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Abstract – In order to study the status and trend of the 

interconnect system, a synthetic investigation from the 
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hierarchy are given. Therefore, according the detailed trend 

analysis, the new interconnect prospect and challenge have 

been posed at great length. All these can help the new 

researchers to understand the present situation of 

interconnect system. 
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I. INTRODUCTION 
 

Nowadays, wireless communication industry has 

revolutionized the whole society, from satellite 

transmission, radio and television broadcasting to the 

ubiquitous mobile telephone. All these revolutions all need 

plenty of integrated circuits (ICs) which are a set of 

electronic circuits on one small plate of semiconductor 

material. Furthermore, all the transistors and components 

have to be electrically interconnected to provide the proper 

functionality in ICs. Interconnect reliability has attached 

increasing importance, especially when the line width 

becomes more narrower that renders high current density as 

shown by Srinivasan [1]. Especially, the performance of 

interconnect system can directly determine the quality of 

the whole IC. 

With the advent of nanotechnology era, the exploitation 

of new materials and new technologies is necessary to keep 

the interconnect reliability [2]-[3]. On the one hand, 

interconnect materials have experienced significant 

changes since the introduction of the lower-resistivity 

copper (Cu) comparing with the traditional Aluminum (Al) 

[4], and the low-k materials have been introduced to 

decrease resistance-capacitance (RC) delay comparing with 

the traditional silicon-dioxide (SiO2) [5]. The Cu/low-k 

interconnect structure is widely used now. On the other 

hand, to use these new materials into ICs is also a 

formidable task. In order to accommodate with the scaled 

dimension, new interconnect methods and complex 

processes are indeed needed. Some new interconnect 

methods including the radio frequency interconnect (RF-I), 

three-dimensional (3D) interconnect, carbon nano-tube 

(CNT) interconnect, optical interconnect are under research 

now [6]-[7]. At the same time, some new problems such as 

the increase of interconnect parasitic, crosstalk and noise 

cannot be neglected and become the new challenges for 

interconnect reliability [8]. 

In order to understand the trend of interconnect system, a 

comprehensive review is given here. Especially, a brief 

history and the future trend of interconnect system are 

summarized by some statistic survey. All these can provide 

important guidance for the new researchers of this area. 

This paper is arranged as following: the development of 

interconnect material is presented in Section II. In section 

III, the development of interconnect structure is 

summarized. Finally, the trend of the interconnect hierarchy 

is addressed in Section IV. 
 

II. DEVELOPMENT OF THE INTERCONNECT 

MATERIALS 
 

The interconnect system is generally composed of 

dielectric material, Cu and alloys as the conducting material 

and diffusion barrier to prevent Cu migration, which is 

known as multi-layer interconnect (MLI). Each component 

plays some important role in the system reliability. By 

reviewing the development of conductive material and 

dielectric material, the interconnect system is fully 

exploited. 

A. Interconnect Conductive Materials 
Here all the conductive materials and their features are 

summarized in Table 1, which can also represent the 

development of the interconnect conductive materials.  

Al has been used as the interconnect conductive material 

from the beginning of semiconductor technology with good 

adhesion and convenience for lithography precipitation. 

With the improvement of integration level, Al has some 

defects and been unfit for same occasions. Especially, when 

the line width decreases to 0.1um, the delay is 3 times of the 

total delay comparing with the 0.25um that accounts for 

95% of the total system delay [9]. Moreover, Al alloy also 

has been used for the interconnect material in some specific 

applications with low resistivity and good thermal stability. 

Using Cu in Al can reduce 50% wiring layer, 30% chip 

power consumption with performance improvement and 

cost reduction [10]. 
 

