAM; including the 

intermediate oxide layer and the electrodes [32, 42].  
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Although different models have been proposed to clarify the resistance switching 

mechanism, the origin of resistance switching is still in controversy.  Generally, 

resistance switching mechanism can be categorized according to the conducting path in 

the LRS; a filamentary conduction path and an interface-type conduction path [6]. In the 

filamentary conduction path, the formation and rupture of conductive filaments result in 

resistance switching of oxide materials. In interface-type conducting path, the resistance 

switching takes place over the entire area of interface between the metal electrode and 

oxide material [3]. 

In this work, we have studied the effect of cuprous oxide microstructure and top 

electrode area on its resistance switching characteristics. To understand the resistance 

switching mechanism, we have studied the role of top electrode area on the current levels 

in both LRS and HRS. From the independency of current in LRS to the size of top 

electrode, we infer formation of a conductive filament as the origin of unipolar resistance 

switching in Au/Cu2O/Au-Pd cell. 

 

EXPERIMENTAL PROCEDURE 

Cuprous oxide thin films with a thickness of about 3.8 µm were electrodeposited 

by cathodic reduction of Cu(II) tartrate solution [90] on gold coated glass substrates at 

different conditions. To obtain different microstructure of cuprous oxide, both 

potentiostatic and galvanostatic electrodeposition were performed. For all of the 

electrodepositions, saturated silver chloride (Ag/AgCl) reference electrode was used. In 

the potentiostatic mode, the electrodeposition was performed at different potentials in the 

range of -0.394 to -0.283 V at 50o C. In the galvanostatic mode, different microstructures 
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were achieved at a cathodic current density of 1 mA/cm2 at different temperature in the 

range of 25o C -50o C. The structure and phase composition of electrodeposited films 

were studied by a high resolution Philips X-Pert MRD X-ray diffractometer (XRD) using 

Cu Kα radiation. The surface and cross section morphologies were observed using a 

scanning electron microscope (SEM). To measure the resistance switching properties of 

cuprous oxide thin films, Au-Pd top electrodes with different area of 7.8×103 µm2, 

5.4×104 µm2, and 11×105 µm2 were sputtered on the films using a shadow mask. A Sharp 

Au spring pin contact was used for electrical connection to the top electrodes. Resistance 

switching measurements were performed using a Keithley 2400 current source at room 

condition.  

 

RESULTS 

Figure 1 shows X-ray diffraction (XRD) patterns of electrodeposited thin films at 

different potentials. Pure cuprous oxide films are obtained at all the applied potentials. At 

low negative potentials of -0.283 and -0.294 V cuprous oxide is not oriented while a 

highly [111]-oriented cuprous oxide is obtained at high negative potential of -0.394 V. 

Figure 2 shows the cross section images of cuprous oxide thin films electrodeposited at -

0.394 and -0.283 V. Electrodeposited films at negative potential of -0.394 V shows 

oriented grains along [111] direction with columnar structure while random orientation of 

films is observed at applied potential of -0.283 V. The surface SEM images of the 

electrodeposited samples at different potentials are shown in Figure 3. Decreasing the 

applied negative potential results in increasing the grain size of cuprous oxide thin films. 



50 
 

 

This increase of grain size is presumably due to the lower nucleation density at the more 

positive potential [91, 113].  

 

 

Figure 1. XRD results of electrodeposited cuprous oxide films at a constant temperature 
of 500 C and potentials of -0.394, -0.294, and -0.283 V. 
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Figure 2. Cross-sectional SEM images of electrodeposited films at -0.394 V (top) and  
-0.283 V (bottom). 
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Figure 3. Plan view SEM images of cuprous oxide grains electrodeposited at different 
potentials. 

 

Figure 4 shows the XRD results of cuprous oxide films electrodeposited at 

constant current density of 1mA/cm2 and different temperatures in the range of 25o C to 

50o C. All the cuprous oxide films that are electrodeposited at a constant current density 

of 1 mA/cm2 are oriented along the [111] direction. Figure 5 shows the cross sectional 

SEM images of electrodeposited samples at temperatures of 25 o C and 40 o C. The 

columnar structure of grains with preferred orientation along [111] direction is observed 

from the cross sectional images. Figure 6 shows the surface morphology of cuprous oxide 

- 0.283 V 

- 0.394 V - 0.294 V 

5 µm 5 µm 

- 0.283 V 

5 µm 
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films at different electrodeposition temperature. The cuprous oxide grain size increases at 

higher bath temperature, which can be due to the lower over-potential in 

electrodeposition at higher bath temperature [113]. 

