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Executive Summary

In this thesis, a novel integrated capacitor, called “three-dimensional (3-D) embedded
capacitor” is proposed, designed, fabricated, and characterized for application in
integrated circuits (ICs) with through-silicon vias (TSVs). A significant capacitance
density enhancement can be achieved for this 3-D embedded capacitor, because it
leverages on the existing TSVs. Compared to conventional trench capacitor, this
technology does not consume much additional silicon area because it is embedded in the
trenches of TSVs, instead of in the dedicated trenches.

Firstly, two types of 3-D embedded capacitors are designed with different
electrode deposition methods. The atomic layer deposition (ALD) type 3-D embedded
capacitor features an extremely high capacitance density for high-end applications,
whereas the sputtering type 3-D embedded capacitor features a higher electrode
deposition rate and ease of integration for low-cost applications. Secondly, an electrical
model of the 3-D embedded capacitor is constructed with analytical equations to predict
its capacitance based on the physical design parameters. An ultra-high capacitance
density, 5,621.8 nF/mm?, can be envisioned for the 3-D embedded capacitor in the trench
of a TSV with a diameter of 50 pm and a depth of 30 pm. In addition, a finite element
simulation is performed to ensure the structural integrity of the 3-D embedded capacitor
and its surrounding components. The simulation result shows that the maximum thermo-
mechanical stress changes only slightly from 1567.8 to 1576.8 MPa when a 3-D

embedded capacitor is included.

Next, prototypes of 3-D embedded capacitors are fabricated successfully with an
optimized process flow design and implementation. Six types of test vehicles are
included in each unit cell repeated over the entire wafer: (1) the de-embedded ALD type,
(2) the embedded rough-ALD type, (3) the embedded smooth-ALD type, (4) the de-
embedded sputtering type, (5) the embedded rough-sputtering type, and (6) the
embedded smooth-sputtering type. Among them, the de-embedded test vehicles are just

planar parallel capacitors without 3-D embedded capacitors for the purpose of
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benchmarking. After the fabrication, cross-sectional scanning electron microscope
(SEM), transmission electron microscopy (TEM), and energy-dispersive X-ray
spectroscopy (EDX) are performed on both ALD type and sputtering type test vehicles.
The SEM and TEM pictures show ~100% step coverage of ~50 nm TiN and ~10 nm
Al,O3 layers for ALD type test vehicles but poor step coverage of TiN layer for
sputtering type test vehicles (the thickness drops from 400 nm on the top surface to 200
nm on the top part of the sidewall). The EDX line-scans across the stacked layers provide
semi-quantitative proof of correct stoichiometries of TiN/Al2O3/TiN/SiO2/Si layers.

Lastly, capacitance-voltage (C-V) and current-voltage (I-V) characterizations are
performed to evaluate the electrical performance of the test vehicles of 3-D embedded
capacitors. The C-V characterization results show that, as the trench diameter increases
from 10 to 50 pm, the capacitance increases from 98.7 to 625.2 pF for ALD type 3-D
embedded capacitors. It also increases from 3.6 to 138.7 pF for sputtering type 3-D
embedded capacitors. As a result, the capacitance density can reach up to 3856.4 nF/mm?
for fabricated porotypes in this study. These measurement results of the ALD type test
vehicles are found to be in good agreement with the corresponding electrical modelling
results, which are calculated based on the analytical equations derived early in the study.
However, this is not the case for the sputtering test vehicles. The difference is due to the
super conformal step coverage of electrodes provided by ALD and the poor step
coverage of electrodes provided by sputtering. Furthermore, the results of the other set
of C-V characterizations show that the dielectric composition and the total amount of
trapped charges in the dielectric layer tend to be instable when the sidewall roughness
increases from 30 nm to 290 nm. From the I-V characterization results, it can be observed
that the leakage currents of the ALD type embedded test vehicles do not deviate from
those of their planar capacitor counterparts, but the leakage currents of the sputtering
type embedded test vehicles degrade from the leakage currents of their planar capacitor
counterparts. The suspected cause is the rough trench sidewall due to sputtering
deposition method. Then, the I-V characterization results are normalized to the current

density (J-E) plots, showing that the leakage current density is ~2x<107 A/cm? at 2

Vi



MV/cm and the dielectric strength is ~9.7 MV/cm for the ALD type test vehicles;
whereas the leakage current density is ~3x10° A/cm? at 2 MV/cm and the dielectric
strength is ~8.0 MV/cm for the sputtering type test vehicles. Based on the J-E plots,
leakage current conduction mechanisms have been identified for all test vehicles. The
Schottky emission, FN tunneling, PF emission, and hopping conduction can be fitted for
the ALD type test vehicles; whereas FN tunneling, and PF emission can be fitted for the

sputtering type test vehicles.

This technology is promising in integration of ultrahigh-density on-chip
capacitor. The above merits will pave the way for on-chip energy storage element,
integrated voltage regulator, capacitively coupled wireless module and many other

possibilities.
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Chapter 1 Introduction

1.1  Background

The first solid-state device was invented by Bardeen, Brattain, and Shockley in 1947
[1]. Soon Gordon E. Moore in 1965 observed the exponential growth of integrated
devices in quantity and made an empirical prediction [2]. According to Moore’s law,
the number of transistors on a chip is expected to double after every 18 months.
Although this prediction is not made based on any physical law, the semiconductor
industry has invested great effort into keeping up with it over the past 50 years. The
benefits of device scaling are two-fold. Firstly, the shrinking size make it possible to
cram more devices into the same-sized chip. Secondly, due to the shorter channel
length, a transistor is able to switch faster as well.

In 2000, silicon metal-oxide—semiconductor field-effect transistors (Si
MOSFETSs) reached a technology node below 100 nm. More recently, they have
reached sub 10 nanometers and are approaching their physical limitation. The Intel
development roadmap shows this trend in Figure 1.1 [3]. Both technical and
economic challenges are slowing down the development of integrated circuits.

Hyper
Scaling

INTEL INNUVATIUN lEAI]ERSHIP

n etal Gate ign Via ransistor
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msc i

Intel developed all the major logic process innovatio
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Figure 1.1: Intel follows Moore's law as an industrial leader [3].



To tackle this issue, researchers are actively looking for alternative solutions
to future IC development. In addition to “More Moore” miniaturization, another
research path has been proposed to extend the diversification of devices, called “More
than Moore” [4]-[10]. The aim of “More than Moore” is to apply the well-developed
silicon process technology to many diversified emerging applications (including but
not limited to passive device integration technologies, radio frequency (RF)
technologies, optical technologies, and sensing technologies). Furthermore, high
value electronics systems can be enabled when the two approaches, “More Moore”

miniaturization and “More than Moore” diversification, are combined.
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Figure 1.2: The chip industry treadmill involves tackling a constant series of
challenges. Intel has maintained the ability to predict what will happen for about
the next decade [11].



1.2 Motivation for the Development of Thin Film-Based Passive Integration
Technology

The fast bloom of electronic gadgets owns credits to Moore’s law, which has been a
guideline in the semiconductor industry for the past few decades [12]-[14].
Researchers and engineers are endeavoring to scale down the size of transistors so
that chips can be more powerful with a smaller form factor. However, passive devices
(e.g., resistor, capacitor, inductor) are still considered bulky in size, not being well
scaled compared with transistors. In fact, it is very difficult to scale down passive
devices, because they need a large surface area to achieve their target component
value.

Instead of scaling, a more realistic solution is to integrate passive devices in
a more compact way. Currently, there are three major integration technologies of
passive devices available to tackle this issue: (1) laminate-based passive integration
technology, (2) low temperature co-fired ceramic (LTCC)-based passive integration
technology, and (3) thin film-based passive integration technology [15]. For
laminate-based passive integration technology, discrete passive devices (e.g.,
surface-mounted devices) are embedded in multilayer organic substrates as shown in
Figure 1.3(a) [16]-[18]. For LTCC-based passive integration technology, passive
devices are printed on LTCC tapes with adhesives, laminated together with other
layers, and co-fired at around 850 to 900 <C as shown in Figure 1.3(b) [19]-[21]. For
thin film-based passive integration technology, passive devices are built onto the
surfaces of substrates using standard IC fabrication processes as shown in Figure
1.3(c) [22]-24].
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Figure 1.3: The schematics of the three major integration technologies of passive
devices: (a) laminate-based passive integration technology, (b) LTCC-based
passive integration technology, and (c) thin film-based passive integration
technology [15].

Among these three integration methods, the thin film-based passive
integration method is considered the most promising technology due to its
unparalleled advantages over the first two methods: high precision, high quality
factor, high self-resonant frequency, high density, and small size. These features are
possible because of the IC fabrication processes used for film-based passive
integration technology, which enable the best dimensional accuracy for patterns and
thickness of layers down to the nanometer range. Moreover, the only drawback is its
high cost, which will be gradually mitigated as the wafer size increases from 8 to 12
inches or even beyond 18 inches. Therefore, it is worth exploring the further
development of thin film-based passive integration technology to meet the higher
demand for integrated passive devices, as more electronic devices are being crammed

into an IC package.



1.3

Objectives

Given the demand for integrared passives, this thesis aims to study a new type of

integrated capacitor for 3-D ICs called a “3-D embedded capacitor.” The detailed

objectives are to:

Design the structure of a 3-D embedded capacitor and achieve a capacitance
density up to 5,000 nF/mm?, which is 10x higher than that of conventional
trench capacitors. Build an electrical model with analytical equations for a 3-D
embedded capacitor so that its capacitance value can be predicted according to
physical design parameters. Run finite element simulations for a 3-D embedded
capacitor to ensure the structural integrity of each component under thermo-

mechanical stress.

Propose a process flow, optimize process parameters, and fabricate various
types of test vehicles for a 3-D embedded capacitor. Apply physical
characterization methods on the test vehicles to measure their geometries and

chemical components.

Evaluate the electrical performance of 3-D embedded capacitor by
characterizing its capacitance, leakage current and breakdown voltage.
Calculate the capacitance density, extract the voltage coefficients of
capacitance, and investigate the leakage current conduction mechanisms based

on the characterization results above.



1.4 Major Contribution of the Thesis

A comprehensive study on a 3-D embedded capacitor has been carried out in this
thesis. Firstly, the structure of a 3-D embedded capacitor has been proposed and
designed to realize significant capacitance density enhancement by leverage on the
existing TSV trenches. Two types of 3-D embedded capacitor have been suggested
based on their electrode deposition methods for different end-applications. The ALD
type 3-D embedded capacitor features an extremely high capacitance density,
whereas the sputtering type 3-D embedded capacitor features a low cost and ease of
integration. Secondly, analytical modelling has been constructed to predict the
capacitance of the 3-D embedded capacitor based on its physical design parameters.
An extremely high capacitance density, up to 5,621.8 nF/mm?, can be envisioned.
Finite element simulation has also been done to ensure the structural integrity of the
components. Next, various types of test vehicles have been successfully fabricated
after the steps of photomask design, process flow design, and process optimization.
Lastly, C-V and I-V characterizations have been performed to evaluate the electrical
performance of the test vehicles. The C-V characterization results show that, with a
trench diameter increasing from 10 to 50 pm, the capacitance of 3-D embedded
capacitors varies from 98.7 to 625.2 nF/mm? for ALD type test vehicles and it varies
from 3.6 to 138.7 nF/mm? for sputtering type test vehicles. The dielectric composition
and the total amount of trapped charges in the dielectric layer become instable due to
sidewall roughness. The I-V characterization results have been normalized to the J-E
plots, which show that the leakage current density is ~2x10”" A/cm? at 2 MV/cm and
the dielectric strength is ~9.7 MV/cm for ALD type test vehicles; whereas the leakage
current density is ~3x10° A/cm? at 2 MV/cm and the dielectric strength is ~8.0
MV/cm for sputtering type test vehicles. Based on the J-E plots, leakage current
conduction mechanisms have been identified: Schottky emission, FN tunneling, PF
emission, and hopping conduction have been fitted for ALD type test vehicles;
whereas FN tunneling, and PF emission have been fitted for sputtering type test
vehicles. In summary, the major contribution of this thesis is the design, fabrication,
and characterization of a 3-D embedded capacitor. And this novel high-density
capacitor will contribute to the further development of on-chip energy storage

element, integrated voltage regulator, and capacitively coupled wireless module.
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1.5  Organization of the Thesis

The organization of this thesis is outlined below:

e In Chapter 1, a brief introduction to the device scaling of microelectronics is
given followed by the motivation, objectives, and major contribution of this
thesis.

e In Chapter 2, a literature review is presented on the state-of-the-art integrated
capacitor technologies for 3-D ICs.

e In Chapter 3, a novel integrated capacitor called the “3-D embedded capacitor”
is proposed and designed; an electrical model is built to predict its capacitance;
and a finite element simulation is performed to ensure the structural integrity
of the 3-D embedded capacitor and its surrounding components.

e In Chapter 4, the photomask design and detailed process flows are presented,
and the proper process recipes are developed for the fabrication of various test
vehicles.

e In Chapter 5, C-V and I-V characterization results are presented and analyzed
to evaluate the electrical performance of 3-D embedded capacitor test vehicles.

e In Chapter 6, a summary of this thesis and recommendations for future work

are provided.
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Chapter 2 A Review on Integrated Capacitor Technologies for

Three-Dimensional Integrated Circuits

2.1  Three-Dimensional Integrated Circuit
2.1.1 Three-Dimensional Integration

Three-dimensional (3-D) integration is a key technology to integrate heterogenous
components with diversified functions. The staked chips are called “three-
dimensional integrated circuits” (3-D 1Cs) [1]-[7]. Compared with conventional two-
dimensional (2D) planar integration, 3-D integration technology provides many
benefits. Firstly, electrical interconnects in vertical integration systems can be much
shorter: thus, introducing less resistive-capacitive (RC) delay, as shown in Figure 1.1.
Secondly, chip stacking helps to reduce the form factor, which is vital for portable
and wearable electronics. Thirdly, because of 3-D integration, the number of
interconnects between different chips can be increased dramatically: therefore

enabling high-bandwidth communication between multiple integrated circuits [7].

Memory
| ) I
d <d
2D 3D

Figure 2.1: Three-dimensional integration can replace long global and semiglobal
wires with shorter vertical interconnects [7].

11



There are three major categories in 3-D integration technology: (1) 3-D IC
packaging, (2) 3-D IC integration, and (3) 3-D Si integration, as shown in Figure 2.2
[8]-[10]. The first category, 3-D packaging, can be implemented by either die
stacking with wire bonds or package-on-package stacking (PoP). The electronic
packaging industry has adopted 3-D IC packaging for mass production due to its low
cost. 3-D IC packaging helps to achieve smaller form factors of IC packages, and it
is especially favorable in the field of mobile electronics. However, the limitation of
this integration method is that wires can only be placed at the edge areas of chips, so
the total number of interconnects is very limited. Therefore, it can only be applied to
low input/output (I/0) applications. The remaining two categories, 3-D IC integration
and 3-D Si integration, are similar because signal and power are transmitted between
vertical layers by through-silicon vias (TSVs), instead of wire bonds. However, they
differ in terms of the chips/wafers being stacked with microbumps in 3-D IC
integration, whereas the stacking of chips/wafers occurs bumplessly in 3-D Si
integration. The advantage of 3-D Si integration over 3-D IC integration is that finer
pitch and better electrical performance of interconnects can be achieved with
bumpless stacking. Nevertheless, 3-D Si integration is still at the research stage, as it
requires much more stringent conditions to be met for contact surface preparation.
The cross-sectional views of 3-D IC integration and 3-D Si integration bonding

interfaces are shown for comparison in Figure 2.3.

| 3D IC Packaging ’ 3D IC Integration || 3D Si Integration
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Figure 2.2: Maturity of 3-D integration technologies: 3-D IC Packaging, 3-D IC
integration, and 3-D Si integration [8].

