
 

 

 

 

 

Resistive Switching in Porous Low-k Dielectrics 

 
 

 

 

Rizwan Ali 

 

 

 

 

 

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University in 

partial fulfillment of the requirements for the degree of 

 

 

 

Master of Science 

In 

Electrical Engineering 

 

 

 

 

 

Mariusz K. Orlowski, Chair  

Arthur Ball 

Xiaoting Jia 

 

 

April 24, 2018 

Blacksburg, VA 

 

 

 

 

Keywords: Resistive switching memory, Porous dielectrics, CBRAM, Diffusion, Drift, SiCOH, 

Cu 

 

 

 

 

 

 

 

Copyright 2018, Rizwan Ali



 

 

I 

 

Resistive Switching in Porous Low-k Dielectrics 

 
Rizwan Ali 

 

 

Abstract 

 

Integrating nanometer sized pores into low-k ILD films is one of the approaches to lower 

the RC signal delay and thus help sustain the continued scaling of micro-electronic devices. While 

increasing porosity of porous dielectrics lowers the dielectric constant (k), it also creates many 

reliability and implementation issues. One of the problems is the little understood metal ion 

diffusion and drift in porous media. Here, we present a rigorous simulation method of Cu diffusion 

based on Master equation with elementary jump probabilities within the contiguous dielectric film, 

along the pore boundary, from the dielectric matrix to the pore boundary, and from the pore 

boundary to the matrix material. In view of the diffusional jump distance being as large as 2 nm, 

the nano-pores being on a similar length scale, and the film thickness being only a few tens of 

nanometers, the conventional diffusion equation in differential equation form is grossly inadequate 

and elementary jump frequencies are required for a proper description of the Cu diffusion in porous 

dielectric. The present atomistic approach allows a consistent implementation of Cu ion drift in 

electric field by lowering and raising of the diffusion barriers along the field direction. This will 

help understand the behavior of Cu interconnects under thermal or electric stress at an atomistic 

level. 

Another approach to lower the increasing RC delays is to bring memory and logic closer 

by integrating memory in the BEOL. Resistive RAM is one such memory is not transistor based 

and thus, does not require a silicon substrate. Thus, it offers the possibility of integration directly 

into the back-end reducing memory to logic distance from 1000s of µm to a 10s of nm. This 3D 

integration also allows for increased density as well. However, one barrier in implementation of 

RRAM in the back end is the use of expensive as well as non-BEOL native material in 

conventional Cu/TaOx/Pt resistive devices. In this thesis, we present our research about 

functionality of RRAM with porous low-k dielectrics (which are candidate for CMOS ILD), and 



 

 

II 

 

through the similar elementary jump simulations, discuss the impact of porosity in dielectrics on 

the functionality of RRAM. Lastly, we present a cheaper replacement for Pt as the counter 

electrode in RRAM and show that it functions as good as Pt. 

This work addresses following three areas: 

1. Modeling of diffusion in porous dielectrics through elementary jump based simulation. 

The model is based on random walk theory of elementary particle jumps. Initially 

qualitative simulations are conducted without actual parameters. It is shown that Cu 

diffusion in porous dielectrics decreases quasi linearly with porosity. Furthermore, it is 

shown that morphology of the pores may have a greater effect on diffusivity compared 

to porosity. The simulations are then calibrated with parameters, and the result is shown 

to yield a similar diffusivity times as actual process time. 

2. Modeling of Cu ions drift in porous dielectrics under electric stress. First, the model is 

explained, and then qualitative simulation results are presented for porous dielectrics 

with varied porosities and morphologies. 

3. Research to find a suitable replacement for Pt as the counter electrode in RRAM 

devices. The research methodology is discussed and  a much cheaper Rh is selected as 

the  potential replacement for Pt. Successful functionality of Rh based resistive devices 

is presente
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General Audience Abstract 

 

 
As electronic devices are being scaled for integrating more functions and higher 

computation, the internal delays are increasing, which may become a bottleneck in performance.  

To resolve this issue of internal delay, new materials are being proposed to replace the 

conventional materials to make the chip. One promising material like that are the porous 

dielectrics, to replace the conventional dielectrics used to manufacture electronic chips. 

The introduction of ‘air pores’ inside the dielectric used in chips may improve the delay, 

but it leads to several thermal and electrical reliability concerns. In this thesis, we argue that using 

differential equations to simulate effects on the nano-scale to explore such reliability issues is 

insufficient, and a simulation method based on individual atom/ion movement should be used to 

describe it. Here we provide a simulation model to explain the diffusivity of copper under thermal 

stress, as well as movement of Cu ions during electric stress in porous dielectrics, using our particle 

movement based simulation model, and prove that it delivers correct results. 

Secondly, the delay is especially significant for processor to memory communication. 

Thus, integrating memory close to processor is another method to reduce the delay. Resistive RAM 

(RRAM) is one such novel RAM technology that can be integrated close to processor. However 

due to usage of non-native as well as expensive materials, RRAM has not been commercially 

integrated close to processor. In this thesis, we also present a functioning RRAM using cheaper 

materials, as well as materials that are native to present electronics.
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1 CHAPTER 1: Introduction 

This chapter discusses the current trend of technology scaling and the increased dominance 

of interconnect delays in the submicron technology nodes. The escalated interconnect delay due 

to an increased number of transistors is especially worse in global interconnects such as those that 

connect processor with the on-chip memory. This necessitates the need for novel materials and 

architectures to reduce the RC interconnect delay, as well as for potential integration of memory 

in the back-end of the CMOS for reducing the processor-to-memory communication latency. Low-

k porous dielectrics have the potential to reduce the dielectric constant below 3.0. However, the 

introduction of porosity into the back-end, gives rise to a myriad of implementation problems. 

Investigation of the reliability of porous dielectrics under thermal and electric stresses expected in 

the back-end, is the chief motivation for this thesis. Furthermore, a potential BEOL compatible 

memory, resistive switching memory (RRAM) is discussed, and the prospect of making RRAM 

with low-k dielectric and CMOS compatible materials is discussed.  

1.1 Technology Scaling and Interconnect Delay 

 

Driven by fierce competition in the market and high demand for low form factor in 

electronics, the semiconductor scaling has been moving at the pace of Moore’s Law since the last 

50 years [100]. This means that every 18-24 months, the number of transistors in a chip have 

doubled and the performance of the chip has also doubled [101]. Similarly, the technology node 

has shrunk remarkably from 130 nm in 2001 to 14 nm in 2015 in the Intel’s Broadwell processor 

[102]. 

 

Fig.  1.1 Technology scaling according to Moore's Law. Source: ITRS Roadmap (2009) [100]. Used under fair use. 
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The shrinkage in the transistor size has led to greater number of transistors per chip leading to 

more computation ability, along with better transistor speed due to short channel lengths. 

Furthermore, as the number of transistors per chip has risen from 29000 in the Intel 8086 in 1978 

to 7.2 billion in the 22-core Xeon Broadwell-E5 in 2016 [102], the total length of the stacked 

interconnects per chip has become as high as ~30 miles in a size of a fingernail [123].  

 

Fig.  1.2 90 nm interconnect technology on 300 nm wafer with six levels of metal (Photo courtesy, Intel Corp.). 

Used under fair use. 

 Interconnect in CMOS back end is the metal line that connects the components on the chip 

with each other. Fig.  1.2 shows a typical CMOS BEOL, with multiple layers (6 in this case) of 

metal lines. The number of interconnect layers can be 13-14 in the latest BEOL process [100]. 

This astronomical technology scaling requires shrinkage in the feature size of the interconnects 

connecting the increased number of transistors. This translates to the requirement of thinner and 

more closely packed wires, meaning increased interconnect RC delay, which has become a major 

bottleneck in the device performance in the recent years [3]. 

 

Fig.  1.3 Schematic of an abstract circuit representing the interconnect structure [3]. Used under fair use. 
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A simplified interconnect structure is shown in Fig.  1.3, which consists of metal lines 

spaced apart by an inter-layer dielectric (ILD) of thickness d. The metal lines and the sandwiched 

dielectric together make up a ‘capacitor’. The capacitance between the lines is inversely 

proportional to the ILD thickness and is given by kε0/d, where k is the dielectric constant of the 

material and d is the dielectric thickness [3]. The resistance of the metal interconnect is 

proportional to ρ/A, where ρ is the resistivity of the material and A is the cross-sectional area of 

the interconnect. As the technology scales, d and A decrease, leading to increase in both 

capacitance as well as resistance. This translates into increased RC signal propagation delay, cross-

talk as well as power dissipation which will make it the bottleneck in the overall chip performance 

[104]. 

 

Fig.  1.4 Trend of interconnect and gate delay as technology scales [99]. Used under fair use. 

 ITRS roadmap 1999 discussed the dominance of interconnect delay over gate delay as the 

technology shrinks. The trend is shown in Fig.  1.4. This trend is a result of the increasing inter-

wire capacitance as well as metal resistance leading to an increased RC delay. Previously, Al was 

used as the interconnect metal and SiO2 as the inter-layer dielectric. Even though Cu and Ag have 

better conductivity than Al, but the low diffusivity of Al made it the material of choice from 70’s 

to late 90’s [2]. Al, when deposited on SiO2 readily forms a self-limiting oxide Al2O3 which 

prevents aluminum or oxygen atoms/ions from diffusing through [3].  However, as indicated by 

Fig.  1.4, using Al was not feasible for technology nodes smaller than 0.1 µm. In 1997, IBM 

replaced Al with Cu as the interconnect material in their high-end products [105]. Soon the whole 

semiconductor industry followed due to copper’s much lower resistivity and thus lower power 

dissipation and delays. However, Cu readily diffuses into the dielectric and the process required a 

deposition of a barrier layer on the dielectric before Cu as shown in  Fig.  1.5. 
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Fig.  1.5  schematic of the Cu interconnect structure. The metal barrier and dielectric capping layer are to block Cu 

penetration into ILD [3]. Used under fair use. 

 Cu has been shown to diffuse considerably into SiO2 at temperatures lower than the 

interconnect processing temperatures [33]. However, through deposition of a barrier and liner over 

ILD, before Cu deposition, good adhesion, as well as prevention of Cu diffusion has been 

successfully achieved.  

1.2 Low-k Dielectrics and Porosity 

 

To continue the aggressive scaling without raising the interconnect delay exponentially, 

the novel materials having dielectric constant lower than that of SiO2 (k=3.9) must be harnessed. 

Fig.  1.6 shows the ITRS roadmap for the required dielectric constant of the ILD, to mitigate the 

interconnect latency and continue increasing transistor density [100]. One method to lower the 

dielectric constant is to introduce carbon (C) or fluorine (F) atoms, to make the structure of the 

material less dense and decrease the number of polarizable groups per volume [104]. Materials 

such as organosilicate glass and fluorosilicate glass are made this way. SiO2 has been replaced by 

low-k dielectric materials such as SiCOH or SiCH [106]; an improvement in dielectric constant, 

from 3.9 in SiO2 to 3.0 in low-k dielectrics such as organosilicate glass. Organosilicate glass 

(a:SiCOH) is made by insertion of organic groups like -CH3 in silicon dioxide. Changes in film 

polarity, chemical bonds or insertion of lower weighted molecular atoms is a successful way to 

lower the dielectric constant below ~2.5-2.7, but below this, these methods seem unlikely to lower 

it further [107]. In order to lower the dielectric constant below 2.7, integration of nanometer-sized 

pores is seen as one of the promising approaches [106].  

For the low-k porous dielectrics, many materials such as porous silicate glass, porous 

Organo Silicate Glass, Porous SiLK and many others have been proposed [108].  Among the low-

k porous materials, nanoporous organosilicate glass (a:SiCOH) is one of the most promising 

materials, with the dielectric constant as low as 2.2 reported [109]. Furthermore, SiCOH has been 
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reported to have very low leakage (< 1 nA/cm2 at 2.5 mV/cm), a very high thermal stability and 

strong electrical strength (>5 MV/cm at 200 °C) [13]. 

 

 

Fig.  1.6 Roadmap of dielectric constant given by ITRS [100]. Used under fair use. 

There are two ways to insert porosity into a material (a) a constitutive or (b) a subtractive 

[110]. In a constitutive porous dielectric, the material is generally deposited by sol-gel reactions, 

which is a combination of hydrolysis and condensation processes [104]. Constitutive porosity is 

thus a self-reorganization of the material and the material is left porous after manufacturing, 

without the need for additional treatment [111]. The porosity resulted in the material this way is 

thus, generally not very high (15%) and the pore size obtained is ~1 nm in diameter [111]. On the 

other hand, subtractive porosity involves the use of sacrificial nanoparticles which are introduced 

into the bulk material during dielectric deposition and are removed through annealing to leave 

behind pores [111]. The thermally degradable sacrificial material is called a porogen. Subtractive 

porosity can be as high as 90% and the pore size can reach as high as 10 nm [104]. For the samples 

characterized in this thesis, the porosity is inserted through the subtractive method by Intel 

Corporation. Through the insertion of pores, dielectric constant lower than 2.0 can be achieved 

[112]. In this thesis, the highest porosity in the samples characterized is 25% with k=2.5. The low-

k dielectric in the samples characterizes is porous SiCOH or SiCH. 

While the introduction of porosity in low-k dielectrics can reduce the dielectric constant 

significantly, it also creates a myriad of reliability and implementation issues. Especially important 

is the reliability of the ILD under thermal and electric stresses, seen in typical CMOS BEOL. Cu 
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is known to diffuse faster in low-k dielectrics such as SiCOH compared to the conventional SiO2 

[21-22]. This poses a serious reliability risk if porosity would increase Cu diffusion in the 

dielectrics and may lead to dielectric failure and thus device failure. Investigation of the impact of 

porosity on the Cu diffusion is the first objective of this thesis. Similarly, investigation of the effect 

of porosity on the electromigration of Cu upon application of electric stress is the second objective 

of this thesis. For interconnects, a stable Cu/dielectric interface is required under thermal or electric 

stress. However, as we shall see in the subsequent sections of this chapter, some devices require 

the interface to be unstable under electric stress [3,113]. 

Traditionally, diffusion in low-k dielectrics as well as in porous dielectrics has been 

described by the conventional differential equation along with boundary conditions [10,31,32]. 

However, in view of the diffusional jump distance being as large as 2 nm, the pore size being of 

the similar scale, and the latest ULSI interconnect thickness being only a few tens of nanometers, 

the conventional drift-diffusion equations in differential equation form are grossly inadequate and 

elementary jump frequencies are required for a proper description of the Cu diffusion or drift in 

porous dielectrics. Thus, we propose a model based on elementary atomic/ionic movements in the 

dielectric lattice to evaluate the diffusion and drift kinetics. This topic would be discussed in detail 

in Chapter 3 and Chapter 4.  

1.3 Emerging Memories and the Possibility to Embed Memory in CMOS 

BEOL 

The interconnect delay in the back end is especially worse for today’s state of the art 

embedded devices in which non-volatile memory such as flash is placed on the same chip as the 

processor. While implementing porous dielectrics as the BEOL ILD is one method of reducing the 

interconnect latency, another novel method proposed in the literature is to embed the memory in 

the CMOS back end [120,121].  As indicated in Fig.  1.7, this would reduce the logic to memory 

distance from 1000’s of µm to a few nm, resulting in a high-bandwidth and low latency access 

[121]. Emerging memories such as MRAM, STT-RAM, PCRAM, and CBRAM (Memristor) have 

a structure that does not require a silicon substrate and thus offer the possibility of integration into 

the back-end [116,122]. The possibility of a 3-D integration in the back-end would also give a 

density much greater than the current transistor-based memories. From a cost perspective, a 
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memory that can be seamlessly manufactured in CMOS BEOL using native material would be 

most attractive. 

 

Fig.  1.7 Embedding RS devices in CMOS back-end would reduce logic-memory latency [120]. Used under fair use. 

 ITRS discusses the compares the prime emerging memory candidates to replace flash 

memory. The finding is summarized in Table 1.1.  

 

Table 1.1 Summary of the flash memory and emerging memory technologies according to the ITRS roadmap [100]. 

Red, orange, and green colors mean poor, moderate, and good. Used under fair use. 

Out of the memories, it can be seen that PCM and resistive memory (RS or RAM or 

CBRAM) are the best candidates. Both of these memories have a MIM structure typical of the 
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CMOS interconnects. However, phase change memory (PCM) requires a layer of a phase changing 

material as the insulator that is not native to CMOS. On the other hand, RRAM has been shown to 

depict successful switching behavior with CMOS native materials such as Cu and Ru as electrodes 

and SiO2 or SiCOH as the insulator layer [61]. Thus, for this second strategy to lower the impact 

of interconnect delay, we would discuss RRAM in this thesis.  

1.4 The Basics of Resistive Switching Memory 

1.4.1 Device Structure  

Resistive switching memory (RRAM or ReRAM), also called CBRAM (conductive bridge 

RAM) [65,114] or PMC (programmable metallization cell) [115] or ECM (electrochemical 

metallization cell) [97], is a novel non-volatile memory (NVM) that is based on a change in 

resistance of the device through redox reactions leading to formation or rupture of a low resistance 

filament [116]. It is based on a simple MIM (metal-insulator-metal) structure, similar to the 

structure of an interconnect. Cross-section of a typical resistive switching (RS) device is shown in 

Fig.  1.8. The cell contains an active electrode e.g. Cu, Ag etc., an inert counter electrode e.g. Pt, 

W etc. and a thin solid electrolyte film which is conductive for the XZ+ ions from the active 

electrode. The active electrode is selected which can ionize easily on the application of electric 

stress. The electrolyte is chosen which is conductive for the ions from the active electrode. A broad 

range of electrolytes have been shown to support RS switching, which includes electrolytes 

containing host containing cation (e.g. Ag2S, Cu2S) as well as insulators such as SiO2, SiCOH etc. 

[37,116]. Lastly, for the counter electrode, a material is chosen that is electrically, chemically and 

thermally stable. Pt and Pt group metals are excellent candidates for the counter electrode. Since 

Pt has a very high negative heat of formation, it is very difficult to ionize on an application of 

electric stress [3]. Another requirement for the counter electrode is low-solubility with Cu; as if 

Cu diffuses into the electrode a stable filament would be hard to form.  

Notice that the RS device does not have requirement of silicon substrate compared with 

the conventional transistor-based memories (Flash, DRAM, SRAM etc.). Furthermore, it uses Cu 

which is a native back-end-of-the-line (BEOL) material and can have SiO2 and low-k dielectrics 

as the electrolyte; which are also native to BEOL. Only the counter electrode (usually Pt or W) is 

not native to the CMOS back-end. Thus, there is a good possibility to embed RS memory in the 

CMOS back-end and stack in 3 dimensions as shown in Fig.  1.10. Furthermore, owing to the 
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simple structure of the RS devices, it can be laid in a crossbar architecture which enables very 

high-density packing [71, 117]. 

 

Fig.  1.8 Cross-section of a RS switch. 

 Ideally, RS device which can be fabricated in a standard CMOS interconnect process using 

native materials is highly desired. Therefore, one of the objectives of this thesis (Chapter 5) is to 

propose a CMOS BEOL compatible material, that would replace Pt as the counter electrode in the 

RS devices. Furthermore, as porous low-k dielectrics such as porous SiCOH are proposed to 

replace SiO2 and other low-k materials as the ILD, RS devices with porous low-k dielectric as the 

sandwich electrolyte will also be explored in this thesis in Chapter 2. 

             

Fig.  1.9 (Left) Crossbar architecture to implement RS in a dense packing [117]. (Right) Cu/TaOX/Pt RS devices 

implemented in crossbar achitecture by G. Ghosh [71]. Used under fair use. 
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Fig.  1.10 Owing to non-requirement of a Si substrate and a simple structure, possibility to embed RS devices in 

CMOS back-end has been proposed in many literatures. [117] Used under fair use. 

1.4.2 Device Operation 

Fig.  1.11 illustrates the working mechanism of RS memory. Initially, the device is in high 

resistance state (HRS), with the electrolyte being an electron-insulator. As a positive stress is 

applied at the active electrode (Cu in this case), it is oxidized to form ions which drift towards the 

counter electrode due to the application of the electric field. The redox reaction taking place at the 

Cu electrode is: 

𝐶𝑢 →  𝐶𝑢𝑧+ + 𝑧𝑒−                                                  eq. (1.1) 

where z is the Since the inert counter electrode is at ground potential, the ions gain electrons 

here and get deposited as atoms (2). The redox reaction taking place at the Pt electrode is:  

𝐶𝑢𝑧+ +  𝑧𝑒− →  𝐶𝑢                                                  eq. (1.2) 

This leads to an accumulation of atoms which grows towards the active electrode. As this 

‘conical filament’ grows and reaches the Cu electrode, the voltage between the two electrode 

ruptures due to the formation of a low-resistance path. The voltage at which this filament reaches 

the active electrode for the first time is called ‘forming voltage’ (VFORM) as shown in Fig.  1.12, 

and the process is called FORM. The device is now in the low-resistance state (LRS). A very high 

current flows through this filament which can damage the dielectric and the device permanently. 

To prevent this current, a limiting current called ‘compliance current’ (ICC) is applied, which 

prevents current from exceeding the limit. During characterization, it can be applied using the 
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semiconductor analyzer. If the device is used in a real electronic device, current limiters can be 

used to apply the desired ICC.  

 

Fig.  1.11 Schematic illustration of the resistive switching mechanism. (1) Off state (HRS), (2) FORM process, (3) 

Filament formed, (4) Reset from LRS to HRS, (5) Set. 

 

Fig.  1.12 I-V curve of the RS operations as per Fig 1.8. Red line shows the form, blue line shows the reset and 

green line shows set. 

 

To revert the device back to HRS (high resistance state) from LRS, a reverse polarity 

voltage is applied which leads to a high current flowing through the filament. This filament causes 

a heat spot to be generated at the tip of the filament where the resistance is highest due to the 

minimum thickness of the filament. This heat spot causes Cu atoms to diffuse from the filament 

leading to an eventual rupture of the filament from here. The device is now back to HRS state 

indicated by (4) in Fig.  1.12. This is the RESET process and the voltage at which the filament 

ruptures is called VRESET. The same filament can be ‘reformed’ again on an application of positive 

bias on the Cu electrode. This is because, on RESET, the whole filament does not break down, 
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most part of the initial filament still remains, and thus it is easier to reform the same filament than 

to form another filament. On application of a positive bias, the filament is formed again. This 

process of ‘reforming the partial filament’ is called SET process. Since this time, only part of the 

filament has to be formed, the set voltage (VSET) is typically lower than the forming voltage 

(VFORM) as shown by (5) in Fig.  1.12. The device is again in the low resistance state (LRS). 