Table 1. Interconnect conductive materials 

Conductive 

Materials 

Advantages 

Al Good adhesion to SiO2,  

facilitate to lithography precipitation 

Al(Cu) alloys Low resistivity, good thermal stability 

Cu(Mn) Alloys Improved  strength of copper,  

higher corrosion resistance 

Copper Lower resistivity, smaller dielectric 

constant, smaller parasitic capacitance, 

lower RC delay, better heat dissipation 

effect, low power consumption, higher 

activate energy,  higher migration threshold 
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Conductive 

Materials 

Advantages 

Gold Excellent corrosion resistance in air 

Silver The lowest resistivity, easy to corrosion, 

lower resistance 

CNT bundle/CNF Lower resistivity, excellent immunity to 

EM, superior mechanical, electrical, 

thermal properties, maximum current-

carrying capacity, ballistic conduction 

Graphene Ultra high carrier mobility, exceptional 

thermal conductivity, high performance 

electronics, ballistic conduction in narrow 

films, planar growth, high EM resistance 

Nanowire Ballistic conduction in narrow lines 

Wireless Parallel transport medium,  

high fan out capability 

Super-conduct Zero interconnect resistance,  

high Q passives 

Multiband wire Low power signal transmission, 

reconfigurable bandwidth, excellent 

mechanical flexibility and reliability 

 

Then, a major innovation for interconnect system is to 

replace the traditional Al-alloy with Cu in order to meet the 

requirements of high-speed circuit [11]. In contrast with Al, 

Cu has turned out to be the most superior substitution in 

deep submicron technology due to lower resistivity, smaller 

dielectric constant, higher melting temperature, smaller 

parasitic capacitance, better heat dissipation, lower power 

consumption, higher active energy, higher migration 

threshold and better reliability. At the same time, several 

advanced technologies have been developed to make the 

integration of Cu interconnect feasible and reliable. Then, 

the Cu interconnect technology has set off a strong research 

atmosphere in reliability field and kept dominant in 

semiconductor industry. However, the performance 

limitation of Cu attributed to carrier scattering at material 

interfaces or grain boundaries, as well as heat-induced 

failure [12] have become remarkable. Therefore, the high 

diffusivity of Cu in Silicon and SiO2 demands a diffusion 

barrier layer to prevent Cu out-diffusion and enhance the 

circuit reliability [13]. Except for Cu, the Cu (Mn) alloy 

with higher corrosion resistance can improve strength of Cu 

and become the preferred interconnect material to substitute 

the pure Cu.  

In addition, the expensive gold is seldom used in 

interconnect even it has excellent corrosion resistance in air. 

The reliability and advantages of silver are discussed in 

[14]. Silver has the lowest resistivity at room temperature 

but it is easy to be corroded and now is still under research. 

The property comparisons for different metals are listed in 

Table 2. 

 

 

 

 

 

Table 2. Property comparisons for different metals 

Metals Aluminum Copper Silver Gold 

Resistivity 

(m) 

2. 66 1. 67 1. 59 2. 35 

Temperature 

coefficient of 

resistivity 

(10-3/K) 

(0-100 OC) 

4. 5 4. 3 4. 1 4. 0 

Fusion point (OC) 660. 1 1083. 4 960. 8 1063 

Diffusion coefficient 

(cm2/s) 

1. 71 0. 78 1. 89 0. 67 

Thermal 

conductivity (W/cm) 

2. 38 3. 98 4. 25 3. 15 

Corrosion resistance 

in air 

Good Poor Poor Excellent 

Adhesion to SiO2 Good Poor Poor Poor 

Activation energy of 

diffusion (eV) 

1. 48 2. 19 2. 01 1. 96 

Suitability for Semiconductor Processing 

Sputter deposition OK OK OK OK 

Electroplating OK OK OK OK 

Dry etching OK NO NO NO 

Wet etching OK OK OK OK 

Anti-

electromigration 

low high very low high 

Anti-corrosion high low low very high 

 

