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ABSTRACT

Through silicon via (TSV) is a structure through entire Si substrate that enables
vertical electrical connections between chips. Recently, the electroless deposition of
Cu using a chemical bath has received considerable attention as a promising technique
for the TSV filling process. Even the advantages of electroless deposition process is
well known by the researchers, further investigation is still needed in order to fully
optimise electroless deposition process in TSV fabrication. The main objective of this
research is to develop Cu deposition on Si substrate by means of electroless deposition
method with optimum parameters for the TSV application. Variable pressure scanning
electron microscope (VPSEM) was used to observe the morphology of Cu coated on
Si substrate. Besides that energy dispersive X-ray (EDX) was used to determine
chemical composition and image analyser was used to measure coating thickness of
Cu coated layer based on micrographs obtained from VPSEM. Deposition rate was
analysed using the coating thickness or weight gain analysis. The adhesion between
Cu and Si substrates was tested using cross hatch test. The results showed that each
step in electroless deposition method including pretreatment process (etching and
activation processes) as well as the electroless deposition process itself affects the
result of Cu coated layer conditions. It was found that the pre-treated Si substrate via
etching for 5 minutes in 50% volume of hydrofluoric acid solution had a stronger
adhesion compared to etched samples in 25% volume of hydrofluoric acid solution.
For the activation process during pre-treatment, single step provides greater
effectiveness due to better adhesion of Cu coating on Si substrate compared to double
step process. The electroless deposition process, at pH 11.5, temperature of 70°C and
1:5 CuSO4 to formaldehyde ratio was selected as the fixed parameters because the
chemical formulation studied in this research shows that electroless Cu coating process
is a possible method for the TSV filling process. Through this research, the Cu thin
layer was able to be deposited up to 3.334 um thick on the TSV.
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ABSTRAK

Laluan melalui silikon (TSV) adalah struktur yang melalui seluruh substrat Si
yang membolehkan sambungan elektrik secara menegak antara cip. Baru-baru ini
pemendapan elektrolisis Cu menggunakan mandian kimia telah mendapat perhatian
sebagai teknik untuk proses pengisian TSV. Walaupun kelebihan proses pemendapan
elektrolisis secara umumnya telah diketahui oleh para penyelidik, penyelidikan lanjut
masih diperlukan untuk mengoptimumkan proses pengendapan tanpa elektrod
sepenuhnya dalam proses penghasilan TSV. Objektif utama kajian ini adalah untuk
menghasilkan pemendapan Cu pada substrat Si melalui kaedah pemendapan tanpa
elektrod dengan parameter yang optimum bagi aplikasi TSV. Mikroskop imbasan
elektron bolehubah tekanan (VPSEM) digunakan untuk memerhati morfologi Cu yang
disadur pada substrat Si. Selain dari itu, serakan tenaga sinar-X (EDX) digunakan
untuk menentukan komposisi kimia dan penganalisis imej digunakan untuk mengukur
ketebalan lapisan Cu berdasarkan mikrograf yang diperolehi dari VPSEM. Kadar
pemendapan dianalisis menggunakan data ketebalan saduran atau analisis berat.
Lekatan antara substrat Cu dan Si telah diuji menggunakan ujian silang hac. Hasil
kajian menunjukkan bahawa setiap langkah dalam kaedah pemendapan tanpa elektrod
termasuk proses pra-rawatan (punaran dan proses pengaktifan) serta proses
pemendapan tanpa elektrod sendiri mempengaruhi saduran Cu yang terhasil. Didapati
bahawa substrat Si yang melalui pra-rawatan secara punaran selama 5 minit dalam
50% isipadu larutan asid hidrofluorik mempunyai lekatan yang lebih kuat berbanding
dengan sampel punaran dalam 25% isipadu larutan asid hidrofluorik. Untuk proses
pengaktifan semasa pra-rawatan, langkah tunggal memberikan keberkesanan yang
lebih besar kerana pelekatan saduran Cu yang lebih baik pada substrat Si berbanding
dengan proses dua langkah. Proses pemendapan tanpa elektrod, pada pH 11.5, suhu
70° C dan 1: 5 nisbah CuSO4 kepada formaldehid telah dipilih sebagai parameter tetap
bagi ujikaji ini kerana perumusan kimia yang dikaji dalam penyelidikan ini
menunjukkan bahawa proses saduran Cu tanpa elektrod adalah satu kaedah yang boleh
digunakan untuk proses pengisian TSV. Melalui kajian ini, lapisan Cu yang nipis

dengan ketebalan sehingga 3.334 um dapat dimendapkan di dalam TSV.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