1.4.3 Terminologies 

Resistive switching devices have a set of terminologies specific to them, and so they need 

to be discussed. 

Forming Voltage (VFORM): Forming is the process of formation of a filament in a fresh cell. This 

involves application of a voltage on active electrode for the first time, leading to ion generation, 

migration towards the counter electrode, nucleation at the counter electrode and the piling up of 

ions to form a filament for the first time leading to a change from HRS (high-resistance state) of 

the device to the LRS (low-resistance state). The voltage at which the filament reaches the active 

electrode is called VFORM. At VFORM, the voltage between the two electrodes ruptures and a very 

high current flows due to shortening of the electrodes, which can damage the device. This current 

is limited by current limiters. Note that forming only need to be done once for a cell in its lifetime.  

Reset Voltage (VRESET): After a filament has been formed, the process of rupturing it to return the 

device back to the high resistance state is called RESET. It involves an application of a reverse 

bias stress to the device, leading to flow of high current through the filament. This current flow 

produces joules heating that generates a local hot spot at the tip of the filament which leads to 

diffusion of atoms from the filament and eventually rupture of filament from the tip. VRESET is 

dependent upon the morphology of the filament formed, for thicker and more cylindrical filaments, 

higher VRESET have been reported [37]. 

Set Voltage (VSET): Once a filament has been formed and then reset. Most part of the filament 

still remains intact upon RESET. The process of reforming this partial filament is called SET 

process. Like forming, this involves the application of positive bias at the active electrode, leading 

to ion generation, and migration towards the tip of the partial filament (since the electric field is 

greatest there), and nucleation at the filament. This leads to ‘reformation’ of the previously formed 
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filament. The voltage at which the filament is completed again between the two electrodes is called 

VSET.  

Compliance Current (ICC): A limiting current applied during FORM and SET process, to limit 

the current flow when the filament completes between the two electrodes, to prevent damage to 

the device. As we shall see in the next section, compliance current influences the shape of the 

filament formed as well its resistance (RON). Further, the number of switching cycles is also 

dependent upon the ICC applied. The compliance current of 1 mA or 100 µA is generally used 

during FORM or SET.  

Ramp Rate (RR): The rate of increase of applied voltage between the two electrodes, with respect 

to time, is called the Ramp rate. In this thesis, the ramp rate used for all characterizations is ranging 

from 0.2 V/s to 2 V/s. We will see in the subsequent section that the ramp rate also influences the 

shape and resistance of the filament. 

High Resistance State (HRS) and Off Resistance (ROFF): The state of a cell when the filament 

is not complete between the two electrodes. The resistance at this state is called On Resistance 

(RON). 

Low Resistance State (LRS) and On Resistance (RON): The state of  a cell when the filament is 

not complete between the two electrodes. The resistance at this state is called Off Resistance 

(ROFF). 

Endurance/Switching cycles: The number of cycles the device can be SET and RESET 

successfully after which  

Retention Time: The intrinsic ability of a cell to keep the information stored if it is not powered. 

[116].  

1.4.4 Other Mechanisms of Resistive Switching 

The switching cycle discussed in section 1.4.2 is based on bipolar Cu filamentary 

conduction. The term ‘bipolar’ means that SET and RESET happen on the application of different 

polarities. ‘Unipolar’ resistive switching has been mentioned in literature, in which SET and 

RESET occur in the same voltage polarity [116]. As for bipolar switching, in unipolar switching 

too, SET is limited by a compliance current while RESET is not limited. Unipolar switching is not 

an objective of this thesis, and so will not be discussed further. 
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Another popular mechanism of resistive switching discussed in several literatures is the 

oxygen vacancy conduction. For dielectrics containing oxygen such as TaOX, application of 

negative polarity voltage can lead to migration of oxygen ions towards the active electrode, leaving 

behind oxygen vacancies which can from conductive ‘oxygen vacancy filament’ [118].  

 

Fig.  1.13 Switching process in CBRAM due to [O] vacancy filament [60]. Used under fair use. 

 T. Liu discussed the formation of a conductive oxygen vacancy filament in Cu/TaOx/Pt 

devices when a negative polarity voltage is applied at the Cu electrode [60]. The mechanism is 

illustrated in Fig.  1.14. Under negative bias voltages, the following reaction occurs in the TaOX 

layer: 

𝑇𝑎𝑂𝑥 + 2𝑒−  →  𝑇𝑎𝑂𝑥−1 + 𝑂2−                                     eq. (1.1) 

Since the process can occur anywhere in the dielectric layer, this process is very stochastic. 

Y. Kang discussed the possibility of formation of a hybrid filament containing both Cu atoms and 

[O] vacancies [119]. The hybrid or ‘composite filament was a serial resistive connection of V0 and 

Cu filaments.  

 

Fig.  1.15 Hybrid nanofilament model, four CFs are shown: a monolithic Vo CF, a monolithic Cu CF, a hybrid 

Vo/Cu CF and a Cu/Vo CF, Virginia Tech (2015).[119]. Used under fair use. 
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 The hybrid filament occurs when a Cu (or V0) filament is initially formed and then ruptured 

during reset. Since most part of the filament remains intact during reset, continued application of 

negative (or positive) bias after reset, leads to accumulation of [O] vacancies (Cu atoms) at the tip 

of the filament to complete it. As we shall see in the subsequent chapters, rupturing of this ‘hybrid’ 

filament can be very difficult, so hybrid filaments can lead to a permanent ON state of the device. 

However, for all devices in this thesis, Cu filamentary conduction is the desired mechanism of 

resistive switching.  

1.4.5 Switching Characteristics of Resistive Devices 

Effect of film thickness on resistive switching: 

A typical switching cycle for a resistive device was shown before in Fig.  1.12, with the VFORM 

greater than VSET. Schindler et. al. showed that electromigration of ions is the rate-limiting step 

for formation, and therefore the VFORM increases linearly with the electrolyte thickness [97]. 

However, once the filament is formed, only a small part of it needs to be ‘re-formed’ in every 

subsequent SET cycle, hence no effect of film thickness was observed on VSET. 

 

Fig.  1.16 VFORM increases linearly with electrolyte thickness, while VSET has no relation [97]. Used under fair use. 

Effect of compliance current on resistive switching: 

 Bernard et. al. investigated the effect of compliance current (ICC) on the SET operation for 

Cu/SiO2/Pt cells. It was reported that the RON decreases linearly as ICC is increased during the SET 

operation [115]. The reason presented was that with increased ICC, more electrons would be involved 

in reducing Cu at the counter electrode, resulting in a broader filament with a lower resistance. A similar 

result was reported by Liu et. al. for Cu/TaOX/Pt devices [65]. 
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Fig.  1.17 Dependence of the ON resistance on the compliance current [115]. Used under fair use. 

Effect of ramp rate (VRR) on resistive switching: 

  The effect of sweep rate on the set voltage (VSET) has been investigated by several 

researchers [65, 97, 115]. Schindler et. al. measured the variation of VSET as sweep rate is varied 

for Cu/SiO2/Ir cells [115]. As shown in Fig.  1.18, a logarithmic relationship was reported between 

VSET and sweep rate 𝑣 for 𝑣 >  10 mV/s, while for lower voltages a critical VSET is seen to be 

approached. This indicates that resistive switching mechanism has a kinetic behavior, and not is 

not just a threshold phenomenon [97]. Schindler et. al. attributed this behavior, of increasing VSET 

to the limiting step of Cu ions nucleation while re-formation of the filament [115]. However, at 

low enough sweep rate, Cu nucleation is no longer a limiting step and a minimum threshold voltage 

for the device is reached. Liu et. al. reported similar behavior for Cu/TaOX/Pt devices, with the 

VSET, min = 0.17 V, reached at a ramp rate of ≈ 0.17 V [65]. It has been postulated in literature that 

RON does not have any dependence on varying ramp rate [97]. 

 

Fig.  1.18 VSET vs sweep rate 𝑣 for Cu/SiO2/Ir cells. A logarithmic relation is observed for 𝑣 >  10mV/s, but below 

that, a critical VSET is approached [97]. Used under fair use. 
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 We have discussed the general functionality of RS switching which will be useful during 

the discussion of characterization of standard resistive devices (to reproduce results), as well as 

Cu/low-k dielectrics/Pt devices, to see how those devices fare against the standard established 

results for RRAM.  

1.5 Thesis Objective and Organization 

There are two objectives of this thesis. The first objective of this work is to understand the 

diffusion and drift in low-k porous dielectrics, which are seen as the most likely replacement for 

current ILD. This is very important since we believe that the nano-ionic processes in interconnects 

cannot be described adequately by conventional diffusional equations, and an atomistic simulation 

is necessary to realistically describe those. This translates to the reliability study of low-k 

dielectrics under typical thermal and electric stresses faced in the BEOL. The same results obtained 

for interconnects would apply for RRAM, as similar dielectrics (porous low-k) are desired to be 

used for RRAM, and RRAM has the same MIM structure as interconnects. 

The second objective is to find a suitable replacement for Pt as the counter electrode. Even 

though Pt works successfully as the inert electrode in RRAM. However, its astronomical cost 

prevents the semiconductor industry from using it. Thus, a cheaper and ideally CMOS compatible 

replacement for Pt is highly desired. 

This thesis is organized into six chapters. In Chapter 1, we have discussed the motivation 

for this thesis being interconnect delays and the desire to integrate memory into BEOL. Porous 

dielectrics are discussed as a possible way to reduce RC delay. Furthermore, integrating memory 

into BEOL is presented as another way to reduce logic-memory latency. A novel memory (RRAM) 

is discussed, which has the potential for BEOL integration. 

Chapter 2 presents the fabrication and characterization of the standard Cu/TaOx/Pt device, 

which will serve as the benchmark for the rest of our devices. Furthermore, Cu/low-k/Pt devices 

are characterized, which is a continuation of Ye Fan’s work [61] with the aim of reproducing her 

results, as well as to characterize porous low-k dielectrics with 1) a thicker barrier, 2) room 

temperature fabrication 3) double barrier, with the aim of producing better results. 

Chapter 3 would discuss the diffusion at the microscopic scale and would discuss the 

random walk theory to describe diffusion at an atomistic scale. We argue that elementary jump 

simulation is necessary to describe the diffusion phenomena for current interconnects which have 
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a thickness of only 10’s of nm. Two different simulation methodologies are presented, and 

diffusion is simulated for different porosities and morphologies. We consider all the extreme cases, 

1) Finite vs infinite supply, 2) Surface diffusion vs no surface diffusion 3) High vs low porosity. 

Then, in this chapter, our diffusion simulation results are calibrated with the process parameters. 

Chapter 4 extends the simulation model in Chapter 3 to include the effect of electric stress. 

Effect of porosity is discussed for dielectrics stressed under a high electric field. Different 

porosities and morphologies are discussed. We include the drift-diffusion case in which electric 

stress is applied under high temperatures, and quantify our results. Finally, filament formation in 

MIM devices is also discussed. 

Chapter 5 discussed the research to find a suitable replacement for Pt as the inert electrode 

in RS devices. Different metals will be considered and their parameters compared. Finally, Rh is 

chosen and Rh based device fabrication and characterization are performed which will be 

discussed in detail. A comparison with Cu/TaOx/Pt and Cu/TaOx/Ru devices will be done, to see 

if Rh can be considered seriously for the future RRAM or not. 

Chapter 6, provides a summary of all the work done and discussed the future works possible 

in this area of research. 
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2 CHAPTER 2: Fabrication and Characterization of Cu/TaOx/Pt 

and Resistive Switching Devices with Porous Dielectrics 

 

 

This chapter can be divided into two sections. The first section discusses the fabrication 

and characterization of the standard Cu/TaOx/Pt device, which has already been well-researched 

and well-characterized and is known for its excellent RS behavior. This will serve as a benchmark 

for comparison with other low-k porous and non-porous dielectric RS devices supplied by Intel, 

characterized in the second section of this chapter. The porosity of the low-k devices characterized 

ranges from 0% to 25%, with some devices having a SiCN barrier to impede Cu diffusion. Through 

characterization, it will be shown that Cu diffusion in low-k dielectrics due to high processing 

temperatures renders most devices already conductive. It will be further shown that Einstein’s 

relation (µ=D q/kT), that relates the diffusion and electromigration in non-porous materials, is no 

longer valid in the porous dielectrics. A modified relation is proposed (µ= fp∙D q/kT), where factor 

fp depends on the porosity and tortuosity of the porous material. This ‘tortuosity’ will be further 

investigated in Chapter 3 and Chapter 4.  

Since this research was a continuation of the results of Ye Fan [61], a student in our 

research group, her results are quoted in section  2.3.3. To reproduce the results, further 

characterization of Cu/TaOx/Pt devices, as well as porous samples (641,653, 853, 855, 534 1:1, 

534 2:1) were performed by me in this work. Part of this Chapter (section 2.4) has been published 

as Y.Fan, R. Ali, S. W. King, J. Bielefeld, and M. K Orlowski, ECS Trans. 2016 volume 72, issue 

2, 233-240. 

2.1 Fabrication of Cu/TaOx/Pt Resistive Switching (RS) Devices 

2.1.1 Introduction 

As discussed in Chapter 1, Resistive switching memory (ReRAM) or CBRAM has a very 

simple M-I-M (metal-insulator-metal) structure, where one metal is an active electrode that acts as 

a supply for ions (generally Cu or Ag), the sandwiched insulator is generally a metal-oxide [65-

70] or organic compound [37,71] and the counter electrode is made from an inert electrode to act 

as a barrier where the atoms would accumulate to form a filament.  

Cu is a preferable electrode than Ag or Al since it is already being used in the BEOL as the 

interconnect material, so is ‘process-mature’ and compatible [61]. Furthermore, it is also more 
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cost-effective than Ag, almost by a factor of 20 [46]. For the sandwiched electrolyte, transition 

oxides such as TiO2, HfO2, CuOx and TaOx [65-68] have been shown to display RS behavior. 

TaOX, specifically is a very promising electrolyte material for RS memories, since it has been 

shown to display appropriate cycle endurance [72] and stable high and low resistance states [73]. 

Pt is an excellent barrier for Cu due to its high immiscibility [48, 49] and has a very low negative 

heat of metal oxide formation so that no oxide and thus no Pt ion is formed upon stressing Pt 

electrode[3]. It is thus, a suitable candidate for an inert counter electrode metal. However, Pt is 

very costly [46], with one the price of around $50/gram and the price reduction in the future is 

unlikely. Thus, a replacement for Pt with similar RS performance but lower cost, as well as BEOL 

compatibility is highly desirable. Later on in Chapter 5, novel metals to replace Pt is RS memory 

will be discussed, but for now, we keep Pt as the choice of  the counter electrode in our benchmark 

devices. Overall, Cu/TaOx/Pt CBRAM is a thoroughly researched device known to have excellent 

RS behavior [65-68] and thus this would be the starting point to see RS behavior. 

2.1.2 Device Structure 

The Cu/TaOx/Pt devices were fabricated on a 4” diameter oxidized silicon wafer in a cross-

bar array architecture for high density. Fig.  2.2 shows the cross-bar array architecture used in 

fabricating these devices, which allows close packing of the cells. The Cu and Pt electrode and 

perpendicular to each other and the MIM devices are present where the Cu and Pt (or other inert 

metal) electrode overlap since it has a blanket layer of TaOx in between. Pads are provided at the 

end of the metal lines so that probes may be placed here during characterization.  The width of 

metal lines varies from 5 µm to 25 µm. 

  

Fig.  2.1 Crossbar architecture of the resistive switching devices fabricated. a) Pictorial b) Actual device. 
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Fig.  2.2 Cross-section of the benchmark Cu/TaOx/Pt device. 

 Fig.  2.2 shows the complete cross-section of the device and the thicknesses of each 

layer. A 730 nm SiO2 layer is created through thermal oxidation of the wafer. This is followed by 

e-beam deposition of Ti to act as an adhesion layer for Pt. Then Pt electrode, TaOx dielectric, and 

the Cu is deposited by e-beam evaporation and patterned by lift-off technology. The complete 

process flow in the fabrication of RS devices is depicted in Fig.  2.3, and will be discussed in detail 

in the subsequent sections. 

 

Fig.  2.3 Process flow for the fabrication of Resistive switching devices. 

2.1.3 Fabrication Process 

The complete fabrication process of Cu/TaOx/Pt devices is shown in Fig.  2.5. Each step 

in the process have been well-tried and tested. They have been conducted at standard cleanroom 

condition in the Virginia Tech ECE cleanroom. It is a class 100 cleanroom meaning that there are 

only 100 particles of size 0.5 mm or larger permitted per cubic foot of air [74]. 

2.1.4 Wafer Cleaning 

The first step in the fabrication is to clean the wafer surface from any impurities or particles. 

This step is very important because even the slightest of impurity can cause the device to 

malfunction. This is because particles present on the wafer surface can lead to uneven 

deposition/coatings. Even though the clean-room has very low contamination, particles from 

cleanroom personnel, atmospheric dust, process equipment etc. can be present in the cleanroom 

air which may contaminate the surface [75]. There are two cleaning techniques that can be used; 

wet cleaning and dry cleaning. Many different methodologies have been proposed for both of these 
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techniques. Wet cleaning involves rinsing the wafer with acetone, followed by isopropanol and 

then water. The rinsing is conducted in the order of the strength of the solvent. This is followed by 

blowing dry using a nitrogen gun and then a dehydration bake on the hot plate for 1 minute. Dry 

cleaning involves the use of gas phase chemistry and relies on chemical reactions to remove the 

particulates on the wafer surface. Generally, wet cleaning is more effective for removing particle 

removal, so this is employed during our fabrication.  

 

 

  

Fig.  2.4 Chemical fume hood at Virginia Tech cleanroom where wafer cleaning is done 
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Fig.  2.5 Complete process flow for the fabrication of Cu/TaOx/Pt RS devices. 
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2.1.5 Thermal Oxidation 

The second step after cleaning is the thermal oxidation of wafer to create a uniform 

insulating layer of SiO2. This would serve as the insulating base for the resistive devices, 

preventing conduction to the electrodes/devices that are not meant to be stressed. Although SiO2 

can be deposited using PECVD as well, silicon dioxide films prepared by PECVD are usually 

affected by high impurity concentration like H, N elements and H2O, Si–OH groups and are 

characterized by a higher porosity compared to silicon dioxide deposited at a higher temperature 

in dry oxygen [76]. Thus thermal oxidation is used to deposit SiO2. 

Deal and Grove developed the mathematical model that governs the formation of SiO2 

films > 300Å [77]. They proposed that the oxidizing specie (O2 or H2O) diffuses through the 

existing oxide film to react with Si to form SiO2. The reactions for the formation of oxide are 

[77,75]: 

𝑆𝑖 (𝑠𝑜𝑙𝑖𝑑) + 𝑂2  → 𝑆𝑖𝑂2(𝑠𝑜𝑙𝑖𝑑) Dry Oxidation  eq. (2-1) 

𝑆𝑖 (𝑠𝑜𝑙𝑖𝑑) + 𝐻2𝑂 (𝑣𝑎𝑝𝑜𝑟) → 𝑆𝑖𝑂2(𝑠𝑜𝑙𝑖𝑑) + 2𝐻2 Wet Oxidation  eq. (2-2) 

 Since silicon is one of the reactants, it will be consumed from the wafer surface and the 

Si/SiO2 interface will go deeper into the wafer. In this process, it is reported that the amount of 

silicon consumed is 44% of the final oxide thickness [75]. 

 This standard dry O2/wet O2/dry O2 thermal oxidation process is used in the thermal 

oxidation furnace at Virginia Tech. The furnace has a maximum temperature of 1050 °C. Initially, 

the boiler is turned on with 75 °C as the temperature in the settings. The temperature is raised up 

slowly until 600 °C when the wafers are loaded into the quartz wafer boat. High purity nitrogen 

gas is purged into the furnace and this purge will continue until the temperature reaches 1050 °C. 

As the temperature of the furnace reaches 1050 °C, nitrogen gas is shut and oxygen is turned on at 

the rate of 1 liter/min. This is the dry oxidation phase, which continues for 5 minutes to form a 10 

nm film of SiO2. After dry oxidation, oxygen flow is reduced to 0.5-0.7 liter/min and wet oxidation 

is carried out to deposit the majority of oxide layer (~700 nm). During wet oxidation, water vapor 

is introduced into the furnace through a bubbler at a temperature of about 95-97 °C. The oxygen 

flow rate is maintained at 0.5-0.7 liter/min. Wet oxidation is carried out for 2 hours to deposit 

around 700 nm, based on the Deal-Grove model of the rate of oxide growth [78]. 
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 After wet oxidation, oxygen flow rate is increased back to 1 liter/min and the water 

vapor is stopped, to do another run of dry oxidation for 5 minutes. The oxygen and nitrogen flow 

are disconnected and the furnace temperature is lowered down to 80 °C, and the wafer boat is taken 

out of the furnace to cool. Overall the process took about 2 hours at 1050 °C and 720-760 nm of 

SiO2 is deposited.  

2.1.6 Photolithography 

Photolithography uses optical radiation to image the mask on a silicon wafer using 

photoresist (PR) layers [79]. It involves use of a UV light sensitive photoresist, that becomes highly 

soluble in the developer, upon exposure to UV light. A mask is used in photolithography to do the 

patterning for depositing any layer on the wafer.  

Following thermal oxidation, a thin layer of hexamethyldisilazane (HMDS) was spin 

coated on the wafer to promote the adhesion between the wafer and photoresist. The spinner is run 

at 500rpm for 15 seconds and then 2500 rpm for the next 45 seconds. The wafer is then placed on 

a hot-plate for a soft bake at 110 °C for 1 minute. To avoid sophisticated dry-etching steps, lift-off 

technology is used for patterning the substrate for our devices. Due to the requirement of lift-off, 

negative lithography, using an image reversal photoresist is used. Difference between positive and 

negative photolithography is illustrated in Fig.  2.6. In negative photolithography, the exposed area 

of the PR remains on the substrate after development. The chrome masks used for doing photo-

lithography for Pt and Cu electrodes and the TaOx are shown in Fig.  2.7. It should be noted that 

the same mask is used for Pt and Cu electrodes. 