 

 

Figure 4. XRD results of electrodeposited cuprous oxide films at constant cathodic 
current density of 1 mA/cm2 and different temperatures. 
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Figure 5. Cross-sectional SEM images of electrodeposited films at 25o and 40 o C.   
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Figure. 6. Plan view SEM images of cuprous oxide grains electrodeposited at different 
temperatures. 
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To study the resistance switching of cuprous oxide films, we applied an initial 

FORMING voltage with compliance current of 5 mA using a top contact area of 7.8×103 

µm2. All the films showed unipolar resistance switching. Figure 7 shows the required 

FORMING voltages for the cuprous oxide thin films that are electrodeposited at different 

potentials. The FORMING voltage increases as the electrodeposition potential is 

decreased. This increase of voltage can be due to bigger grain size and/or random 

orientation of cuprous oxide grains [28]. 

To clarify the effects of grain size and orientation of cuprous oxide grains on the 

FORMING voltage, we studied the required FORMING voltages of different 

microstructures of cuprous oxide with [111]-oriented and columnar structure. Figure 8 

shows that increasing the grain size of [111]-oriented cuprous oxide films also results in 

higher FORMING voltage. Comparing the results of Figures 7 and 8 shows that the 

required FORMING voltage for the cuprous oxide with average grain size of 3.2 µm and 

random orientation is higher than cuprous oxide with average grain size of 4.1 µm and 

highly [111]-oriented grains. If we only consider the effect of microstructure on 

FORMING voltage, the FORMING voltage should be higher for bigger grain size of 

cuprous oxide. Therefore, it can be concluded that both microstructure and orientation of 

cuprous oxide grains affect the FORMING voltage. Increasing the grain size reduces the 

amount of grain boundary densities which can result in less diffusion path for formation 

of conductive filaments and/or less defects and higher FORMING voltage. On the other 

hand, oriented grains and columnar structure of cuprous oxide can form straight filaments 

along grain boundaries which require lower FORMING voltage [28]. 
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Figure 7. The required FORMING voltage for the cuprous oxide films electrodeposited at 
different potentials. The solid points show the average value of 5 different contacts with 

their standard deviations. 

 

Ave. grain size: 3.2 μm 

5 µm 
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Figure 8. The required FORMING voltage for the cuprous oxide films electrodeposited at 
galvanostatic mode and different temperatures. The solid points show the average value 

of 5 different contacts with their standard deviations. 

 

 

 

 

 

 

Ave. grain size: 4.1 μm 

5 µm 
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Figure 9 shows VSET and VRESET as a function of cuprous oxide grain size. The 

SET voltage increases with increasing the grain size, while the RESET voltage is 

independent of cuprous oxide grain size. We also measured the current level in each state 

of resistance switching at reading voltage of 0.025 V (Figure 10). There is no change in 

the current level of LRS when the microstructure of cuprous oxide changes, but the 

current level of HRS decreases by increasing the grain size. The higher amount of HRS 

current in finer grain size of cuprous oxide can be due to the reduction of barrier to 

electron tunneling in grain boundaries, and/or higher concentration of point defects at the 

grain boundaries [114, 115]. 

 

Figure 9. SET and RESET voltages as a function of average grain size of cuprous oxide.  
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Figure 10. HRS (red circles) and LRS (blue diamonds) current levels vs. average grain size 
of cuprous oxide. The current was measured at reading voltage of 0.025 V. The solid points 

show the average values of 5 different contact points with their standard deviations. 

 

To elucidate the resistance switching mechanism, we studied the effect of top 

electrode area on current levels of LRS and HRS for the sample electrodeposited at 

cathodic current density of 1 mA/cm2 and 400 C. To switch the as-deposited cuprous 

oxide thin film to the LRS, a compliance current of 60 mA was used in FORMING 

process. We observed that the top electrode area affects the required FORMING voltage. 

Figure 11 shows that FORMING voltage increases by decreasing the top electrode area 

which is due to increasing the resistance of the cell by decreasing the top electrode area. 

