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Abstract
A 3D IC can be considered as a chip having multiple tiers of stacked 
2D ICs. The vertically stacked ICs are electrically connected 
through 3D/vertical interconnects or popularly known as through-
silicon-vias (TSVs). Development of a reliable 3D integrated 
system is largely dependent on the choice of filler material used in 
the TSV. Although, several researchers and fabrication houses have 
demonstrated the usage of copper as filler material, but, over the 
time it would suffer due to the rapid increase in resistivity under the 
combined effects of enhanced grain boundary scattering, surface 
scattering and the presence of a highly diffusive barrier layer. 
However, these limitations can be overcome by CNTs that exhibit 
higher mechanical and thermal stability, higher conductivity and 
larger current carrying capability. Moreover, a bundle of CNT 
conducts current parallely that drastically reduces the resistive 
parasitic and thereby propagation delay. Thus, bundled CNTs 
can be predicted as one of the potential candidates for future 
high-speed TSVs.  However, the CNT growth temperature is 
greater than 600°C that is unfortunately incompatible with CMOS 
devices and many other temperature-sensitive materials, therefore, 
the manufacturing of CNTs largely depends on the success of 
fabrication houses. 

Kewords
3D-IC, TSV (Through-silicon-vias), CNT(Carbon Nanotube), 
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I. Introduction
The conventional 2D IC packaging technique has almost reached 
its maximum profitable limit and is no longer useful for future 
IC integration. With the advancement in technology, the density 
of dies keeps on increasing and thereby the number of I/O pins 
increases exponentially according to the Rent’s rule [1], and also 
the interconnect length increases to communicate between the 
dies. Therefore, due to the limited number of I/O pins and longer 
interconnects between die-to-die, 2D IC integration offers lower 
bandwidth hence degrades the system performance. 3D ICs offers 
various advantages in integrating a heterogeneous system onto a 
single platform as shown in fig. 1. 

Fig. 1: Structure of 3D ICs With Stacked Heterogeneous Dies

Recent advances in semiconductor technology offers vertical 
interconnect access (via) that extend through silicon, known as 
through silicon via (TSV). Compared to the conventional wire-
bond, TSVs offers higher bandwidth and density, low latency 
and power dissipation and thereby, enabling higher integration 
density and superior system performance [1]. The use of TSVs 
is the only way to overcome the difficulties of 2D packaging 
issues while extending the momentum of Moore’s law for future 
VLSI technology by using the advanced packaging chips named 
as 2.5D and 3D. TSVs provide the vertical connection between 
the dies with a huge reduction in interconnect length, thereby, 
increasing the throughput.    
Development of a reliable 3D integrated system is largely 
dependent on the choice of filler materials used in TSVs. Although, 
most of the research works [2-3] have demonstrated copper (Cu) 
as one of the most suitable filler material, but recently carbon 
nanotubes (CNTs) have emerged as one of the potential filler 
materials. CNTs, known as the allotropes of carbon [4], have an 
extremely high length-to-diameter ratio upto 132,000,000:1. CNTs 
are hollow cylindrical structures that are made of concentrically 
rolled up graphene sheets at specific and discrete angles. 
Depending on the rolled up direction (chirality) and the chiral 
angle, CNTs can exhibit unique electrical, thermal, mechanical 
and chemical properties. The sp2 bonding in graphene is stronger 
than the sp3 bonds in diamond that makes CNTs the strongest and 
stiffest material in terms of tensile strength and elastic modulus, 
respectively. The higher current carrying capability, long ballistic 
transport length, higher thermal conductivity, and mechanical 
strength are responsible for their exciting prospects in the areas 
of microelectronics/nanoelectronics, spintronics, optics, material 
science, mechanical and biological fields [4-5]. Moreover, CNTs 
have potential applications in energy storage devices, composite 
materials, field emitting devices and chemical sensors [4]. 

II. 3D Integrated Architectures
Three-dimensional (3D) integration stacks multiple layers of dies 
with a high-density, low-latency layer-to-layer interconnect. 3D 
integration primarily provides two key benefits for the process 
architecture: (1) 3D placement and routing substantially reduces 
the wire length that results in improved latency performance and 
reduced power consumption; (2) Supports heterogeneous stacking 
as different types of components can be fabricated separately and 
the layers can be implemented with different technologies [6]. 
This section presents different integration approaches and their 
associated benefits.