HMDS is followed by spreading out a thin film of photoresist AZ 5214 image reversal 

photoresist using a spin-coater. This time the spinner is run at 1200 rpm for 45 seconds, and then 

soft bake is done again on the hot plate for 1 minute to evaporate the solvent in the PR, improving 

its adhesion to the substrate.  
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Fig.  2.6 Schematic diagram of positive and negative lithography [80]. Used under fair use. 

     

Fig.  2.7 Quartz photomask used for a) fabricating Pt and Cu electrodes b) Fabricating TaOx. 

 MA-6 mask aligner is then used to pattern the PR. -6 is suitable for I-line (365 nm) and G-

line (436 nm) wavelength. Channel 2 of the MA-6 (436 nm wavelength) which is set at a constant 

intensity of 11.5 mW/cm2 has been used for exposure of all samples. The best resolution that MA-

6 can achieve is 1 µm, which works for our mask having feature size ranging from 5 µm to 35 µm. 

For the Pt electrodes, the mask shown in Fig.  2.7 (a) is used and the substrate is exposed to the 

UV light for 16 seconds in vacuum contact mode. The alignment of the substrate with the mask is 

done through the monitor. Reversal bake of the wafer is done on the hot plate at 110 °C for 2 

minutes which makes the exposed areas insoluble as shown in Fig.  2.5 (step 5). The substrate is 

then flood exposed under UV light for ~36 seconds which increases the solubility of unexposed 

resist areas and improves feature resolution. 
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 The next step is to develop the pattern. The wafer is agitated inside MF-319 

developer solution for about 90 seconds which removes the PR that was unexposed during first 

exposure. This results in the negative image of the mask on the substrate, as shown in Fig.  2.5 

(step 6). The wafer is then rinsed with DI water and dried with a nitrogen purge to remove any 

developer solution from it.  

2.1.7 Physical Vapor Deposition (PVD) 

Physical Vapor Deposition is a process to deposit thin layers of material, typically in the 

range of few nm to several µm [81]. It consists of three fundamental steps [82]: 

1. Vaporization of the material from a solid source assisted by high-temperature vacuum 

or gaseous plasma. 

2. Transportation of the vapor in a vacuum or partial vacuum to the substrate surface. 

3. Condensation onto the substrate to generate thin films. 

Virginia Tech clean room has a Kurt J. Lesker PVD 250, which is an electron-beam based 

PVD platform. As the melting points of the materials used in these RS devices are not very high, 

e-beam is a satisfactory way to deposit. Illustrated in Fig.  2.8, the wafer is held upside down on 

the platen using anti-static polyimide film tape. The pellets of the source material are placed inside 

a crucible and that crucible is placed in the pocket in the chamber.  

 

Fig.  2.8 Schematic illustration of the electron beam deposition [61]. Used under fair use. 
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 The pressure of the chamber is lowered until 10-6 torr and then the e-beam is shot at the 

substrate to begin evaporation. The e-beam is generated using a tungsten filament and directed on 

the crucible containing pellets. Due to the low-pressure inside the chamber, the evaporated atoms 

have a high mean-free-path and travel straight towards the substrate on the platen without 

collisions from other particles. The platen is rotated at 5 rounds/min to ensure a uniform deposition. 

The deposition thickness is measured using a quartz crystal microbalance inside PVD 250 and is 

dynamically displayed on the PVD 250 screen. The purity of the Cu, Ta2O5 and Pt pellets 

purchased from Kurt J. Lesker is 99.99%, 99.95%, and 99.99% respectively. Table 2.1 lists the 

parameters used for deposition of each of the three materials. 

Material Pt TaOX Cu 

Layer Thickness (nm) 50 32 150 

E-beam Deposition Rate (Å/s) 1 1 5 

Melting Temperature (°C) 1768 1872 1085 

E-beam Current (mA) 180 150 120 

E-beam Base Pressure (Torr) 2 x 10-6 2 x 10-6 2 x 10-6 

Density (g/cm3) 21.45 8.2 8.93 

Z-ratio 0.245 0.3 0.437 

Tooling factor 140 140 140 

Table 2.1 Summary of E-beam deposition for Cu/TaOx/Pt device.  

2.1.8 Lift off 

Finally, the substrate is agitated in acetone to remove excess material deposited. The places 

where PR remained after development will now be ‘lifted-off’ i.e. removed from the wafer, leaving 

material deposited only in the remaining areas. For Pt and TaOX, the substrate only needs to be 

stirred in acetone for about 3-4 minutes, while for Cu it requires 5-6 minutes. The substrate can 
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then be cleaned with IPA and DI water and blow-dried with nitrogen. Similar steps, from 

photolithography to lift-off are used for TaOX and Pt.  

2.2 Characterization of Cu/TaOx/Pt Resistive Switching (RS) Devices 

Electrical characterization of the devices is done using Keithley 4200-SCS (semiconductor 

characterization system). The experimental setup is shown in Fig.  2.9 (a).  

                        

Fig.  2.9 Experiential set-up a) Cross-sectional view of the device connected to probes b) Illustration of voltage 

sweep mode using Keithley probestation. 

One probe is connected to Pt, which is held at ground. Another probe is placed on the Cu 

electrode and a positive or negative sweep is applied on this with respect to Pt. Voltage sweep is 

the rate of change of voltage with respect to time. Fig.  2.9 (b) shows how the linear sweep is 

actually output through small incremental steps. Each step in Keithley has a time interval of 50ms.  

In our tests, the sweep rate is same at 0.2 V/s, and thus a step size of 0.01 V is used. Initially, 

a positive or negative voltage sweep is applied to each cell to form a Cu or V0 filament respectively. 

During the FORM stage, as discussed in Chapter 1, the current is initially negligible, in the order 

of a 10-8-10-7, until VFORM, the forming voltage, when it spikes up abruptly. This indicates the 

formation of a low-resistance path (conductive filament) and suggests the transition of the device 

from HRS to LRS. To prevent damage to the device, the current is limited by ICC. For our tests, 

ICC is maintained at 50 µA. An optional next step is to apply a small bias e.g. read voltage of 0.01 

V (either positive or negative) to measure the RON of the cell. The third step is to apply a voltage 

of the opposite polarity to RESET the device. In this step, a high compliance current is selected 

(0.1 A) to ensure that a high enough current through the filament so that a heat spot can be formed 

for rupture. After RESET, the device is in HRS and part of the filament is ruptured. As the filament 
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breaks down, the voltage bias is halted, to prevent the formation of a hybrid-filament i.e. a mix of 

vacancy and Cu filament. After the RESET, the device can be SET again i.e. the previously formed 

filament can be completed again to form a LRS path between the 2 electrodes. Fig.  2.10 and Fig.  

2.11 (a) show a typical switching cycle of our Cu/TaOx/Pt devices. The VSET typically range from 

1.5 – 3 V and VRESET range around -0.5 to -1.5 V, indicated by Fig.  2.11 (b). These results 

corroborate well with the results from Ye Fan [61] and Gargi [71], former students of my research 

group, who had characterized similar Cu/TaOx/Pt devices thoroughly. 

 

Fig.  2.10 Typical (a) FORM (b) RESET and (c) SET behavior of Cu/TaOx/Pt cell. 

 

Fig.  2.11 (a) A typical SET and RESET cycle for a Cu/TaOx/Pt device (b) VSET and VRESET distribution in our 

devices. It can be seen the VSET has a greater spread compared to VRESET if we ignore the outlier(-2.3V) for VRESET. 

 Most of the resistive devices characterized show excellent resistive behavior (as is 

expected of Cu/TaOx/Pt devices) with an average of 20 switching cycles. The results of the 

Cu/TaOx/Pt devices are summarized in Table 2.2 on the next page. 
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 VFORM (V) VSET (V) VRESET (V) Switching cycles 

Cu/TaOx/Pt 2.05 – 3.83 

(Average: 3.21 

V) 

0.5 – 3.58 (Average: 

2.04 V) 

-0.15 – -2.3 (Average: -

0.91 V) 

3-40 (Average: 

15) 

Table 2.2 Switching characteristics of Cu/TaOX/Pt devices. 

 It should be noted that the fabrication and characterization of Cu/TaOx/Pt were conducted 

to provide a benchmark for the remaining devices since devices with exactly the same structure 

and layer thicknesses have been well-characterized by Fan [61], Ghosh [71] and Liu [60] before 

in our research group. 

 Y. Fan measured the temperature coefficient of resistance for Cu/TaOx/Pt devices under 

different compliance current (ICC) [61]. In both cases, only positive bias was initially applied to 

form a filament composed only of Cu atoms. Shown in Fig.  2.12, TCR with low ICC (ICC = 10uA) 

was reported to be 0.00235 K-1, while with high ICC (10 mA), TCR was reported to be 0.0036 K-1. 

This value is typical of strong Cu filaments which can be expected at a high ICC. The TCR of bulk 

Cu is 0.0039 – 0.004K-1. Thus, due to similar TCR, it was concluded that the filament formed was 

pure Cu filament. Similarly, Liu et. al. measured TCR for Cu based and vacancy based filaments 

in similar Cu/TaOX/Pt devices [83]. The resistance of the filaments was measured from 0°C to 

20°C. The TCR of Cu filament formed under positive stress was measured to be 0.0033 K-1, while 

that of the V0 based filament formed under negative stress was 0.0013 K-1. As the TCR measured 

for Cu nanofilament was close to that of bulk, it was concluded that Cu is the building block of the 

filament. This comparison with TCR of benchmark devices will be used to determine the nature 

of filament for the subsequent devices. 

 

Fig.  2.12 TCR of Cu/TaOx/Pt different Icc; (a) TCR of Cu CF for Pt devices (Icc = 10 μA); (b) TCR of Cu CF for 

Pt devices (Icc = 10 mA) [61]. Used under fair use, 2018. 
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Fig.  2.13 TCR of (a) Cu CF and (b) VO CF. T. Liu, M. Verma, Y. Kang and M. K. Orlowski, “Coexistence of 

Bipolar and Unipolar Switching of Cu and Oxygen Vacancy Nanofilaments in Cu/TaOx/Pt Resistive Devices,” ECS 

Solid-State Lett. 2012, vol.1, issue 1, pp q11q13 [83]. Used under fair use, 2018. 

2.3 Characterization of Porous BEOL Dielectrics for Resistive Switching 

As discussed in Chapter 1, the integration of memory in the BEOL will give much higher 

density in a lower foot-print (due to 3-D stacking), as well as reduced processor-to-memory 

latency. Since RS devices structure does not require silicon, this is one of the memory candidates 

that can be integrated in the BEOL. However, from a cost perspective and the ability to be readily 

integrated in the current matured process, using standard BEOL materials to fabricate RS devices 

in the back-end is most attractive [61]. Conventional RS devices typically use a high-k metal oxide 

such as TaOX, NiO [70], TiO2 [84] etc. as the Cu+ ion conducting insulator layer. To investigate 

the capability of resistive switching in CMOS BEOL ILD, Intel provided our research group with 

RS devices having low-k porous dielectrics as the sandwich electrolyte layer. Since low-k porous 

dielectrics such as SiCOH or SiCH are one of the most promising candidates for the future 

interconnect ILD [85,86], the possibility of RS switching is these dielectrics is highly desirable.  

2.3.1 Device Structure and Fabrication 

The Metal-Insulator-Metal (MIM) structures investigated in this study were manufactured 

by Intel and supplied to Virginia Tech. The devices have a bottom Cu electrode and top island-

shaped W or Pt counter-electrode with various porous low-k dielectrics (mostly a-SiCOH or a-

SiCH) sandwiched in between. The porosity of the dielectrics ranges from 0%-25%. In some 

samples, a thin layer of SiCN is applied at the Cu electrode, or at Pt/W electrode or both. Since 

SiCN is known to be an effective Cu barrier, this layer is applied to hinder Cu diffusion during 
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high-temperature processing steps. This ‘barrier layer’ is specifically required as Cu is known to 

diffuse readily into low-k dielectrics [21-22,34], which would disrupt the RS device function, or 

in the case of interconnect, lead to failure. 

The MIM device fabrication started with a 300 mm diameter Si (001) substrate coated with 

a 100 nm thick thermal oxide. A standard Ta/TaN adhesion layer followed by Cu seed layer were 

then deposited on the oxide using industry standard physical vapor deposition (PVD) methods 

[87,88]. An electrochemical plating method was then utilized to grow a thick Cu film that was 

subsequently thinned to approximately 300 nm in thickness via chemical mechanical polishing 

[89-90]. Various nano-porous low-k a-SiOC:H and a-SiC:H dielectrics were then deposited on the 

blanket Cu base electrode using standard plasma enhanced chemical vapor deposition (PECVD) 

methods that have been described in [91-94]. In some cases, a dense 2 nm or 5nm a-SiCN:H 

dielectric barrier material was deposited just before or after deposition (or both) of the nanoporous 

dielectric [95-96].  

The MIM device structure was completed by thermally depositing 10 nm W or Pt on top 

using circular mask shown in Fig.  2.14. The sizes of the top electrodes are 0.02”, 0.03”, 0.04”, 

0.06” and 0.08”, and a cell of each size is present in a ‘unit cell’ consisting of five cells. An 

additional 200 nm of Al was also thermally deposited on the top electrode to complete the top 

electrode structure. The total effective thermal budget during manufacturing of the samples has 

been estimated to be 400 °C for 4 minutes. 

    

Fig.  2.14 View of the (a) Basic ‘unit cell’ consisting of 5 devices of different sizes (b) Actual devices; notice how the 

same pattern of a unit cell repeats  

The devices were received in two phases. Devices received in the first phase were 

characterized by Ye Fan from our research group and are thoroughly described in [37,61]. Some 
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of the results from Ye Fan will be discussed again in this chapter as they form a beginning point 

for the subsequent chapters. The cross-section of the devices of phase 1 is shown in Fig.  2.15.    

 

Fig.  2.15 Cross-section of the devices received in the first phase and characterized by Ye Fan [37]. 

 

Fig.  2.16 Cross-section of the devices received in the second phase and characterized by me. 

2.3.2 Characterization Methodology 

The same characterization methodology used for Cu/TaOX/Pt devices discussed in section 

2.2 (Fig.  2.9) is used for these samples. The samples are rinsed with acetone, isopropanol and DI 

water before characterization to remove the dust deposited on the device which may cause static 

charge. Static charge could affect the performance of the device by generating zero voltage current. 

This is followed by blow drying using a nitrogen gun to dry it. The samples are handled wearing 

gloves and using tweezers to avoid salts on the skin from contaminating the surface. The chuck of 

the Signatone probestation is also wiped off using a wipe wet with Isopropanol before placing a 

sample on it. Fig.  2.17 shows how probes are connected to characterize a cell. 
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Fig.  2.17 (a) Photo of probes connected to a Pt electrode of a device and Cu (b) Cross-sectional view of device 

connection.  

2.3.3 Characterization Results of First Phase devices (Characterized by Ye Fan [37,61]) 

Ye Fan characterized the four types of devices of First phase, shown in Fig.  2.15 [37, 61]. 

It was reported that 90% of the devices were intrinsically conductive with a low resistance of 50 

Ω and below, and did not show any FORM (or any RS switching). The remaining 10% of the 

devices showed various degrees of resistive switching behavior. Shown in Fig.  2.18, resistance of 

each cell was reported to be inversely correlated to the area of each cell, RON = ρ∙d/A. The 

conclusion postulated from this behavior was that conduction is a bulk phenomenon, occurring 

throughout the area of the device, rather than the filamentary conduction that occurs in resistive 

switching [37]. 

 

Fig.  2.18 Plot of the resistance as a function of the inverse value of the area of the top electrode in 635-Pt [37]. 

Upon measuring temperature dependence of resistance, TCR = 0.0026 – 0.0029 K-1 was 

reported. As the TCR for these devices is close to that of Cu/TaOx/Pt devices (0.0031-0.0033 K-
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1), it was concluded that the initial conductive stage is due to high Cu diffusion in the dielectric 

during processing steps. 

 

Fig.  2.19 Resistance as a function of temperature for a sample that has been found highly conductive from the 

beginning [37]. Used under fair use. 

 The high temperature processing steps include the k=3.3 SiCOH ILD deposition which has 

a thermal budge of 400 °C for 2 minutes and deposition of SiCN, which too has a thermal budget 

of about 2 minutes at similar times. For the rest, the film is deposited at lower temperatures (200 

– 250 °C) and then given a thermal cure at a higher temperature closer to 400 °C. Thus overall 

thermal budget is about 400 °C for 4-5 minutes. As the devices with even 2 SiCN barriers (type 

4), showed 90% devices to be conductive, it was hypothesized that SiCN is ineffective at stopping 

Cu diffusion. However, only the devices with at least one SiCN were reported to show some RS 

behavior. For devices without any barrier (type 1), 100% of the cells were conductive [37]. 

 Another interesting finding reported for intrinsically conductive samples was the linear 

decrease in the RON as ICC
 is increased, as shown in Fig.  2.20. The resistance decreases linearly 

until a ICC =10mA after which the profile becomes flat.  

  

Fig.  2.20 Plot of the resistance as a function of the inverse value of the area of the top electrode in 635-Pt [37]. Used 

under fair use. 
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The relation given between ICC and RON was RON = 0.02/ICC. Liu et. al. postulated that the 

constant (0.02 in this case) in the RON vs ICC indicates the minimum set voltage (VSET,min) for the 

device [65]. Fan et. al. hypothesized the reason for observing this graph that increased current 

flowing through the device leads to increased Joule’s heat deposition which raises the temperature 

of the dielectric. This ‘annealing’ was said to cause (1) a higher electrical activation of Cu atoms 

to find substitutional sites where Cu can be ionized and contribute to the conduction, and (2) a 

more uniform Cu distribution in the dielectric due to diffusion leading to lower resistance [37,61]. 

Further it was mentioned that at a high enough current, since the electrical activation of Cu is 

complete and/or the Cu profile in the dielectric becomes constant, the RON does not decrease 

further with increase in ICC. 

Table 2.3 shows the forming voltages for the four types of devices tested in phase 1. It can 

be observed that only devices with at least one SiCN barrier showed RS switching. Overall, the 

best RS behavior was reported for devices having SiCN barrier on both electrodes. Furthermore, 

devices having 25% porosity were stated to display best RS behavior. Another behavior mentioned 

was the increased VFORM as the porosity increased, e.g. devices 388-W and 391-W have similar 

structure except for porosity of the sandwiched dielectric. For device 388-W with 25% porosity, 

VFORM = 0.89 – 2.1 V, while for device 391-W with 12% porosity, VFORM was mentioned to be 

0.45-0.50 V. These findings raise two questions: 1) How does porosity affect diffusion of Cu in 

the dielectric. 2) How does porosity affect the electromigration of Cu+ ions, which is the limiting 

step affecting VFORM [97]. 

 

Table 2.3 Forming voltages at positive bias for the four type of devices tested by Ye Fan [61]. Used under fair use. 
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Fig.  2.21 Resistance as a function of temperature for a filament formed in 391-W at positive bias (Vform = 0.58 V) 

and 391-W at negative bias (Vform = -0.73 V), and 388-W (25% porosity) at positive bias (Vform = 2.2 V) [37]. 

Used under fair use. 

 Moreover, TCR of devices that showed formation of Cu filament under positive stress was 

reported to be 0.0031 K-1, which is the same value reported for Cu filaments in Cu/TaOx/Pt devices 

by Liu et.al. [83]. This result was presented as a proof that the conduction was not bulk for these 

cells and that a high density Cu filament formed during initial positive bias. Lastly, as the TCR of 

samples 391-W (porosity = 12%) and 388-W (porosity = 25%) obtained were almost same (0.0031 

K-1 and 0.0030 K-1 respectively), Fan et. al. postulated that porosity does not affects the nature of 

the filament [37].  

Dependence of Resistive Behavior on Annealing of the Device: 

 Fan et. al. characterized the samples tested before (Table 2.3),  at higher temperatures to 

investigate the dependence of RS behavior on the annealing of device [37]. The annealing was 

done on the chuck of the probestation for 4-5 minutes at 40 °C, 60 °C and 100 °C. Erratic RS 

behavior due to excessive Cu diffusion was reported, with some devices being conductive in the 

27 °C, could rupture and become conductive again at a sharp voltage. For 100 °C, all devices were 

reported to be conductive due to excessive Cu diffusion. It was concluded that excessive Cu 

diffusion leads to devices being conductive and resistive switching erratic or impossible.  
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2.3.4 Characterization Results of Second Phase devices (Characterized by me) 

Sample BE 

Dielectric 

Barrier 

Dielectric TE 

Dielectric 

Barrier 

H2 Plasma 

Pre-

treatment 

% 

RSD 

VFORM 

641 5nm SiCN 20 nm porous SiOCH  

(k=2.5, 25% porous) 

2.5 nm 

SiCN 

20 sec 12.5 0.83 – 4.6 

(Avg: 2.01) 

653 5nm SiCN 20 nm SiOCH (k=3, 1.3 g/cm3) 2.5 nm 

SiCN 

20 sec 12.5 0.23 – 1.1 

(Avg: 0.50) 

853 20 nm SiCN 20 nm porous SiOCH(k=2.5, 

25% porous) 

None None 12.5 7.5 

855 20 nm SiCN 20 nm porous SiCH(k=2.8, 

12% porous) 

None None 30.7 0.96 – 8.1 

(Avg. 4.28) 

534 1:1 2.5 nm SiCN UNL SiOC:SiC-SiO2 1:1* None None 80 0.6 - 4.4 

(Avg:  1.96) 

534 2:1 2.5 nm SiCN UNL SiOC: SiC- SiO2 2:1* None None 30 1.5 

Table 2.4 Characteristics of devices characterized in phase two. 

* These devices were fabricated at room temperature 

 Table 2.4 illustrates the switching characteristics of the devices shown in Fig.  2.16.  

Type 1 Devices: 641 and 653: 

 

Fig.  2.22 Cross-section of the type 1 devices tested in phase 2. 