(b)

Figure 2.3: (a) Cross-section of micro joints with a Cu/Sn solder micro bump
joined to a Cu/Sn solder micro bump [11]. (b) Scanning electron microscopy
image of a 4 um Cu interconnect bonded to a Cu pad showing a high-quality Cu-
to-Cu bonding interface [12].

In addition to the 3-D integration technologies mentioned above, there is a
similar approach, Si interposer technology, to realize fine-pitch, high 1/0, high
density, and low-cost IC integration [13]-[15]. Using this technology, chips can be
mounted side-by-side on the top surface of the Si interposer and interconnected
closely via redistribution layers (RDLs). The I/O density is greatly improved due to
high resolution fabrication processes on the Si substrate compared with coarse
fabrication processes on the organic substrate. Then the signal and power pins are
extended to the bottom of the interposer by TSVs, which provide vertical
interconnection to the package substrate. Figure 2.4 shows the world’s first interposer
product, which is a FPGA demonstrated by Xilinx in 2011 [16]. Although Si
interposer integration is also called “2.5-D integration,” it is considered a separate
technology rather than an evolutionary one between 2-D and 3-D integration

technologies.
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Figure 2.4: Virtex®-7 2000T FPGA as the first Si interposer product [16].

2.1.2  Through-Silicon Via

Through-silicon via (TSV) is not a new idea, as William Shockley filed it as
a patent in 1958 [17]. Figure 2.5 shows that the original thought was to drill a hole in
the Si substrate and connect two wafers together, but this was not intended for 3-D
integration.

Figure 2.5: Through-silicon via as invented by William Shockley [17].

Today, TSV is a key enabler in 3-D IC, 3-D Si, and 2.5D integration
technologies. This basic component provides a vertical electrical connection between
different layers [18], [19]. Both the signal and power are transmitted through TSVs.
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The obvious benefits of TSV compared with conventional planar 2D interconnects
are a much shorter length (therefore, lower RC delay) and a higher bandwidth.

a. Fabrication Process

There are three mainstream approaches and one simplified one to implement
TSVs in 3-D ICs, as illustrated in Figure 2.6. The three mainstream approaches are

the via-first, the via-middle, and the via last [20].

e The via-first approach: TSVs are formed before the device front-end of
line (FEOL) fabrication process.

e The via-middle approach: TSVs are formed before the interconnect back-
end of line (BEOL), but after the device front-end of line (FEOL)
fabrication process.

e The via-last approach: TSVs are formed after the interconnect back-end

of line (BEOL) fabrication process.

Besides, the simplified approach with cost reduction is called “backside via-last.” It
is widely used to form large and tapered TSVs in image sensors and

microelectromechanical systems (MEMS) [21].
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Figure 2.6: Schematic of (a) frontside via-first, (b) frontside via-middle, (c)
frontside via-last, and (d) backside via-last structures [20].

The fabrication process of TSV generally consists of four major steps: (1)
TSV etching, (2) TSV insulation, (3) TSV metallization, and (4) overburden removal
by chemical mechanical polishing (CMP), which are depicted as Steps (2)-(5) in
Figure 2.7. The rest of the steps in the figure need to be carried out if a complete
series of 3-D integration with other chips/wafers is desired.
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Figure 2.7: Complete TSV fabrication process and integration steps [8].

TSV Etching

Deep reactive ion etching (DRIE) is a typical method to etch deep trenches
for TSVs. It was initially invented by Bosch in the 1990s for MEMS fabrication [22].
The feature of the Bosch process is the alternating steps of etching and passivation,
so that trenches with a high aspect ratio and anisotropic profile can be formed [23].
During passivation steps, CF2-species are deposited on the sidewall as a passivation
layer, whereas for etching steps, F-species are directed to the bottom of trenches
(removing all vertical passivation and a part of the sidewall passivation). These steps
are performed subsequently to etch deep into the silicon, as illustrated in Figure 2.8.
After etching, the trench profile can be seen, as shown in Figure 2.9 [24]. However,
the Bosch process inevitably leaves a series of small ridges on the sidewall of trenches

known as “scallops,” as shown in Figure 2.10 [25].
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Figure 2.8: Sidewall passivation mechanism of the Bosch deep silicon etching
process. The protecting film deposited in the passivation step extends deeper into
the trenches during the etch step to yield a smooth sidewall [23].

50.0um

1
S4700 10.0kV 10.5mm x1.00k SE(V) 10/7/08

Figure 2.9: Via formation after the Bosch DRIE process with ~5 pm in diameter
and ~50 pum in depth [24].

(a) (b)
Figure 2.10: DRIE features etched in Si. (a) Top view of TSV with sidewall
scallops. (b) Cross-sectional view of scallops in the Si trench [25].
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TSV Insulation

After DRIE and post-etching chemical cleaning, a conformal SiO> layer is
deposited on the trench sidewall by chemical vapor deposition (CVD). It electrically
insulates TSV from the surrounding Si substrate, known as the “TSV liner.” The
thickness of the insulation layer depends on the requirements of leakage current, the
breakdown voltage, and parasitic capacitance for different applications. Typically,
two CVD options are available for TSV insulation. When high conformality is
required for the insulation layer, sub-atmospheric chemical vapor deposition
(SACVD) is preferred using Oa/Tetra-Ethyl-Ortho-Silicate (TEOS). However, this
option is sometimes limited by its high thermal activation temperature. When a lower
process temperature is required, plasma enhanced chemical vapor deposition
(PECVD) is an excellent choice for depositing SiO: insulation due to its lower
process temperature (around 250°C). A comparison of SiO2 insulation layer step
coverage along the sidewall is made between these two CVD options, as shown in
Figure 2.11 [26].

P
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Figure 2.11: Step coverage along the sidewalls and bottom of TSV for SiO;
deposited with PECVD and SACVD [26].

TSV Metallization

Copper electroplating is the core filling method for most TSVs at the current

stage because of copper’s superior electrical conductivity. Other possible materials
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are tungsten and polysilicon. Before Cu TSV metallization, a diffusion barrier layer
needs to be sputtered between the Cu and SiO: insulation layer. Usually TiN, TaN,
and Ta can be considered ideal candidate materials. Then the Cu seed layer is
sputtered to prepare the sidewall for electroplating. A cross-section of the sidewall
can be seen in Figure 2.12 after diffusion barrier/seed layer deposition [27]. The
conventional electroplating method may cause various Cu voids when a high aspect
ratio TSV trench needs to be fully filled, as shown in Figure 2.13 [26]. But fortunately,
significant technique advances have been made in Cu electroplating in terms of
highly engineered plating chemistries and process equipment [28]. A “bottom-up”
growth approach has been developed for void-free Cu filling.

Barrier/
Seed

Silicon

Figure 2.12: TEM section of the TSV sidewall showing the scallop free etch profile,
conformal SACVD oxide liner, and continuous barrier/seed [27].
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e

Figure 2.13: Root causes of various Cu voids [26].
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Overburden Removal

As the last step of TSV formation, chemical mechanical polishing (CMP) is
used to remove copper, the diffusion barrier lay, and the insulation layer to realize
surface planarization [29], [30]. The total thickness of the overburden is usually
higher than 2D planar interconnects. In order to ensure that Cu is removed from all
parts of the wafer, over-polishing needs to be conducted. Figure 2.14 shows a typical
TSV after high-rate Cu CMP [31]. Cu CMP usually involves two major steps: (1) Cu
removal, stopping at the barrier layer, and (2) barrier removal, stopping at the

insulation layer.

Figure 2.14: Typical TSV after high-rate Cu chemical mechanical polishing [31].

b. Electrical Modeling

Through-silicon via is a key enabler in 3-D integration, as it forms the vertical
interconnect between different stacked chips. However, it has its own parasitic
resistance, capacitance, and inductance. The electrical behavior of TSVs has a great
impact on the overall performance of 3-D ICs [31]. Thus, it is important to understand
and perform the electrical modelling of TSVs with different design parameters.
Essentially, a TSV can be regarded as a vertical metal-oxide-semiconductor (MOS)
structure with a metal conductive core and the Si substrate as the semiconductor [31].
An illustration is shown in Figure 2.15. The resistance, capacitance, and inductance

of TSVs have been characterized by different groups of researchers [32]-[35]. A
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simple closed-form model was derived by [36]-[40] based on scalable physical

dimensions and material characteristics.

The DC resistance of TSV can be expressed as:

plrsy
2
Trrsy

Rrsy pc = (2.1)

where p is the resistivity of the core material, rrsv is the radius of TSV, and lrsv is
the length of TSV. For the resistance of TSV at a higher frequency, the skin effect
should be taken into account [41].

The capacitance of TSV can be expressed as:

Cocor = 2megylrsy
TSV | ( Rgep ) (2.2)
"R
Metal
where eox IS the permittivity of the oxide layer. Because of the nature of the MOS
structure, the radius of the depletion layer will change in accordance to the bias
condition. Therefore, the capacitance of a TSV is not a constant value and varies with

operating voltage.

The inductance of TSV can be expressed as (partial self-inductance):

Uo ZlTSV In

— r
TSV = TSV

(21Tsv + \/Trsy? + (ZZTSV)2>
2.3)

+ (TTSV — Jrrsy? + (ZlTsv)z)

where Lo is the permeability of free space.

P-Si

P-Si Upper
Die

Lower i
Die

Figure 2.15: The equivalent electrical model of a typical TSV [31].
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2.1.3 Power Integrity

Researchers have put much effort into the study of power integrity, as it is one
of the biggest challenges in 3-D ICs [42]-[45]. With the advance of the technology
node, more transistors are now being integrated into a chip. Moreover, in 3-D ICs,
the number of transistors is even higher due to multiple chip layers being stacked
vertically into the same footprint. The negative effect of this increasing integration
density is two-fold. First, it leads to a higher demand for current supply (thus, a higher
IR drop). Secondly, since more transistors are switching at the same time, the
simultaneous switching noise (SSN, otherwise known as Ldi/dt noise) is greater:
causing a higher supply voltage fluctuation. Power integrity in 3-D ICs can be
mitigated from two aspects: (1) the design of power delivery network (PDN) and (2)

the integration of voltage regulator.

A diagram of the power delivery network (PDN) for a general microelectronic
system is illustrated in Figure 2.16 [24]. It shows a voltage regulation module (VRM)
on the PCB board and different levels of decoupling capacitors (from PCB, packaging,
BEOL, to FEOL). They together store energy temporarily for emergency, in case
there is a demand for current supply due to the simultaneous switching of transistors.
From impedance’s point of view, a methodology called “target impedance” was

proposed for the PDN design [46].

(power supply voltage) x (allowed ripple)
Ztarget =

(2.4)
current

The output impedance of a well-designed PDN should be always below a specified
target impedance over the desired operating frequency region. Decoupling capacitors
help to decrease PDN impedance, so that the overall PDN impedance falls
approaching the target impedance in Figure 2.17. With suitable capacitors, a large
current surge would eventually lead to acceptable voltage ripples: preserving power
integrity [47]. Decoupling capacitors, from the PCB level to FEOL level, generally
are decreasing in capacitance value, but have higher resonant frequencies. This
demonstrates that decoupling capacitors from different levels suppresses PDN

impedance in respective frequency domains.
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Figure 2.16: A diagram of the power delivery network (PDN) for microelectronic
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2.2 Integrated Capacitor Technologies

Integrated capacitor technologies can be classified into three major groups: (1)
laminate-based integrated capacitors, (2) low temperature co-fired ceramic (LTCC) -

based integrated capacitors, and (3) thin film-based integrated capacitors [48].

2.2.1 Laminate-based Integrated Capacitor

A laminate-based integrated capacitor is a capacitor embedded in a printed circuit
board (PCB) [45]. It can be further classified into two sub-types: (1) the embedded
discrete capacitor and (2) the embedded planar capacitor as shown in Figure 2.18. An
embedded discrete capacitor is a surface mounted capacitor embedded in a PCB
instead of on the top surface of the PCB. It is then connected to other components on
the top surface through conductive vias. An embedded planar capacitor is a laminate

embedded in a PCB as a planar capacitor, whose dielectric layer is usually 10 to 50

jpm thick.
Surface mount Embedded
capacitor discrete capacitor
= -
Power plane

}Embedded

Thin dielectric— .
planar capacitor

Ground plane

—T

Figure 2.18: Embedded discrete and embedded planar capacitors in a printed circuit
board [45].

The dielectric materials used in laminate-based integrated capacitors should
have a low processing temperature, because the thermal budget for processing is
limited by the organic substrate of the PCB. Therefore, the dielectric materials are
mostly ferroelectric and paraelectric types [45]. The ferroelectric dielectrics (e.g.,
BaTiOs, PbxZrixTiO3, and BaxSrixTiO3) can exhibit extremely high dielectric
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constants because of the total contribution from electronic polarization, ionic
polarization, and dipole polarization [49]-[51]. But the drawback is that they are
strongly frequency and temperature dependent. The paraelectric dielectrics (e.g.,
Al>O3z, TiO2, Ta20s, polyimide and epoxy) show relatively low dielectric constants
compared with those of ferroelectric dielectrics, but they are more stable with respect
to frequency and temperature [52]-[57].

2.2.2  Low Temperature Co-Fired Ceramic-Based Integrated Capacitor

A low temperature co-fired ceramic-based integrated capacitor (LTCC)-based
integrated capacitor is similar to a laminate-based integrated capacitor in two aspects:
(1) both types of integrated capacitors are embedded in substrate; and (2) both types
of integrated capacitors are patterned by a screen-print technique, which has less
precision in terms of pattern size and layer thickness [48]. In addition to the
conventional implementation of the LTCC parallel plate capacitor in Figure 2.19(a),
an alternative approach called “vertically interdigitated configuration” is also
available to realize the same target capacitance with much less planar area as shown
in Figure 2.19(b).

4 W /
Port 2 d Y 0
v )’7 y

(@) (b)

Figure 2.19: Illustrations of the two types of LTCC-based integrated capacitors:
(@) a parallel plate capacitor and (b) a vertically interdigitated configuration
capacitor.
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The dielectric materials used in LTCC-based integrated capacitors have a
higher thermal budget for processing compared to the materials in laminate-based
ones. But the melting point of metals used in LTCC still makes it challenging to
develop high-x ceramic dielectric materials for capacitor applications. Also, the
typical firing temperature is set in the range of 850-950<C [58]. Table 2.1 presents a
summary to compare the dielectric materials used for integrated capacitors in LTCC,
high temperature co-fired ceramics (HTCC), FR4, and glass [48]. It shows that the
dielectric materials compatible with LTCC tend to have higher dielectric constants

and lower loss tangents, which are in favor of integrated capacitors.