The measured resistance values from impedance spectroscopy are shown in Table I. After 

FORMING process, we applied a low voltage with no compliance current to switch the 
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material from LRS to HRS. Figure 12 shows the current measurements of different states 

at reading voltage of 0.025 V. The results show that the current of LRS is independent of 

the contact diameter, demonstrating the current flow through filamentary paths in LRS. 

The current in HRS increases by increasing the electrode area showing that the current 

flows homogenously over the entire electrode area.  

 

 

Figure 11. FORMING voltage vs. top electrode area. The solid points show the average 
values of 5 different contact points with their standard deviations. 
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Figure. 12. Current of LRS (blue diamonds) and HRS (red circles) as a function of top electrode 
area. The currents were measured at reading voltage of 0.025 V. The solid points show the average 

values of 5 different contact points with their standard deviations. 

 

Table 1. The measured resistance from impedance spectroscopy for Au/Cu2O/Au-Pd cell 
with three different top electrode areas. 

 

 

 

CONCLUSIONS 

In conclusion, we obtained different microstructure of cuprous oxide thin films by 

electrodeposition in both potentiostatic and galvanostatic modes. Applying different 

negative potentials changes both the grain size and orientation of cuprous oxide thin 

films. Finer grain size with a preferred orientation in [111] direction is achieved at a large 

Top electrode area 7.8×103 µm2 5.4×104 µm2 11×105 µm2 

  R (Ω)        212290 43378.0 1093.00 
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negative potential of -0.396 V. Bath temperature in galvanostatic electrodeposition has a 

strong effect on grain size of cuprous oxide. The cuprous oxide films in Au/Cu2O/Au-Pd 

cell show unipolar resistance switching with an initial FORMING process. FORMING 

voltage increases with increasing the grain size of cuprous oxide and with decreasing the 

top electrode area. The current level in HRS decreases by increasing the grain size of 

cuprous oxide and by decreasing the top electrode area. The obtained results in this study 

support the filamentary conduction mechanism in unipolar resistance switching of 

cuprous oxide thin films.     
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ABSTRACT 

In this work, we studied the resistance switching of Cu2O nanowires in an Au-

Pt/Cu2O/Au-Pt cell. Cu2O nanowires are electrodeposited at room temperature. After an 

initial FORMING process under an electric field of 3 x 106 V/m, A Cu2O nanowire is 

switched to the LRS. After FORMING process physical damages are observed in the cell, 

which may be caused by Joule heating and gas evolution.  
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INTRODUCTION 

Due to the scalability problem of the current Flash memory, semiconductor 

industries are seeking scalable replacements [7, 78, 116, 117]. Among several types of 

promising candidates [30, 40, 51, 118], resistance switching random access memory 

(RRAM) which is based on reversible switching of an insulating or oxide materials has 

attracted great attention for nonvolatile memory device applications [27, 98, 119]. RRAM 

has a simple cell structure composed of an oxide material sandwiched between two metal 

electrodes [23, 37]. Resistance switching can be achieved by applying a voltage bias on 

one metal electrode while the other metal electrode is grounded [10, 120]. The RRAM 

operation can be divided to three main steps; FORMING, RESET, and SET [3, 31, 62]. 

In most of RRAM cells, a FORMING process is necessary to initiate the reversible 

resistance switching in oxide materials [4]. One can perform the FORMING process by 

applying a voltage with a compliance current to the cell resulting in switching the 

material to the low resistance state (LRS) [26, 47]. After this initial process, the material 

can be switched to the high resistance state (HRS) by the RESET process and then 

switched back to the LRS by a SET process [29, 59]. Up to now, most of studies have 

focused on resistance switching of oxide thin films[17, 50, 88, 121] and few studies have 

investigated the switching behavior of oxide nanowires [16, 122]. Fabricating a resistance 

switching cell structure composed of oxide nanowire allows us to investigate the scaling 

potential of RRAM cell. In this work, we obtained Cu2O nanowires by electrodeposition 

at room temperature and fabricated an RRAM cell structure using an electron beam to 

study the resistance switching behavior of metal/ Cu2O nanowire/metal cell. 
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EXPERIMENTAL PROCEDURE 

Cu2O nanowires were electrodeposited using a polycarbonate membrane with 

open pores of 200 nm diameter. Figure 1 shows schematic of growing Cu2O nanowires. 