 The devices 653 and 641 had similar layer composition and thickness for all layers, except 

that the porosity of the SiCOH dielectric was 0% in 653 and 25% for 641. The thickness of the 

SiCN barrier layer was greater for these samples (5nm) on the Cu electrode compared to their 

counterparts in phase 1 (388-Pt and 391-Pt). The switching results were similar for both devices, 

with only 12.5% showing RS switching, while the rest 87.5% of the devices were conductive. This 

finding is not in agreement with the hypothesis of Fan et. al., as better RS switching was expected 
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for the sample having porosity in the dielectric [37].The resistance of the intrinsically conductive 

devices had an inverse correlation with the area as indicated by Fig.  2.23, indicating that 

conduction was a bulk phenomenon due to Cu diffusion. 

 

Fig.  2.23 Plot of the resistance as a function of the inverse value of the area of the top electrode in 653. 

Notice the similarity between Fig.  2.23 and Fig.  2.19. The spread in the results may be greater 

in  Fig.  2.23, but overall a similar linear relation is observed. This is in agreement with the 

hypothesis of Fan. et. al. [37] that the processing steps are inducing a high degree of Cu diffusion 

in the dielectric leading to bulk Cu conduction. No effect of porosity on Cu diffusion can be derived 

from the result of these two samples, as the percentage of intrinsically conductive devices is same 

(87.5%). However from Table 2.4, it can be seen that the VFORM for sample 641 (with 25% 

porosity) is considerably higher (average VFORM = 0.50 V) than that for 653 (average VFORM = 2.01 

V). This finding too, is consistent with Fan et. al.’s observation (mentioned in section 2.3.3).  

    

Fig.  2.24 Dependence of RON on ICC for samples 653 and 641. 

Sample 653 Sample 641 
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 Fig.  2.24 shows the variation of RON as the compliance current is varied. The trend is 

similar for both devices, with the Ron decreasing linearly until ICC is about 10-4 A, and then 

remaining constant regardless of the increase in the compliance current. From the linear trend line 

equations in the two graphs, we get the minimum set voltage for sample 653 as 0.03, and for 

sample 641 as 0.02, as per Liu. et. al [65]. This behavior too is same as reported by Fan et. al. and 

shown in Fig.  2.20. Similar explanation applies here; increased compliance current causes 

annealing of the Cu diffused in the dielectric leading to a better Cu distribution and thus a lower 

RON. However, as the compliance current increases, the Cu profile inside the dielectric becomes 

constant and further lowering of RON is thus not observed. 

 SiCN barrier of 5nm too, was not effective in preventing Cu diffusion during the high 

temperature processing steps. Nguyen et. al. tested the capability of PECVD deposited SiCN to 

stop Cu diffusion when subject to thermal stress [29]. It was reported that SiCN barrier below 10-

15 nm of thickness is ineffective in preventing Cu diffusion. Thus the type 2 devices that were 

characterized had a thicker (20 nm) SiCN barrier. 

Type 2 Devices: 853 and 855: 

 

Fig.  2.25 Cross-section of the type 2 devices with thicker SiCN barrier, tested in phase 2.  

 The samples 853 and 855 had a thicker SiCN barrier (20 nm) on the Cu electrode and no 

barrier on the Pt side. The difference between the two was the variation in porosity of the dielectric, 

with sample 853 having 25% and 855 having 12%. Upon characterization, a better RS behavior 

was observed for sample 855 with lower porosity compared to 853. Sample 855 showed ~30% of 

the devices showing RS switching. Out of these devices half of the devices showed 3-4 switching 

cycles. For sample 853, 12.5% of the devices showed RS behavior and no device showed any 

switching cycle after formation. This suggests better RS behavior for a lower porosity, which is 
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contrary to the hypothesis of Fan et. al. Nevertheless, a solid conclusion cannot be drawn from the 

results of these two samples as only ~15 cells were tested for each, and the testing was conducted 

about 6 months from the fabrication. We believe that the sample size for the data is too small to 

draw a strong conclusion. 

 VFORM and VSET for both of these devices were higher than for any low-k sample tested by 

Fan et. al. or me. This, is plausible since the distance between electrodes is 40 nm and 

electromigration of ions would require more hopping from site to site compared to previous 

samples. Further, a thicker layer of SiCN would translate to lesser ionization of Cu from the 

electrode. On average VFORM for sample 855 was lower (~4.28 V) than that for sample 853 (~7.5), 

which is consistent with all our previous results that higher VFORM is expected for samples with 

higher porosity due to blockage of ionic electromigration from the pores.  

Type 3 Samples: 534 1:1 and 534 2:1: 

 

Fig.  2.26 Cross-section of the type 3 devices (fabricated at room temperature) tested in phase 2. 

In all the previous samples with low-k dielectrics, excessive Cu diffusion due to high 

temperature processing has led to poor RS behavior. Thus, the type 3 samples tested in phase 2 

were fabricated at room temperature. The samples were fabricated by research group at University 

of Nebraska, Lincoln and provided to our research group in Virginia Tech to characterize. The 

dielectric deposited was SiOC with a varied proportion of SiC-SiO2, and it was sputter deposited 

at room temperature. This dielectric was much denser than the previously deposited SiCOH and 

was non-porous. The room temperature deposition of dielectric yielded much better RS switching, 

with 80% of the devices tested from 534 1:1 and 30% from 534 2:1, showing RS behavior. VFORM 

for 534 1:1 was 1.96 V and for 534 2:1, it was 1.5 V. This was the expected range of VFORM for 

non-porous samples having a dielectric thickness of 20 nm. Very few samples showed multiple 

switching cycles after formation. 
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534 1:1 shows more probability of switching behavior than 534 2:1. This means that the 

higher proportion of SiOC does not actually aid in the enhancement of switching behavior. Overall, 

room temperature deposition of the dielectric further substantiated our claim that high temperature 

processing is responsible for poor RS behavior.  

2.4 Decoupling of Ion Diffusivity and Electromobility in Porous Dielectrics 

Majority of the devices tested in this work as well as the results from Fan et. al. [37] have 

been found to be intrinsically conductive (~90 %). Consistently the devices with higher porosity 

showed higher forming voltages. This finding appears rather puzzling in view of the fact that most 

of the devices even of high porosity where intrinsically conductive indicating a very high degree 

of Cu diffusion. Therefore, the question poses itself: why should electromigration require higher 

electric field for more porous materials when the Cu diffusivity appears as strong in non-porous 

dielectrics as in porous dielectrics. 

2.4.1 Relation between Mobility and Diffusivity in Porous Materials 

In nonporous materials the diffusivity D and mobility μ of charged particles is related by 

the Einstein relation: 

𝜇 = 𝐷 ∙
𝑞

𝑘𝑇
                                            eq. (2-3) 

where k is the Boltzmann constant, T the absolute temperature and q the charge of a 

migrating ion. In terms of microscopic mechanisms, diffusivity and mobility are very related 

phenomena. The difference between diffusion and mobility is due the applied electric field 

lowering the barrier for the forward jump and increasing the barrier for the reverse jump (more on 

this in Chapter 3 and Chapter 4). We postulate that in porous materials the diffusivity and mobility 

are decoupled and the Einstein relation does not hold globally any more but only locally within 

contiguous material outside of the voids constituting the porosity. Nevertheless, mobility will be 

still proportional to diffusivity on a local as well as on global scale. A comparison of the concept 

of diffusion and mobility in porous media is shown in Fig.  2.27. 

 



 

 

44 

 

 
Fig.  2.27 Comparison between diffusion and mobility in porous and non-porous materials. 

In porous materials, the voids lying in the path of the migrating ion present an impenetrable 

barrier for electromigration. They can be only overcome by a detour around the obstacle that can 

be brought about by the driving force of diffusion. We propose that the relation between diffusivity 

and mobility in porous materials can be described by a revised Einstein relation:  

𝜇 = 𝑓𝑝 ∙ 𝐷 ∙
𝑞

𝑘𝑇
                                            eq. (2-4) 

The retardation factor 𝑓𝑝 will depend on porosity, such that 𝑓𝑝 will decrease with increasing 

porosity. In the mathematical limit of porosity of 100% the retardation factor will become zero, 

i.e. 𝑓𝑝 (porosity=100%)=0. In the subsequent chapters, it will be proven that the 𝑓𝑝 retardation 

factor depends not only on the porosity but also on the morphology of the material. The principle 

of the void model and drift diffusion simulation in two-dimensions will be discussed as well. The 

porosity of a material is just the percentage of void relative to the total volume of the material. 

However, for the same porosity different distributions of voids are conceivable, leading to a critical 

assessment of the interconnectedness of the material between the voids which can be characterized 

by the factor of tortuosity [98]. 

2.5 Summary 

In this chapter, complete fabrication and characterization methodology of the well-known 

Cu/TaOX/Pt devices have been discussed. As expected, the devices showed excellent RS switching 

behavior which will serve as a benchmark for comparison for porous dielectric RS devices as well 

as the ‘novel counter electrode’ devices (discussed later in Chapter 5). Continuing these results, 

RS devices with low-k dielectric (provided by Intel Corporation) were tested by Ye Fan [61,37] 

and then by me. The devices overall show poor RS behavior, which is hypothesized to be due to 
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excessive Cu diffusion into the dielectric, making the device permanently conductive. 

Experimentally, through RON measurements for different electrode sizes, this hypothesis was 

corroborated, as the RON decreased linearly with electrode area. Further, Ye Fan demonstrated 

through TCR measurements that the devices had ‘Cu’ conduction.  

It was shown that SiCN barrier of 2-5 nm was ineffective as a barrier for Cu. Counter-

intuitively, even devices with SiCN barrier of 20 nm at the Cu electrode showed only slightly 

better RS behavior, with most still conductive. We attribute this conduction to surface 

contamination that may have created a low resistance path from the surface of the devices. The 

devices, fabricated at room temperature by University of Nebraska, Lincoln, showed much better 

RS switching (80% and 30%), indicating that the avoidance of high temperature process steps can 

be one way of stopping Cu from flooding into the low-k dielectrics. Practically, this is not possible 

in manufacturing BEOL at a commercial scale, as this would slow the process. 

Lastly, it has been consistently observed that higher porosity devices have a higher VFORM, 

while no solid effect of porosity on the devices being intrinsically conductive has been observed. 

This begs the question that why should porosity hinder electromigration of ions. It is postulated 

that Einstein’s relation relating diffusivity and electro-mobility for charged particles is decoupled 

for porous dielectrics. The retardation factor fp will be a function not only of the porosity of the 

material but also of the interconnectedness of the matrix material, characterized by tortuosity. The 

subsequent chapters, 3 and 4, will explore the effect of porosity and electro-mobility in detail. 
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3 CHAPTER 3: Modeling and Simulation of Cu diffusion in 

porous low-k dielectrics 

 

 

This chapter discusses diffusion of Cu atoms (and ions) in porous dielectrics. Through 

random walk diffusion model in MATLAB, same diffusion results as fickian differential equations 

are obtained in 1-D, 2-D and 3-D. Diffusion in porous dielectrics is simulated and it is shown that 

diffusion varies quasi-linearly as the porosity increases until a porosity of ~50%, after which it 

diminishes. Further, different possible pore morphologies are discussed and it is demonstrated that 

the pore morphology may affect diffusion more than the porosity. The results are explained in 

terms of vertical and horizontal diffusion gradients. Lastly, our experimental results are 

corroborated by the model, which shows similar time for samples to be filled with Cu as the process 

time. This work has been already published as: R. Ali, Y. Fan, S. King and M. Orlowski, ECS 

Trans. 77(5), 121-132 (2017). 

3.1 Diffusion in Solids 

 

 Our characterization results of porous (and non-porous) samples demonstrated bulk Cu 

diffusion in the dielectric film, which was substantiated by TCR of the conductive paths being 

same as Cu metal. This diffusion of Cu took place during the thermal processing steps in 

fabrication and resulted without any application of electrical stress. Hence this diffusion of Cu 

atoms (or Cu+ ions) into the film requires an explanation. First we begin by explaining the basic 

diffusion in solids. 

Diffusion is a phenomenon by which intermixing of particles of different materials occur. 

It is fast in gases, slower in liquids and very slow in solids [1]. In solids, the diffusion occurs by 

hopping of diffusing species (atoms, ions etc.) from one lattice site to another lattice site in the 

material matrix [2]. The main driver for diffusion is the concentration gradient as given by Fick’s 

first law in one dimension. 

𝑓(𝑥, 𝑡) = −𝐷
𝜕𝜌(𝑥,𝑡)

𝜕𝑥
             eq. (3-1) 

 

where  𝑓 is the diffusive flux defined as the number of particles passing through a unit cross-

sectional area per unit time (cm-2 s-1), 𝜌 is the concentration of diffusing species per unit volume 
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(cm-3) and 𝐷 is the diffusion coefficient (cm2 s-1), assumed in eq. (3-1) to be spatially constant, and 

𝜕𝜌/𝜕𝑥 is the concentration gradient (cm-4), the driver of diffusion [3]. 𝐷 is dependent upon the 

material diffusing as well as the material it is diffusing into. Diffusion is a thermally activated 

process and the diffusion coefficient is also dependent upon temperature and the activation energy 

required for a jumping from one site to another. This is known as the Arrhenius law. 

𝐷 = 𝐷0𝑒−𝐸𝑎/𝑘𝑇              (3-2) 

 

where 𝐸𝑎 is the activation energy required by the atom to make the jump, also called the Gibbs 

free energy of activation, 𝐷0 is the pre-exponential factor which is the attempt frequency to jump 

and 𝑇 is the temperature. Fig. 3.1 illustrates the mechanism of atomic hopping from one site to 

another over a lattice spacing Δx. 

 

Fig. 3.1 Illustration of atomic jump from one lattice site to another 

 

 Fick’s first law is applicable only in cases of steady state diffusion, however in most 

realistic cases, concentration may change with time. In non-steady state conditions, diffusion is 

described by Fick’s second law: 

𝜕𝜌(𝑥,𝑡)

𝜕𝑥
= 𝐷

𝜕2𝜌(𝑥,𝑡)

𝜕𝑥2
                         (3-3) 

The diffusivity 𝐷 in this equation is obtained by solving this equation with boundary 

conditions. Fick’s laws are applicable to all diffusing species and can be utilized for metal diffusion 

in dielectrics. However, for our samples, in view of the diffusional jump distance being as large as 

1-2 nm, the nano-pores being on a similar length scale [4], and the film thickness being only a few 

tens of nanometers, the conventional Fick’s laws in differential equation form are grossly 
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inadequate and elementary jump frequencies are required for a proper description of the Cu 

diffusion in porous dielectrics. We will thus use Random walk theory, based on the master 

equation, to simulate the diffusion of Cu atoms with elementary jump probabilities within the 

contiguous dielectric film, along the pore boundary, from the dielectric matrix to the pore boundary 

and from the pore boundary to the matrix material. Fortunately, because of the thinness of layers 

and relatively large elementary diffusion jump length the problem is numerically highly tractable. 

Furthermore, it is much easier and more physically justified to implement physical “boundary 

conditions” in terms of appropriate jump frequencies in the matrix material and at the boundaries 

of the voids and at the boundaries of the simulation domain.  

3.2 Random Walk Theory of Diffusion 

 

 Einstein in 1905 [5] published a theory stating that particles in a material are always subject 

to random movements of statistical nature and argued these statistical fluctuations to be the source 

of diffusion on a macroscopic scale. This theory follows from the random Brownian motion of gas 

particles given by Robert Brown. Thus, in solids, this would translate into random atomic/ionic 

hops in a lattice. Important point to note that solids have a predefined structure and atomic jumps 

in crystals usually occur from one site to a nearest neighboring site [1] and are of fixed length 

given by the lattice constant of the solid. Multiple hops are rare. The jump rate (𝑣) from one site 

to another is given by the Arrhenius law: 

   𝑣 = 𝑣0exp (−
𝐸𝑎

𝑘𝑇
)                                                          (3-4) 

where 𝑣0 is of the order 1013-1014, depending on the material. We can extract 𝑣0 from 

experimentally determined D of the relation D=Do.exp(-Ea/kT) and the jump distance dx as 

explained later in eq. (3-16). 

3.3 Simulation of Random Walk Based Diffusion 

 

 Random Walk theory of describing particle dynamics has been shown to describe many 

phenomena of real world [6-8]. The application of random walk in describing micro-scale particle 

diffusion has been postulated to accurately depict the diffusion according to Fick’s laws of 

diffusion [6]. Chandrasekhar [6] postulated the diffusion in one dimension with Random Walk 

theory using a stochastic method. This probabilistic mechanism is illustrated in the diagram below 
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Fig. 3.2 Random walk probabilistic particle diffusion in 1-D space. The probabilities of jumps to sides are indicated 

by the numbers on arrows 

 

In this method, it is assumed that particle will be displaced from its position after each 

instant and the probability of the particle diffusing left and right is equal i.e. 0.5. Thus, starting 

from position n, after 1 simulation step there would be no concentration of particle at position n, 

and the concentration of particle at positions n+1 and n-1 would each be equal to 0.5. After the 

second step, the particle concentrations at positions n+1 and n-1 would further diffuse rightwards 

and leftwards equally resulting in a Gaussian distribution, which will be shown later. 

Chandrasekhar gives the mathematical equation of finding the particle concentration (ρ) at position 

n after M steps as [6]: 

  

                           𝜌(𝑛, 𝑀) =  (
1

2
)

𝑀

∙  
𝑀!

[
1

2
∙(𝑀+𝑛)]! ∙ [

1

2
∙(𝑀−𝑛)]!

= (
1

2
)

𝑀

∙   𝑎(0, 𝑛)(𝑀)         eq. (3-5) 

 

Thus after any M number of steps, we can acquire the concentration of particle at each 

position in our diffusion medium. This approach has been extended to 2-D and 3-D spaces to depict 

the real world particle diffusion. 

 

i. 1-D Random walk simulation using adjacency matrix method 

Our first method to evaluate a random walk in one dimension is based on the adjacency 

matrix concept. Consider a 1D graph with n nodes of which some might be connected with each 

other and some others not. The adjacency matrix A is defined as a n x n matrix of which elements 

a(i, j) are 0 if the corresponding nodes are not connected with each other, and 1 if they are 

connected. An inquiry on how many ways one may arrive from node j to node k after M jumps is 

answered by the entry a(j,k)(M) of the power matrix AM. The probability W(n, M) that a particle, 

initially at node 0, arrives at node n after M jumps, can be derived from the above matrix assuming 

only jumps to the nearest neighbors (i.e. a(i,i-1)=a(i,i+1)=1and all the remaining matrix elements 

being zero). The adjacency matrix A is given as: 
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The particle concentration matrix (Matrix C) denoting the probability of finding the 

particle at each position in the diffusion space, after M steps, is given by: 

 

                                                        𝐶 = (
1

2
)

𝑀

×  𝐴𝑀  × 𝐵                        (3-6) 

 

  

The 1-D random walk was simulated using MATLAB in a 51 x 1 diffusion space (Vector 

B) and a 51 x 51 adjacency matrix (Matrix A). The probability of particle at each place in the 

diffusion space was extracted from the simulation results. The simulation results after 40 

simulation steps are plotted in Fig. 3.3 

 

Fig. 3.3 Relative concentration of particle plotted after 40 simulation steps as a function of position in the diffusion 

space. 

 

The probability of finding the particle at each point in the diffusion space given by our 

simulation yields exactly the same value as we would have obtained using equation (3-5). This 

proves the veracity of the adjacency matrix method, so that we can use this method for our future 

simulations.  
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ii. 2-D and 3-D Random walk simulation using adjacency tensor method 

This approach can be extended to 2D [7] and 3D in and results in 4th rank tensor 

multiplication in case of 2D diffusion given by eq.(3-7): 

 

                             Τ ∗ Τ ≡ (𝜏2(𝑖, 𝑗, 𝑚, 𝑛)) = ∑ 𝜏(𝑖, 𝑗, 𝑘, 𝑙) ∙(𝑘,𝑙) 𝜏(𝑘, 𝑙, 𝑚, 𝑛)              eq. (3-7) 

 

The evaluation of the tensor T is performed on an underlying microscopic grid with nodes 

(i ,j) and a reference (virtual) grid of the same dimensions with nodes (m,n). The fourth rank 

connectivity tensor T is defined by its elements  (i,j,m,n ) as:  (i,m,j,n)=1 if the nodes (i, j) and 

(m, n) are connected with each other and else  (i,j,m,n)=0 to describe the classical random walk 

in 2D. However, for a general case, we can assume any adequate jump frequency. For example,  

(i,j,i,j) = 0 would be mean that there is a finite probability that the particle would not move from 

its position (i,j) due to a reflection at the adjacent boundary, for example. Note that the connection 

between the sites (i,j) and (m,n) is directional, i.e. the node (i,j) can be connected with the node 

(m,n) but not vice versa. That means that a particle can jump from (i, j) to (m,n) but not necessarily 

back. Such case would describe the absorption of a diffusing particle at site (m,n). Clearly, this 

property allows to define any local emission and absorption rates.  A similar equation can be 

extended to 3-D diffusion using a 6th rank tensor and replacing the summation over two indices 

in eq. (3-7) by a summation over three indices corresponding to the three independent spatial 

dimensions. Using the elementary jumps probability described in Fig. 3.4a above, 2-D random 

walk diffusion in a 29 x 29 mathematical grid was simulated with a particle initially sitting at the 

center of the grid. Note that for the tensor method, the rank of the tensor is D2; where D is the 

dimension of the diffusing space. In 3D domains of 20 x 20 x 20 grid points result in a 6th rank 

tensor with 5.94 x 106 tensor elements. Thus the algorithm in 3D is numerically very time-

intensive, even though the vast majority of the elements is zero and the implementation of 

boundary conditions straightforward. Nevertheless, the extension of the method to large arrays in 

3D would make the method prohibitively time-intensive. To address the computational efficiency, 

a new method has been designed. In the alternative method we compute the concentration at any 

given lattice site, from the particle concentration at its neighboring lattice sites for the previous 

diffusional jumps. Thus, in this method only connectivity between the nearest lattice sites is 

considered. The relevant jump frequencies are illustrated in Fig. 3.4 (b). 
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Fig. 3.4 (a) Jump frequencies in 2-D discrete diffusion space in the bulk and at the boundaries. (b) Evaluation of eq. 

(3.8) at a bulk and a boundary site. Reproduced with permission from ECS Trans. 77(5), 121-132 (2017). Copyright 

2017, The Electrochemical Society. 