Table 2.1: Dielectric materials used for embedded capacitors [48].

Electrical Thermal Mechanical
£ tan 6 | Resistivity CTE Thermal Flexural | Young's
(104) (Qcm) (ppm/K) | Conductivity | Strength | Modulus
(W/mK) (MPa) | (GPa)
LTCC |5 25 >1014 3-12 1.2-5 170-400 74-188
80 | 40
HTCC | 85 | 5-25 >1014 6.9-7.2 10-25 400-460 260-310
10
ALN 8.7 | 170 >1014 4.7 150-230 400 320
FR4/ 45 | 200 >1014 xy:16-20 | 0.2 430
glass - - 2:50-70
55 | 300

2.2.3 Thin film-based passive integrated capacitor

A thin film-based integrated capacitor is built onto the surface of the substrate instead
of being embedded in the substrate. It has higher precision, a higher quality factor,
higher self-resonant frequency, higher capacitance density, and a smaller size than
other integrated capacitor technologies because it is made with standard IC
fabrication processes [48]. A typical implementation is to build planar metal-
insulator-metal (MIM) layers in the back-end-of-line layers as shown in Figure 2.20(a)
[59]-[64]. Another implementation method is proposed to reduce the planar surface
area significantly by leveraging on the depth of the substrate. This method is called
the “trench MIM capacitor” [65], [66].
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(@)
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Cu

Figure 2.20: Illustrations of the two types of thin film-based integrated capacitors:
(@) a planar MIM capacitor and (b) a trench MIM capacitor [64], [65].

The dielectric materials used in thin film-based integrated capacitors are

tabulated in Table 2.2. These high-x dielectric materials have been extensively

studied for analog, mixed signal, and radio frequency (RF) applications [67]-[74].

Table 2.2: Dielectric materials used for thin film-based integrated capacitors [48].

Dielectric | Dielctric Loss | Breakdown Field | Demonstrated C-dencity
Constant (104) (MV/cm) (nF/mm?)

Si0, 4.2 10 10 1

SisNy 7.6 11 7 2

AlOs 7.9 30 8 35

HfO, 17-21 300 6 5,13

Ta,Os 22-25 100 5 5

Zr0, 45 4

SrTiOs | 150 200 1 10

BaTiO3 | 800 <60 80

PZT 900
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2.3 Summary

In this chapter, firstly we reviewed different types of 3D-IC integration methods,
including (1) 3-D IC packaging, (2) 3-D IC integration, (3) 3-D Si integration, and
(4) interposer integration. The choice of implementation depends on the trade-offs
between performance, form factor, and cost. Secondly, the fabrication steps and
electrical modelling of TSV were studied. The literatures on these topics revealed
both challenges and opportunities of interconnects in 3-D ICs. Lastly, integrated
capacitor technologies were discussed based on three major groups: (1) laminate-
based integrated capacitors, (2) low temperature co-fired ceramic (LTCC) -based
integrated capacitors, and (3) thin film-based integrated capacitors. Based on these
prior arts, a novel integrated capacitor for ICs with TSVs will be proposed to achieve

ultrahigh capacitance density in the next chapter.
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Chapter 3 Design and Modeling of the Three-Dimensional
Embedded Capacitor

3.1 Introduction

In this chapter, we introduce a new type of on-chip integrated capacitor, called a
“three-dimensional (3-D) embedded capacitor,” to meet the ever-increasing demand
of on-chip capacitance. Firstly, the proposed structure of the 3-D embedded capacitor
is presented. This new type of 3-D embedded capacitor leverages on the existing
through-silicon vias (TSVs) to enhance the capacitance density greatly. Secondly,
various design options and physical design parameters are discussed for 3-D
embedded capacitors for different applications. The design of test vehicles is also
provided to enable prototype fabrication and electrical characterization of 3-D
embedded capacitors in the next two chapters. Next, an electrical modelling of a 3-D
embedded capacitor is derived based on the proposed structure using the analytical
method. It is modified from a coaxial capacitance model to predict the capacitance
and the capacitance density of the 3-D embedded capacitor. Finally, two models are
built in the COMSOL Multiphysics program, using finite element analysis (FEA), to
simulate the thermomechanical stress between TSV, the 3-D embedded capacitor,

and the Si substrate and ensure their structural integrity.
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3.2  Proposed “Three-dimensional Embedded Capacitor”

In recent years, there has been considerable interest in the integration of passive

devices into electronic packages. The integration approach brings these benefits:

e reduced system mass, volume, and footprint.
e improved electrical performance.

e increased design flexibility.

e improved reliability.

e reduced unit cost [1]-[4].

Among integrated passive devices (IPDs), the integrated capacitor is one of the most
critical components due to its wide applications in integrated circuits (ICs) and
systems. For example, an integrated capacitor can be used to improve the power
integrity of the power distribution network (PDN) because of its charge storage
capability [4], [5]. However, its significant consumption of premium silicon area is a

major drawback [6].

Several approaches have been proposed to mitigate the area penalty by
improving the capacitance density. They can be classified into two major categories:
material and structure. In the first category, many high-x dielectric materials have
been extensively studied to replace conventional SiO2 [7]. Some extra effort was
invested to optimize the trade-off between the dielectric constant and the bandgap for
minimization of the leakage current [8], [9]. In the second major category, the total
surface area of capacitors can be expanded by utilizing the Z direction [10]-[12]. For
example, trench capacitors make good use of the depth of the substrate and achieve
an extremely high capacitance density [13], [14]. Additionally, heterogenous
integration enables the processing of capacitors in a separated die so that they do not
have to compete with transistors for surface areas [15]-[18]. Nevertheless, with all
available current technologies, the size of capacitors is still a few times greater than
that of the logic circuits in many capacitance-hungry applications such as integrated
voltage regulators (IVRs) [19]. Even with the most advanced technology, most of the
die area is occupied by deep trench capacitors as shown in Figure 3.1 [20]. This issue

becomes more challenging as we enter the era of three-dimensional integrated circuits
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(3-D ICs), because more dies are being stacked within a single IC package and the
demand for capacitance increases explosively [21], [22]. Therefore, a large surface
area will be used to realize the desired high capacitance.

SC converter unit

Gate driver
7y

e P
Transistors
Mg

Figure 3.1: The chip micrograph of a switched-capacitor integrated voltage
regulator [20].

However, 3-D IC integration provides not only challenges but also
opportunities. In 3-D ICs, through-silicon-vias (TSVs) are electrical interconnects for
vertical chip stacks [23]. The trenches of TSVs provide ideal locations to host the
integrated trench capacitor due to their structural similarity. Figure 3.2 shows that
both a TSV and a MIM trench capacitor reside in the substrate and share a cylindrical
shape.

MIM trench capacitor

(@) ()

Figure 3.2: Structure similarity between (a) TSV and (b) MIM trench capacitor.
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Therefore, we propose a new method of implementing integrated capacitors
to improve the capacitance density further. Metal-insulator-metal (MIM) layers can
be embedded into the trenches of TSVs prior to copper filling. The name “3-D
embedded capacitor” is coined, because it utilizes the third dimension of the substrate
and the capacitor is embedded in the trench of the TSV. In this way, the hollow space
in the middle of trench capacitors can be occupied by useful TSVs instead of by
dummy insulating filling material. Consequently, the capacitance density of a 3-D
embedded capacitor is greatly enhanced compared with that of a conventional trench
capacitor. Figure 3.3 shows the difference between conventional stand-alone trench
capacitors with TSVs and 3-D embedded capacitors with TSVs. The top surface area
in the middle of the substrate is freed up in Figure 3.3(b), as the integrated capacitors
are implemented in the trenches of TSVs. As the thicknesses of the capacitor layers
(hundreds of nanometers) are much thinner than the TSV diameter (tens of

micrometers), negligible change in the electrical performance of the TSV is expected.

Area “freed-up”

(b)

Figure 3.3: (a) Conventional stand-alone MIM trench capacitors. (b) 3-D
embedded capacitors in TSVs. The top surface area is thus freed up.
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3.3 Design of Three-Dimensional Embedded Capacitor

Two types of 3-D embedded capacitors have been designed for different applications
as illustrated in Figure 3.4. The variation takes place in the choice of capacitor
electrode deposition methods: the left one with the atomic layer deposition (ALD)
process is suitable for high-end applications, whereas the right one with the sputtering
process is suitable for low-cost applications. For the ALD type, perfect step coverage
can be realized for both top and bottom electrodes, which maximizes the effective
surface area of capacitor and prevents any possible increment of parasitic resistance
caused by layer thinning at the bottom. The sputtering type can be made with a much
lower cost because of two reasons: (1) the cost of electrode deposition by sputtering
is greatly reduced compared to that of ALD, and (2) no extra insulation step for
electrodes is needed after the back-grinding process, since no electrode is exposed

due to the sputtering’s non-ideal step coverage.

ALD Sputtering

) _7 Electrodes
r

Y 1 p—— - Back-grinding — -

Figure 3.4: Two types of 3-D embedded capacitors. The left one with the ALD
process is suitable for high-end applications, whereas the right one with the
sputtering process is suitable for low-cost applications.

A top view is illustrated in Figure 3.5, which can be used to represent both
types of 3-D embedded capacitors. The conductive core of the TSV is in the center
with a dielectric liner surrounding it. The MIM layers are wrapped around the TSV
liner and separated from the silicon substrate by an insulation layer. The physical

design parameters of the two types of 3-D embedded capacitors are listed in Table
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3.1. The parameters are set in accordance with the consideration of both the industrial
standards of TSVs and Nanyang NanoFabrication (N2FC) fabrication capabilities at
university. For a typical TSV, the trench radius ranges from 1 to 25 pm; the trench
depth ranges from 50 to 100 m. In this study, we set the trench radius to be 5, 10,
15, 20, and 25 pm and the trench depth to be 60 pm (a target for the trench with a
radius of 25 pm). A typical thickness of 200 nm is also adopted for the TSV liner. In
addition, the thicknesses of the MIM layers are chosen to optimize the electrical
performance of 3-D embedded capacitor. For the ALD type, the thickness of
electrodes is set to be 50 nm; for the sputtering type, the thickness of electrodes is set
to be 400 nm to ensure more surface area can be covered at the bottom of the trench.

TiN and Al,O3 (x=9) are chosen as the electrode and dielectric materials, respectively.

S——

TSV core

TSV liner
Electrode layer 1
Electrode layer 2
Insulation layer
Silicon Substrate

Figure 3.5: Top view of a TSV with a 3-D embedded capacitor.
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Table 3.1: Physical design parameters of 3-D embedded capacitors.

Value
Parameter Symbol
ALD Sputtering

Radius of the trench (jum) Rirencn 5, 10, 15, 20, 25
Depth of the trench (pm) H 60
Thickness of the TSV liner (nm) Tiiner 200
Thickness of electrode layerl (nm) Tern 50 400
Thickness of the high-« dielectric

Thigh—;c 10
layer (nm)
Thickness of electrode layer2 (nm) T.1, 50 400
Thickness of the insulation layer (hm) Tins 10

Two test vehicle structures (a de-embedded structure and an embedded structure)
have been designed for the extraction of capacitance. Their cross-sectional view is
illustrated in Figure 3.6(a). The de-embedded structure contains one planar MIM
capacitor to be used as a benchmark. The embedded structure contains one planar
MIM capacitor and a 3>3 array (9 units) of 3-D embedded capacitors. Both de-
embedded and embedded structures were designed to occupy the same planar area,
so that the difference of capacitance extracted from them equals the net capacitance
contributed from 9 units of 3-D embedded capacitors. Furthermore, the planar area
size of both de-embedded and embedded structures varies from 200100, 400200,
600>300, 800>400 to 1000>500 pm?, so that the trenches with a radius ranging from
5, 10, 15, 20 to 25 pm can be accommodated, respectively. The design is shown in
Figure 3.6(b).
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De-embedded structure Embedded structure
Planar MIM capacitor Planar MIM capacitor with
3D embedded capacitor

i

(@)
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Figure 3.6: Design of test vehicles for 3-D embedded capacitors. (a) Cross-sectional
view of a de-embedded structure and an embedded structure. (b) Top view of test
vehicles with five scalable geometries on the left and the same number duplicated

on the right.

For simplicity, only the ALD type 3-D embedded capacitor will be used as a
workout example for the following sections in this chapter, because its excellent step
coverage of electrodes makes it much easier for analytical modeling and the finite
element method simulation. However, both ALD and sputtering types test vehicles
will be demonstrated in Chapters 4 and 5 for their fabrication and electrical

characterization parts, respectively.
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3.4  Electrical Modeling of Three-Dimensional Embedded Capacitor Using
the Analytical Method

In this section, a first-order analytical model of a 3-D embedded capacitor is
constructed. The capacitance density is the ratio between the capacitance and its
occupied planar area. Next, a more generalized model is derived for a 3-D embedded
capacitor with more electrode and dielectric layers, and the results are compared to
state-of-the-art trench capacitor technology. Lastly, the impact of various 3-D
embedded capacitors on the electrical properties of the TSV is estimated.

The capacitance is derived based on the coaxial capacitance model [24].
Therefore, according to the symbols defined in Table 3.1, the cylindrical capacitance
of a 3-D embedded capacitor is:

27T X &o X ghigh—x X H

In ( Rtrench _ Tins _ Telz ) (3-1)
Rtrench - Tins - Telz - Thigh—x

Capacitance =

The occupied planar area of a 3-D embedded capacitor is only the narrow section

between the TSV line and the rim of the trench:

Area = mw X [Rtrenchz - (Rtrench - Tins - TelZ - Thigh—ic - Tell)z] (3-2)

The capacitance density is defined as the ratio between the capacitance and the

occupied planar area:

Capacitance Density = Capaictance/Area (3.3)

With the physical design parameters in Table 3.1, the values calculated based on the
analytical equations are listed for capacitance, area, and capacitance density for
trenches with a different radius (capacitance density unit in nF/mm? for the ease of
comparison with those of other capacitor technologies). The results show that the
capacitance density of each 3-D embedded capacitor stays around 3980 nF/mm?, even
though the trench radius changes from 5 to 25 pm. Compared with the parasitic

capacitance of TSV, 3-D embedded capacitor provides 45 x<higher capacitance. The
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enhancement of capacitance is two-folded: the dielectric thickness is 20 times thinner
(20 nm vs. 200 nm); the dielectric constant is 2.25 times higher (9 vs. 4).

Table 3.2: Analytical results of capacitance, area, and capacitance density for 3-D
embedded capacitors.