One side of membrane was sputtered by a 100 nm thick layer of gold. On the same side 

of membrane, Ni was electrodeposited using nickel sulfate solution to cover the open 

pores of the membrane. Then, on the other side of the membrane, Cu2O nanowires were 

grown using Cu (II) tartrate solution; 0.2 M L(+)-tartaric acid, 0.2 M copper (II) sulfate 

pentahydrate, and 3 M sodium hydroxide [90] at constant potential -0.395 V (vs 

Ag/AgCl) and room temperature for 1500 s. After electrodeposition of the Cu2O 

nanowires, the Ni was removed by grinding and then the nanowires were released by 

dissolving the polycarbonate membrane in chloroform (CHCl3). Then, acetone was used 

to float the Cu2O nanowires. To avoid the agglomeration of nanowires, the acetone 

suspension was sonicated several times. The as-deposited Cu2O nanowires were 

dispersed on Au pattern substrates by dropping acetone containing Cu2O nanowires. In 

this way, the acetone is evaporated and the nanowires remain on the substrate. To study 

the electrical properties of a Cu2O nanowire and switch it from as-deposited state to the 

low resistance state (LRS), we chose one of the nanowires located between two parallel 

lines of Au patterns on glass. Then we used an electron beam and sputtered Pt to connect 

the Cu2O nanowire to Au. 
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Figure 1. Schematic of growing Cu2O nanowires. 

 

 

 

RESULTS 

Figure 2 shows SEM images of the connected Cu2O nanowire to Au pads using Pt 

deposition by an electron beam. To switch the nanowire from the as-deposited state to the 

LRS, we applied a positive voltage to one of the Au electrodes while the other Au 

electrode was grounded. Figure 3 shows the current-voltage (I-V) curve of the 

FORMING process. Cu2O nanowire with length of 2.1 µm switched to the LRS at a 

forming voltage of 6.3 V which corresponds to an electric field of 3 x 106 V/m.  During 

FORMING, a compliance current of 3 mA was used to avoid the permanent dielectric 

break-down of Cu2O nanowire. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

F

F
L

 

Pt 
Pt 

 

Figure 2. Sca
Au pads u

Figure 3. I-V
LRS. During

Au 

Au 

anning electr
using an elec

hi

V curve of F
g FORMING

G

ron microsco
ctron beam a
igher magnif

ORMING p
G process the

Au

Glass Glass 

20 µm 

opy (SEM) i
and depositio
fication of th

 

rocess show
e current is l

 

images of a C
on of Pt. The
he left side im

wing switchin
limited by th

Au

Cu2O nanow
e right side im
mage. 

 

ng the Cu2O 
he 3 mA com

Au 

Pt 

Cu

wire connect
mage shows

nanowire to
mpliance curr

2O nanow

10 µm

69 

ed to 
s a 

o the 
rent. 

wire 

m 



70 
 

 

Figure 4 shows the SEM image of the Au-Pt/Cu2O nanowire/Au-Pt cell after 

FORMING. It is shown that some parts of the Pt and also some materials around the 

Cu2O nanowire which are from the deposition of Pt during using electron beam 

physically damaged during FORMING. This can be due to the Joule heating and oxygen 

evolution during switching the cell to the LRS.  

 

 

Figure 4. SEM image of Pt/Cu2O nanowire/Pt cell after FORMING. 

 

 

 

CONCLUSIONS 

In this work, we electrodeposited Cu2O nanowires at room temperature and 

fabricated a RRAM cell structure by an electron beam. After the FORMING process, a 

Cu2O nanowire switched to the LRS under an applied electric field of 3 x 106 V/m. After 
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FORMING process, physical damages to the cell were observed which can be due to 

Joule heating and oxygen evolution.  
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SECTION 

3. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORKS  
 

The resistance switching behavior of electrodeposited cuprous oxide (Cu2O) in a 

cell structure of Au/Cu2O/Au-Pd was studied. After an initial FORMING process, the 

fabricated cell showed reversible switching between a LRS (16.6 Ω) and a HRS (0.4 x 

106 Ω)  by SET and RESET processes. In the LRS, the resistance decreased linearly with 

decreasing temperature, which was consistent with metallic behavior. The obtained 

resistance temperature coefficient of material in LRS (1.57 x 10-3 K-1) was similar to that 

of nanoscale metallic Cu. The switching was attributed to the formation and rupture of 

Cu nanofilament in Cu2O due to Joule heating.  The filament’s diameter was a function of 

compliance current. Both the filament diameter and the RESET current were increased by 

increasing the compliance current. At high electric voltage, the as-deposited state showed 

Poole-Frenkel conduction behavior that was related to point defects in the cuprous oxide. 