An integrated circuit (IC) is a set of an electronic circuit that comprising
numerous functional elements on one piece of semiconductor material such as silicon
(S1). All the components in IC are integrated from a single piece of Si, compared to a
discrete circuit in which the components are assembled together from different types
of materials. Semiconductor integration technology has instigated a technical
revolution in human history. Over the past three decades, two-dimensional (2D)
semiconductor integration technology has spurred in various fields of electronics-
related industries such as electronics analysis, optoelectronics, bioelectronics,
computer systems, medical systems, satellite systems, submarine systems, and many

others (Tan et al, 2017 and Akinwande ef al., 2014).

However, inflated demands for a higher density integration, superior
performance, miniaturisation size features with a cheaper cost of the modern electronic
devices are recently increased (Maluf and William, 2004, Yang, 2018, and Lah ef al.,
2018). Traditional 2D semiconductor integration approaches have been shown to
reach its practical limits to fulfil these demands (Iwai ef al., 2005). Advanced three-
dimensional (3D) packaging technologies are undoubtedly gaining momentum and

become a solution for significant advantages in performance functionality.

A three-dimensional integrated circuit (3D IC) is a chip consists of active
electronic components that stacked on two or more layers that are integrated both
horizontally and vertically forming a single circuit (Shen and Chen, 2017). In contrast
with 2D integrated circuit (2D IC), the chips or wafers are stacked vertically with the
shortest interconnection, so that they behave as a single device but with improved
performance. Figure 1.1 shows the semiconductor integration technology evolution

1



through the years. The size, speed and capacity of the chips from solid state discrete
transistors have progressed enormously and transform into 2D IC and starting the 20th

centuries, the trend continues to upgrade into 3D IC.

Figure 1.1: The packaging technology evolution

Several approaches for short distance interconnections between stacked chips
have been developed through the years by using different techniques such as wire-
bonding, edge connect, capacitive or inductive coupling method, and direct contact
using through silicon via (TSV) (Law et al., 2012, Makoto M, 2009, and Neugebauer
et al., 1987). TSV is a structure through entire Si substrate that provides a vertical
area-array connection between the devices and addresses many of the limitations by
other chip-stacking methods (Pancholi A., 2013). Single crystal Si is commonly used
as a substrate material for TSV, however other material such as glass also has
properties that make it as an intriguing material for through substrate via application,

known as through glass via (TGV) (Takahashi et al., 2013 and Sukumaran et al.,



2010). TSV has numerous benefits that are needed in 3D packaging technology
including high density and heterogeneous integration (reduction in packaging
volume), high performance, high signal speed, enhanced power consumption and
overall cost reduction (Knikerbocker et al., 2006). Copper (Cu) is most commonly
used as a filling material for TSV due to its high electrical conductivity, good
resistance against electromigration and stress migration, cost effective and good
compatibility with integrated circuit modules (Wolfet al., 2008, and Shi etal., 2013).
The application of Cu as a conductive material is well developed and established since

decades.

One of the great examples of electronic devices that use TSV technology is
high bandwidth memory (HBM). Figure 1.2.ais AMD Fiji chip own by a well-known
semiconductor manufacturer, Advanced Micro Devices (AMD) that used HBM
technology. HBM is a high-performance random access memory (RAM) interface for
3D-stacked dynamic random access memory (DRAM) from AMD and Hynix. HBM
has the ability to achieve higher bandwidth while using less power by stacking all the
DRAM dies including the base die, interconnected by TSV and microbumps (Figure
1.2.b). The technology is proven has greater performance through its precedent, a

wire-bond and flip-chip bond connected RAMs.