Trench Radius Capacitance Area Capacitance Density
(bm) (PF) (bm?) (nF/mm?)
5 14.8 3.7 3978.5
10 29.8 7.5 3980.5
15 44.8 11.3 3981.2
20 59.8 15.0 3981.5
25 74.8 18.8 3981.7

Add in the change of dielectric thickness as well (plots)

E  — N
TSVeore TSVeore
TSV liner TSV liner
Electrode laier 1 Electrode layer 1

Electrode layer 2 Electrode layer 2

Insulation layer

Silicon Substrate Electrode layer 3

________________ Insulation layer

Silicon Substrate

(@) (b)

Figure 3.7: Top views with layer breakdown of (a) a TSV with a MIM 3-D
embedded capacitor and (b) a TSV with a MIMIM 3-D embedded capacitor.
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The most basic configuration of a 3-D embedded capacitor is illustrated in
Figure 3.7(a), whereas a more advanced configuration is illustrated in Figure 3.7(b)
to show that an electrode and dielectric layers can be inserted to form an MIMIM 3-
D embedded capacitor. Figure 3.7 shows the top views of both configurations with a
detailed layer breakdown. The analytical model needs to be generalized for multi-
MIM 3-D embedded capacitors, because more electrode and dielectric layers can be
added alternately to further enhance the capacitance of 3-D embedded capacitor.
Based on the derivation of the configuration in Figure 3.7(b), one should be able to
generalize the model to predict the capacitance density of all other 3-D embedded
capacitors with more electrode and dielectric layers. The physical design parameters
are defined and listed in Table 3.3. The analytical equations for capacitance and area

are modified accordingly:

CapaCitance = CMIMI + CMIMZ

27 X &o X ghigh—x X H

ln( Rtrench - Tins - Tel3 - Thigh—xz_ el2 )

Rerench — Tins — Te1s — Thigh—x2—Te12 = Thigh—x1 (3.4)
N 21 X €9 X Epjgni X H
In ( Rtrench — Tins — TelB )
Rtrench - Tins - Tel3 - Thigh—;cz
Area = m X [Rtrench2 - (Rtrench - Tins - TelS - Thigh—icz - Telz - (3 5)

Thigh—lcl - Tell)z]
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Table 3.3: Physical design parameters of MIMIM 3-D embedded capacitors.

Parameter Symbol
Capacitance of MIM structurel Cumim
Capacitance of MIM structure2 Cumimz
Thickness of the insulation layer Tins
Thickness of electrode layerl Tenn
Thickness of high-« dielectric layerl Thigh—ic1
Thickness of electrode layer2 Terz
Thickness of high-« dielectric layer2 Thigh—i2
Thickness of electrode layer3 Tei3
Thickness of the TSV liner Tiiner
Radius of the trench Rirencn
Depth of the trench H
High-x dielectric constant Enigh—k

The generalized analytical equations now enable a fair comparison of the
capacitance density of the 3-D embedded capacitor and that of a state-of-the-art
trench capacitor. For example, an MIMIM trench capacitor can provide 440.0
nF/mm?; whereas a 3-D embedded capacitor with the same physical design
parameters can provide 5,621.8 nF/mm?, which is ~13>higher [13].

(Tl-ns =5nm,Te;y = 20 nm, Thigp_1 = 10 nm, Ty = 20 nm, Thigp_iz =

10 nm, T3 = 20 nm, Rypencn = 50 pm, H = 30 pm, &pigp—rc = 9)

50



The significant capacitance improvement can be easily understood by
reviewing a cross-sectional image of a MIMIM trench capacitor in Figure 3.8. The
picture shows that most of the space in the middle of the MIMIM trench capacitor is
occupied by dummy filling material: making the planar surface area much larger than
the actual effective planar area. Replacing filling materials with a TSV makes the
footprint of the MIMIM layers much smaller: therefore, making the capacitance

density of the capacitor much higher.

substrate

Figure 3.8: Bright-field cross-sectional TEM images of the MIM trench capacitor,
in which most of the space in the middle is occupied by filling material [13].

Lastly, the impact on the electrical properties (i.e., resistance and capacitance)
of the TSV due to the insertion of the 3-D embedded capacitor is estimated. The
resistance is inversely proportional to the cross-sectional conductive area of the TSV:

TSV resistance = peopper X H/(T X Reore”) (3.6)

where Rcore = Rtrench - Tins - Telz - Thigh—;cz - Telz - Thigh—xl - Tell . The
capacitance (in the accumulation state) is related to the circumference of the TSV and

the liner thickness:
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21 X €9 X Egj02 X H
In (M) (3.7)

RCOT@

TSV capacitance =

The estimation is made based on the physical design parameters of 3-D embedded
capacitors introduced in Section 3.3. The results are listed in Table 3.4. They reveal
that the change of both TSV resistance and capacitance due to the insertion of the 3-
D embedded capacitor is insignificant (variation < 5%). The reason for this is that the
total thickness of the MIM layers is much smaller compared with the trench radius

(i.e., ~100 nm vs. ~10 pm).

Table 3.4: Impact on the electrical properties of TSVs.

Trench Radius Resistance Variation Capacitance Variation
(Hm) (%) (%)
5 -4.9 -2.5
10 -2.4 -1.2
15 -1.6 -0.8
20 -1.2 -0.6
25 -1.0 -0.5
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3.5 Thermo-Mechanical Simulation of Three-Dimensional Embedded

Capacitor Using Finite Element Analysis

Extensive studies have been carried out to investigate the thermomechanical stress
between the TSV and the surrounding Si substrate [25]-[29]. Generated during the
annealing and cooling steps in the fabrication processes, the stress is essentially due
to the coefficient of the thermal expansion (CTE) mismatch of Cu, SiO2, and Si
materials. However, the thermomechanical stress has not yet been studied when a 3-
D embedded capacitor is inserted between the TSV and the Si substrate. Thus, two
FEA models have been built in the COMSOL Multiphysics program to estimate the
thermomechanical stress and ensure the structural integrity of the TSV, 3-D
embedded capacitor, and Si substrate. The first model is the TSV + Si substrate,
whereas the second model is the TSV + 3-D embedded capacitor + Si substrate for
comparison. In this section, the structures of models are introduced firstly, and then
the properties of materials and the thermal loading conduction are described. Lastly,

the simulation results are presented and discussed.

The physical design parameters of TSVs and 3-D embedded capacitors were
shown in Table 3.1. Due to the symmetry of the structure, only a quarter of the
complete structures need to be constructed for both models. In this case, a trench with
a radius of 5 m was chosen as an example as shown in Figure 3.9(a). The difference
between the two models is illustrated. Apart from the TSV core (Cu), the TSV liner
(SiO2), and the substrate (Si) in Figure 3.9(b), a few stacked layers are added as a 3-
D embedded capacitor in Figure 3.9(c). The stacked layers (TiN/Al2O3/TiN/SiO3) are
considered one whole TiN layer, because 10 nm thick layers are too thin to be meshed
properly for FEA simulation and the thickness of two TiN layers accounts for 83.3%
of the total thickness of stacked layers (i.e., 100 nm/120 nm). Therefore, it is assumed

that this simplification has an insignificant impact on the final simulation results.
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| Symmetry plane

y\t/x

(b) ©)

Figure 3.9: (a) A quarter of the FEA model with two symmetry planes. (b) The first
model: TSV + Si substrate, and (c) the second model: TSV + 3-D embedded
capacitor + Si substrate. The stacked layers (TiN/Al2O3/TiN/SiO.) are considered as
only a whole TiN layer with a thickness of 120 nm.

The properties of materials used in FEA simulations are described in Table
3.5. These materials have been assigned to different parts in the FEA model: Cu is
the TSV core material; SiO2 is the TSV liner material; TiN is the stacked layers
material; and Si is the substrate material. It is worth pointing out that the CTEs of the

two major components Cu and Si are significantly different: 17.0 vs. 2.3 ppm/K. It
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can be predicted that the stress level will be considerably high as the thermal loading
increases. In addition, all materials have their constant values for Young’s modulus
except Si, because Si is a single crystalline material, which responds to stress
differently depending on the orientation [30]. The anisotropic property of the Si

substrate is given in the stiffness matrix:

o, ] [1945 357 641 0 0 0 g
o,| |357 1945 641 0 0 0 |lg
o,|_| 641 641 1657 0 0 0 [z 58
o, 0 0 0 796 0 0 |g
o, 0 0 0 0 796 0 |¢
o] L 0O 0 0 0 0 509]s]

For the typical via-middle process, fabricated TSVs have to undertake a
thermal budget from the back-end-of-line process, which is usually 400 <C [31]. So
a thermal annealing step at 400 <C is proposed to be carried out after the fabrication
of the TSV [29]. In this way, Cu grain growth takes place in advance to avoid the
hysteretic behavior later. After multiple cycles of high temperature annealing, the
stress-free reference temperature has been confirmed to be 280 <C for the TSV and
Si substrate [32]. Therefore, in this study, a thermal loading of -250 <C was applied
to both FEA models to mimic the cooling-induced thermomechanical stress at room

temperature.
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Table 3.5: Physical properties of materials used in the FEA simulation.

Materials CTE Young’s Modulus Poisson Ratio
(ppm/K) (GPa)

Cu 17.0 110 0.35

SiO2 0.5 71 0.16

Si 2.3 anisotropic 0.28

TiN 9.4 500 0.25

The simulation results of von Mises stress in both models are presented in
Figure 3.10(a) and (b), respectively. The highest von Mises stress resides on the top
parts of the models. For comparison, the highest von Mises stress increases from
1567.8 to 1576.8 MPa, when a 3-D embedded capacitor is included. More zoom-in
pictures of the top and bottom parts of the two models are shown in Figure 3.11. It
can be seen that the stress accumulates around the top surface of the SiO2 TSV liner
and surrounding Si substrate, and the stress level of the rest also happens near the
SiO2 TSV liner but below 1000 MPa. Then two directions, [110] and [100] shown in
Figure 3.12, are assigned on the top surface to study the orientation dependent stress
levels in the anisotropic Si substrate. In Figure 3.13, one-dimensional plots are
presented for a comparison of stress levels along different directions. Figure 3.13(a)
depicts the stress along the [110] direction in the first model with the a peak stress of
1423.9 MPa; Figure 3.13(b) depicts the stress along the [100] direction in the first
model with a peak stress of 1287.8 MPa; Figure 3.13(c) depicts the stress along the
[110] direction in the second model with a peak stress of 1487.8 MPa; and Figure
3.13(d) depicts the stress along the [100] direction in the second model with a peak
stress of 1206.0 MPa. It can be concluded that the stress along the [110] direction is
higher than the stress along the [100] direction for both models. When a 3-D

embedded capacitor is involved, the stress along the [110] direction increases, but the
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stress along the [100] direction decreases. Lastly, other trenches with a radius from 5
to 25 pm have been simulated as well, and the results show that the peak stress level
increases from 1576.8 to 2278.0 MPa as shown in Table 3.6.

Surface: von Mises stress (MPa)

A 1567.8

1400

=4 1200

1000

600

400

200

V¥ 0.745

(@)

Surface: von Mises stress (MPa)

A 1576.8

1400
1200

1000

400

V¥ 0.5578

(b)

Figure 3.10: Von Mises stress of (a) the first model of the TSV + Si substrate and
(b) of the second model of the TSV + 3-D embedded capacitor + Si substrate.
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(b)

(c) (d)

Figure 3.11: Zoom-in pictures of (a) the top of the first model, (b) the bottom of the
first model, (c) the top of the second model, and (d) the bottom of the second model.

0] direction

[110] direction

Figure 3.12: The [110] and [100] directions on the top surface.
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Figure 3.13: The stress level along (a) the [110] direction in the first model, (b) the
[100] direction in the first model, (c) the [110] direction in the second model, and
(d) the [100] direction in the second model.
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Table 3.6: Von Mises stress for trenches with different radius.

Radius Max von Mises Stress
(Hm) (MPa)
5 1576.8
10 1928.6
15 2160.8
20 2215.8
25 2278.0
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3.6 Summary

In this chapter, we have described the proposed structure of the 3-D embedded
capacitor and its benefits. Two types of 3-D embedded capacitors (ALD and
sputtering) have shown their own advantages for various end-applications. Moreover,
an electrical model has been derived for a 3-D embedded capacitor to predict its
capacitance using the analytical method. The calculated result shows that a significant
capacitance density enhancement can be achieved for this new type of capacitor
compared with convention trench capacitor technologies (e.g. from 440.0 to 5621.8
nF/mm? by ~13 times). Furthermore, this analytical model has also been extended to
fit multi-MIM layer 3-D embedded capacitors. Lastly, two FEA models have been
built to estimate thermo-mechanical stress and ensure the structural integrity of the
TSV, 3-D embedded capacitor, and Si substrate. One is a TSV model without a 3-D
embedded capacitor, while the other is a TSV model with a 3-D embedded capacitor.
The FEA simulation results show that no significant difference can be observed from
these two models: the maximum von Mises stress only increases from 1567.8 to
1576.8 MPa due to the inclusion of a 3-D embedded capacitor.
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Chapter 4 Fabrication of Three-Dimensional Embedded

Capacitor

4.1 Introduction

In this chapter, we start with the layout design for 6-inch wafer fabrication, which
consists of three parts: (a) de-embedded and embedded structures for electrical
characterization, (b) alignment marks for the second mask alignment, and (c) dummy
arrays for cross-sectional sample preparation. Then the detailed process flow of the
3-D embedded capacitor is described for both the proposed structure and a modified
version compatible with our limited fabrication capability. Generally, the process
steps begin with trench formation followed by the deposition of stacked layers
(insulation layer and metal-insulator-metal layers). They then finish with a
conventional through-silicon via process. Finally, various process options are
explored and evaluated in the section about process control and optimization. The
emphasis is placed on trench formation, layer deposition, and electrode patterning.
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4.2  Photomask Design

The photomasks of 3-D embedded capacitors are designed for prototype fabrication
at Nanyang NanoFabrication Centre (N2FC). The same design is applicable to both
atomic layer deposition (ALD) and sputtering type 3-D embedded capacitors.

The photomask design is suitable for 6-inch wafer fabrication. It includes
three parts: (a) de-embedded and embedded structures, (b) alignment marks, and (c)
dummy arrays. The completed two-layer design with annotations is shown in Figure
4.1.

%e-embed:ded and%

" Dummy arrays

w=150000

Figure 4.1: The complete photomask design includes three parts: (1) de-embedded
and embedded structures, (2) alignment marks, and (3) dummy arrays.

The layout patterns of de-embedded and embedded structures are repeated
over the whole wafer for 20>20 units. Each unit includes the design of test vehicles

with various geometries as shown in Figure 4.2.
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Figure 4.2: The layout design of de-embedded and embedded structures.

Alignment marks are needed for second-time wafer-mask alignment after the
first few process steps. Twenty units of them form a column each on the left and right
side of the main layout design. Each unit contains two cross structures for alignment
and two numbers for counting. The line gap is 8 pm for the smaller cross structure

and 20 pm for the larger cross structure.

Figure 4.3: Layout design of alignment marks.