A. 3D Integrated Microprocessor 
High performance microprocessors contain billions of components 
per chip. It is quite difficult to integrate multiple components on 
a single die using global wiring. To circumvent this problem, a 
microprocessor can be designed using fine-granularity partitioning 
and stacking approach of 3D integration technology [6]. The 
designing approach is primarily dependent on the extremely small 
die-to-die interconnects with very high pitch density. Figure 2 
shows layout of 3D processor where each functional block is 
partitioned to multiple layers. A sub-array level partitioning 
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methodology is used to divide bit lines and word lines across 
different layers. The corresponding local word line decoder of 
the original word line in 2D sub-array is placed on one layer and 
is used to feed the word line drivers on different layers through 
the 3D vias. Using this methodology, the bit line length in the 
sub-array as well as the number of pass transistors connected to 
a single bit line are reduced that facilitates faster switching of the 
bit line array. It substantially reduces the length of global lines 
and the overall delay.   
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Fig. 2: Layout of a 3D Processor

B. SRAM Array Integration
In 3D integration, the die-to-die vias are sufficiently dense to 
enable partitioning of the processor blocks. Lohet al. [7] reported 
a possible organization of bit-slices using a SRAM array where 
all even bits are placed on one die and all odd bits are placed on 
the other. Figure 3 presents a SRAM array with vertically stacked 
3D TSVs. Compared to the 2D integration, the length of either 
the word line or the bit line is approximately halved in the 3D 
integration depending on the partitioning. It results in reduced 
power consumption and array’s footprint. 

Fig. 3: Integration of a 3D SRAM array (top-view)

C. Network-on-Chip Architecture
Network-on-chip (NOC) is a general purpose on-chip 
interconnection network architecture that can potentially replace 
the conventional design-specific global on-chip wiring and connect 
processor cores and different memory layers using TSVs (Fig. 4). 
Typically, the processor cores communicate with each other using a 
packet-switched protocol [8]. Figure 5 shows a processor core (PR) 

and nearby cache banks (CB) in 3D organization. In comparison 
to the 2D organization, more cache banks are reachable in 3D 
for a fixed number of hops. It results in a significant reduction in 
the number of cache line migrations that improves the average 
latency and reduces the overall power consumption and network 
connection compared to a 2D counterparts.     
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Fig. 4: 3D Architecture With Non-Volatile Memory Stacking and 
Optical Die Stacking
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Fig. 5: Processor Core and Nearby Cache Banks for 3D 
Organizations

D. Wireless Sensor Network Architecture
The wireless sensors are composed of multiple components 
demonstrating a wide range of applications including infrastructure 
monitoring and biomedical implants. Recently, Lee et al. [9] 
fabricated a 1mm3 general-purpose heterogeneous sensor 
node platform with a stacked multi-layer structure to achieve 
smaller footprint. The structure contains five vertically stacked 
layers, where the wire bonding scheme is used for the electrical 
connectivity of the sensor system as shown in Fig. 6. Due to 
pad count limitation, the ultra-low power inter-integrated circuit 
(I2C) is used for the inter-layer connects that only requires two 
wires of serial and serial data for communication. In practice, the 
high-performance VLSI chip requires more number of I/O pins, 
but, the wire bonding techniques supports only limited number 
of I/O pins. However, TSVs can sustain the demand of increased 
number of I/O pins. Therefore, TSVs can be treated superior than 
wire-bonded technique since it offers higher bandwidth and more 
number of I/O pins. 
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Fig. 6: Diagram of 1mm3 Sensing Platform

Based on the aforementioned applications, it can be inferred that 
the designing of 3D systems shall be attracting tremendous research 
interests in the future. However, 3D system implementation 
and reliability is strongly dependent on the adopted packaging 
methodology. A comparative study of different packaging 
techniques using 2.5D, 3D and hybrid 3D ICs are discussed in 
the next section. 

III. Challenges faced by Cu based TSV
Although Cu based TSV is an obvious choice, but it still faces certain 
challenges that arise due to fabrication limitations in achieving 
proper physical vapour deposition (PVD), seed layer deposition 
and performance limitations such as electromigration and higher 
resistivity. The resistivity can be attributed to a combined effect 
of scattering and presence of highly diffusive barrier layer that 
increases the difficulty in obtaining a high aspect ratio via [2]. 
Moreover, due to the presence of frequency dependent losses 
(or skin effect) the circuit performance degrades and makes the 
system unreliable. Therefore, researchers are forced to find an 
alternative solution to replace the Cu based TSVs. Recently, carbon 
nanotubes (CNTs) have emerged as an interesting choice for not 
only interconnects but TSVs as well. The next section deals with 
the types and characteristics of carbon nanotube material that 
makes them an excellent choice for future interconnects and via 
applications.  