 

The concentration of particle at any lattice site (i,j)  (or probability of a particle to occupy 

this site) at time instant t is given by the sum over concentrations at the neighboring sites after the 

last diffusional jump at time t-1 times the respective jump frequencies a,b,c,d,e: 

 

𝑃(𝑖, 𝑗, 𝑡) = 𝑎 ∗ 𝑃(𝑖 + 1, 𝑗, 𝑡 − 1) +  b ∗ 𝑃(𝑖 − 1, 𝑗, 𝑡 − 1) + 𝑐 ∗ 𝑃(𝑖, 𝑗 − 1, 𝑡 − 1) + 𝑑 ∗ 𝑃(𝑖, 𝑗 +

1, 𝑡 − 1) + 𝑒 ∗  𝑃(𝑖, 𝑗, 𝑡 − 1)                                              eq. (3-8) 

 

where frequency e denotes the possibility of finite probability to remain at the site (i,j).The method 

yields the same results as the previous tensor based method, with the additional benefit of a 

significantly reduced computation time as the rank of the array (matrix, tensor etc.) is the same as 

the dimension of the diffusion space and not square of it. However, in this method it is more 

cumbersome to assign the individual jump frequencies at boundaries with the electrodes and with 

the pores. Most of our simulations performed in this investigation are based on the tensor method 

given in eq. (3-7). Using eq. (3-7) and the jump probabilities shown in Fig 3.4 (a), 2-D random 

walk diffusion was simulated in a 29x29 mathematical grid in MATLAB with a particle initially 

sitting at the center of the grid. 
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a) T=0           b) T=50        c) T=3000  

 

Fig. 3.5  Particle concentration distributions after various simulation instances in 2-D space 

 

The diffusion, as in the case of 1-D, has a Gaussian profile until it reaches the boundaries 

of diffusion; in our case the edges of the diffusion space. After reaching the boundary, the 

concentration profile becomes flatter and flatter until the concentration becomes equal throughout 

the medium. This is in-line with the Fick’s laws of diffusion. We will use this model to simulate 

the diffusion of Cu atoms in our resistive switching devices with porous dielectrics. Since in 

reality, the atomic diffusion in our samples would occur in 3-D dielectric space, so we extended 

this model to three dimensions and simulated a particle sitting at the center of a 29x29x29 diffusion 

space. The results are shown in Fig. 3.6 below 

 

               
a)                                          b)                                              c) 

 

Fig. 3.6   Particle concentration distributions after various simulation instances in 3-D space 

 Our 3-D results too gave the similar Gaussian distribution as our 2-D results, so for 

simplification, we will use our 2-D model for the rest of the simulations. From here onwards, we 

will keep the size of our diffusion space as 29x29 in every 2-D simulation.  
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3.4 Simulation Setup for Cu/Porous SiCOH/Pt Samples 

 

 The specific physical situation that is simulated is dictated by the experimental samples 

which consist of a metal/dielectric/metal structures where one metal is always Cu electrode and 

the counter electrode is either W or Pt. Pt has a very strong metallic bonding owing to its high 

melting point, so diffusion of Pt atoms into the dielectric film during processing is unlikely [9]. 

Furthermore, the negative heat of oxide formation for Pt is so low that no metal oxide can be 

formed with it, to become a source of ‘Pt-ions’[3]. Thus, we are interested in the diffusional 

transport of Cu atoms across the porous dielectrics to the counter-electrode. 

 Cu diffusion in various dielectric materials have been investigated by several researchers. 

In most literature, diffusion of Cu into dielectrics is attributed to Cu+ ions being generated at the 

Cu-dielectric interface due to presence of moisture [10-13]. The reason for this attribution is that 

the methodology used in all these publications is bias-thermal stressing (BTS) and then measuring 

the flat-band shift or the C-V characteristics. BTS involves electric stressing along with elevated 

temperatures which makes ionic transport the fastest method of penetration into the film and the 

atomic diffusion due to temperature is completely neglected. The negative heat of oxide formation 

for CuO and Cu2O per oxygen atom are 155.2 kJ/mole and 167.4 kJ/mole respectively, so it is 

thermodynamically impossible that SiO2 or porous SiCOH oxidizes Cu. Thus, Cu oxidation takes 

place via oxygen in the moisture near the interface. 

 

2Cu +  
1

2
𝑂2  → 𝐶𝑢2𝑂                                                e.q (3-9) 

𝐶𝑢2𝑂 +  
1

2
𝑂2   → 2𝐶𝑢𝑂                                              e.q (3-10) 

 

Literature reports on Cu diffusion into dielectric interfaces are not always consistent 

though. Rogojevic et al. [14] showed that Cu does not diffuse into mesoporous silica (SiO2) 

material (xerogel) upon only thermal stress, and diffusion only occurs in the presence of electric 

field. On the other hand, He et al. [15] demonstrated Cu atomic diffusion in PECVD deposited 

20% porous SiCOH. The diffusion occurred during e-beam deposition of Cu metal onto SiCOH 

and no change in profile was observed afterwards upon electric stress, indicating absence of ions. 

Similarly, Lie et al. showed the generation of Cu+ ions from Cu/low-k dielectric interfaces only 

from thermal annealing [16]. Findings of He et al. and Liu et al. are consistent to our samples 
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where methyl doped silica is flooded with Cu solely due to elevated process temperatures. Overall 

it is generally agreed that without a stable and dense interface, Cu atoms can diffuse thermally into 

low-k dielectrics during processing steps. In our samples, the interface is not dense or moisture-

free as indicated by Fig 3.7b, thus we will assume both the diffusion of Cu atoms and Cu+ ions due 

to temperature.  

 
 

Fig. 3.7  Schematic of Cu-SiCOH interface a) An idealized interface if no Cu diffusion occurs b) Diffused interface 

after Cu atoms/ions penetrate into SiCOH dielectric 

 

 In our samples, as indicated in Chapter 2, dielectric porosity ranged from 0% to 25%. Thus, 

we would be simulating samples with a range of porosities to see how it affects particle transport 

(Fig. 3.9). The movement of atoms around voids is considered similar to the behavior at the 

boundaries of the diffusion space. This is proposed initially to investigate how porosity and pore 

morphology reduces the apparent diffusivity due to tortuosity; assuming that the atoms neither 

experience acceleration at the dielectric-voids boundary, nor are absorbed into the voids and that 

surface diffusion does not play a part in the diffusion process. However, surface diffusion at the 

dielectric/pore interface depends highly on the chemistry of both the dielectric as well as pore 

material. Rodriguez et al. studied Cu diffusion in SiCOH with ethylene glycol as the porogen [11]. 

A surface modification step was conducted to replace surface silanol groups (-SiOH) with methyl 

groups (-CH3). It was reported that increased porosity resulted in greater internal surface area of 

mesoporous silica. This facilitated the amount of organic content during surface modification step, 

which implied a lower amount of moisture and less oxygen exposed to metal, which in turn 

translates to reduced Cu diffusion [11]. Contrariwise, in some literature [10] it has been stated that 

surface diffusion does not play a part in Cu diffusion. In our samples, pores are formed by 

evaporation of porogen compounds in the matrix material, so there is no hindrance due to organic 
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content, and considering the fact that diffusion generally is stronger at grain boundaries [26, 27], 

later in this chapter we will also include the case in which surface diffusion affects particle 

movement around voids. 

 Cu solubility is negligible in Pt until very high temperatures [17], so we cannot consider 

the counter electrode as a sink where the Cu can vanish. Additionally, unlike metals such as 

Ruthenium, which display excellent wetting properties of Cu, due to their high surface energy, Pt 

or W have relatively lower surface energies. When Cu atoms reach the Pt electrode, they do not 

move considerably. We can thus assume Pt interface with dielectric as a ‘sticky wall’, where Cu 

atoms/ions get immobilized as soon as they reach there. 

 Lastly, the concentration of Cu at interface of Cu electrode with thermal SiO2 has been 

reported in the range of 1018-1020 at./cm3 [18, 19]. It is generally believed that Cu diffuses faster 

in low-k materials than SiO2. Therefore, we will consider the Cu/dielectric interface as a constant 

diffusion source of Cu atoms and concentration of Cu at the interface is assumed constant ρs 

throughout the simulation time. 

           𝜌(𝑥 = 0, 𝑡) = 𝜌𝑠                                   e.q (3-11) 

  

The final simulation model is shown in Fig 3.8 below: 

 

 
 

Fig. 3.8 Assignment of elementary jump frequencies at the boundaries of voids, at electrodes. Reproduced with 

permission from ECS Trans. 77(5), 121-132 (2017). Copyright 2017, The Electrochemical Society. 

We add another condition to our model. In the first case, we consider Cu/dielectric interface 

as infinite supply of Cu. This, more realistic ‘infinite supply’ case is based on eq. (3-11) 

considering that Cu diffuses very quickly into the dielectric. The other case assumes that the Cu 
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atoms take a long time to overcome interfacial and diffusive potential barriers at the Cu/dielectric 

interface and after the first layer of Cu atoms is dissolved into the dielectric, the ones beneath take 

an infinitely long time to diffuse. This is the other extreme case, the ‘Finite supply’ case. These 

two cases would help understand diffusive behaviors that result from extremes of different rate of 

Cu ejection from metal electrode into the dielectric. 

A measure for the effective diffusivity of Cu across the porous dielectrics is a 

predetermined number of Cu atoms arriving at the W/Pt electrode where it is assumed that the Cu 

atoms are immobilized. Thus effective diffusivity is extracted from our simulations as follows: 

 

                                                              𝐷𝑒𝑓𝑓 =
𝑑2

2𝜏
                                                   eq. (3-12) 

 

where d is the thickness of the dielectric between Cu and W electrode, o is the time of anneal 

elementary diffusion jump. Clearly, the number N depends on the properties of the dielectric, i.e. 

on the porosity level and on the pore morphology. Here d can be expressed in terms of elementary 

diffusion jump lengths a d=Ko. and K is the maximum number of grid points in 1D.  

In our simulations we consider different levels of porosity and different pore morphology 

as shown in Fig. 3.9 (a, and b). Fig. 3.9 (b) shows different pore morphologies for the same level 

of porosity. 

 

 
 

Fig. 3.9 (a) Arrangements of compact voids for different porosity levels (indicated by the percentage numbers 0%, 

12%, 26%, 46%). (b) Samples with different morphologies of voids but same porosity: S1 vertically elongated 
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pores, S2 and S3 uniformly distributed square shaped pores, and S4 laterally elongated. Reproduced with permission 

from ECS Trans. 77(5), 121-132 (2017). Copyright 2017, The Electrochemical Society. 

3.5 Simulation Results 

 

It should be noted that in the following diffusion simulations we are focusing on a directional 

diffusional transport from the Cu electrode (top electrode) to the W or Pt electrode (bottom 

electrode). Hence, in a 2D domain, the resulting concentration gradient anywhere in the dielectric 

matrix can be decomposed into vertical and lateral gradient components. For the benefit of the 

analysis of the results discussed below, it is important to realize that since the Cu electrode is 

covering more or less uniformly the top surface of the dielectric, the vertical concentration gradient 

on average is much larger than the lateral gradient. Of course, in case of non-porous dielectric i.e. 

=0%, the lateral gradient is zero by default. Thus, the observed retardation of diffusivity in porous 

materials can be broadly understood as a reduction or elimination of the local vertical gradients. 

In porous dielectrics, the atoms are still transported to the bottom electrode by virtue of the lateral 

gradients, which allow Cu atom to circumnavigate a void. However, since the lateral gradients are 

on the average much smaller than the vertical ones, the lateral diffusion is the main bottleneck that 

reduces the overall effective diffusivity. This interpretation will be verified by the discussion of 

the subsequent simulated pore morphologies. 

 

i. Case A: Varied porosity for same (uniformly distributed) morphology 

 

Fig. 3.11 shows that the effective Cu diffusivity decreases with increasing porosity level for a 

uniformly distributed spherical pores. The effective diffusivity is normalized to the diffusivity for 

a non-porous SICOH i.e. =0%. For small porosities up to 25% the diffusivity decreases like 1/ 

but for higher porosities such as at 46% and higher the diffusivity decrease accelerates 

significantly. It is obvious that for a porosity close to 100% the diffusivity has to decrease rapidly 

to zero as there is virtually no matrix material to diffuse through. 
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Fig. 3.10 Simulation profiles for samples with varied porosity 

 
 

Fig. 3.11 Effective diffusivity as a function of porosity for uniformly distributed spherical voids. The diffusivity is 

normalized to the diffusivity of the non-porous dielectric (DPLAIN) i.e. ρ = 0%. Reproduced with permission from 

ECS Trans. 77(5), 121-132 (2017). Copyright 2017, The Electrochemical Society. 

ii. Case B: Varied morphologies for same (26%) porosity 

 

Fig. 3.13 shows the dependence of Cu diffusivity for the same level of porosity of 26% but for 

different morphologies.  The different morphologies are indicated on the (morphology) abscissa 

of the plot. It can be seen that the columnar pores oriented vertically (shown in the pattern S1) has 

only slightly lower diffusivity than the nonporous matrix material. This result can be understood 

in terms of the roles of the vertical and lateral gradient components. The vertical gradients are 

intact along the columnar pores. Only at a top slight contribution of lateral diffusion is required to 

deflect the diffusing atoms into the matrix material channels between the pores. As a result, the 

diffusivity is only slightly smaller than the non-porous sample even though the porosity is quite 

high, =26%.  The diffusivity for pore morphologies of S2 and S3 are very close to each other and 

lower than S1 and Splain as they display a comparable degree of perturbation to the local vertical 

gradients. On these grounds, the diffusivity for S3 can be expected to be slightly lower than for S2. 

The alignment of pores in S2 along the vertical direction of shortest transport path offers less 
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resistance to the diffusional flow driven by the concentration gradient than the S3 morphology.  In 

S3 morphology the atom cannot diffuse in straight paths to the bottom electrode and is forced to 

diffuse laterally to circumnavigate a pore. Since the lateral gradient is much smaller than the 

vertical gradient, the lateral diffusion constitutes the bottleneck and the main cause for a reduced 

effective diffusivity. Conversely, in S2 morphology the alignment of pores along the vertical 

direction leads to a rapid unobstructed transport along the vertical direction, which may be called 

a ‘channeling effect’. The largest retardation of the diffusivity we find for the S4 morphology. The 

last result is not surprising, since in the horizontally oriented columnar pores, the pores extended 

laterally pose a very effective barrier to diffusion. The disruption of the continuity of the vertical 

gradients is here severe. There are only two “channels” on both sides of the domain that allow for 

a direct Cu transport to the bottom electrode. Moreover, the matrix material between the horizontal 

pores constitutes a trap for Cu atoms. This is so, since, once strayed into this region, the atoms can 

for a long time diffuse inside the matrix material between two elongated pores as if in an almost 

closed diffusion domain. We refer to this effect as the ‘trapping effect’. Thus, S4 morphology offers 

highest resistance to atom diffusion across the dielectric. 

 

 

Fig. 3.12  Simulation profiles for samples with varied morphology 

 
 

Fig. 3.13 Effective diffusivity for the same porosity level ρ = 26% for different pore morphology. Reproduced with 

permission from ECS Trans. 77(5), 121-132 (2017). Copyright 2017, The Electrochemical Society. 
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From comparison between Fig. 3.11 and Fig. 3.13 it can be seen that morphology may have a 

larger retardation effect on the effective diffusivity than the porosity level itself. Since different 

diffusivities are obtained for the same amount of porosity, we attribute this reduction in transport 

to the ‘tortuosity’ imposed by the morphology. 

 

iii. Case C: Varied porosity for columnar morphology (S1) 

 

Fig. 3.14 shows the effect of porosity level on the effective diffusivity for a columnar 

morphology. It can be seen that the retardation effect of the porosity in this case is very small even 

at the porosity level of ρ = 45%. The simulation results confirm further the interpretation in terms 

of vertical and lateral concentration gradients. In all cases considered the disturbance of vertical 

gradients is minimal and the channeling effect is dominant. 

 

 
 

Fig. 3.14 Effective diffusivity as a function of porosity for a vertically oriented columnar pore morphology. 

Reproduced with permission from ECS Trans. 77(5), 121-132 (2017). Copyright 2017, The Electrochemical 

Society. 

The channeling effect for columnar morphology is further investigated in Fig. 3.15 where 

for a vertically oriented columnar pore morphology the porosity is lowered now by reducing the 

length of the columnar pores, instead of the density of the pores. It can be seen that in this case the 

impact of porosity on the effective diffusivity is nil. This result can be understood in terms of the 

interplay between vertical and lateral local gradients. The disruption of the vertical gradients and 

the addition of non-zero lateral gradients is almost the same in all cases. 
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Fig. 3.15 Effective diffusivity for columnar pores as a function of porosity. Here the level of porosity has been 

varied by variation of the pores lengths. Reproduced with permission from ECS Trans. 77(5), 121-132 (2017). 

Copyright 2017, The Electrochemical Society. 

iv. Case D: Varied porosity for lateral morphology (S4) 

 

The impact of porosity level on the effective diffusivity for laterally oriented columnar 

pores in shown in Fig. 3.14. When comparing with similar morphology but vertically oriented it 

is manifest that the variation of the effective diffusivity of porosity is much more pronounced than 

in case of vertically oriented pores (see Fig. 3.13). Whereas in Fig. 3.13 the maximum retardation 

effect is (0.96/1.00=) 0.96, in Fig. 3.14 it is (0.21/1.00=) 0.21 more than 4 times larger. More 

interestingly, maximum of retardation for finite supply is observed at =26% and at =87% (where 

the lateral pores merge into one big square void) the diffusivity approaches the diffusivity of the 

non-porous dielectric. This effect can be explained again by the competition between the 

channeling and trapping effects described above. In all cases for >0%, there are only two vertical 

transport channels on both sides of the simulation domain. Everywhere else the vertical gradient 

continuity is disrupted abruptly at several locations. The space between the pores serves as an 

efficient trap of Cu atoms. With increasing porosity, the trapping regions are becoming more 

effective in trapping the atoms because the aspect (width between the columnar pores over the 

length of the pore) of the regions increases. The narrower the trapping regions become, the harder 

it is for the particle to escape from it. However, with further increasing porosity the probability of 

atoms diffusing into the trap regions decreases at the benefit of the vertical channels. Thus with 

the increasing porosity the channeling effect along the domain boundaries becomes more effective. 

This is clearly seen for the case of =87% where all the pores are merged into one big void making 
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the channeling effect along the sides more effective, because now the diffusing particles cannot be 

diverted into a lateral direction. At 87% the diffusivity is still smaller than for the =0% case 

because it has to rely on the lateral diffusion transport at the top of the big void to feed the vertical 

diffusion channels with Cu atoms. 

 

Fig.  3.16 Normalized effective diffusivity as a function of porosity ρ for the laterally oriented columnar pores. 

Reproduced with permission from ECS Trans. 77(5), 121-132 (2017). Copyright 2017, The Electrochemical 

Society. 

In Fig.  3.16, we have included the results for the finite and infinite metal atom supply at 

the top surface.  The finite supply describes the case when the rate of Cu dissolution into the 

dielectric is low compared with the rate of removal of atoms by diffusion. The infinite supply 

describes the case where the rate of dissolution of Cu atoms is much faster than the Cu diffusion. 

In the previous cases we have shown only the case of finite supply because the results for the 

infinite supply produced essentially the same trends only shifted to larger diffusivities because of 

the stronger driving gradients in the interface region. In case of Fig.  3.16, it can be seen that the 

diffusivities at =0% and =87% for infinite and finite supply are very similar. However, at the 

intermediate porosities there is split between them. In a porous material, in contrast to 

homogeneous bulk material, the diffusivity is no longer independent of the initial boundary 

conditions. This bifurcation of the diffusivities for finite and infinite supply is driven by the tilted 

balance between the vertical and lateral concentration gradients. The infinite supply is 

strengthening the vertical gradient compared with the finite supply case, while the lateral gradient 

remains essentially unchanged. Therefore, the tradeoff between the channeling and trapping effect 

is shifted to a higher porosity, to =45% for the case of infinite Cu atom supply. Higher porosity 
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for this morphology disrupts stronger vertical gradients more effectively than smaller vertical 

gradients for the finite supply. 

v. Case E: Increased diffusion at pore boundaries 

 

Until now, we have been assuming similar atomic diffusion behavior at the pore boundaries 

as the bulk dielectric matrix. However, the activation energy for atomic hopping is considerably 

less at the surface compared to the bulk [1, 26-28], depending on the surface chemistry. So in this 

case we simulate with increased jump probability at the boundaries of pores.  

 

Fig.  3.17 Normalized diffusivity to non-porous sample, for different surface diffusion factors 

 

Fig.  3.17 demonstrates normalized diffusivity for different morphologies with respect to 

non-porous sample for varied surface diffusivities. Previously, Fig. 3.13 showed how diffusivity 

for S1 is close to non-porous SPlain. Here we see that for S1 morphology with vertical pores, the 

pore boundaries act as a ‘short-circuit’ diffusive path for atoms to quickly migrate from Cu 

electrode to the Pt. The diffusivity for S1 morphology increases linearly with surface diffusion 

factor, while for the rest of the morphologies, it increases logarithmically. 

For uniformly distributed pores, at surface diffusion factor =1.5, the net diffusivity 

surpasses that of SPlain. This can be explained as the value of surface diffusivity for which the 

enhancement of diffusion through ‘quick paths’ equals the tortuosity due to circumnavigation 

around pores. 
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Lastly, even for S4 morphology, where the net diffusivity was observed as 20% compared 

to the non-porous, it is seen that at surface factor ≈ 20, the net diffusivity surpasses that of the non-

porous sample. Even though circumnavigation around lateral pores to reach the counter electrode 

is highly tortuous, but at very high pore diffusivity, enhanced transport around the pore boundary 

facilitates atoms in reaching the other side of the pore in equal time, as the lattice jump in non-

porous sample. In our samples, surface diffusion probably does not play that strong a role, as 

porous samples display lower effective diffusivity than bulk diffusion in non-porous media. 

Nevertheless, this simulation provides the diffusion profile for the extreme cases when there is no 

surface diffusion to the one in which there is very high (x50) diffusion compared to the rest of the 

matrix. 