Dummy arrays, in a bar shape, reside at the four corners and the center of the
wafer layout. The rows of dummy arrays are slightly misaligned so that a single cut
will hit trenches that have a different radius. This makes cross-sectional sample

preparation much easier compared with cutting across a single trench.
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Figure 4.4: The layout design of dummy arrays.
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4.3 Process Flow

The detailed proposed process flow is illustrated in Figure 3.5, which is applicable to
both ALD and sputtering type 3-D embedded capacitors. A 6-inch p-type Si wafer
with resistivity in the range of 1-10 Q-cm is first patterned with photoresist (PR), and
a trench with a depth of 60 m is formed by deep reactive ion etching (DRIE) in steps
(a)-(c). The Oz rapid thermal process (RTP) is applied to form a 10 nm SiO2 insulation
layer on the sidewall of the trench in step (d), so that the 3-D embedded capacitor is
electrically insulated from the substrate. Then, the process starts to deviate for the
ALD type and sputtering type 3-D embedded capacitors. For both bottom and top
electrodes, the former is deposited with 50 nm TiN by ALD, and the latter is deposited
with 400 nm TiN by sputtering. In between, 10 nm Al2Os is deposited by ALD as a
high-x dielectric layer, which is illustrated in steps (e)-(g). More electrode and
dielectric layers can be added alternately to form a multi-layer MIM structure. The
following conventional TSV process steps include the plasma-enhanced chemical
vapor deposition (PECVD) of the SiO liner, the sputtering of TiN as a diffusion
barrier layer, the sputtering of a Cu seed layer, and the electroplating of the Cu TSV
core, as shown in steps (h)-(j). Then, the top surface is planarized by chemical-
mechanical polishing (CMP) and patterned by PR again in steps (k)-(I). After that, an
etching step is used to remove SiO2/TiN/Al;O3 layers sequentially to define the size
of the top electrode in step (m). Lastly, back-grinding and CMP are applied to thin

down the substrate and expose the bottom of the TSV for backside processing in step

(n).
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Figure 4.5: Proposed process flow of the 3-D embedded capacitor with the
integration of a TSV.

Due to our limited fabrication capability at N2FC, 3-D embedded capacitors
were built and characterized without a TSV. As a result, the process flow has been
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modified accordingly from the previous one with TSV integration. The actual
executed process flow is illustrated in Figure 4.6. The process flow starts to deviate
from the proposed one in step (h). After the deposition of MIM layers, the wafer is
patterned with PR again, followed by metal reactive ion etching (RIE) to define the
top electrodes. Lastly, a potassium hydroxide (KOH) solution is used to etch part of

the Al,O3 away, so that the bottom electrodes can be exposed for electrical

characterization.
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Figure 4.6: Actual process flow of the 3-D embedded capacitor without the
integration of a TSV.



4.4  Process Control and Optimization

In this section, the process steps mentioned above will be introduced with more detail,
and process tuning attempts to achieve the optimization of the test vehicle fabrication
are discussed. The section is divided into three major subsections: (1) trench
formation, (2) deposition of the stacked layers, and (3) patterning of the top and
bottom electrodes.

4.4.1 Trench Formation

Trench formation involves multiple process steps: priming, PR spin-coating, soft-
baking, exposure, developing, hard-baking, etching, and PR ashing. Firstly, the
wafers were primed with hexamethyldisilizane (HDMS) in a YES-310TA priming
oven to promote the PR adhesion on wafers. Secondly, photoresist MICROPOSIT
S1813 was uniformly spin-coated on the wafers to achieve a thickness of 1.2 pm in a
Suss RCD8 spin coater. Thirdly, the wafers were soft-baked in a hotplate at 130T
for 2 minutes to remove the moisture residue in the PR. Fourthly, the wafers were
loaded into a Karl Suss MA-6 mask aligner to be exposed under the designed Soda
Lime photomaskl for 14 seconds. Then these wafers were taken out and developed
manually in tetramethylammonium hydroxide (TMAH) solution, and the moisture on
the wafers was removed in a Verteq 1600-55M spin rinse dryer. Next, the wafers
were put into the hotplate again and hard-baked at 130 C for another 2 minutes. After
the PR patterning, the wafers were etched for a target depth of 60 m in an Oxford
PlasmaPro 100 Estrelas etch with a Bosch process recipe. Lastly, the processed

wafers were loaded into a Tepla O plasma asher for PR removal.

Among all these process steps, the key challenges of trench formation are
mostly associated with DRIE. The Bosch process, also known as time multiplexed
deep etching (TMDE), is one of the most effective etching approaches to realize
highly anisotropic Si etching. Firstly invented by Laermer and Schilp of Robert Bosch
GmbH in 1996 [1], the main feature of the Bosch process is its cyclic nature, where
repetitive etching and passivation steps take place until a target etching depth is
reached [2]. In the following paragraphs, the Bosch process/TMDE will be discussed
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from several important perspectives: (1) reaction mechanism, (2) sidewall scallop, (3)
aspect ratio dependent etching (ARDE), and (4) selectivity.

Many modified versions of TMDE have been proposed to realize etching and
passivation steps in a number of different ways for various applications based on the
same cyclic mechanism [3]-[7]. One of the well-adopted modifications is to replace
the originally proposed passivation gases CHFz and Ar with C4Fs gas, which provides
better passivation performance [2]. A schematic of the Bosch process is illustrated in
Figure 4.7(a) and (b), where C4Fs is used as the passivation gas for isotropic sidewall
protection and SFe is used as the etching gas for anisotropic downward etching [8].

The simplified chemical reactions involved in the Bosch process are explained below:

(etching cycle)

SFe+e — SFs" +SFs +F + ¢ (4.1)
Si(y) + 4F (g — SiFs() (4.2)
(passivation cycle)
CsFg+e — CsFg+ CFo+ € 4.3)
NCF2 — (CF2)n (4.4)

where SFs” and F~ are free radicals in plasma [9]-[11].

In this study, SFe and CsFg are chosen as the etching and passivation gases,

respectively, for the Bosch process.
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Figure 4.7: The Bosch process: (a) sidewall passivation using CsFs gas, (b) silicon
isotropic etching using SFs gas, (c) scanning electron microscope (SEM) image of
the deep trench etched by DRIE, and (d) magnified SEM image of the sidewall with
nanoscallops of the silicon microstructure [8].

However, regardless of the choice of etching and passivation gases, the cyclic
nature of the Bosch process inevitably introduces scallops along the sidewall surface
of the trench as shown in Figure 4.7(d). Generally, a smooth sidewall is preferred for
a trench after DRIE, because sidewall scallops may cause quality degradation of thin
films deposited afterwards. For example, for the 3-D embedded capacitor, the sharp
peaks may lead to an enhanced electrical field in the thin dielectric layer. As a result,
a higher leakage current density and lower dielectric strength can be expected. More
on its impact will be discussed in Chapter 6. Many approaches have been made to
minimize the peak-to-valley distance and therefore smoothen the sidewall surface
[8]-[16]. These approaches include adding another round of global isotropic etching,
reducing the time durations of both etching and passivation, increasing the power to

the pressure ratio, and others.
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The first two methods, due to their simplicity, have been carried out to lower
the peak-to-valley distance on the trench sidewalls. For global isotropic etching, the
warfers were loaded to a RIE etcher for SFs isotropic etching after the standard Bosch
process. The effects of scallop reduction with different etching times are presented in
Figure 1.3(a), (b), and (c). Figure 1.3(a) shows the as-etched scallops with a peak-to-
valley distance of about 351 nm. After 2 minutes of SFe global isotropic etching, the
peak-to-valley distance decreases to about 99 nm in Figure 1.3(b). Furthermore, when
the etching time increases to 4 minutes, the scallops can be barely observed in Figure
1.3(c). As a result, this method of global isotropic etching is proven to be highly
effective in removing the scallops on sidewall.

Nevertheless, Figure 1.3(d) shows a critical drawback which cannot be
ignored. A large undercut of around 3.8 pm is observed below the PR. It makes the
pattern size become out of control and the profile of the trench no longer straight.
Thus, the first method of global isotropic is not considered in real fabrication despite
its effectiveness in removing scallops. For the second method, both the time durations
of etching and passivation were reduced in the recipe of the Bosch process to reduce
the peak-to-valley distance of scallops. For comparison, the time duration of each
step was reduced from a few seconds (the standard Bosch process) to hundreds of
microseconds. Because of the fast switching operations, the passivation gas cannot
be pumped out completely before the start of etching cycle: leading to passivation
gas residue in the etching cycle. The same thing happens to the etching gas in the
passivation cycle. Therefore, etching and passivation reactions take place
simultaneously with the existence of both gases in the etcher chamber. The term
“pseudo-Bosch process” is used to describe this modified version of the Bosch
process with the coexistence of both gases [17], [18]. The SEM images of the etched
trenches by the standard Bosch process and by the fast switching pseudo-Bosch
process are shown in Figure 4.9(a) and (b), respectively. In fact, this method is so
effective that the scallops can be barely recognized on the trench sidewall with our
modified recipe. At the same time, no undercut below the PR is observed this time,
which means the original pattern is transferred from the photomask well. Therefore,
two DRIE recipes have been developed for the test vehicle fabrication using the time

duration reduction method. One is the standard Bosch process to generate a peak-to-
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valley distance of 290 nm; whereas, the other is a fast switching pseudo-Bosch
process to generate a peak-to-valley distance of only 30 nm. The target depth of both
recipes is 60 m. These two recipes were adopted as main DRIE processes for the
fabrication of test vehicles in this study. It is also worth pointing out that some vertical
striations are seen along the depth of trenches in both images. These vertical striations
are probably caused by the wrinkling of photoresists on top. This problem is likely to

be solved when better photomasks and lithography steps are adopted.

(b) (©) (d)

Figure 4.8: The effects of SFe global isotropic etching after the Bosch process: (a)
as-etched, (b) 2 mins of isotropic etching, (c) 4 mins of isotropic etching, and (d) a
large undercut below the PR due to a long duration of global isotropic etching.

Figure 4.9: The effects of time duration reduction of both etching and passivation
in the recipe of the Bosch process: (a) as-etched and (b) the time duration of each
step reduced from a few seconds to hundreds of microseconds.
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Aspect ratio dependent etching (ARDE), also known as RIE lag, happens
when trenches with different pattern sizes are etched simultaneously. Trenches with
smaller diameters tend to be etched slower, whereas trenches with larger diameters
tend to be etched faster [2]. In addition, the etch rate reduces as the depth increases,
and it may even fall to zero at the “critical aspect ratio” [19]-[21]. A conceptual
depiction of etch rate as a function of the aspect ratio is shown in Figure 4.10 [21]. In
this work, the trench radius was set to vary from 5, 10, 15, 20 to 25 jum, and the target
depth was set to be 60 um based on the actual size of TSVs. Figure 4.11(a) shows
five trenches with increasing radius from left to right etched by the standard Bosch
process, while Figure 4.11(b) shows five trenches with increasing radius from left to
right etched by the fast switching pseudo-Bosch process. Their respective measured
geometries results are summarized in Table 4.1. For trenches with rough sidewalls,
the depth increases from 38.9 to 54.4 pm, as the measured diameter increases from
9.6 t0 49.5 pm. For trenches with smooth sidewalls, the depth increases from 43.1 to
58.1 um as the measured diameter increases from 9.3 to 49.5 pm. It can be calculated
that the ARDE lag is 28.5% for the former ones, and it is 25.8% for the latter ones.
In this case, the results are sufficient to serve the purpose of representing the actual
size of TSV geometries. In fact, one could further mitigate the effect of ARDE by
tuning the etching step, because depletion of the fluorine content at the bottom of the
trench is the dominant reason for ARDE [22]. It has been reported that negligible
ARDE lag (only 2% to 3% variation) can be achieved across a width range of 2.5 to
100 pm at a 2 pm/min etch rate [23]. In addition, some vertical striations mentioned
above can be easily recognized in all of these trenches, and it seems that they are
more obvious in trenches etched by the fast switching pseudo-Bosch process. Further

investigation is required to find out the reason for the difference.

apparent etch rate £
/.,
IS

Figure 4.10: A conceptual depiction of the etch rate as a function of the aspect ratio
[21].
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Figure 4.11: The trenches etched by two different DRIE recipes: (a) the Bosch
process and (b) the fast switching pseudo-Bosch process.

Table 4.1: Measurement results of trench geometries for test vehicle fabrications.

Standard Bosch Fast Switching Pseudo-Bosch
(Rough Sidewall) (Smooth Sidewall)

Diameter [pm] Depth [m] Diameter [pum] Depth [jm]

1 9.6 38.9 9.3 43.1
2 19.7 46.0 19.5 51.3
3 29.7 50.4 29.6 54.5
4 39.6 52.1 40.1 57.1
5 49.5 54.4 49.5 58.1
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Selectivity is another important aspect of the DRIE process, which is referred
to as the etch rate ratio of Si and its mask material. Mask protection is very critical
for the structural integrity of trenches: the mask can be possibly depleted even before
a certain target depth is reached if the selectivity is not high enough. As mentioned
above, 1.2 pm thick PR can withstand 43.1 pm deep etching for trenches with
diameters as small as 9.3 pm. However, this mask protection becomes insufficient
for more demanding etching processes. Thus, two other mask preparation methods
have been developed for future requirements: (1) TSVs for high density application
(trench diameter = 3 pm, trench depth = 30 pm) and (2) TSVs for Si interposer
application (trench diameter = 10 pm, trench depth = 100 pm). For the first
application, a thicker PR (1.9 m) was deposited and a longer hard-baking time (4
minutes) was set to enhance the selectivity between Si and PR. As a result, trenches
with a diameter of 3.1 pm and depth of 28.2 pm have been successfully etched as
shown in the SEM picture in Figure 4.12. For the second application, a 200 nm SiO>
layer hard mask was adopted instead of PR to achieve a higher selectivity as shown
in Figure 4.13. The etched trenches with various openings are shown in Figure 4.13:
the trench with a diameter as small as 11.5 pm reaches 92.7 pm deep, whereas the
trench with a diameter as large as 51.1 pm reaches 143.2 m deep. The measurement
results are summarized in Table 4.2. Therefore, the requirements for both high density
and Si interposer applications have been met with better mask selectivity, which are

realized by either PR enhancement or hard mask replacement.

Figure 4.12: A SEM picture of small trenches after DRIE enabled by enhanced PR
mask protection.
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Figure 4.13: The PR is replaced by SiO> as a hard mask for higher selectivity.

Figure 4.14: A SEM picture of deep trenches after DRIE enabled by SiO hard mask
protection.

Table 4.2: Measurement results of trench geometries for Si interposer application.

Diameter [jum] Depth [pm]

1 115 92.7
2 21.8 114.4
3 30.2 128.1
4 41.0 136.8
5 51.4 143.2
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4.4.2 Deposition of Stacked Layers

The stacked layers include a thin SiO> layer for insulation and TiN/AIl2Os/TiN layers
as an MIM capacitor. After the trench formation, the wafers are loaded into an AS-
One rapid thermal processing (RTP) furnace. The RTO process is chosen mainly
because of its fast processing time. The RTO recipe is applied to form a 10 nm thick
SiO; layer in a Oz environment at 1000 <C across the top surface of wafers. For actual
manufacturing with other devices on wafers, this step can be replaced by a CVD
process to keep the process temperature below the back-end-of-line (BEOL) thermal
budget of 400<C.