IV. Carbon Nanotube Materials – Types and Characteri-
stics
During recent past, CNTs have emerged as promising via material 
for future miniaturized electronics. CNTs can be considered as 
rolled-up sheet of graphene where carbon atoms are packed in a 
2-D honeycomb lattice structure. The edges of the graphene sheets 
are joined together to form a seamless cylinder. The dashed arrow 
in Figs. 7(a) and 7(b) represents the circumferential vector C


 that 

indicates the rolled-up direction of graphene sheets. The vector is 
defined as ˆ ˆ1 1 2 2C n a n a= +

 , where a1 and a2 are the lattice constant of 
graphene and n1 and n2 are the chiral indices. The chiral indices (n1, 

n2) are uniquely defined as the chirality, i.e., the rolling up direction 
of graphene sheets. From Figs. 7(a) and 7(b), it can be noted that 
all the zigzag and armchair CNTs (zz-CNTs and ac-CNTs) have 
chiral indices n1 or n2=0 and n1=n2, respectively. The metallicity 
property of CNTs is mainly dependent on the chiral indices of 
armchair and zigzag CNTs. By satisfying the condition n1–n2=3i 
(where i is an integer), the armchair CNTs exhibit the metallic 
properties whereas the zigzag CNTs exhibits either metallic or 
semiconducting property [5].
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Fig. 7: Schematic View of CNT Made From a Graphene Sheet: 
(a) zz-CNT and (b) ac-CNT.

Depending on the number of concentrically rolled up graphene 
sheets, CNTs are classified to single-walled CNTs (SWCNTs) 
and multi-walled CNTs (MWCNTs). SWCNTs consists of only 
one rolled up graphene sheet, whereas MWCNTs have two or 
more concentrically rolled up graphene sheets as shown in Figs. 
8(a) and 8(b), respectively. Double-walled CNT (DWCNT) is a 
special type of MWCNT wherein only two concentrically rolled 
up graphene sheets are present. Statistically, a natural mix of 
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CNTs has 1/3rd of metallic and 2/3rd of semiconducting chirality. 
These unique metallic and semiconducting properties make CNTs 
an attractive choice as filler material for 3D TSVs. Undoubtedly, 
both the on-chip and off-chip CNT based TSVs outperform the 
conventional Cu ones. 
A bundled CNT TSV offers higher electrical conductivity 
compared to single CNT via. Therefore, the current research is 
targeted towards the fabrication and modelling of CNT bundle 
based vias and interconnects [8-10]. The next section describes 
different fabrication steps of CNT bundled based TSVs. 

 

         (a)

 

         (b)
Fig. 8: Schematic of (a) SWCNT and Single Layer Graphene, (b) 
MWCNT and Multi-Layer Graphene Sheets

V. Conclusion
The conventional 2D IC integration is no longer useful for future 
VLSI packaging. Therefore, researchers have introduced an 
advanced packaging technique known as 3D IC that extends the 
Moore’s law to the More-than-Moore. In the 3D IC packaging 
technology, the TSVs offer the routing between vertically stacked 
dies. Based on the analysis of different fabrication techniques, 
it is observed that the via-last process is the best choice for 
fabricating the TSVs with traditional Cu filler material. However, 
the traditional Cu TSV is sensitive to the temperature and suffers 
due to electromigration effect and high contamination factor. 
Therefore, it seems to be necessary to replace the Cu with CNT 
that can effectively overcome these issues. By means of TSV 
filler materials such as SWCNT, DWCNT and MWCNT bundle, 
different electrical equivalent circuit models are presented and 
their performance is compared. Using capacitively coupled TSVs, 
crosstalk delay is analyzed for the equivalent RLC models of 
different CNT bundle TSVs. It is observed that the bundle having 
MWCNTs with higher number of shells results in reduced crosstalk 
delay in comparison to bundled SWCNT, DWCNT and MWCNT 
with lesser number of shells.  
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