3.6 Quantification of diffusion results 

 

In elementary jump diffusion, we just have a mathematical grid. There are no spatial units 

associated with the grid, so the distance between the neighboring lattice points could be anything: 

1 Angstrom, 1 mile or even a light year. Thus, the Δx used in Fig. 2 and Fig. 4 as the elementary 

jump for random walk needs to be calibrated to the lattice-to-lattice site distance of the diffusion 

medium, as the atomic/ionic jumps only occur to adjacent sites. At each instant, we postulated that 

the particle is certain to jump, or at boundaries, to stay put in the directions that it cannot move to. 

We need to assign a time constant to it and we will do this calibration according to our testing 

results of actual resistive devices. 

 For elementary jump diffusion, the diffusion coefficient D is defined as 

 

 𝐷 =
1

4
𝜔0∆𝑥2 = 

∆x2

4𝜏
                 eq. (3-13) 

 

where Δx is the distance over which particle jumps in an elementary jump (lattice constant 

in our case) and 𝜔0 is the frequency (or how many times a particle attempts to jump on a given 

time period) [20]. The frequency 𝜔0 can be defined as 1/𝜏 where 𝜏 is the average time period 

between subsequent diffusional jumps. In order to match the simulation data with experiment, the 

two quantities Δx and 𝜏 need to be determined. 

We have to describe Cu diffusion in SiCOH. There is little data available on this. However, 

data from the Intel samples can be used. It is observed that in most cases the SiCOH dielectric 
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including the SiCN barriers are saturated with Cu. The thickness of SiCOH is 20 nm and the SiCN 

barriers are 2-2.5 nm thick. This thickness of SiCN is clearly ineffective in stopping Cu diffusion 

into SiCOH. Other literature also affirm that SiCN becomes ineffective at stopping Cu diffusion 

below a thickness of ~10nm [29]. The thickness of the dielectric and barrier is between 20 - 25 

nm. The thermal budget that the samples see varies somewhat from one sample to another. For 

just the SiCN layer, this would be approximately 400 ºC for 2 min. For SiO2 and the k = 3.3 

SiOC:H ILD, it would be 400 ºC as well for similar times. For the k = 2.9 SiOC:H, the deposition 

temperature was closer to 350 ºC. For the rest, the film is deposited at lower temperatures (200-

250 ºC) and then given a thermal cure at a higher temperature closer to 400 ºC. Thus, for a total 

thermal budget one can assume 400 ºC for 4-5 min for all the different films. When the penetration 

depth ‘𝑑’ of a diffusing species and the annealing time ‘𝑡0’ are known, a good approximation for 

a Cu diffusion coefficient, is the relation (3-13) rewritten slightly 

 

𝐷 ≈
𝑑2

2𝑡0
                                                     eq.  (3-14) 

 

At 400 ºC, the penetration depth is about 25 nm (since we see most of the samples 

conductive) and the annealing time is 4 min = 240 s. Thus, Cu diffusivity in SiCOH is estimated 

as D ≈ 2.0 10-14 cm2/s at 400 ºC. 

 Cu diffusivity in methyl-doped SiO2 (which is similar to SiCOH) is reported elsewhere 

[21,22]: 

𝐷 = 6.07 × 10−9 exp (
−0.71(eV)

𝑘𝑇
) cm2/s                                eq. (3-15) 

 

According to this data, the diffusivity at 400 ºC would be 2.93  10-14 cm2/s, which is very 

comparable with the estimate above. However, there are reports that activation energy of Cu 

diffusion in SiCOH could be as low as 0.1 eV – 0.66 eV or as high as 1.83 eV. 

 In order to calibrate the simulation data with our experiments, the elementary lattice 

distance ‘∆𝑥’ needs to be determined. It is known that ‘∆𝑥’ for SiO2 is 5 Å [23,24]. SiCOH is 

much fluffier than SiO2 so the distance may be considerably larger. It can be assumed that it is 10 

Å (there is data postulating that for SiCOH, ∆𝑥 = 21.3 Å [25]). By equating expressions (12) and 

(13), the time constant for an elementary Cu jump is given as  
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𝜏 =  
∆𝑥2

2𝐷0
exp (

𝐸𝑎

𝑘𝑇
)           eq. (3-16) 

 

The values for D0 and Ea are assumed as D0 = 6.07 x 10-9 cm2/s and Ea = 0.71eV, and the 

time constants in case of varied lattice constant values are calculated and tabulated below 

Lattice Constant Δx [Å] Time Constant 𝝉 

 27 ºC 100 ºC 275 ºC 400 ºC 

10 6.97 x 105 3.23 x 103 2.79 0.17 

15 1.57 x 106 7.26 x 103 6.27 0.38 

21 3.07 x 106 1.42 x 104 12.30 0.75 

 

Table 3.1 Time Constants for diffusion at different temperatures and lattice constants.  

 

 

Fig.  3.18 Time taken to collect 0.3% of Cu surface concentration at counter electrode for varied temperatures 

 

 The temperature dependence of diffusivity (inverse of time) on temperature is plotted on 

Fig.  3.18. Lattice constant for this graph is assumed to be 10 Å. The time taken for Cu atoms to 

reach counter electrode reduces exponentially as the temperature increases. This is in line with eq. 

3-16, as for any given temperature, time is obtained by multiplying simulation steps with the time 

constant. Note that relative diffusivities (time taken for a porous sample/time taken for non-porous 

sample), remains constant at any temperature. 
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This means that when simulation gives 187 steps for 0.3% of the surface concentration to 

be transported across the dielectric (for 26% porosity in Fig. 3.10) and reach the counter electrode, 

then at room temperature, the experimental time is t = 187 x 6.97 x 105 s (a very long time as 

expected). For diffusion at 275 ºC, it would be t = 187 x 2.79 s ≈ 8.7 minutes. For diffusion at 400 

ºC, the time would be 187 x 0.17 s = 32 s, which is on the right order of magnitude, since we just 

estimated the maximum thermal budget to be approximately 400 ºC for 4 minutes. 

Considering each elementary jump as 21 Å, the experimental time would thus be 3.07 x 

106 s for one elementary diffusional jump at room temperature and the time 32 x 3.07 x 106 s = 

3.12 years; for diffusion at 275 ºC it would be 32 x 12.30 s = 6.56 minutes, and for diffusion at 

400 ºC, the time would be 32 x 0.91 s= 24 seconds. This is even below the maximum annealing 

time at 400 ºC i.e. 4 minutes. 

These calculations further corroborate our simulation results, as the time calculated for Cu 

to reach the counter electrode from the simulation steps, is in the same order of magnitude as the 

actual process time. 

 

3.7 Summary 

 

The chapter describes a simulation capability based on random walk and elementary jump 

frequencies to address the metal atom diffusion in porous media. The methods presented are 

numerically efficient and include many elementary microscopic mechanisms, such as elementary 

diffusion jumps, emission and absorption at and transport coefficients across interfaces of the 

dielectric with the metal electrodes and with the pores. Any morphology of pores at any level of 

porosity can be addressed by the established modeling capability. The simulations have been 

calibrated to experimentally extracted diffusivities of Cu in SiCOH dielectrics with various 

degrees of porosity between 0% and 25%. Several pore morphologies have been investigated to 

scope out the morphology space in its impact on the effective diffusivity: columnar pore 

morphology in parallel and vertical orientation to the main direction of the diffusion transport, and 

uniform distribution of spherically shaped voids with various degrees of irregularity. The 

simulation results show that in most cases the Cu diffusivity is retarded with increasing levels of 

porosity. The strongest dependence of effective diffusivity on the level of porosity, however, stems 

not from porosity levels but from specific pore morphologies. Possible concomitant phenomena 



 

 

69 

 

such surface diffusion of atoms on the inner surfaces of the pores, the rate of Cu dissolution into 

the dielectric, and the degree of the contact area of the Cu electrode with the porous dielectric 

surface are also taken into account.  Depending on the relative magnitude of diffusion frequencies 

on the pore surfaces and in the bulk matrix material and on the transport coefficients from matrix 

material to an interface, the effective Cu diffusivity can be either strongly retarded or strongly 

enhanced as compared to the Cu diffusivity in a non-porous dielectric with same matrix material. 

We show that the large multitude of retardation and enhancement effects can be consistently and 

intelligibly explained in terms of “channeling” and “trapping” mechanisms based on the degree of 

perturbation of local vertical and lateral concentration gradients imparted by the pore morphology. 

Quantitative analysis shows that simulation results are in line with our experimental results, as 

the time for diffusion into our samples calculated from simulations is in the same order of 

magnitude as the actual deposition time. 
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4 CHAPTER 4: Modeling and Simulation of Cu ion drift in porous 

low-k dielectrics 

 

 

This chapter discusses drift of Cu ions in porous dielectrics under the application of electric 

field. Simulation at the level of ionic jumps is utilized (as in Chapter 3) to explore conditions for 

conductive filament formation. The filament formation occurs at high fields where the concept of 

mobility given by Einstein’s relation is no longer valid. Drift transport is shown to depend not only 

on the porosity but even more sensitively on pore morphology. At room temperature and high 

enough porosity levels together with certain type of morphology, ion drift transport becomes 

ineffective and filament formation is prevented. However, at elevated temperatures lower than 

400°C the ion drift is dramatically enhanced posing a serious reliability issue for BEOL CMOS. 

Since pure drift is unidirectional, the effective drift transport can be characterized by channeling 

effects parallel to the electric field which is related to the concept of tortuosity. We show that 

tortuosity of a given porous material strongly depends on the ambient temperature. This work has 

been published before as R. Ali, S. King and M. Orlowski, ECS Trans. 80 (1), 327-337 (2017). 

4.1 Cu ion drift in Interconnects and Memristors 

 

 The two different devices discussed in this thesis are Cu interconnects and CBRAM cells 

(memristors), both in the CMOS BEOL, and reliability of using porous dielectrics in these devices 

is discussed. Since the structure of both of these devices are similar, we had assumed similar model 

in Chapter 3 to simulate Cu diffusion. For both of these devices we desire reduced diffusion when 

thermal stress is applied; otherwise Cu would flood the device during high temperature processing 

stages and disrupt the normal operation of the device. In case of interconnect, it would result in an 

undesired short-circuit or increased cross talk, while in case of a CBRAM device, it will result in 

permanent LRS (low-resistance state). However, on application of electric stress, different 

behaviors of Cu ion transport are desired. For memristors, as explained in Chapter 2, the operation 

requires interface to be ‘oxidizable’, for Cu ions to drift into the dielectric and form a conductive 

filament [3, 30]. On the other hand, even under electric stress, no Cu ion drift is desired into the 

ILD layer between the CMOS interconnects. If the use of low-k porous dielectrics is intended for 

both devices, we need to investigate whether porosity favors Cu drift or hinders it. 
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As for the case of diffusion ionic drift have been usually addressed by using drift-diffusion 

continuum differential equations with appropriate boundary conditions [21,31-32]. However, as 

discussed in Chapter 3, such an approach is grossly inadequate for the following reasons: i) In 

nonporous low-k dielectrics of low density such as SiCOH, the elementary diffusional jump 

distance λ is estimated to be between 1 nm and 2 nm [4,36]. It should be also noted that in 

nonporous dielectrics, there are still pores 0.4-0.8 nm in diameter, but they aren’t interconnected 

as in the case of so called “porous” dielectrics [36]. ii) A typical thickness of dielectric layers in 

the most advanced CMOS interconnect modules is about 20 - 25 nm. Thus, the thickness is 10 to 

15 times the elementary displacement λ. iii) In porous dielectrics a typical pore size (assuming a 

spherical pore or void) is a few nm [36], and of the same order as the elementary diffusional jump 

length λ. iv) In case of metal ion drift in an electric field, our analysis of breakdown of the Intel 

samples demonstrates that the fields responsible for Cu filament formation at room temperature 

are higher than several of 106 V/cm. The drift approximation for the transport of ions based on the 

mobility concept is valid when electric fields are smaller than kT/(qλ) which at room temperature 

and for λ = 1.5 nm is ~ 2 x 105 V/cm, thus significantly smaller than the fields responsible for 

dielectric breakdown due to metal ion drift. Therefore, it is crucial to evaluate ion drift-diffusion 

phenomena based on random walk approach using elementary jump probabilities, as done for 

diffusion in chapter 3. In this chapter, the elementary jump model made in Chapter 3 is extended 

to ion drift in electric fields, where, in particular, the conditions of metallic filament formation is 

analyzed on a microscopic level and compared with experimental data given in Chapter 2. 

For the porous dielectric devices fabricated in Chapter 2, it was observed through electrical 

characterization that the forming voltage increases with porosity. This gives rise to the question 

how the porosity affects the electromigration of Cu+ ions during application of electric field. 

4.2 Limitation and Inadequacy of the Mobility Concept 

 

As described in Chapter 3, the jump frequency of an elementary diffusional jump over the 

elementary jump distance  is given by 

                                              𝑣 = 𝑣0𝑒−𝐸𝑎/𝑘𝑇               eq. (4-1) 
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where Ea is the activation energy, k the Boltzmann constant, T the temperature in Kelvin, and v0 

is the jump frequency at an infinite temperature. In case of an applied electric field Eel, the effective 

barrier for the jump in the direction of the applied field is lowered from Ea to Ea – qE, and for the 

jump opposite to the direction of the field is increased to Ea + qE. This effect of applied field is 

depicted in Fig 4.1, which is an extension of Fig 3.1 with the addition of drift. 

 

 

Fig. 4.1 Elementary jumps in 1-D for diffusion and mobility of a charged particle under applied electric field. 

Reproduced with permission from ECS Trans. 2017 volume 80, issue 1, 327-337. (2017). Copyright 2017, The 

Electrochemical Society.  

Thus, we have jump frequency in the direction of field given by: 

                              𝑣+ = 𝑣0 exp (−
𝐸𝑎

𝑘𝑇
) ∙ exp (+

𝑞∆x𝐸

2𝑘𝑇
)     eq. (4-2) 

and in the opposite direction: 

                             𝑣− = 𝑣0 exp (−
𝐸𝑎

𝑘𝑇
) ∙ exp (−

𝑞∆x𝐸

2𝑘𝑇
)             eq. (4-3) 

From the elementary jump frequencies υ+ and υ- drift velocity can be calculated as the difference 

between those frequencies over the distance of 2λ, which can be expressed as 

𝜐𝑑𝑟𝑖𝑓𝑡 = 2𝜆𝑣0 exp (−
𝐸𝑎

𝑘𝑇
) ∙ sinh (

𝑞𝜆𝐸𝑒𝑙

2𝑘𝑇
)                                eq. (4-4) 

When Eel << kT/q then the expression (4) can be simplified to: 

                                        𝑣𝑑𝑟𝑖𝑓𝑡 = 𝐸𝑒𝑙
𝑞𝜆2𝑣𝑜

𝑘𝑇
∙ exp (−

𝐸𝑒𝑙

𝑘𝑇
)                                        eq. (4-5) 

and a mobility  can be extracted as:  
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𝜇 =
𝑞𝜆2𝑣𝑜

𝑘𝑇
∙ exp (−

𝐸𝑒𝑙

𝑘𝑇
)                                               eq. (4-6) 

It can be seen that in this case mobility is related to diffusivity as 

 

                                                        𝜇 =  
𝑞

𝑘𝑇
𝐷  𝑎𝑛𝑑   𝑣𝑑𝑟𝑖𝑓𝑡 = 𝜇 ∙ 𝐸𝑒𝑙                                  eq. (4-7) 

 

which is the well-known Einstein relation valid for low enough electric fields. 

 

As described in more detail in Chapter 2 and [37], in our samples the set voltage for 

conductive filaments lies between 1V and 2V. Thus the average electric field in our samples under 

set operation is 1.5 V/20 nm = 7.5 x 105 V/cm. kT/qλ is shown in the Table below as a function of 

temperature. It is clear that kT/qλ is much smaller than the realistically applied electric fields 

including those that may lead to conductive filament formation. 

Temperature [°C] 27 275 400 

kT/qλ   [V/cm] 1.21 x 105 2.20 x 105 2.71 x 105 

Table 4.1 kT/qas a function of temperature 

Thus the mobility approximation eq. (4.6) is not justified as the applied electric fields are 

significantly larger than kT/q. At high fields larger than 105 V/cm, the drift transport based on 

the mobility concept is thus no longer valid and, consequentially, all modeling methods based on 

drift-diffusion continuum equations fail to describe ion drift transport adequately. Therefore, 

elementary jumps as described in eq. (4.2) and eq. (4.3) are mandatory for a valid description. In 

our method based on elementary jumps, the relation (4.6) is by default correctly reflected in our 

modeling and simulations. 

4.3 Simulation Setup for Cu/Porous SiCOH/Pt Samples 

 In qualitative terms, we can calculate the ratio of ionic movement in the direction of the 

field to the movement laterally. Our devices are electrically stressed at room temperature with 

fields ranging from 0.5 MV/cm to 2.5 MV/cm. From, eq. 4.1 – 4.3, we see that the increment of 

jump frequency is given by 

𝑣+/𝑣 = exp (+
𝑞∆x𝐸

2𝑘𝑇
)                                          eq. (4-8) 
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yielding an increment of 61.1 at room temperature for a field of 1MV/cm. At 1.5 MV/cm 

field, the increment would be 482.7 in the direction of the field. The decrement in the opposite 

direction is given by 

𝑣+/𝑣 = exp (−
𝑞∆x𝐸

2𝑘𝑇
)                                          eq. (4-9) 

which results in 0.016 (i.e. 1/61.1) for 1 MV/cm field and 2.07 x 10-3 at 1.5 MV/cm field.  

This means that at these fields, the enhancement of jump probabilities in the forward direction by 

the electric field is very significant. On the other hand, the jump frequency against the electric field 

is strongly suppressed. From eq. (3-15), we see that the best fit to Cu diffusion in SiCOH is  

𝐷 = 6.07 × 10−9 exp (
−0.71(eV)

𝑘𝑇
) cm2/s                                eq. (3-15) 

At T = 27 °C, the diffusion probability to jump down, up, left, right is the same 10-7, with 

drift the forward jump probability becomes 2 x 10-5, the probability jumping back 5.33 x 10-9 and 

the probabilities to jump to the left and right remain at 10-7.  This can be well approximated by 

setting the probability to jump against to zero. Moreover, at room temperature, the jump 

frequencies lateral with respect to direction of the electric field at 10-7 are also negligible against 

2 x 10-5, and the drift-diffusion transport reduces effectively to a pure drift transport shown below. 

 

Fig. 4.2 Assignment of probabilities for ionic jumps at room temperature under electric field 

Later in this chapter, it will be shown that while room temperature this assumption may be 

valid, but at increased temperatures, sideward movement cannot be ignored. Furthermore, in our 

simulation, we consider only unipolar DC stress. Most real world CMOS interconnect MIM 

structures experience alternating (AC) stress, however the breakdown failure time is greater for 

AC compared to DC [38-40]. Chen et al. attributed the increased breakdown failure time to the 

retardation of Cu ion migration when the voltage polarity is reversed [38]. Similar reasoning was 

given by Cheng et al. [40]. Jung et al. postulated a different reason for this behavior, attributing 

reduced Cu ions injection into dielectric at increasing frequencies. Thus, DC bias is worst case 

condition for which we need to evaluate the reliability of our structures. 
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 Lastly, on application of electric stress, Cu+ ions injection into low-k dielectric is 

rapid. Rodriguez et al. measured SIMS profile for Cu/mesoporous silica/Si capacitors after BTS 

of 1MV/cm and 150 °C for 30 min[10]. The Cu concentration in the dielectric lattice close to 

electrode was shown to be even greater than at the Cu/dielectric interface. The reason postulated 

was that Cu+ injection rate into dielectric was greater than the drift rate to sweep those ions away 

from the electrode, resulting in an accumulation in the few lattice rows from the interface. 

Similarly, massive Cu+ penetration was shown by Fang et. al. after BTS application of 1 MV/cm 

and 200° C to Cu/CDO/SiO2/Si MIS samples [13]. Therefore, for drift simulation, we do not need 

to include the ‘finite supply’ case used in Chapter 2 and we can consider the Cu electrode as an 

infinite supply for Cu+ ions.  

4.4 Qualitative Simulation of Drift-Diffusion in Porous SiCOH Dielectric 

 

We first consider the drift-diffusion at room temperature which, as discussed in previous 

section can be reduced to a pure drift transport. As described in Chapter 2, in our simulations we 

have considered several levels of porosity (between 0% and 46%) and three different 

morphologies: 1) uniformly distributed cubic (spherical) voids, 2) vertically elongated pores, 3) 

laterally elongated pores. In Fig. 4.3, the time to collect 3% of the Cu concentration at the top 

boundary for diffusion and to collect 100% of Cu atoms in case of drift are shown for uniformly 

distributed voids (indicated at the abscissa) as a function of porosity at room temperature. 

 

 

                                                      

Fig. 4.3 Time taken (in simulation steps) to collect 0.3% of Cu concentration at the interface to reach the counter 

electrode in case of diffusion and 100% of initial concentration in case of drift. Reproduced with permission from 

ECS Trans. 2017 volume 80, issue 1, 327-337. (2017). Copyright 2017, The Electrochemical Society. 
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Fig.  4.4 Simulation profiles for samples with varied porosity (0%, 26% and 45%) 

Note that for the case of drift we have a separate y-axis, since the order of time for the case 

of diffusion and drift are significantly different and since we are collecting 100% of initial Cu 

concentration present at Cu/dielectric interface. The graph shows linearly increasing time with 

porosity, because of the reduction of unimpeded vertical paths from the Cu electrode to the W/Pt 

electrode. For the case of 47% porosity, the time for drift is infinite, since there is not a single 

vertical path for ionic drift and the sideward jump probabilities for ions are virtually zero at room 

temperature. The simulation profiles for 0%, 26% and 47% porosities in Fig.  4.4 shows how pores 

block the Cu transport, causes an accumulation at the top pore boundary. For 26% porosity in our 

samples, some unobstructed vertical paths are present at the sides, which allow the drift of Cu+ 

ions, however for 47% porosity, all paths are impeded, which resulting in blocking of Cu+ drift in 

every vertical path as indicated by Fig.  4.4 (c). It will be shown subsequently that the situation 

changes at elevated temperatures when not negligible lateral jump probabilities help to 

circumnavigate an obstructing void. In Fig. 4.5, the diffusion and drift times at room temperature 

are compared for the same level of porosity of 25% but for various morphologies. One observes 

the diffusion times in the vertically oriented pores is very similar to the nonporous case SPLAIN. 