With the SiO2 insulation layer, two process methods were developed to
deposit TiN/Al,O3/TiN layers for two types of 3-D embedded capacitors. Both TiN
and Al2O3 have been successfully deposited with various ALD and sputtering
methods [22], [23], [32]-[36], [24]-[31]. The recipes used in this study are
summarized in Table 4.3. For the ALD type, all three layers of TiN/Al2Os/TiN were
deposited by ALD. The wafers were loaded to a Picosun plasma enhanced atomic
layer deposition (PEALD) reactor to deposit a 50 nm thick TiN bottom electrode, in
which TiCls and NH3 were used as precursors. Then the wafers were removed and
put into another ALD reactor to deposit a 10 nm thick Al.Oz dielectric layer
conformally with trimethylaluminum (TMA) and H2O as precursors. Lastly, the same
ALD process was repeated to deposit a 50 nm thick TiN top electrode in the PEALD
reactor. For the sputtering type of 3-D embedded capacitor, both top and bottom TiN
electrodes were deposited by reactive direct current (DC) sputtering, but the Al2O3
dielectric layer in-between was deposited by ALD. The wafers were firstly loaded
into an Evatec Clusterline CLC200 sputterer for 400 nm TiN bottom electrode
deposition, in which Ti was used as the target material and Ar/N2 gas flowed through
with aratio of 5/2. Then the wafers were taken out and put into a Picosun ALD reactor
to deposit a 30 nm thick Al.O3 dielectric layer conformally with TMA and H20 as
precursors. Lastly, the same sputtering process was repeated to deposit a 400 nm thick
TiN top electrode. The dielectric layer of the sputtering type was set thicker than that
of the ALD type (i.e., 10 nm vs. 30 nm), because the surface of the sputtered
electrodes may be rough, leading to quality degradation of the dielectric thin film.

For both methods, the temperature was kept below the BEOL thermal budget of
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400<C. Sputtering was operated at room temperature for TiN, whereas ALD was
operated at 300 <C for both TiN and Al>Oa.

Table 4.3: The deposition methods of TiN and Al.O; layers.

Sputtering TiN

Target Pressure Ar/N; ratio Temperature Power
Ti 1107 mbar 5/2 25 <C 7800 W
ALD TiN
Precursor 1 Precursor 2 Temperature
TiCl4 NH3 300 €
ALD Al;0s
Precursor 1 Precursor 2 Temperature
TMA H20 300 T

As a result, four different types of test vehicles have been fabricated
combining two options for DRIE (the Bosch process vs. the fast switching pseudo-
Bosch process) with two options for stacked layer deposition (ALD vs. sputtering).
In summary, these four types of test vehicles are named as (1) rough-ALD, (2)
smooth-ALD, (3) rough-sputtering, and (4) smooth-sputtering. For simplicity, “rough”
and “smooth” refer to the Bosch process and fast switching pseudo-Bosch process,
respectively. After the deposition of the MIM layer, all four types of test vehicles
were cleaved and examined under SEM and transmission electron microscope (TEM)

to investigate their structural integrity and layer compositions.

The SEM pictures of the first two types of test vehicles, rough-ALD and
smooth-ALD, are shown in Figure 4.15(a) and (b), respectively. Despite the sidewall
scallops caused by the Bosch process, the stacked layers continuously cover the top,
middle, and bottom parts of the rough surface just as they do on the smooth sidewall.

Two TEM pictures with much higher resolution provide more detail as shown in
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Figure 4.16(a) and (b). A sharp peak can be observed in Figure 4.16(a) for the rough-
ALD type test vehicle, but no significant thinning of any layer is seen in the picture.
Thus, excellent step coverage is demonstrated with the developed ALD recipes for
TiN and Al2Os. Furthermore, columnar poly-crystalline TiN grains can be observed
for both top and bottom electrodes, and the Al.Os dielectric layer remains amorphous
in Figure 4.16(a) and (b). Good crystallinity in a TiN layer is essential for good
electrical conductivity, whereas the amorphous phase of Al>Os is essential for good
electrical insulation [37]-[39]. The measurement results show that the MIM layers of
the rough-ALD test vehicle are 48.6 nm TiN layer as the top electrode, 9.7 nm Al>O3
layer as the dielectric layer, and 57.4 nm TiN layer as the bottom electrode. In contrast,
the MIM layers of the smooth-ALD test vehicle are 51.4 nm TiN layer as the top
electrode, 11.0 nm Al2O3 layer as the dielectric layer, and 53.2 nm TiN layer as the
bottom electrode. The top electrodes from both rough-ALD and smooth-ALD types
are slightly thinner than their corresponding bottom electrodes (48.6 nm vs. 57.4 nm
and 51.4 nm vs. 53.2 nm) even though the same ALD recipe was applied. This result
may be due to some oxidation of TiN occurring for the top electrodes, which are

exposed to the air.

An energy-dispersive X-ray spectroscopy (EDX) line scan was performed
across the cross-sectional surface of the rough-ALD test vehicle to characterize the
elemental composition of the stacked layers. Figure 4.17(a) shows the location where
the EDX line scan was undertaken, and Figure 4.17(b) shows the atomic percentage
of each element with respect to the distance along the scanning direction. The result
in Figure 4.17(b) confirms good stoichiometry of the TiN and Al2Os layers deposited
by ALD. At distances of 40 to 90 nm and 100 to 150 nm, Ti and N are predominant,
where the atomic percentage of Ti is slightly higher than that of N for both top and
bottom TiN electrodes. At a distance of 90 to 100 nm, Al and O are predominant,
where the atomic percentage of O is slightly higher than that of Al for the Al>O3
dielectric layer. Besides, at the distances ~50 and ~150 nm, another two peaks of O
are shown in the plot. The left peak suggests that some oxidation of the TiN top
electrode layer might happen after exposure to air, and the right one corresponds to

O in the SiO2 insulation layer.
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Figure 4.15: SEM pictures of the two types of test vehicles: (a) rough-ALD and (b)
smooth-ALD.

Figure 4.16: TEM pictures of the two types of test vehicles: (a) rough-ALD and (b)
smooth-ALD.
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Figure 4.17: (a) The location where the EDX line scan was undertaken on a rough-
ALD test vehicle and (b) the atomic percentage of each element with respect to the
distance along the scanning direction.

The SEM pictures of the first two types of test vehicles, rough-sputtering and
smooth-sputtering, are shown in Figure 4.18(a) and (b), respectively. Unlike the
conformal layer depositions by ALD on both rough and smooth sidewalls, sputtered
TiN layers suffer much from poor step coverage. The thickness of the sputtered TiN
reduces significantly from 400 nm on the planar surface to only 200 nm even on the
top part of the sidewall for both sputtering types of test vehicles. The sidewall
roughness causes drastic thinning of sputtered TiN layers deposited on the lower part
of the scallop peaks. But on the smooth sidewall, the sputtered TiN layer is
continuous, and its thickness decreases along the depth gradually. The step coverage
of the sputtered TiN is also affected by the size of the trench openings. Figure 4.19(a)
and (b) show the step coverage difference of the sputtered TiN layers on smooth
sidewalls between a trench with a diameter of 10 m and another with a diameter of
40 pm. The insets of the pictures were both taken from the parts which are 30 pm
below the top surface. For the trench with a diameter of 10 pm, the TiN layer can be
hardly noticed: leaving only a 32 nm thick Al>O3 dielectric layer on the sidewall. In
contrast, for the trench with a diameter of 40 um, both top and bottom electrodes TiN
layers remain on the sidewall and are measured to be around 46 pum under SEM. This
indicates the surface area reduction, and therefore the capacitance reduction, of the
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capacitor induced by the limited step coverage of sputtering as an electrode
deposition method, which has to be carefully considered for the future design of

sputtering type 3-D embedded capacitors.

Two TEM pictures with much higher resolution provide more detail as shown
in Figure 4.20(a) and (b). The drastic thinning of the sputtered TiN layer on the
scallop peak is clearly shown in Figure 4.20(a), but it still physically forms a
continuous layer over that peak. For comparison, the sputtered TiN layers in Figure
4.20(b) are uniformly distributed on the smooth sidewall. It should also be pointed
out that the columnar crystallites of the sputtered TiN layers are smaller in diameter
and slightly disorientated compared to the columnar crystallites of the ALD TiN
layers. This result occurred because of different growth nucleation mechanisms:
columnar growth from "point-nucleus” in sputtering and columnar growth from "2-
dimensional nucleation” in ALD, respectively, as shown in Figure 4.21 [36]. The
measurements performed on the top part of the sidewall show that the MIM layers of
the rough-sputtering test vehicle are 206.7 nm TiN layer as the top electrode, 32.3 nm
Al>O3 layer as the dielectric layer, and 210.2 nm TiN layer as the bottom electrode;
whereas the MIM layers of the smooth-sputtering test vehicle are 151.9 nm TiN layer
as the top electrode, 32.7 nm Al>Os layer as the dielectric layer, and 204.1 nm TiN
layer as the bottom electrode. Then another EDX line scan was performed across the
cross-sectional surface of the rough-sputtering test vehicle to characterize the
elemental composition of the stacked layers. Figure 4.22(a) shows the location where
the EDX line scan was undertaken, and Figure 4.22(b) shows the atomic percentage
of each element with respect to the distance along the scanning direction. The results
confirm the good stoichiometry of those stacked layers deposited by
sputtering/ALD/sputtering processes sequentially (similar to the analysis mentioned
above for Figure 4.17).
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Figure 4.18: SEM pictures of the two types of test vehicles: (a) rough-sputtering
and (b) smooth-sputtering.

(b)

Figure 4.19: Step coverage of sputtered TiN electrodes on the smooth sidewalls in
(a) a trench with diameter of 10 pum and (b) a trench with diameter of 40 pm. Both
insets of pictures were taken from parts that are 30 jm below the top surface.
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210.2 nm

(b)

Figure 4.20: TEM pictures of the two types of test vehicles: (a) rough-sputtering
and (b) smooth-sputtering.

columnar growth columnar growth
from "point-nucleus” from "2-dimensional
nucleation"
Sputtering ALE

evaporation
Figure 4.21: Comparison of the basic nucleation mechanisms for sputtered or

evaporated and atomic layer epitaxy (ALE) thin films (ALE is another name for
ALD) [36].
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Figure 4.22: (a) The location where the EDX line scan was undertaken on a rough-
sputtering test vehicle and (b) the atomic percentage of each element with respect to
the distance along the scanning direction.

4.4.3 Patterning of the Top and Bottom Electrodes
After trench formation and stacked layer deposition, the test vehicles on the wafers

need to be patterned for their top and bottom electrodes.

For the patterning process of the top electrodes, another round of lithography
was performed, and the second piece of photomask was used and aligned to the
alignment marks designed in Figure 4.3. With the patterned PR, the wafers were sent
to a Cello Nasca-20L etcher for metal RIE. The uncovered part of the top layer was
removed with either the 50 nm TiN etching recipe for ALD type test vehicles or the
400 nm TiN etching recipe for sputtering type test vehicles.

For the patterning process of the bottom electrodes, the patterns can be chosen
to be any place where there is no test vehicle structure. Two wet etching methods
have been developed for Al,Oz for different purposes. The first method is the fast wet
etching of Al.O3 by a KOH solution. It took about 2 minutes to remove the 10 nm
Al203 layer and 6 minutes to remove the 30 nm Al2O3 layer. The finished samples
are shown in Figure 4.23(a) and (b) for ALD type and sputtering type test vehicles,
respectively. The red dashed line squares indicate the places where the Al,O3 was

etched away. The second method is a well-controlled process to gradually remove the
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Al;O3 layer. A tetramethylammonium hydroxide (TMAH) based developer, ma-D
533, was used to etch the Al>Os layer at a much slower rate. It took 1 minute to
remove the 1.4 nm Al2O3 layer and 10 minutes to remove the 15.2 nm Al,Os layer.
In this way, the electrical properties of partial dielectric layers could be studied in the
future to obtain better physical insight into the ALD Al203 thin film.

(b)

Figure 4.23: A KOH solution was used for wet etching to remove (a) the 10 nm
Al>O3 layer and (b) the 30 nm Al.Os layer.
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4.5 Summary

In this chapter, the photomask design has been firstly presented for prototype
fabrication. Each unit cell contains test vehicles with five different geometries.
Secondly, the two versions of the process flow have been illustrated. The second
version, which does not include Cu filling, is used for the fabrication of the samples
in this study. Next, process control and optimization have been made to ensure that
the test vehicles can be fabricated as designed earlier. Therefore, two DRIE recipes
are developed to etch deep trenches in the Si substrate with rough and smooth scallops,
respectively. Also, two different electrode deposition methods, ALD and sputtering,
are explored to intentionally form MIM layers with excellent and poor step coverage,
respectively. In addition, a metal RIE recipe has been developed to pattern the top
electrodes, whereas a wet etching recipe has been developed to expose the contact
windows for the bottom electrodes. In total, six different types of test vehicles have
been successfully fabrication for characterization: (1) the de-embedded ALD type, (2)
the embedded rough-ALD type, (3) the embedded smooth-ALD type, (4) the de-
embedded sputtering type, (5) the embedded rough-sputtering type, and (6) the
embedded smooth-sputtering type.
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Chapter 5 Electrical Characterization of Three-Dimensional
Embedded Capacitor

5.1 Introduction

In this chapter, we discuss the electrical performance of 3-D embedded capacitors
based on the results of their capacitance-voltage (C-V) and current-voltage (I-V)
characterizations. Firstly, the characterization setup is described for both
measurement equipment and test vehicles. Then, one set of C-V characterizations is
performed on the test vehicles to extract their capacitance. The results of all six types
of test vehicles are compared with the theoretical results calculated based on the
electrical model built in Chapter 2. The voltage coefficients of capacitance are also
extracted with the other set of C-V characterizations. Finally, I-V characterizations
are performed on all the test vehicles to evaluate their leakage current and breakdown
voltage. After that, the data are normalized to current density-electrical field strength
results and different types of leakage current conduction mechanisms are identified

for these test vehicles.
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5.2  Characterization Setup

The correct characterization setup is essential for the successful electrical
characterizations of 3-D embedded capacitors. After the fabrication, the samples were
loaded into a Cascade Microtech 200 mm shielded probe system, and a Keithley
4200-SCS parameter analyzer was used for C-V and I-V measurements. Figure 5.1(a)
shows the probe system on a vibration isolation table, and Figure 5.1(b) and (c) show

the front side and back side of the parameter analyzer, respectively.

Figure 5.1: Equipment used for electrical characterizations: (a) the Cascade
Microtech 200 mm shielded probe system on a vibration isolation table and the
Keithley 4200-SCS parameter analyzer from (b) the front and (c) the back.

The top views of the de-embedded structure and the embedded structure of
the test vehicles are shown in Figure 5.2(a) and (b), respectively. In the figure, the
acronym “TE” refers to the top electrode while “BE” refers to the bottom electrode.
The irregular shape of the bottom electrode is due to the wet etching of the Al2Os
layer at a random location to open a contact window for the bottom electrode. Since
all test vehicles on a piece of sample share the same blanket bottom electrode, the
capacitance of each test vehicle is determined by the size of its patterned top electrode.