Source: https://en.wikipedia.org/wiki/High_Bandwidth_Memory and
http://pc.watch.impress.co.jp/img/pcw/docs/646/660/htm1/09.jpg.html

Figure 1.2: Electronic device that use TSV technology: (a) High bandwidth memory
(HBM), and (b) HBM schematic diagram showing interconnection of DRAM using
TSV and microbump


https://en.wikipedia.org/wiki/High_Bandwidth_Memory
http://pc.watch.impress.co.jp/img/pcw/docs/646/660/html/09.jpg.html

1.2 Research Background

In electronic engineering, TSV is a vertical electrical connection that passes
completely through a Si wafer or die by vias. It is a high-performance interconnection
technique used as an alternative to wire-bond and flip chips techniques. TSV is a high-
performance technique used to create 3D IC that provides shortest interconnect length
among chips that will reduce interconnect delay and increase speed, thus improve the
circuit functionality and performance (Pangracious ef al., 2015, Salah ef al., 2010 and
Salah ef al., 2014). Moreover, by the TSV implementation, the stacked dies or wafers
can behave as a single device with complex and multi-chip systems with highest
density connections and achieved performance improvement at reduced power

(Knickerbocker ef al., 2008 and Lee et al., 2011).

Via filling process has been addressed as one of the core and critical procedure
during TSV manufacturing. The process to metalise via filling which is in a nanoscale
via is very challenging, as the TSV diameters can range from a few microns to >100
um in diameter and from <10 pum to a few hundreds of microns in depth, depends on
its application (Malta et al., 2009). The desired properties of the filling include void-
free, low resistivity, high reliability and good thermal performance (Spiesshoefer et
al., 2005). Recently, there are a few different techniques used for via filling, such as
chemical vapor deposition (CVD) and electroplating as the most commonly applied in

industrial.

CVD is a chemical process which is often used in semiconductor industry to
produce a thin film. CVD uses chemical concentration and temperature gradients as
the main driving force causing transfer of metal to the surface. In this process, a source
of metal is heated to promote vaporisation and the vaporised atoms are transported and
deposited on the surface where metallisation is desired (Lidong Wang, 2005). The
CVD process is well suited for small size vias (3um to 5 pum) with high aspect ratios
up to 20, but are limited in the deposited layer thickness and high-temperature process

(Ramm et al., 2008).



Electroplating or electrodeposition is a well-studied method and currently is
the most commonly used for via filling technique as reported by Kobayashi er al.
(2001), Ko and Chen (2010), Shi et al. (2013), Fang ef al. (2011) and Luhn ef al.
(2008). In this process, a deposition of a thin via liner or seed layer is necessary after
the via formation process. The substrate is placed in an electrolytic plating bath and
electrical current is applied to reduce metal ions on the substrate and create a thicker
layer of metal in the vias. However, Cu electroplating process becoming more difficult
to achieve a nanoscale level for deep TSV with high aspect ratios, and it is very
challenging to obtain layers with good dimensional and electrical characteristic from
top to the bottom of the via and avoid excess metal developed locally (Horvéth ef al.,

2014).

Recently the electroless deposition of Cu on Si substrate has emerged as an
effective solution and promising technique for the TSV filling process. On the
contrary from electroplating, electroless deposition relies on chemical interactions on
the surface without the need of an external electrical field. The metal ions contained
in a plating solution is reduced onto the catalytic surface of the substrate by the addition

of a reducing agent into the bath (Srividov ez al., 2003).

Electroless deposition possesses several advantages compared to the
electroplating process. Since electroless deposition is based on a chemical reaction
instead of electrical process, the rate of Cu deposition is uniform in thickness all over
the surface with negligible variation of thickness. It gives complete coverage on any
shape and size, including on the inner surface of via with high aspect ratio such as
TSV. Furthermore, electroless deposition eliminated the need of a power supplies that
are necessary for electroplating process. High-quality aspects of Cu deposits obtained
from electroless Cu deposition process also becomes the significant advantages and
provide a motivation to pursue research to develop this technique for TSV via filling

Processes.