Now, the new materials including the CNT, graphene, 

nanowire, superconductor, wireless, multiband wire are 

under research for new interconnect. In recent years, the 

low-dimensional carbon nano-structure has been 

intensively studied due to excellent immunity to EM, 

superior mechanical/electrical performance and high 

thermal conductivity [15]. CNT has been used for the new 

interconnect material due to chemically stable, high current 

capacity (108 to 106A/cm2) and no need for diffusion 

barriers [16]. As a grid array interconnect device, the carbon 

fiber has been used for electrical interconnect and 

electronics package. Meanwhile, graphene has attracted 

considerable attention after being discovered in 2004. As a 

front runner for interconnect in the post-Cu era, it has 

excellent material/electrical properties [17] including high 

breakdown current, good robustness to EM, linear 

dispersion, ballistic transport, ultra-high carrier mobility 

[200000 cm2/(V·s)] and exceptional thermal conductivity 

[4800W/(m·K)]. For interconnect application, graphene is 

predicted to outperform Cu at ultra-scaled line width (below 

8nm) and the enormous current-carrying capacity is up to 

108A/cm2 [18]. It is reported that graphene provides 10~100 

times improvement for reliability [19]. In order to compare 

with Cu, the physical characteristics of CNT and graphene 

are shown in Table 3. It clearly indicates that graphene has 

become the potential interconnect material in the future. 

Meanwhile, the nano-wire, superconductor, wireless, 

multiband wire have been explored gradually. The nano-

wire is ballistic conduction in narrow lines. The 

superconductor is zero resistance and high Q value. The 

wireless is available with current technology, which is 

parallel transport medium with high fan out capability. The 

multiband wire can communicate simultaneously through 

multi-frequency bands with low power signal transmission, 
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reconfigurable bandwidth, excellent mechanical flexibility 

and reliability. 
 

Table 3. Physical characteristics of CNT and Graphene 

Parameters Copper SWCNT MWCNT Graphen

e 

Jmax(A/cm2) 107 >109 >109 >108 

Fusion point (K) 1356 3773(graphite) 

Strength of extension 
(G Pa) 

0.22 22.2+2.2 11-63 - 

Thermal conductivity 

(103W/m·K) 

0. 385 1. 75-5. 8 3 3-5 

The mean free path (nm) 40 >103 2. 5x104 103 

Thermal resistivity 
(x10-3/K) 

4 <1. 1 -1. 37 -1. 47 

Manufacturing 

technology status 

Film 

level wire 

mature unknown emerging known, 

immature 

Vertical 
hole 

interconn

ect 

mature emerging known unknown 

 

More intensive studies on the interconnect reliability of 

these materials are still under research. However, 

interconnect scaling has limited the advancement of high 

performance IC. It is urgent to find new conductive 

materials with better interconnect performance.  

B. Interconnect Dielectric Materials 
Nowadays, the interconnect dielectric materials have 

developed from the traditional SiO2, low-k, ultra-low-k 

(ULK) (k<2) to the porous and the porous low-k. In order 

to mitigate the problems of propagation delay, crosstalk 

noise and power dissipation which are caused by RC 

coupling, numerous approaches have been used to make 

low-k including polymers, spin-on-glasses and foams. The 

International Technology Roadmap for Semiconductors 

(ITRS) has called for the qualification of k is 2.0-2.5 in 

2000 and 1.5-2.0 in 2003 [20]. Except for SiO2, according 

to their chemical properties, the dielectric materials can be 

classified into three categories which are organic polymer, 

inorganic polymer and porous materials as summarized in 

Table 4. Nowadays, the porous low-k material is expected 

to be more challenging. 