The design of the de-embedded structure and embedded structure has been described
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in Chapter 2. Only one planar metal-insulation-metal (MIM) capacitor is included in
a de-embedded structure as a benchmark for comparison; while an extra 3>3 array (9
units) of 3-D embedded capacitors are included in an embedded structure in addition
to a planar MIM capacitor. Both de-embedded and embedded structures have the
same planar area, so that the net contribution of capacitance from nine units of 3-D
embedded capacitors can be extracted based on the capacitance difference between a
de-embedded structure and its corresponding embedded structure. The placements of
two probes are shown in Figure 5.2(c): one probe tip was connected to a top electrode
and the other probe tip was connected to a bottom electrode. The same configuration
was applied to both C-V and I-V measurements. Figure 5.2(d) shows the actual probe
tips in contact with top and bottom electrode of an embedded structure test vehicle
under a microscope. The picture shows that the planar area of both de-embedded and
embedded structures varies from 200x%100, 400>00, 600>300, 800>400, to
10005600 pm? to accommodate trenches with a radius ranging from 5, 10, 15, 20 to

25 pm.

De-embedded Structure Embedded Structure
(@) (b)

TE
L BE

(© (d)
Figure 5.2: (a) Top view of a de-embedded structure, (b) top view of an embedded

structure, (c) cross-sectional view of the characterization configuration, and (d)
microscopic picture of the probe tips in contact with the top and bottom electrodes.
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5.3  Electrical Capacitance-Voltage Characterization

In this study, different C-V characterizations were performed on the test vehicles
using Keithley 4200SCS. Firstly, all the test vehicles were characterized at 100 kHz
without voltage bias. From that, the capacitance of the de-embedded and embedded
structures was extracted from all four types of test vehicles. Then, the measurement
results were compared with the simulation results, which are based on the analytical
model built in Chapter 3. Next, the capacitance density was calculated as the ratio of
the capacitance and its corresponding effective planar surface area. Finally, a few
more other C-V characterizations with bias of -5 V to +5 V were performed at 100
kHz on the ALD type test vehicles to investigate the effect of surface roughness on

the electrical performance of ALD 3-D embedded capacitors.

Firstly, the measurement results of capacitance are grouped under two major
categories (the ALD type and the sputtering type), which are tabulated in Table 5.1.
The ALD type test vehicles comprise MIM layers of 50 nm TiN/10 nm Al,05/50 nm
TiN, whereas the sputtering type test vehicles comprise MIM layers of 400 nm TiN/30
nm Al,05/400 nm TiN. In each type, one set of results is shown for the de-embedded
structure, and two sets of results are shown for the embedded structures. This is
because both rough-ALD and smooth-ALD test vehicles have the same de-embedded
structures, but their structures are different due to different trenches etched with two
DRIE recipes. This happened to the sputtering type test vehicles as well. According
to the design, the capacitance of planar capacitors in the de-embedded test vehicles
increases by a factor of 1x 4% 9x 16> 25xfor both ALD and sputtering type test
vehicles, as the size of the top electrodes increases from 100 pm >200 pm, 200 pm
%< 400 pm, 300 pm > 600 pm, and 400 pm > 800 pm to 500 pm = 1000 pm,
respectively. The results of the C-V measurements agree quite well with the design:
the capacitance increases from 160.7 to 3800.3 pF gradually by a factor of 1.0 4.0
8.8% 15.4x 23.6xfor the ALD de-embedded structures. The capacitance increases
from 43.9 to 1085.0 pF gradually by a factor of 1.0 4.0 8.9% 15.8% 24.7xfor the

sputtering de-embedded structures.

However, the results show that the capacitance deviates more from the ideal

value when the size of the top electrode increases. Two possible explanations are
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proposed: (1) the deviation may be due to the fringing effect of capacitance, which is
stronger for the ones with a smaller surface area and weaker for the ones with a larger
surface area; or (2) it may be caused by the increasing parasitic resistance of the ones
with a larger surface area, combined with the equivalent series circuit model used in
the parameter analyzer. Each capacitance of the embedded test vehicles is higher than
that of their de-embedded counterparts due to extra contribution from the trench
structures, as expected. It is also found that the capacitance ratio between an ALD
de-embedded structure is about 3.6 times higher than its sputtering counterpart with
the same surface area, which generally agrees with the design of a three times thinner
dielectric layer for ALD test vehicles. The deviation of 3.6 from 3 could be due to the
minor dielectric constant variation from batch to batch and the small thickness
variation for the actual dielectric layers deviating from 10 nm and 30 nm, respectively.
For ALD de-embedded structure test vehicles, the capacitance of rough-ALD ones
tends to be higher than that of smooth-ALD ones, even though the trenches etched by
the Bosch process are slightly shallower. This is because the rough sidewall increases
the total surface area for rough-ALD ones. In contrast, for sputtering de-embedded
structure test vehicles, the capacitance of rough-sputtering ones is lower than that of
smooth-sputtering ones due to the less conformal coverage of TiN electrodes caused

by sputtering on rough sidewalls.
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Table 5.1: Measured capacitance from all test vehicles at 100 KHz without voltage bias.

Capacitance (pF)

Sputtering

(50 nm TiN/10 nm Al,0;/50 nm TiN)

(400 nm TiN/30 nm Al,05/400 nm TiN)

De-embedded structure

Embedded structure

De-embedded structure

Embedded structure

Planar

160.7

638.7

1415.7

2472.1

3800.3

Rough
267.6
866.0
1782.5
2954.8

4412.8

Smooth Planar
259.4 43.9
860.0 174.2
1732.6 390.7
2929.6 694.2
4425.5 1085.0

Rough
47.5
187.9
416.8
731.2

1178.5

Smooth

52.1

209.4

460.8

803.4

1223.7
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Next, the capacitance difference of various de-embedded and embedded test
vehicles is calculated and compared with the simulation results, as shown in Figure
5.3. The simulation was carried out based on the first-order model constructed in
Chapter 3, the physical properties of MIM layers, and the trench geometries measured
in Chapter 4. For simplicity, perfect conformal coverage is assumed for all layers of
the test vehicles. The equation involved is provided below:

21 X €9 X Epigni X H

In ( Rtrench — Tins — Telz ) (5-1)
Rtrench - Tins - Telz - Thigh—}c

Capacitance =

For both rough-ALD and smooth-ALD test vehicles, the measurement results are
generally in agreement with the simulation results, because ALD provides conformal
layer coverage on the trenches. In Figure 5.3(a) and (b), the simulation results deviate
from the measurement results by -21.3%, -10.3%, -8.2%, 3.8%, and -1.0% for rough-
ALD ones, as the trench diameter increases from 10, 20, 30, 40 to 50 pm. In contrast,
the deviation is -8.6%, 1.8%, 14.6%, 12.7%, and 3.6% for smooth-ALD ones. It can
be seen from the comparison that the measurement results of rough-ALD test vehicles
are higher than their corresponding simulation results, which is probably due to the
fact that the roughness of the sidewalls increases the effective surface area along the
sidewalls for rough-ALD ones: thus, leading to higher measured capacitance. In
contrast, for both rough-sputtering and smooth-sputtering test vehicles, the
simulation results of sputtering samples are significantly higher than their
corresponding measurement results by up to 4.5 because of the poor step coverage
of the sputtered electrodes. In Figure 5.3(c) and (d), the simulation results deviate
from the measurement results by 450.0%, 251.1%, 204.2%, 195.9%, and 52.8% for
rough-sputtering ones, as the trench diameter increases from 10, 20, 30, 40 to 50 pm;
whereas the deviation is 159.8%, 50.9%, 22.1%, 11.3%, and 10.0% for smooth-
sputtering ones. It is evident that the rough surface makes the sidewall coverage of
sputtered electrodes even worse, especially for high aspect ratio trenches.

Nevertheless, the deviation drops to less than 22.1% for smooth-sputtering test
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vehicles when the trench diameter increases to greater than 30 pm. This result
suggests that the sputtered electrodes go much deeper into the trenches as their aspect
ratio decreases to lower than 2:1. In conclusion, the analytical simulation model can
be used to predict the capacitance for all ALD type 3-D embedded capacitors, but it
is only applicable for sputtering type 3-D embedded capacitors implemented in

trenches with smooth sidewalls (30 nm peak-to-valley distance) and a low aspect ratio
(2:1).
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Figure 5.3: Comparison of capacitance between the simulation results and the
measurement results for all test vehicles: (a) rough-ALD, (b) smooth-ALD, (c)
rough-sputtering, and (d) smooth-sputtering.

Next, the effective capacitance density of the 3-D embedded capacitors was

calculated by finding the ratio of capacitance and the effective planar surface area.
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The measurement results of the former capacitor have been reported above, and the
measurements of the latter 3-D embedded capacitor was calculated according to the
illustration shown in Figure 3.7. The ALD type stacked layers of 10 nm SiO2/50 nm
TiN/10 nm Al,05/50 nm TiN are much thinner than the sputtering type stacked layers
of 10 nm SiO2/400 nm TiN/30 nm Al,05/400 nm TiN. The calculated results of
capacitance density are shown in Table 5.2. For the ALD type test vehicles, the
capacitance density varies from 3327.6 to 3856.4 nF/mm?. For the sputtering type test
vehicles, the capacitance density varies from 30.6 to 227.6 nF/mm?. Compared with
other state-of-the-art trench capacitor technologies of less than 1000 nF/mm?, this
work provides an extremely high capacitance density of up to 3856.4 nF/mm? [1]-
[5]. It has also been demonstrated by simulation in Chapter 3 that the capacitance
density of a 3-D embedded capacitor can be up to ~13>higher than a MIMIM trench
capacitor when the same physical design parameters are applied. Thus, it can be
concluded that the capacitance density is greatly enhanced when MIM layers are
embedded in TSV trenches to form 3-D embedded capacitors. Besides, ALD is
proven as an excellent choice of the electrode deposition method for high
performance 3-D embedded capacitors due to its superb step coverage, whereas
sputtering can be considered a potential candidate for low cost, moderate

performance applications due to its ease of integration (as described in Chapter 3).

ALD type Sputtering type

(@) (b)

Figure 5.4: Effective planar surface area of (a) ALD type test vehicles with stacked
layers of 10 nm SiO2/50 nm TiN/10 nm Al,O+/50 nm TiN and (b) sputtering type

test vehicles with stacked layers of 10 nm SiO2/400 nm TiN/30 nm Al,05/400 nm
TiN.
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Table 5.2: Calculated capacitance density for all test vehicles.

ALD

Sputtering

(10 nm Si02/50 nm TiN/ 10 nm Al,O5/ 50 nm TiN)

(10 nm Si0,/400 nm TiN/ 30 nm Al,0;/ 400 nm TiN)

Capacitance

Capacitance Density

Capacitance Capacitance density

Difference Difference
(pF) Surface area (nF/mm?) (pF) Surface area (nF/mm?)
(mm?) (mm?)
Rough Smooth Rough Smooth Rough Smooth Rough Smooth
106.9 98.7 3.24x10° 3327.6 3072.4 3.6 8.2 1.18x10* 30.6 69.7
227.3 221.3 6.48x10° 3517.3 3424.4 13.7 35.2 2.40%104 57.0 146.4
366.8 316.9 9.72x10° 3776.6 3262.9 26.1 70.1 3.64x10* 71.8 192.9
482.7 457.5 1.30x<10* 3723.9 3529.5 37.0 109.2 4.86x10* 76.1 224.5
612.5 625.2 1.62x10* 3778.0 3856.4 93.5 138.7 6.09%104 153.5 227.6
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Lastly, a few sets of C-V characterizations with bias from -5 V to +5 V were
performed at 100 kHz on the ALD type test vehicles at five different spots across the
wafers. The aim was to study the effects of sidewall roughness on the electrical
performance of ALD type test vehicles despite its excellent step coverage. The
measurement results of those test vehicles were then fit by the following second order

polynomial equations to extract their voltage coefficients of capacitance (VCCs):

CV) =Cy(aV? + BV + 1) (5.2)

where C, is the capacitance at zero bias, a is the quadratic VCC, and B is the linear
VCC [6]-[12]. The results are tabulated in Table 5.3. Mostly, the quadratic and linear
VCCs of embedded smooth-ALD test vehicles are similar to those of de-embedded
ALD planar test vehicles, whereas those of embedded rough-ALD test vehicles are
distant from the general trend for some samples. For example, in the smallest test
vehicles (trench diameters = 10 jam), the average value of both quadratic and linear
VCCs are calculated to be 1.60 ppm/V? and 4.93 ppm/V, respectively. The extracted
VCCs of de-embedded and embedded smooth-ALD test vehicles are consistent with
the average values, with a deviation less than 12.2%. But for embedded rough-ALD
test vehicles, the deviation of quadratic VCC goes up to 27.8%, and the deviation of
linear VCC even rises up to 35.8%. The value of quadratic VCC is correlated with
polarization condition of the dielectric layer, and the value of linear VCC is
determined by the amount of trapped charges in the dielectric layer [13], [14].
Therefore, these C-V characterization results suggest that the dielectric composition
and the total amount of trapped charges in the dielectric layer become instable as
trench sidewall roughness becomes higher in spite of the conformal deposition of the
stacked layer by ALD. This physical insight can be useful in the performance
optimization and future assessment of long-term reliability of ALD type 3-D

embedded capacitors.
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Table 5.3: Voltage coefficients of capacitance of all test vehicles.