The highest times for the transport of the same amount of Cu are observed for laterally elongated 

pores of the pattern S4 for both drift and diffusion. 
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Fig. 4.5 Time taken (in simulation steps) for 0.3% of Cu concentration at the interface to reach the counter electrode 

for different pore morphologies but same porosity (25%). Reproduced with permission from ECS Trans. 2017 

volume 80, issue 1, 327-337. (2017). Copyright 2017, The Electrochemical Society. 

It can be seen that the transport times correlate very well with the number of direct (not-

blocked by voids) vertical channels available to the transport. In Fig. 4.6, we take a closer look at 

the laterally elongated pore morphology. It can be seen that for laterally columnar pore 

morphology, the drift time rate is independent of the porosity because the number of direct 

unblocked vertical channels is about the same. 

 
Fig. 4.6 Time taken (in simulation steps) for 0.3% of Cu concentration at the interface to reach the counter electrode 

for lateral morphology and varied porosity. Reproduced with permission from ECS Trans. 2017 volume 80, issue 1, 

327-337. (2017). Copyright 2017, The Electrochemical Society. 

This is in agreement with the concept of tortuosity, where tortuosity [41] is defined as the 

ratio of an average path length Lave traveled by a particle across the diffusion domain of 
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thickness D which at the same time is the length of the shortest direct path between the 

interfaces, i.e. 

tor=Lave/d          eq. (4-10) 

  

In Fig.  4.7, we take a look at the drift transport for the morphology of vertically oriented 

pores at different levels of porosity. Simulations have been done at room temperature and at Eel = 

2 MV/cm. It can be seen that for all porous cases the drift time is only slightly larger than for the 

plain (non-porous) case. The difference is only due to the number of channels taken up by the 

pores. This is reinforced by the case of 87 % porosity where all vertical pores have been 

represented by one big square void. 

 

Fig.  4.7 Time taken (in simulation steps) for 0.3% of Cu concentration at the interface to reach the counter electrode 

for vertical morphology and varied porosity. Reproduced with permission from ECS Trans. volume 80, issue 1, 327-

337. (2017). Copyright 2017, The Electrochemical Society. 

Although, we do not discuss here the suitability of the concept of tortuosity as the concept 

is highly controversial [42,43], a few comments are appropriate at this point. From our simulation 

it appears that for a consistent definition of tortuosity the nonporous (i.e. =0%) medium should not 

be assigned the value of tor =1, but a higher value. Tortuosity of unity should be assigned to a non-

porous medium where only vertical diffusion paths channels would be allowed. All lateral 

diffusion path segments are slowing down the diffusional transport from one to another interface 

and hence increase tortuosity. In case of porous media, the increasing temperature reduces the 

tortuosity since the lateral diffusional movements help find vertical path segments thus lowering 

the value of Lave. Hence, Lave should depend on temperature. In the next section, it will be discussed 

how increased temperature reduces the impact of tortuosity presented by pores. 
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4.5 Quantitative Simulation of Drift-Diffusion in Porous SiCOH Dielectric 

 

 In the previous section, we simplified drift-diffusion at room temperature, into pure drift, 

as the enhancement factor due to electric field, raises the jump probability in forward direction to 

2-3 orders greater than the sideward and 4-5 orders greater than the backward probability. 

However, at elevated temperatures and at not too high electric fields, such a reduction to pure drift 

is no longer justified. At 400 °C and Eel = 7.5×105 V/cm, the field enhancement is much lower. 

We get exp (Eel qλ/2kT) = 15 for the forward jump and for exp (-Eel qλ/2kT) = 6.6 × 10-2 for the 

jump against the electric field. In Fig.  4.8, the enhancement factor of the forward jump amplitude 

is shown as a function of the electric field for 27 °C and 400 °C. 

 

Fig.  4.8 Drift Enhancement of jump frequency as a function of effective electric field at 27°C and 400 °C. 

The jump probabilities for the diffusion at 400 °C would be enhanced compared to room 

temperature from 10-7 to 0.37 and with electric field the forward jump probability increases to 

5.55, the probability jumping back 8.3 x 10-4, and the jump probabilities to jump to the left and 

right remain at 0.37. Thus, in contrast to room temperature, at elevated temperatures both 

mechanisms of diffusion and drift are bound to contribute.  Table below shows enhancement 

factors as a function of temperatures and electric fields. It can be seen that as the temperature 

increases, the contribution of electric field compared to diffusion reduces substantially. 

 

Eel 106 [V/cm] Enhancement factor exp(qλEel/2kT) 

 27ºC 100ºC 275ºC 400ºC 

0.5 7.62 5.12 3.04 2.47 

1 58.06 26.22 9.24 6.11 

2 3.37 x 103 6.88 x 102 85.37 37.38 

5 6.60 x 108 1.24 x 107 6.73 x 104 8.54 x 103 

7.5 1.70 x 1013 4.37 x 1010 1.75 x 107 7.89 x 105 

10 4.36 x 1017 1.54 x 1014 4.53 x 109 7.29 x 107 
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Table 4.2 Drift enhancement factors for different temperatures and electric fields. Reproduced with permission from 

ECS Trans. volume 80, issue 1, 327-337. (2017). Copyright 2017, The Electrochemical Society. 

 Using these enhancement factors, we can adjust jump probability of Cu ions and calculate 

the transport time to collect a specific number of Cu ions at the counter electrode. Fig.  4.9 shows 

the time required to collect 0.3% of initial concentration at a constant applied field and different 

ambient temperatures for dielectric with 25% porosity at a constant electric field of 2×106 V/cm.  

 

 
Fig.  4.9 Time Taken to collect 0.3% at counter electrode for different temperatures. Electric field here is kept 

constant i.e. 2.0 x 106 V/cm; the porosity is 25%. Reproduced with permission from ECS Trans. volume 80, issue 1, 

327-337. (2017). Copyright 2017, The Electrochemical Society. 

The transport times for both pure diffusion (triangles) and for drift-diffusion (diamonds) 

decrease significantly with increasing temperature. It can be also observed that the time difference 

between pure diffusion and drift-diffusion decreases as the temperature increases. This is the 

impact of the lowering of the enhancement factor in the direction of field with increasing 

temperature. 

Fig.  4.10 shows the transport times for drift for porosities from 0% till 47% for uniformly 

distributed square pores. The dependence of the transport time as a function of temperature is 

similar for all porosities considered. It is seen that for 0% and 12% porosity, times are much 

smaller than for 25% and 46% porosity. This can be attributed to the presence of significantly more 

unobstructed vertical paths in 0% and 12% porosity cases than for 25% and 46% porosity cases. 

The difference between the two pairs of porosity, however, decreases with increasing temperature: 

at 27 °C the difference is more than two orders of magnitude whereas at 400 °C the difference is 

only factor 2-3. Clearly, at elevated temperatures the lateral jump frequencies due to diffusion only 
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help circumnavigate the pores and find new vertical channels. At high enough temperatures and 

low enough fields for porosities up to 50% for uniformly distributed cubic voids the transport time 

becomes independent of porosity. 

 

 
Fig.  4.10 Time Taken to collect 0.3% at counter electrode for different temperatures. Electric field here is kept 

constant i.e. 2.0 x 106 V/cm. Reproduced with permission from ECS Trans. volume 80, issue 1, 327-337. (2017). 

Copyright 2017, The Electrochemical Society. 

 This reduction in difference of times gives another insight; for pure drift at low 

temperature, the ‘tortuosity’ due to pores is much greater, as in the non-porous sample, the ions 

can drift in straight unimpeded paths. While for the case of porous samples, they experience 

extremely high tortuosity (in order or 102 for 47% porosity; net diffusivity =0.007). As temperature 

increases, the net diffusivity approaches that of pure-diffusion given by Fig. 3.11, i.e. D/Dρ=0 = 

0.82 for 12% porosity at 400 C, while it is 0.85 for pure diffusion. Similarly, for 47% porosity, 

D/Dρ=0 = 0.3 at 400 °C, while it is ~0.50 for pure diffusion. This indicates that even for fields as 

high as 2 MV/cm, as the temperature increases diffusion impacts the transport of ions more than 

the drift and the drift-diffusion ‘net-diffusivity’ profile would approach the linear profile of pure 

diffusion given by Fig. 3.11. 

4.6 Cu Filament Formation in Cu/SiCOH/Pt Samples 

 

From the experimental conditions, we know that the ramping of voltage from 0 to 2V is 

done typically at a ramp rate of 0.2/s, so it takes 10 s to reach 2 V. Since our samples are 20 - 25 

nm thick and λ = 2.1 nm it takes at most 10-12 elementary jumps at a constant field of 3×106 V/cm 

to cross the dielectric for a total time of 10×5s = 50 s. It would take 10×1.2×104 s = 2000 min at 
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1×106 V/cm. However, the assumption of an average electric field over the entire dielectric 

thickness is not quite correct in the situation of the filament formation. As the partial filament 

begins to grow, the electric fields between the tip of the asperity and counter-electrode will vary 

between 105 and 107 V/cm = 2 V/ 2 nm. The last value assumes a voltage of 2V over a gap of 2 

nm (equivalent to seven Cu atom diameters). The enhancement factor for 107 V/cm would be 

immense: 7.2×1017, meaning that at these fields the filament forming would be instantaneous, on 

a time scale of 10-13s.  

 

Fig.  4.11 Progression of electric field at the tip of the filament as the filament builds up. 

We thus conclude that the electric fields responsible for the filament formation in the final 

stage of filament formation are (3-4) × 106 V/cm at room temperature. This critical field is reduced 

at elevated temperatures. Similar calculations show that the critical fields for filament formation 

are reduced to (1-2) × 106 V/cm at 275 °C and to just below 106 V/cm at 400 °C. Even a small 

reduction of electric fields is significant because in this regime the drift transport depends 

exponentially (and not linearly as suggested by the mobility concept) on the electric field. It has 

been estimated that the temperature in back-end CMOS can increase during microprocessor 

operation to about 120 °C [20]. Elevated temperature can trigger many reliability issues including 

filament formation, which would result in potential shorts between the metallization lines in 

CMOS BEOL.  

4.7 Summary 

 

The chapter describes a simulation of Cu ion drift and drift-diffusion in porous (SiCOH) 

dielectrics using elementary jump frequencies. Because of the actual nano-scale of thicknesses of 

dielectric films deployed in modern CMOS BEOL, the microscopic method is numerically 
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efficient and can be performed on a laptop computer. Conditions leading to formation of metallic 

nano-filaments are discussed in detail. From the comparison with experimental data, it can be 

concluded that the critical stage of nano-filaments occurs at fields of (2-4) ×106 V/cm. The 

simulations show that drift transport depends more sensitively on the pore morphology than on the 

level of porosity. This is in agreement with the basic concept of tortuosity which is defined as a 

ratio of lengths of an average diffusion path and the shortest possible path given by the thickness 

of the film across which the ions are being transported. The simulations have been calibrated to 

the diffusion coefficient found experimentally for the Intel non-porous SiCOH films. Several pore 

morphologies have been investigated to scope out the morphology space and its impact on the 

effective diffusivity: columnar pore morphology in parallel and vertical orientation to the main 

direction of the diffusion transport, and uniform distribution of spherically shaped voids with 

various degrees of irregularity. The simulation shows the impact of temperature on the drift 

transport. At room temperature and for uniformly distributed cubic voids the drift transport comes 

to a stop at high enough porosity. However, at elevated temperatures the lateral jump frequencies 

determined by the Arrhenius factor exp(-Ea/kT) help to circumnavigate the voids and lead to a 

substantial drift transport. Therefore, the aggravating impact of elevated temperature on reliability 

issues will be stronger than in the traditional, non-porous dielectrics. We postulate that temperature 

increases the drift-diffusion profile for all porosities will approach the pure diffusion profile as 

temperature approaches close to 300-400 °C and goes beyond that, and that diffusion will become 

the major transport mechanism and not drift. 
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5 CHAPTER 5: Search for Appropriate Counter Electrode to 

Implement RRAM in CMOS BEOL (Capstone Project in 

collaboration with Intel) 

  

In this chapter, search to find a less-costlier and CMOS compatible replacement of Pt, as 

the counter electrode in RRAM memories is discussed. Five metals are short-listed and their 

physical and chemical properties compared in terms of cost, ease of fabrications and potential 

resistive performance. Complete fabrication and characterization of devices with the novel metal 

is performed. It is shown that our chosen metal, Rh, exhibits good resistive switching, at lower 

SET and RESET voltages. The work in this chapter was done as a part of Capstone Project 

sponsored by Intel Corporation and was done collectively in a group which included Srilekhya 

Reddy Meda, Sai Rama Usha Ayyagari, Sagar Praveen Yammiyavar and Avanish Mishra. The 

teaching assistant who collaborated in this project was Muhammad Shah Al-Mamun, who carried 

this research forward at the end of this project. 

5.1 The need for Pt Replacement as the counter electrode 

 

 Platinum displays excellent resistive switching behavior. Endurance of over 109 

cycles in the Pt/TaOx based devices has been reported [44, 45]. Moreover, Fan et. al. demonstrated 

that the switching voltages for Pt based devices are lower than for their Ru counterparts [37]. 

However, the factor that stalls Pt usage in commercial memories is its cost. One gram of Pt costs 

approximately $50 [45]. Since Pt is an extensively used material for jewelry, catalytic converters 

etc., the prospect of reduction in its cost after commercialization is not plausible. Furthermore, Pt 

has not yet been used in the CMOS back end, so a BEOL-compatible replacement of Pt is highly 

desirable [37]. Even though Ru has been seriously considered as liner material in Cu interconnects, 

its high power demand and lower endurance removes it from a prospective candidate for RRAM.  

5.2 Research on Pt group metals to find appropriate counter electrode 
  

The key objective of this project was to research on CMOS process compatible metals that 

could potentially replace Pt as the inert counter electrode in resistive devices. Apart from resistive 

performance, two main factors to consider were cost and CMOS compatibility. In general, 
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elements close by in the periodic table, same group or same period, have similar electronic 

configuration. Comparable configurations in turn yield similar chemical and physical properties. 

Thus, six other materials were shortlisted, five transition metals and one compound. All materials 

were Pt group metals or compounds, as they are known to exhibit similar chemical and physical 

properties as Pt. The only shortlisted compound TaN, was later removed from the list due to 

unavailability of data related to chemical properties. These remaining five elements were 

compared their physical and chemical properties using Pt as a benchmark. The materials shortlisted 

are as follows: 

1. Ta (Tantalum)  

2. Os (Osmium) 

3. W (Tungsten) 

4. Ir (Iridium) 

5. Rh (Rhodium) 

6. TaN (Tantalum Nitride) 

 

Fig.  5.1 Periodic Table highlighting the elements in green that are already known for RS switching. Blue indicated 

the ones chosen by our group. 

The five metals and the previously used Pt and Ru are highlighted in the periodic table as 

shown in Fig.  5.1. Based on knowledge of the physical and chemical properties that could 

potentially affect resistive switching, several properties were researched to analyze each material. 

Other factors such as cost, availability and the possibility to be fabricated in Virginia Tech Micron 

Cleanroom were also considered. Table 5.1 lists and highlights these properties corresponding to 
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each metal. 

 

Table 5.1 Properties of metals chosen as compared to Pt and Ru. Red indicates 'unsuitable', while green indicates 

'suitable' value 

 

 The properties chosen and how each metal fared for every property are described below. 

a. Melting and Boiling points: The temperature at which a metal melts is a good indicator 

of its ease of deposition. Ta, Os and W had higher melting points [46] than our E-beam 

equipment’s (Kurt J. Lesker PVD 250) maximum capability (~2800 °C). Since fabrication 

of devices with the explored metals was an integral part of the project, these three metals 

were rejected on this basis. 

b. Ionization Energy and Work Function: Ionization energy of a metal is the energy 

required to remove an electron from the valence shell of a neutral atom. Work function is 

the minimum quantity of energy that is required to free an electron from the surface of a 

given solid, usually a metal. High ionization energy and work function are desired to 

choose an inert counter electrode, since these translate into the inertness of the element. 

The ionization energies of metals chosen are in the similar range as Pt, meaning it is equally 

difficult to ionize the atoms for those metals. Work function of most other metals are lower 

than that of Pt but high enough to be considered inert for the target interface. 
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c. Solubility with Cu: One of the most important parameters to consider for counter electrode 

is its solubility with the active metal (Cu in our case). Solubility directly influences the 

morphology of the formed filament. High solubility would suggest that the incoming Cu+ 

ions are not stable on the Dielectric-Inert Metal interface and diffuse into the metal. This 

would in turn lead to greater time for a stable filament formation and thus a higher VFORM 

and may in turn lead a more ‘cylindrical filament as in the case of Ru. In the fabrication 

section for Ru devices, it is mentioned how Ruthenium silicide formation may occur due 

to diffusion of silicon from the substrate till Ru - dielectric interface. It has been discussed 

in section 5.3 how this hinders multiple cycle switching. Thus, solubility of these metals 

with Cu or Si is highly undesired and may affect the resistive performance.  

 

 

Fig.  5.2 Binary phase diagrams for Cu-W and Cu-Ir. In both diagrams, almost no solubility is observed till 1000K. 

P.R. Subramanian, D. J. Chakrabarti and D.E. Laughlin (eds.), Phase Diagrams of Binary Copper Alloys, ASM 

International, Materials Park, OH, 1994 [49]. Used under fair use, 2018. 

The solubility of any 2 materials can be observed from the binary phase diagram. Binary 

phase diagrams for Cu-W and Cu-Ir are shown in Fig.  5.2. For all the selected metals, 

there was negligible solubility with Cu until 1000 K (the maximum temperature range for 

E-beam deposition)[48,49]. Thus all metals passed this criterion. 

 

d. Availability: All selected metals were available in the market through venders of e-beam 

pellets [46], except for Osmium, which is a rare metal. So Os also failed for this criterion 

and was rejected. 
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e. Cost ($/gram): Since Pt replacement was intended at the first place, due to its astronomical 

cost, cost was one of the factors in our selection. Ru, Ta and W were cheapest in the list, 

with each valued around $1.50 to $2.00 per gram [46]. Price of Ir and Rh were much higher 

comparatively i.e. $25.00/gram and $29.60/gram respectively. However, Ir and Rh were 

still only half as pricey as Pt which is valued at $50/gram. 

 

f. Surface Energy (eV): Surface energy is the energy associated with the intermolecular 

forces at the interface between two media. Surface energy is a one of the factors affecting 

adhesion of other materials a material. A higher surface energy means more uniform 

wetting of other materials onto the surface of a material. Fan. et. al. observed higher FORM 

and SET voltages for Cu/TaOx/Ru devices and lower switching cycles compared to 

Cu/TaOx/Pt ones [37]. One hypothesis suggested for this behavior was greater spreading 

of Cu atoms on the surface of Ru counter electrode [54], which meant more Cu atoms are 

required to form the filament. Secondly, due to greater influx of Cu ions and thinning of 

the based at the Ru electrode, the morphology of Cu filament in the Cu/TaOx/Ru was 

hypothesized to be cylindrical. This in turn was suggested to cause the hotspot of the Cu 

filament to be formed not at the tip of the filament but rather at the center, which made it 

impossible to rupture after a few switching cycles. Out of our list, Pt, Rh and Ta have lower 

surface energies while Ru, Os, W and Ir have relatively higher surface energies. Ideally, a 

surface energy close to that of Pt is desired, since it was a benchmark material in this project 

in terms of resistive performance. Nevertheless, enough literature is not available regarding 

surface energy and its effect on resistive behavior, so this was not the decisive factor to 

select or reject any metal. 

 

Based on these properties, Rh and Ir were chosen to pursue as potential replacement for Pt. 

Even though both Rh and Ir were much more expensive than some others like Ru and W, they 

fulfilled most other chemical and physical properties, and were only half as expensive as Pt.  
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5.3 Fabrication and Characterization of Cu/TaOx/Ru and Cu/TaOx/Rh 

devices 

 

5.3.1 Initial fabrication of Cu/TaOx/Ru and Cu/TaOx/Rh devices 

 

 In this project, apart from Cu/TaOx/Pt and Cu/TaOx/(New Metal), Cu/TaOx/Ru devices 

were also fabricated, as another comparison benchmark for the ‘new metal. i.e. Rh’, because Ru 

as a counter electrode has also been extensively studied as a counter electrode is RS devices [37, 

53]. Furthermore, Ru is BEOL compatible and has been used as a liner material in Cu based 

interconnects [55]. The cross-sections of the 3 devices to be compared are shown in the figure 

below. 

 

       
 

Fig.  5.3 Cross-sections of Cu/TaOx/Pt, Cu/TaOx/Ru and Cu/TaOx/Rh devices initially fabricated and tested 

 Fabrication and characterization of Cu/TaOx/Pt are thoroughly described in chapter 2. The 

fabrication of the other 2 metals follows the same procedure and the same cross-bar architecture 

mask. The parameters used for E-beam deposition of Ru and Rh electrodes in their respective 

devices are listed in Table 5.2. The purities of Ru and Rh pellets obtained from Kurt J. Lesker is 

99.95% [46]. The deposition parameters for the rest of the materials are the same as discussed in 

Chapter 2 for Cu/TaOx/Pt device. 

 Similar photoresist (AZ 5214 image reversal photo-resist) was used for Ru and Rh 

deposition with developer MF319. Lift-off was done by rinsing under acetone solution for 30s at 

room temperature and then putting the wafer in ultra-sonicator for 1 minute. The thickness of the 

metal layer right after deposition and after lift-off was measured using Dektek Surface Profiler. It 

was observed that only 10 – 15 nm was left after liftoff from the 50 nm deposited. The procedure 

was repeated again, but the result was same. This led us to look into whether Ti was a suitable 
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adhesion layer for Rh or not. Ru, however, was successfully deposited on the Ti layer, and the 

device as shown in Fig.  5.3 was successfully fabricated. 

  

Material Ru Rh 

Layer Thickness (nm) 50 50 

E-beam Deposition Rate (Å/s) 1 1 

Melting Temperature (°C) 2334 1964 

E-beam Current (mA) 343 216 

E-beam Base Pressure (Torr) 2 x 10-6 2 x 10-6 

Density (g/cm3) 12.36 12.4 

Z-ratio 0.182 0.3 

Tooling factor 140 140 

 

Table 5.2 Summary of E-beam deposition for Ru and Rh. These numbers for the rest of materials are detailed in 

Chapter 2. 