The results showed that the required FORMING voltage increases with increasing 

the grain size of cuprous oxide and with decreasing the top electrode area. The current 

level in LRS was independent to both the grain size of cuprous oxide and the top 

electrode area suggesting the filamentary conduction mechanism in LRS. 

To study the resistance switching mechanism and scalable potential of the cell 

structure of metal/Cu2O/metal, Cu2O nanowires were electrodeposited at room 

temperature and a RRAM cell structure was fabricated by an electron beam. After the 

FORMING process, a Cu2O nanowire was switched to the LRS under an applied electric 

field of 3 x 106 V/m. After the FORMING process physical damages are observed in the 

cell, which may be caused by Joule heating and oxygen evolution. 
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FUTURE WORKS 

• A FORMING-free cell (a cell showing resistance switching without an initial 

FORMING) can result in improving the switching operation and achieving a 

low power consumption memory. Sufficient defect concentration and nano-

thickness of oxide materials may result in a FORMING-free cell.  Defect 

concentration can be controlled by doping different elements to the oxide 

materials. We suggest studying the effects of different dopants (e.g. Li, Mg, 

and Zn) on resistance switching of cuprous oxide. 

• Low switching cycles (endurance) and non-uniformity of RESET and SET 

voltages are the critical issues for practical application of RRAM. The 

switching cycles in RRAM should be more than million cycles to get 

advantage over current Flash memory. Determining the switching failure can 

guide us to improve the endurance of RRAM. 

• A clear understanding of resistance switching in cuprous oxide is necessary 

for practical application of this material in RRAM device. We suggest 

performing the in situ TEM on resistance switching of cuprous oxide to get 

the critical information of resistance switching.  

• Different metal electrodes with lower work function compared to the cuprous 

oxide show Schottky behavior. We suggest using of this type metal electrodes 

to make the RRAM cell, and investigate the effect of Schottky contact on 

resistance switching of cuprous oxide thin films under different bias polarity. 

 

 



74 
 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX A. 

EFFECT OF CUPROUS OXIDE THICKNESS ON FORMING VOLTAGE 
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We electrodeposited different thickness of cuprous oxide thin films by passage of 

different amount of charge density at cathodic current density of 1 mA/cm2 and 60 oC. To 

study I-V measurements and study the effect of thickness on FORMING process, we 

sputtered circular Au-Pd top electrodes with a diameter of 100 µm on the films using a 

shadow mask. During FORMING process, we observed that the FORMING voltage 

increases by increasing the cuprous oxide thickness (Figure 1A) which can be due to the 

increasing the resistance of the film by increasing the thickness[123].  

 

 

Figure 1A.  The required FORMING voltage vs. cuprous oxide thickness. 
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APPENDIX B. 

EFFECT OF TOP ELECTRODE MATERIAL ON FORMING VOLTAGE 
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We also studied the effect of top electrode material on resistance switching of 

cuprous oxide thin film. We sputtered two different top electrode materials (Al and Pt) on 

cuprous oxide films which were electrodeposited at constant cathodic current density of 1 

mA/cm2 and room temperature. The thickness of oxide films was about 3.8µm. In the 

FORMING process, we observed that the required FORMING voltage for the samples 

with Al top electrodes is higher than the samples with Pt top electrodes (Figure 1B). 

From the I-V curves in different polarity, we found that Al forms Schottky barrier contact 

with cuprous oxide while Pt forms ohmic contact (Figure 2B and Figure 3B). Al has a 

work function of 4.25 eV which is lower than work function of cuprous oxide (4.84 

eV)[124]. When these two materials are connected, the bands bend in cuprous oxide until 

the chemical potential of semiconductor reaches equilibrium with the Fermi energy of the 

metal [125, 126]. The deformation of band structure of cuprous oxide forms a potential 

barrier [124] resulted in higher required FORMING voltage to initiate the resistance 

switching.  
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Figure 1B. Effect of top electrode material on the required FORMING voltage in cuprous 

oxide. 
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Figure 2B. I-V curve of Al-cuprous oxide contact showing Schottky behavior. 

 

Figure 3B. I-V curve of Pt-cuprous oxide contact showing ohmic behavior. 
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