 

Table 4. Characteristics of Dielectric materials 
Classification Dielectric material Dielectric 

constant 

Preparation 

method 

Traditional SiO2 3.9-4.3 - 

Organic polymer F-SiO2(FSG) 3.2-4.0 CVD 

PI 2.7-3.1 CVD 

FLARE 2.4-2.7 SOD 

SiLK 2.6-2.7 SOD 

SiCK 2.5-3.0 SOD 

Inorganic 

polymer 

SiCOH, SiOC 2.3-2.8 PECVD 

SiOF 3.2-4.0 CVD 

SiCOF 2.5-2.7 PECVD 

SiOCH 2.5-3.0 CVD 

a-CN 2.4-3.6 PVD 

a-C:F 2.1-2.7 PECVD 

OSG 2.6-2.9 SOD 

HSQ 2.9-3.2 SOD 

MSQ 2.8-3.0 SOD 

Porous materials porous SiO2 1.3-2.5 SOD 

porous SiOCH <2.0 CVD 

porous MSQ/DEMS 2.0-2.5 CVD 

NPS 1.1-2.2 SOD 

Air-gap 1.4-1.8 - 

As we all known, SiO2 is the traditional dielectric 

material with the popularization of silicon industry. It plays 

extremely important role with stable chemical properties, 

excellent mechanical and electrical properties as well as 

mature theory and technology. However, it still brings 

several problems such as higher cost, high parasitic 

parameter and long delay.  

Then the low-k material become popular. The clear low-

k is defined as dielectric constant is less than 3.9. The k 

value is greatly slowed down by plasma and mechanical 

damages during integration. The excellent low-k dielectric 

material not only has good insulating properties, good 

workability, the most important is that it can reduce RC 

delay and improve speed [21]. Additional, it has the 

advantages of low dielectric constant, good thermal 

stability, acid and alkali resistance, easy to be graphical, 

large mechanical strength, high thermal conductivity, 

higher thermal expansion coefficient (TEC). Especially, the 

organic polymer with low dielectric constant is promised to 

improve performance at the expense of complex integration 

[22]. In the 0.18um node, FSG formed by doping silica in 

fluorine (F) was widely adopted to reduce dielectric 

constant. Then the F element was also used to make SiOF 

film in 130-nm-node. Meanwhile, the silicon dioxide 

carbon(C) element was introduced using low polarity 

network of Si-C and C-C key to reduce dielectric constant. 

In 90/65-nm-node, it was popular to use the hydro carbon 

to make SiOCH film of k=3.0. Nowadays, the inorganic 

polymers like SiOF, SiOC, SiOCH are widely used. 

Generally, the dimensional stability, thermal stability and 

thermal conductivity of polymeric materials are inferior to 

that of SiO2.  

Furthermore, the ULK materials characterized by low 

densities due to high proportion of nanopores are being 

integrated [23]. It has been observed that the porous 

dielectric material has received tremendous attention in 

recently years [24]. For example, the porous SiO2 has 

excellent properties such as higher thermal stability, better 

adhesion force, strong ability of interstitial, low dielectric 

constant, good electrical properties. Now, the nano-porous 

SiO2 (NPS) is introduced with the features of adjustable 

dielectric constant, good heating stability, low mechanical 

strength, high breakdown voltage and low thermal 

conductivity. Meanwhile, the preparation technology of 

NPS is compatible with CMOS process. However, the NPS 

interconnect system still has some defects such as ultra-thin, 

poor mechanical strength and more fragile [25]. In general, 

the porous low-k materials can cut down dielectric constant 

obviously, but pores would reduce the mechanical 

properties, such as hardness, elastic modulus, which is the 

serious problem for porous materials. 
In order to further reduce dielectric constant, another 

technology which is by inserting air-gap into interconnect 

lines is worth mentioning. By depositing some poor 

coverage of dielectric material or filling the sacrifice layer 

material on Cu chamber to form the air-gap is the main 

process. Gosset gave a global overview of present efforts in 

air-gap integration [26]. The air-gap technology is to use 

low-k to pinch off quickly and seal gap [27]. IBM uses the 

nano self-assembly technology to manufacture air-gap. 
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Hitachi uses photolithography and etching to make air-gap. 

Now the air-gap structure is considered as a potential 

solution for inter-level dielectric (ILD) due to the dielectric 

constant of air is about equal to 1. The detailed introduction 

and analysis for air-gap were given in [28]. In a word, the 

air-gap can improve efficiency and performance for 

interconnect, but the mechanical stability still faces great 

challenge. 