 

 Baraka et. al. suggested formation of unstable and conductive oxide on Ti surface that leads 

to poor adhesion with top layers [56]. In PVD-250 chamber, the pressure was held constant at 2 x 

10-6 Torr, so the chance of oxidation is very low. Nevertheless, since Rh was not adhering well 

with Ti, we proposed three device structures and fabricated those in the clean-room. For the first 

one, we proposed to remove the Ti layer and deposit Rh directly in SiO2 (Fig.  5.4 a). Furthermore, 

from literature review to find a suitable adhesion layer for Rh, it was found that Golecki et. al [57] 

have successfully deposited a layer of Rhodium in high vacuum on thin-Chromium coated (0.01-

0.03 µm Cr), thermally-oxidized (-0.5µm SiO2), four-inch diameter, (100) oriented, single-

crystalline silicon substrates by means of electron-gun physical vapor deposition. This prompted 

us to use Cr as an alternative to Ti as an adhesion layer (shown in Fig.  5.4 c). The third structure 
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(Fig.  5.4 b) was the same with Ti seed layer as in Fig.  5.3, however this time, with a different lift-

off approach. 

 

 

Fig.  5.4 Cross-section of the three Cu/TaOx/Rh devices fabricated with different adhesion layers 

  

 A new lift-off and deposition approach was used for all these three devices. The PVD E-

beam deposition rate for the adhesion layer (whether Cr or Ti) was kept low (0.2 A/s), as the 

intended thickness of the adhesion layer is very low.  After deposition of Rh, the wafer was soaked 

in acetone for 15 minutes at room temperature and then given 1 sec of brief ultra-sonification. For 

device type (a), which does not have any seed layer of Ti or Cr, poor adhesion of Rh to SiO2 was 

observed and after lift-off, less than 10 nm Rh thickness was observed under the surface profiler. 

Thus, the complete device for (a) was not fabricated. The devices (b) and (c) with Ti and Cr 

adhesion layers were successfully fabricated, and showed excellent adhesion of Rh with the seed 

layer. Finally, as for the Cu/TaOx/Pt deposition described in Chapter 2, a 25nm TaOx layer 

followed by a 150nm Cu layer was deposited to complete the MIM structures. 

 

5.3.2 Characterization of Cu/TaOx/Ru devices and the formation of Ru-silicide 

The Cu/TaOx/Ru device was characterized under Voltage-sweep mode using Keithley 

4200 Probestation. The characterization methodology employed was the same as in Chapter 2. 

Two different ramp rate (0.2 V/s and 2V/s) and four different ICC
 (1 µA, 50 µA, 10 µA and 50 µA) 

were used. It was observed that ~47% of the devices did not show any FORM, and 36% shown no 

SET or RESET after one FORM. Thus, only 17 % of the devices showed RS behavior with most 

devices showing only one cycle of switching. This behavior was disappointing and required 

explanation. Fig.  5.5 illustrates the RS behavior of most Cu/TaOx/Ru devices upon voltage sweep. 



 

 

92 

 

 

Fig.  5.5 Switching behavior for most of the Cu/TaOx/Ru devices that showed RS switching. a) Almost all devices 

that showed forming had VFORM in the range 4-5V b) Most devices showed no SET or RESET after FORM. 

From literature review, a plausible explanation for this behavior was found. Damanyati et. 

al. reported that Si readily reacts with Ru at temperatures close to 600-700 °C and forms 

Ruthenium-silicide (Ru2Si3), resulting in the complete breakdown of Ru as a barrier for Cu [58]. 

Schematic depiction of this process is indicated in Fig.  5.6. Similarly, Chan et. al. annealed 

Cu/Ru(~20nm)/Si structures at 450 °C and 550 °C separately for 10 minutes [59]. No significant 

Cu penetration was observed until 450 °C; however, for 550°C, penetration as deep as 400 nm was 

observed through SIMS. The TEM of the device is shown in Fig.  5.7 [59]. Since the local hotspot 

temperature at the filament during forming is around 600 °C to 700 °C [60], so it is possible that 

the silicidation of Ru lead to Cu diffusion into the substrate. This, in turn would lead to formation 

of a much more cylindrical filament that is hard to rupture [61] leading to no RESET or SET 

observed after FORM. 

 

 

Fig.  5.6 Schematic depiction of the barrier failure mechanism in Cu/Ru/Si: (a) Before barrier breakdown, (b) initiation 

of barrier breakdown with the nucleation of Ru2Si3, (c) complete consumption Ru to form Ru2Si3, and (d) diffusion of 

Cu through the Ru2Si3 to form Cu3Si in the substrate [58]. Used under fair use, 2018. 
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Fig.  5.7 Cross-sectional TEM image of as-deposited Cu/Ru thin film on Si (100) showing Ru thin film’s columnar 

microstructure, (b) the Cu/Ru/Si sample vacuum annealed at 550°C, showing thin film delamination as well as 

diffusion into the Si substrate [59]. Used under fair use, 2018. 

 To hinder Si diffusion towards Ru, a new layer of 30 nm TaOx barrier was blanket 

deposited between SiO2 and Ti, and the device was fabricated again. The cross-section of the new 

device is shown below. 

 

Fig.  5.8 Cross-section of the new Cu/TaOx/Ru device with additional TaOx between SiO2 and Ti. 

The new devices were characterized using the same voltage sweep conditions as before. A much 

better switching behavior was observed this time. 42% of the devices showed RESET and SET 

after forming (compared to 17% previously) and 25% of the total devices showed multiple 

switching cycles (compared to 2% previously). VFORM was of the same range as before (3-4.5 V). 

The percentage of devices showing a volatile filament is also very similar. The RS behavior for 

one of the cell of the new device is shown in Fig.  5.9. The results for both devices (with and 

without the TaOX layer above SiO2 are summarized in the Table 5.3 below.  
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 % devices 

showing 

switching 

VFORM (V) VSET (V) VRESET (V) RON 

(Ω) 

% Volatile 

(out of 

Switching) 

Device 

Without 

TaOx 

17 0.6* – 5 

(Average: 3.6) 

1.7 – 4.9 (Average: 3 

V) 

-1.5 – -3.6 

(Average: -2.56 V) 

103 – 

105 

31.3 

Device 

With 

TaOx 

42 2.98 – 4.74 

(Average: 4.11) 

2.5 – 3.77 Average: 

3.14 

-0.65 – -3.09 

Average: -1.95 

103 – 

105 

29.6 

Table 5.3 Summary of Cu/TaOx/Ru devices with and without TaOx barrier layer above SiO2. 

 

      

  

Fig.  5.9 Switching behavior one of the new Cu/TaOx/Ru devices. a) V¬FORM is in the similar range as previous 

(3.5 – 5 V) b) 42% of the devices were resettable. c) VSET was in the range of 2.5-3.5 V. 

As can be seen from the table, the spread of the VSET and VFORM is much lower for the new 

device compared to the one without TaOX. Furthermore, a significant percentage (~30%) of both 

devices show volatile behavior i.e. disappearance of the filament after formation. As we increased 

the compliance current to make the filament more stable, it was observed that the filament was 

harder to rupture. In the devices with stable filament, there was also a high tendency for hybrid 

filaments to be formed which made the reset quite difficult. 8 cells from the new device were tested 

at 70 °C, and none of the cells show RESET after the formation of filament, meaning that the 
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Cu/TaOx/Ru device, even with our solution of the TaOx/SiO2 barrier layer, has a poor RS 

performance at increased temperature. 

In summary, TaOx barrier layer significantly increased the percentage of devices that 

showed forming as well as the percentage that showed at least 1 full switching cycle. The average 

number of switching cycles was 1 for the both types of devices, indicating that Ru was a poor 

material to use for resistive switching. This performance worsened at higher temperatures as no 

cell showed RESET after formation. This investigation on adding a barrier layer to stop Ru 

silicidation and the resulting RS performance was carried forward from this project by Al-Mamun. 

et. al. and is thoroughly discussed in [62].  

 

5.3.3 Characterization of Cu/TaOx/Rh devices  

As shown in Fig.  5.4, the two types of Cu/TaOx/Rh devices that were successfully fabricated 

were the ones with Cr adhesion layer and Ti adhesion layer. These two devices were tested under 

similar voltage sweep conditions as described below.  

Positive Sweep (V) 
Ramp Rate 

(V/s) 

Negative 

Sweep (V) 

ICC (A) during 

Positive Sweep 

ICC (A) during 

Negative Sweep 

0 – 5 0.2 0 – -5 50µ 10m 

Table 5.4 Test conditions for both types of Rh devices. 

Fig.  5.10 shows the switching behavior for one of the Cu/TaOx/Rh/Cr devices. Very clean 

SET and RESET were observed in all devices. Even though the VFORM, on average for Rh/Cr (~5.6 

V) devices was greater than for Ru (~4.0V) devices or Pt based devices, the VSET (2.32 V) and 

VRESET (-1.6 V) were, on average, smaller. Overall, excellent RS switching behavior was observed, 

with some devices switching up to 30 times, and no device showing volatile filament. Furthermore, 

all except one device showed RS switching. For most devices, the switching was halted only due 

to formation of a hybrid filament (Cu-vacancy mix) during application of negative bias for RESET, 

and this vacancy filament did not rupture in any of the devices tested. 
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Fig.  5.10 Switching behavior one of the new Cu/TaOx/Rh/Cr devices. a) VFORM is in the range (4 – 5.5 V) b) 

Almost 100% of devices were resettable, with VRESET varying from 0.3-2.5V c) VSET was in the range of 0.3-5.0 V.  

Fig.  5.11shows the switching behavior of one of the Cu/TaOx/Rh/Ti devices. Similar to the 

Cr ones, these devices too had very sharp SET and RESET. All of the cells tested showed RS 

behavior, which substantiates Rh as a very effective counter-electrode for resistive devices. On 

average, VFORM, VSET and VRESET were lower than the Rhodium devices with Cr as the adhesion 

layer. The reason hypothesized for lower VRESET is that Ti has a much lower thermal conductivity 

compared to Cr [63], leading to lower dissipation of heat during RESET, and hence easier to break 

the filament. The number of switching cycles were much lower than the Cr counterparts. Al-

Mamun. et. al. attributed the better switching behavior of Rh/Cr devices compared to Rh/Ti devices 

to the better thermal conductivity of Cr [64]. As with Cr-devices, 50% of Ti-based devices only 

stopped switching if a hybrid filament formed during negative sweep to RESET the cell. It should 

be noted that both kinds of devices were fabricated and tested under similar conditions, with the 

only difference being the adhesion layer. Hence it can be concluded that not just the counter 

electrode, but the adhesion layer too, plays a part in the RS behavior of a device. This study too, 
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was carried forward by Mamun et. al. [64] where they investigate the effect of adhesion layer. 

Table 5.5 summarizes the RS behavior of Cu/TaOx/Rh/Cr and Cu/TaOx/Rh/Ti devices.  

 

 

  

 

Fig.  5.11 Switching behavior one of the new Cu/TaOx/Rh/Ti devices. a) VFORM is in the range (3 – 4.3 V) b) 100% 

of devices were resettable, with VRESET varying from 0.3-1.8 V c) VSET was in the range of 0.5-3.6 V. 

 VFORM (V) VSET (V) VRESET (V) RON (Ω) Switching 

cycles 

Cu/TaOx/Rh/Cr 4.4 - 6.5 

(Average: 5.6) 

0.33 – 5.1 

(Average: 2.32 V) 

-0.33 – -4.4 

(Average: -1.6 V) 

200 – 500 

(Average: 348) 

3-30 (Average: 

12) 

Cu/TaOx/Rh/Ti 3.0 – 4.3 

(Average: 3.8) 

0.08 –  3.6 

(Average: 1.93) 

-0.30 – -1.75 

(Average: -0.8) 

200-277 

(Average: 215) 

2-7 (Average: 

5) 

Table 5.5 Summary of RS switching characteristics of Cu/TaOx/Rh/Cr and Cu/TaOx/Rh/Ti devices 

5.3.4 Comparison of Pt-based, Ru-based and Rh-based devices  

Fig.  5.12 shows the switching characteristics of Pt-based, Ru-based and Rh-based devices 

plotted on a single figure. It can be clearly seen that Rh-based devices show much lower switching 

voltages than the other two (the plots show average VSET and VRESET for all cells tested in each 
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category, keeping the same test conditions). This makes it a potential candidate for low-power 

resistive memory. The VFORM for Cu/TaOx/Rh is highest among the three; however, since each 

cell has to be formed once per lifetime, this should not be a constraint. The number of switching 

cycles of Rh and Pt devices are of the similar order, while for Ru it is 1-2 (on average), indicating 

that Ru is a poor choice for counter electrode. In this project’s testing, Rh shows number of 

switching cycles per device close to that of Pt, when ~50% stopped switching due to formation of 

a hybrid filament. Al-Mamun et. al. [64] corroborated this hypothesis showing a better 

performance (in terms of switching cycles) for Rh/Cr based devices compared to Pt/Ti. 

 

Fig.  5.12 Switching voltages for Pt-based, Ru-based and Rh-based devices. Rh-based devices show much lower 

switching voltages compared to other two. 

Device Cu/TaOx/Pt Cu/TaOx/Ru Cu/TaOx/Rh 

VFORM (V) 2.05 to 4.6 (Average: 

3.21 V) 

2.98 to 4.74 

(Average: 4.11) 

4.4 - 6.5 (Average: 

5.6) 

VRESET (V) -0.15 to -2.3 

(Average: -0.91 V) 

-0.65 – -3.09 

(Average: -1.95) 

-0.33 – -4.4 

(Average: -1.6 V) 

VSET (V) 0.5 – 3.58 (Average: 

2.04 V) 

2.5 – 3.77 (Average: 

3.14) 

0.33 – 5.1 

(Average: 2.32 V) 

# Switching 

Cycles (avg) 

3-40 (Average: ~15) 1-2 12 (expected to be 

virtually infinite 

with controlled 

stress) 

Table 5.6 Comparison of switching characteristics for devices with different electrode 



 

 

99 

 

In conclusion, our research of a potential replacement electrode yielded a successful 

outcome, with Rh-devices showing excellent switching performance compared to Ru, and 

comparable to that of Pt-based devices. It should be noted that most cells tested stopped switching 

only due to formation of a hybrid filament, which can be prevented by limiting the applied stress 

only until VRESET. Hence it is speculated that Rh devices will show even more promising as per 

our research, this is the first time in the world that Rh based RS devices have been fabricated and 

shown to display RS behavior.  

5.4 Summary   

This chapter discusses the research conducted to find a suitable and cheaper replacement of 

Pt as the counter electrode in RS memory. Initially metals from Pt group were shortlisted from all 

metals in the periodic table, as these are known to have similar properties at Pt. Based on the 

knowledge of chemical and physical properties that could potentially RS behavior, Rh and Ir were 

selected to be pursued further. Ir devices could not be implemented due to time limitations of this 

project. Several challenges were faced in the fabrication of Ru and Rh devices, as Ru was not 

showing good switching behavior after formation. A solution to insert a 30 nm TaOx layer between 

SiO2 and Ti was implemented which resulted in much better performance. However, overall Ru-

based devices showed poor resistive performance.  

Fabricating Rh using Ti adhesive layer as well as directly SiO2 was also challenging, since 

it would not adhere well using the same processing steps as used for Pt and Ru based devices. A 

suitable adhesion layer of Cr was found through literature review, and a few tweaks to the post-

deposition process steps, resulted in successful fabrication of Cu/TaOx/Rh/Cr and Cu/TaOx/Rh/Ti 

devices. Rh devices showed excellent RS behavior and it is hypothesized that the behavior can be 

made even better using controlled sweep conditions. Rh devices are shown to have lower switching 

voltages and thus may be suitable for low power applications in IOTs.  
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6 Summary and Future Works 

 

6.1 Summary 

 

The objective of this work was 1) To investigate the functioning of MIM devices with porous 

dielectrics and to describe the Cu diffusion and drift phenomena in those porous dielectrics using 

a simulation model. 2) To research and come up with a replacement of Pt as the counter electrode 

in RS devices. 

Standard MIM Cu/TaOx/Pt devices, which have already been extensively studied in several 

literatures, were fabricated and characterized to have a benchmark for our other test results. These 

Cu/TaOx/Pt devices displayed excellent RS switching as was expected. After this, MIM structures 

with porous dielectrics were characterized. These MIM devices were supplied by Intel Corporation 

and characterized here at Virginia Tech. The results obtained were poor, with 90% of the devices 

being already conductive. Ye Fan’s (a previous student in our research group) results were also 

discussed, which were similar. It is proven through bulk resistance as well as TCR measurements 

that the devices were conductive due to excessive Cu diffusion. This hypothesis was further 

substantiated when majority of (80% and 30%) of the devices fabricated at room temperatures 

showed RS switching, indicating that high temperature processing steps lead to Cu flooding into 

the dielectric, making the devices conductive. The porous devices that showed forming had 

increasing VFORM as the porosity is increased, however approximately same percentage of porous 

devices were conductive as non-porous ones. This effect of porosity on diffusion as well as 

electromigration needed to be investigated. 

It is hypothesized that for porous dielectrics the diffusion and drift are decoupled at the 

local level. The decoupling means that on a global scale the mobility is significantly smaller than 

the product of diffusivity and thermal voltage as predicted by the Einstein relation in homogeneous 

media. The retardation factor fp will be a function not only of the porosity of the material but also 

of the interconnectedness of the matrix material, characterized by tortuosity. 

A model is created to describe diffusion and drift at the atomistic level, based on the 

random walk theory of elementary jump diffusion. The methods presented are numerically 



 

 

101 

 

efficient and include many elementary microscopic mechanisms, such as elementary diffusion 

jumps, emission and absorption and transport coefficients across interfaces of the dielectric with 

the metal electrodes and with the pores. Any morphology of pores at any level of porosity can be 

addressed by the established modeling capability. The simulations have been calibrated to 

experimentally extracted diffusivities of Cu in SiCOH dielectrics with various degrees of porosity 

between 0% and 25%. Several pore morphologies have been investigated to scope out the 

morphology space in its impact on the effective diffusivity: columnar pore morphology in parallel 

and vertical orientation to the main direction of the diffusion transport, and uniform distribution 

of spherically shaped voids with various degrees of irregularity. The simulation results show that 

in most cases the Cu diffusivity is retarded with increasing levels of porosity. The strongest 

dependence of effective diffusivity on porosity, however, stems not from porosity levels 

themselves but from specific pore morphologies. Possible concomitant phenomena such surface 

diffusion of atoms on the inner surfaces of the pores, the rate of Cu dissolution into the dielectric, 

and the degree of the contact area of the Cu electrode with the porous dielectric surface are also 

taken into account. Depending on the relative magnitude of diffusion frequencies on the pore 

surfaces and in the bulk matrix material and on the transport coefficients from matrix material to 

an interface, the effective Cu diffusivity can be either strongly retarded or strongly enhanced as 

compared to the Cu diffusivity in nonporous dielectric with same matrix material. We show that 

the large multitude of retardation and enhancement effects can be consistently and intelligibly 

explained in terms of “channeling” and “trapping” mechanisms based on the degree of perturbation 

of local vertical and lateral concentration gradients imparted by the pore morphology. 

The same model is extended to include drift in the presence of electric fields. It is shown 

that the continuum approaches based on differential equations and using mobility concepts on the 

nanoscale and in the presence of high electric fields are grossly inadequate. Conditions leading to 

formation of metallic nano-filaments are discussed in detail. From the comparison with 

experimental data, it can be concluded that the critical stage of nano-filaments occurs at fields of 

(2-4) ×106 V/cm. The simulations show that drift transport depends more sensitively on the pore 

morphology than on the level of porosity. This is in agreement with the basic concept of tortuosity 

which is defined as a ratio of lengths of an average diffusion path and the shortest possible path 

given by the thickness of the film across which the ions are being transported. The simulations 

have been calibrated to the diffusion coefficient found experimentally for the Intel non-porous 
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SiCOH films. Several pore morphologies have been investigated to scope out the morphology 

space and its impact on the effective diffusivity: columnar pore morphology in parallel and vertical 

orientation to the main direction of the diffusion transport, and uniform distribution of spherically 

shaped voids with various degrees of irregularity. The simulation shows the impact of temperature 

on the drift transport. At room temperature and for uniformly distributed cubic voids the drift 

transport comes to a stop at high enough porosity. However, at elevated temperatures the lateral 

jump frequencies determined by the Arrhenius factor exp(-Ea/kT) help to circumnavigate the voids 

and lead to a substantial drift transport. Therefore, the aggravating impact of elevated temperature 

on reliability issues will be stronger than in the traditional, non-porous dielectric. 

Lastly, alternative counter electrode materials to replace Pt were explored. Out of Pt group 

metals, Ru and Ir were shortlisted and finally Rh devices were fabricated in the same manner as 

Pt. Upon characterization, Rh showed as good RS behavior as Pt, and at lower switching voltages. 

It was concluded that Rh could be a potential replacement for Pt in RS devices. 

6.2 Future Works 

The same model that we have used for 2-D simulation can be carried forward for 3-D 

simulation of diffusion and drift in porous dielectrics, which would yield more realistic depiction 

of actual devices. 

Since SiCN proved to be an ineffective barrier to stop Cu diffusion at the 350-400 °C 

processing temperatures, other barriers should be explored and tested whether they can deliver Cu 

stoppage at thicknesses of ~5- 10 nm. As mentioned earlier in Chapter 3, Nguyen et al. propose a 

low-H SiCN barrier and proved it to be effective as a barrier for Cu close to 10 nm thickness. Thus 

this material can be explored as a potential barrier layer. 

Lastly, even though Rh has been found as a potential replacement for Pt and is half costly, 

but Rh is still pretty expensive ($25/gram) to be used in semiconductor process today. Even though 

Rh is not widely used today, and there is a good chance of its cost getting lowered, but further 

cheaper materials should be explored to replace Pt in the RRAM. One metal that was overlooked 

in our research was Cobalt (Co), which is almost 30 times cheaper than Pt ($1.8/gram), and also 

fulfills the criteria based on several properties that we had in Chapter 5. 
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