1.3 Problem Statement

Early work in 1995, Shacham-Diamand ef al. (1995) had conceded that
electroless Cu deposition process can produce high-quality Cu filling of high aspect
ratio via, even though there were still many challenges in the development of the
technology during that time. The researches continued by Kim ef al. (2015) where he
performed the formation of seed layer in TSV by using electroless Cu deposition and
continued with electroplating to fill the via. Meanwhile, Inoue ef al. (2012) had
formed a conformal diffusion barrier and seed layers by electroless deposition using
palladium nanoparticles (Pd-NPs) catalyst in high aspect ratio TSVs. Later in 2013,
he continued the study with feasibility of a TSV filling process using electroless

deposition of Cu on atomic layer deposition of ruthenium (Inoue ef al., 2013).

Even the advantages of the electroless deposition process are well known by
the researchers, however, the process has been applied in the TSV that focuses on the
pre-deposition treatment of the surfaces which is the deposition of barrier layer or seed
layer only. This is because the maximum thickness of electroless Cu deposition
coating is limited to approximately 25um (Deckert CA, 1994). In fact, to achieve its
maximum thickness, the deposition rate will decrease with deposition time which
resulting in slower production rate. Therefore, the electroplating process is usually
chosen as the only way to achieve greater thickness for the via size larger than S0pum
in diameter. However, considering that the TSV diameter will continuously decrease
to less than SO0um as this application is suitable for small electronic devices, filling
TSV by electroless deposition will not be an issue, because such process can be tuned

to be very conformal.

To date, only one research had attempted to study a fully back-end TSV process
by Cu electroless plating on activated TiN surfaces for 3D smart sensor systems, which
was by Santagata et al. (2013). The result proved that the electroless deposition
process of Cu in the via has uniform thickness. The uniform deposition layer is very
important to avoid the formation of void in the filling. However, the work done in the
research showed that the electroless process conducted on the TSV was unable to

completely filled the vias. The maximum thickness of uniform Cu deposited by

6



electroless process in their study was only 0.6um. Even the electroless Cu deposited
sample was not completely filled with Cu, its electrical resistance performance was
comparable with the electrodeposited Cu sample. This indicates that the electroless
deposition process is possible to replace the electrodeposition process for Cu filling of
TSV. The outcome from this study may contribute to the growing area of electroless

Cu deposition on Si wafer for TSV application.

In this research, some preliminary experiments were conducted to fix the
controlled parameters starting from the pre-treatment process (etching and surface
activation process) as well as the electroless deposition parameters (pH, temperatures
and bath concentration). These preliminary experiments were conducted on flat
surface of Si wafer, rather than directly on the TSV sample since the electroless
deposition process is expected to form a very conformal deposit on the substrate
surface, regardless the form of substrate surface. On the second phase, electroless
deposition process with a fixed controlled parameter gained from the preliminary

experiments were conducted on TSV as the substrate.

1.4  Objectives of the Research

The objectives of this research are;

a) To identify the pre-treatment processes (etching process and surface activation

process) prior electroless Cu deposition on Si wafer;

b) To fix the controlled parameters for electroless Cu bath operation on Si wafer

in terms of temperature, pH and concentration;

c) To deposit Cu in the vias by using electroless Cu deposition process based on

identified pre-treatment and fixed controlled parameters obtained.



1.5

b)

d)

1.6

Scopes of the Research

The scopes of this project consist of;

Optimising the plating parameters of electroless Cu deposition on flat surface

of Si wafer;

1)  Pre-treatment process; etching and surface activation process.

i1) Electroless Cu deposition; pH, temperature, and concentration of Cu and

the reducing agent.

Fabricate the vias with 50um in diameter on Si wafer by using Nd:YAG laser

process;

Deposition of Cu in the vias;

Characterise the deposited Cu on Si wafer using variable pressure scanning
electron microscopy (VPSEM), energy dispersive X-ray (EDX) and optical

microscopy; and

Test the adhesion performance of deposited Cu through cross hatch test

(ASTM D3359).

Importance of the Research

A 3D integration technology is seen as necessary to maintain the integrated

circuit performance on the path described by Moore’s law (Yu CH, 2006). Despite the

potential benefits it had associated, the incorporation of TSVs poses significant

challenges to the performance and reliability. Therefore, the development of an

alternate technology to design and construct TSV for microelectronic systems as 3D

devices has become essential.
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