  

III. TREND OF INTERCONNECT STRUCTURE 
 

In order to understand the interconnect system fully, as 

the key component, the interconnect structure has to be 

introduced. Based on the conductive materials and 

dielectric materials above, the interconnect structure is the 

optimal combination of conductor, insulator and barrier. 

The typical interconnect structures include Al/SiO2, 

Cu/SiO2, Al/low-k, Cu/low-k, Cu/air-gap, Cu/ grapheme, 

CNT, 3D interconnect, RF-I and Optical interconnect. 

However, the different manufacturing processes and 

structures may lead to some significant differences in their 

reliability.  

In the first generation Al interconnect technology, Al is 

used as the conductive material and silicon dioxide is used 

as the dielectric material. Al line is sandwiched between a 

TiN shunt layer on top and a Ti/TiN shunt layer at the 

bottom, with SiO2 on both sides [29]. With the advantages 

of low resistivity, technology mature, easy to deposit or 

etch, Al was keeping dominant in the early interconnect 

structure. With the increase of interconnect resistance and 

capacitance, the layer number and length of interconnect 

increase dramatically and the interconnect distance reduces 

constantly. These changes have greatly intensified delay or 

crosstalk and even caused degradation of IC performance 

seriously. Consequently, Al interconnect cannot satisfy 

performance requirement of IC and need to develop new 

interconnect system by changing the resistivity ρ and 

dielectric constant k. The Cu burying in SiO2 was been 

introduced in 180-nm-node and Cu/SiO2 structure has been 

widely used after Cu was introduced.  

After introducing the low-k as dielectric material, the 

traditional Al/low-k was used to replace Al/SiO2. The 

greatest change was to use Cu and low-k to replace Al and 

SiO2 respectively due to low-resistivity and low-

permittivity. Moreover, the implementation of Cu/low-k 

interconnect is strongly affected by the reliability of metals 

and dielectrics. However, with the poorer adhesion and 

smaller elastic modulus, the reliability of Cu/low-k remains 

a concern [30].  

In order to obtain better performance comparing with 

Cu/low-k, some research has been carried out on the Cu/air-

gap structure. Meanwhile, the novel Cu/graphene 

heterogeneous interconnection has been studied by the 

equivalent circuit modeling with superior performance and 

reliability over Cu/low-k [31].  

With the development of system-on-chip (SoC), the 3D 

interconnect is popular with the development of TSV 

technology, which can achieve the shortest interconnect and 

high level of integration by using the vertical stacking 

interconnect [32]. MLI structure is used in the 3D 

interconnect, and the metal interconnection is not limited in 

one plane but spans several planes. The interconnection 

between dielectric layers is implemented through the holes. 

It makes the multi-planar device stack up and enhances the 

IC performance greatly. However, the higher integration 

needs more strict cooling conditions, the application of 3D 

interconnection has faced great challenge of thermal 

dissipation.  

Nowadays, the frequency of IC easily reaches tens or 

hundreds of gigahertz, which makes the traditional 

interconnection can not satisfy the requirements of circuit 

performance. Therefore, it is urgent to exploit the new 

interconnect methods. Comparing with the traditional 

interconnect technologies, the optical interconnect is 

considered to be one of key technologies to realize on-chip 

interconnect. It has several incomparable advantages such 

as small delay, high speed, high density, anti-interference, 

large bandwidth, low power dissipation [33]. It is 

considered to be one of schemes for 20~50nm technology 

era.  

While RF-I refers to the radio frequency microwave 

integrated circuits technology with active interconnect 

structure. It mainly uses the traditional microwave 

transmission lines such as the micro-strip line (MSL) and 

coplanar waveguide (CPW) to modulate the binary data into 

the radio and microwave signals. Based on the low loss and 

near-field capacitance coupling of the radio and microwave 

signals, RF-I can effectively reduce delay [34]. To a certain 

extent, it can solve the limit of the conventional 

interconnect with the characters of high bandwidth, low 

power consumption, short delay and anti-interference. 

In a word, the research on interconnect methods has 

developed from the Al interconnect to Cu interconnect then 

to the new interconnect. The detailed information is shown 

in Fig. 1. 

 

 
Fig. 1. The development of interconnect methods 

 

IV. TREND OF INTERCONNECT HIERARCHY 
 

The interconnect hierarchy is developed from line to 

circuit then to system with the rapid development of 

semiconductor industry. It is an evolutionary process from 

low level to high level, from simplicity to complexity as 

illustrated as follows. 

The function of interconnect line is to distribute clock and 

other signals and provide power or ground for various 

circuits. The fundamental requirements for interconnect are 

high-bandwidth, high speed, low power dissipation. From 

the standpoint of line length and function, interconnect lines 

are divided into three categories, that are local, intermediate 

and global. The local interconnect line mainly provides 
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interconnect for drain and source of transistor which is 

located at the bottom of silicon. It is mainly used to connect 

transistor or low speed device and dielectric material. The 

intermediate interconnect line may provide long 

transmission channel for clock and logic signal in one 

module with average length of 3-4 mm. The global 

interconnect line can provide transmission channel for 

clock and logic signals between modules [35]. It is usually 

used as the power, data bus, control bus and clock line, 

which are vital to the circuit performance. When the non-

ideal characteristics of interconnect lines become 

remarkable, the reliability of the single line is crucial for 

circuit.  

With the shrinking device size and escalating device 

complexity, the interconnect reliability of circuit has 

become a major concern to the designers. The causes of 

electronic equipment failure is attributed 43% to design, 

30% to operation and maintenance, 20% to manufacturing 

and 7% to others [36]. As the IC becomes more complex, 

the cost for redesign increases dramatically. In order to 

ensure the reliability of the circuit design before fabrication 

is the key while reliability testing for fabricated circuit is 

costly and time-consuming. The interconnect reliability of 

circuit has been widely studied with the development of IC. 

The reliability of P-N junction was investigated in the 60s’ 

[37]. Then the Al film failure with the plastic package was 

under research in the 70s’ [38]. The failure of Cu bulk was 

studied including contact failure and dielectric failure In the 

80s’ [39]. The failure mechanisms of Cu and Al were 

analyzed and compared for different circuits [40]. In 2009, 

He constructed 3D model to do interconnect simulation for 

a simple COMS inverter and LAN circuit [41]-[42]. Later, 

Tian did the further research on circuit interconnect 

reliability simulation which was based on the dc or pulse 

signal [43]. Then, the deep interconnect reliability analysis 

for a power amplifier using ANN have been carried out 

[44]-[45].  However, the circuit is discrete not the real IC. 

It is just a preliminary attempt of circuit reliability research.  

With the continuous development of IC technology, 

different ICs inlay mutually and form a variety of embedded 

systems and SoC. As a IC of system level, SoC can achieve 

signal collection, conversion, storage, processing and I/O in 

a single chip. In the transition of IC to system integration 

(IS), the subsystem or the whole electronic system which is 

integrated on a single chip can complete information 

process. Interconnection is also becoming a major 

bottleneck in the subsystem of complicated SoC [46]. 

Meanwhile, power consumption and propagation delay are 

the key challenges to optimize SoC interconnect 

architecture. It is noted that monitoring the degradation may 

be the key to ensure reliability of the entire system. At the 

same time, to build accurate global model is most important 

for system reliability analysis. 

  

V. CONCLUSIONS 
 

The trend analysis of interconnect system for integrated 

circuit has been presented. By investigating the 

development of interconnect system from materials to 

hierarchy, the technical and physical extremity would be 

broken by exploring new materials and new technologies. 

Meanwhile, the interconnect parasite, crosstalk noise and 

RC delay have become the new challenges. Therefore, 

interconnect modeling, simulation and test are available to 

study the interconnect reliability. 
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