De-Embedded Structure of ALD Type Test Vehicles (ppm/V?2 for o and ppm/V? for B)

100 pm <200 pm 200 pm %400 pm 300 pm <600 pm 400 pm %800 pm 500 pm <1000 pm
o B o B o B o B o B
1.57x10°  4.33x10° 1.59x10° 4.70x<10° 156x10° 5.06x10° 157x10° 4.32x10° 151x10° 550103
1.60<10°  4.31x10° 1.57x10° 5.08x10° 1.59x10° 4.62x10° 1.56x10° 4.68x10° 1.52x10° 5.45x103
1.60x<10°  4.33x10° 1.59x10° 507x10° 157x10° 5.02x10° 157x10° 4.62x10° 1.75x10° 3.89x103
1.60<10°  4.51x10° 1.62x10° 5.16x10° 1.57x10° 5.08x10° 1.54x10° 5.04x10° 1.94x10° 2.99x103
1.61x10°  4.48x10° 1.63x10° 4.77x10° 159x10° 512x10° 1.62x10° 4.46x10° 2.00x10° 3.32x103

Embedded Structure of Smooth-ALD Type Test Vehicles

Diameter = 10 pJm

Diameter = 20 pm Diameter = 30 m Diameter = 40 m

Diameter = 50

a p o B o i a B o B
1.55%10°  4.35x10°  157x10° 4.58x10° 1.61x10° 5.03x10° 156x10° 4.89x10° 1.60x10° 2.86x103
157x10°  4.30x10° 156x10° 4.95x10° 1.55x10° 4.90x10° 156x10° 4.99x10° 1.58x10° 3.50x103
1.54x10°  4.25x10° 158x10° 4.92x10° 155102 4.94x10° 1.61x10° 5.08x10° 1.58x10° 3.33x10?°
1.56x<10°  4.93x10°  1.60x10° 4.70x10° 1.60x10° 4.76x10° 1.72x10° 4.27x10° 1.62x10° 2.87x103
1.59%10°  4.71x10° 157x10°  4.99x10° 1.58x10° 5.07x10° 1.61x10° 476x10° 1.56x10° 3.44x10°

Embedded Structure of Rough-ALD Type Test Vehicles

Diameter = 10 pm

Diameter = 20 pm Diameter = 30 pm Diameter = 40 pm

Diameter = 50 pm

o B o B o B o B o B
1.56x10° 5.35x10° 1.52x10° 556x10° 1.50x10° 544x10° 151x10° 550x10° 1.50x10° 5.29x103
1.58x10° 5.27x10° 1.58x10° 5.33x10° 1.63x10° 4.70x<10° 152x10° 545x10° 1.68x10° 4.14x103
1.85x10°  3.17x10°  1.69x10°  4.34x10° 1.75x10° 3.98x10° 1.75x10° 3.89x10° 1.74x10° 3.79x103
1.77x10°  3.78x10°  1.88x10° 3.17x10°  1.98x10° 2.74x10° 1.94x10° 2.99x10° 1.69x10° 4.23x103
2.04x10°  2.82x10°  2.07x10° 2.09%x10° 2.18x10° 2.62x10° 2.00x10° 3.32x10° 1.84x10° 3.23x10°
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5.4  Electrical Current-Voltage Characterization

In this section, the 1-V characterizations results of all test vehicles are firstly presented.
Then they are normalized to current density-electric field (J-E) plots based on their
respective surface area and dielectric layer thickness. Finally, the analysis of the

conduction mechanism is done for the test vehicles of 3-D embedded capacitors.

Firstly, 1-V characterizations were performed on all test vehicles with the
same probing configuration as illustrated in Figure 5.2(c). The I-V characterization
results of ALD type test vehicles with various geometries are shown in Figure 5.5,
Figure 5.6, and Figure 5.7, which refer to the de-embedded ALD test vehicles, the
embedded rough-ALD ones, and the embedded smooth-ALD ones, respectively.
Similarly, the I-V characterization results of sputtering type test vehicles with various
geometries are shown in Figure 5.8, Figure 5.9, and Figure 5.10, which refer to the
de-embedded sputtering test vehicles, the embedded rough-sputtering ones, and the
embedded smooth-sputtering ones, respectively. “D” in the plots means “diameter.”
For example, “D10” refers to the 100 pm > 200 pm planar test vehicle for the de-
embedded structure or the test vehicle with 10 pm diameter trenches for the
embedded structures. For ALD type 3-D embedded capacitors, the 1-V
characterization results of various de-embedded and embedded structure test vehicles
exhibit similar current conduction behaviors: the current rises sharply with a bias
increasing from 0 V to ~1.5 V, saturates with a bias ranging from ~1.5 V to ~4.5 V,
and takes off afterwards until dielectric breakdown happens at ~9.5 V. For sputtering
type 3-D embedded capacitors, the I-V characterization results of various de-
embedded and embedded structure test vehicles also exhibit similar current
conduction behaviors: the current increases gradually with a bias from 0 V to ~10.0
V (slightly after 10.0. V for de-embedded structures, but well below 10.0 V for
embedded structures), and it rises quickly until dielectric breakdown occurs at ~26.0
V.
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Figure 5.5: I-V characterization results of de-embedded ALD type test vehicles.
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Figure 5.6: I-V characterization results of embedded rough-ALD test vehicles.
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Figure 5.7: 1-V characterization results of embedded smooth-ALD test vehicles.
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Figure 5.8: I-V characterization results of de-embedded sputtering type test vehicles.

113



10" ¢
10 r
10°
10% |
10° |
10° |
107 |
10% |
10°
107 |
10t
10
10713

1014 A T TR AN R T R
0 5 10 15 20 25 30 35

Voltage (V)

Current (A)

Figure 5.9: I-V characterization results of embedded rough-sputtering test vehicles.
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Figure 5.10: I-V characterization results of embedded smooth-sputtering test
vehicles.
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The characterization results are normalized based on their surface area and
dielectric layer thickness to obtain J-E plots for fair comparison between different
test vehicles. For simplicity, only J-E plots for D30 ALD and sputtering type D30
test vehicles are shown for further detailed analysis in Figure 5.11 and Figure 5.12,
respectively. For the other test vehicles with different geometries, a similar
conclusion can be applied because they show similar current conduction behaviors.
This shows that no significant difference of J-E plots can be observed for the three
ALD type test vehicles in Figure 5.11, whereas the J-E plots of the three sputtering
type test vehicles show different trends in Figure 5.12. In fact, the current densities
of both embedded rough-sputtering and smooth-sputtering test vehicles mostly
overlap under all bias conditions, but they are noticeably higher than that of the planar
counterpart. The drastic increase in the current densities also takes place at a lower
electrical field than that of the planar one (~2.8 MV/cm vs. ~3.5 MV/cm). However,
the dielectric strength of these sputtering type test vehicles is at ~8MV/cm.

10° ¢
10t r —o— Planar
10° f —©— Rough
10 r —&— Smooth
102 |
10% |
104 |
10° |
10° |
107 |
10° |
109 |
1010 r
101 r

10-12:|.|.|.|.|.|.|.|.|.|.|.|.
o 1 2 3 4 5 6 7 8 9 10 11 12

Electric field (MV/cm)

Current density (A/cm?)

Figure 5.11: Combined J-E plots from the three ALD type D30 test vehicles.
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Figure 5.12: Combined J-E plots from the three sputtering type D30 test vehicles.

Finally, more physical insights can be obtained from the analysis of the
leakage current conduction mechanisms for the 3-D embedded capacitors. The
analysis is done for all of the test vehicles based on the conduction models reviewed
in Ref [15], including both electrode-limited and bulk-limited conduction
mechanisms [16]-[20]. In this study, four types of well-known conduction
mechanisms were tried to be fitted for the Al.Oz layer deposited by ALD: (1)
Schottky emission, (2) Fowler-Nordheim (FN) tunneling, (3) Poole-Frenkel (PF)
emission, and (4) Hopping conduction.

Firstly, the Schottky emission conduction mechanism is fitted as shown in
Figure 5.13 and Figure 5.14 for ALD and sputtering test vehicles, respectively. For
the ALD test vehicles, reasonable physical parameters are extracted: 2.16 as the
optical dielectric constant and 2.12 eV as the Schottky barrier height, respectively.
However, for the sputtering test vehicles, the optical dielectric constants greater than
100 are extracted, which are too high compared with the value of 3.1 reported in the
literature [21]-[26]. Thus, the Schottky emission mechanism is identified in the low

bias region for the ALD test vehicles, but not for the sputtering test vehicles.
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Secondly, the FN tunneling conduction mechanism is fitted as shown in
Figure 5.15 and Figure 5.16 for the ALD and sputtering test vehicles, respectively.
Both types of test vehicles show good linear fitting, and the extracted barrier heights
ranging from 1.66 to 2.21 eV are consistent with the values calculated from the
previous Schottky emission analysis. Thus, FN tunneling can be identified for all the
test vehicles in the high bias region, and an energy barrier is confirmed at the
TiN/AI>Os3 interface with a height of ~ 2.0 eV.

Thirdly, the PF emission conduction mechanism is fitted as shown in Figure
5.17 and Figure 5.18 for ALD and sputtering test vehicles, respectively. PF emission
can be identified in the middle bias region, because the extracted optical dielectric
constants range from 1.98 to 3.69, which are close to the reported value of 3.1 [21]-
[26].

Lastly, the hopping conduction mechanism is fitted as shown in Figure 5.19
and Figure 5.20 for the ALD and sputtering test vehicles, respectively. However, this
conduction mechanism can only be identified for the ALD test vehicles, because the
evaluated mean hopping distance of the sputtering test vehicles is much smaller than
the reported value by an order of magnitude [21]-[26]. After the fitting of these four
types of leakage current conduction mechanisms, all of the analytical results are
summarized in Table 5.4 for comparison with bias conditions and extracted physical
parameters. One observation is that the onset points of FN tunneling are consistent
for all the test vehicles: implying a relatively uniform thickness of the dielectric layers.
This observation confirms that the leakage current degradation of the embedded
rough-sputtering and the smooth-sputtering test vehicles is not due to the thinning of
the dielectric layers deposited on the vertical sidewalls. It is also worth noting that PF
emission is observed at a lower field for the embedded rough-sputtering and the
smooth-sputtering test vehicles than for their planar counterparts. This observation
suggests that the sputtered electrodes cause more traps in the dielectric layers on the
trench sidewalls than they do in the planar dielectric layers. Therefore, the higher
leakage current density is attributed to the sputtering process. Since the embedded
ALD type test vehicles do not suffer from leakage current density degradation, the
ALD process is preferred over the sputtering process as an electrode deposition

method to fabricate high performance 3-D embedded capacitors.
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Figure 5.13: Schottky emission fitting of the three ALD type D30 test vehicles.
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Figure 5.14: Schottky emission fitting of the three sputtering type D30 test vehicles.
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Figure 5.15: FN tunneling fitting of the three ALD type D30 test vehicles.
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Figure 5.16: FN tunneling fitting of the three sputtering type D30 test vehicles.
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Figure 5.17: PF emission fitting of the three ALD type D30 test vehicles.
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Figure 5.18: PF emission fitting of the three sputtering type D30 test vehicles.
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Figure 5.19: Hopping conduction fitting of the three ALD type D30 test vehicles.
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Figure 5.20: Hopping conduction fitting of the three sputtering type D30 test
vehicles.
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Table 5.4: A summary of leakage current conduction mechanisms.

Test Vehicles Schottky Emission FN Tunneling PF Emission Hopping Conduction

[0,1.2] MV/cm

d =212V [4.1,7.2] MV/cm [3.7,5.2] MV/cm [0,1.2] MV/cm
ALD type Same zzz 6 ®,=2.21V £=2.22 a=1.71 nm
=2.

[4.1,7.2] MV/cm [3.7,5.2] MV/cm

Planar N.A. G,=2.1V £=1.98 N.A.

Sputtering tvpe Rouah NA [3.9,6.5] MV/cm [3.2,5.4] MV/cm NA

putiering typ oug A ®,=1.66 V £=3.59 A
[4.0,6.7] MV/cm [3.0,5.3] MV/cm

Smooth N.A. $,=1.66 V £.=3.69 N.A.
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5.5 Summary

In this chapter, we evaluated the electrical performance of 3-D embedded capacitors via
C-V and I-V characterizations. The characterization setup was firstly described in detail
for proper probing. The C-V characterizations showed that the theoretical results of the
ALD type test vehicles fit well with the measurement results due to the excellent step
coverage. In contrast, the theoretical results of the sputtering type test vehicles deviated
significantly from the measurement results due to the poor step coverage. Also, the
capacitance density of an ALD type test vehicle can achieve an extremely high value (up
to 3856.4 nF/mm?). Furthermore, it was found that the rough sidewall can cause
dielectric composition and the total amount of trapped charges in the dielectric layer
becomes instable. The I-V characterizations showed that the leakage current degradation
happened to the de-embedded sputtering test vehicles, but not to the de-embedded ALD
test vehicles. After that, various physical parameters were extracted from the J-E plots.
From the analysis of conduction mechanisms, it was concluded that Schottky emission,
FN tunneling, PF emission, and hopping conduction were identified for the ALD type
test vehicles; but only FN tunneling and PF emission were identified for the sputtering

type test vehicles.
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Chapter 6 Conclusion and Future Work

6.1 Conclusion

To conclude, a comprehensive study on 3-D embedded capacitors has been
proposed and carried out in this thesis, comprising of modeling, design, fabrication, and
characterization. Firstly, a novel integrated capacitor for 3-D ICs called the “3-D
embedded capacitor” has been proposed and designed to achieve significant capacitance
density enhancement by taking advantage of existing TSV trenches. Two types of 3-D
embedded capacitor have been proposed based on their electrode deposition methods for
different end-applications. The ALD type 3-D embedded capacitor features an extremely
high capacitance density, whereas the sputtering type 3-D embedded capacitor features
a low cost and ease of integration. Secondly, an electric model has been constructed to
predict the capacitance of the 3-D embedded capacitor based on its physical design
parameters. The analytical model is developed with reference to the MIM coaxial
capacitor. An ultra-high capacitance density, up to 5,621.8 nF/mm?, can be envisioned
from the model. Additionally, a finite element simulation has been carried out to ensure
the structural integrity of the components of the 3-D embedded capacitor. The simulation
results show that the maximum thermo-mechanical stress does not change noticeably
with the inclusion of a 3-D embedded capacitor. Next, various types of test vehicles have
been successfully fabricated after photomask design, process flow design, and process
optimization. In total, six types of test vehicles are included in each unit cell repeated
over the entire wafer: (1) the de-embedded ALD type, (2) the embedded rough-ALD type,
(3) the embedded smooth-ALD type, (4) the de-embedded sputtering type, (5) the
embedded rough-sputtering type, and (6) the embedded smooth-sputtering type. Lastly,
C-V and I-V characterizations have been performed to evaluate the electrical performance
of the test vehicles. The C-V characterization results show that, with trench diameter
increasing from 10 to 50 pm, the capacitance of 3-D embedded capacitors varies from
98.7 to 625.2 pF for ALD type test vehicles, and it varies from 3.6 to 138.7 pF for
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sputtering type test vehicles. These measurement results agree well with the calculated
results based on the electrical model developed earlier for the ALD type test vehicles,
but not for the sputtering test vehicles. The results show that ALD provides super
conformal step coverage of electrodes, while sputtering provides poor step coverage of
electrodes. Furthermore, the results of the other set of C-V characterization with different
configuration show that the dielectric composition and the total amount of trapped
charges in the dielectric layer become instable due to the rough sidewall. From the I-V
characterization results, it can be observed that the leakage current of ALD type test
vehicles does not degrade compared with planar MIM capacitor, but the leakage current
of sputtering type test vehicles degrades compared with their planar counterparts. Then,
the 1-V characterization results are normalized to the J-E plots for ease of comparison,
and they show that the leakage current density is ~2x10”7 A/cm? at 2 MV/cm and the
dielectric strength is ~9.7 MV/cm for the ALD type test vehicles; whereas the leakage
current density is ~3x10° A/cm? at 2 MV/cm and the dielectric strength is ~8.0 MV/cm
for the sputtering type test vehicles. Based on the J-E plots, several leakage current
conduction mechanisms have been identified. Schottky emission, FN tunneling, PF
emission, and hopping conduction can be fitted for the ALD type test vehicles; whereas

FN tunneling and PF emission can be fitted for the sputtering type test vehicles.

This technology will serve as a compliment, not a complete replacement, to the
existing capacitor technologies, since it is implemented with available TSVs. For ICs
with a large number of TSVs, 3-D embedded capacitor provides superb capacitance
density and thus great area reduction for capacitors. It be used to realize the integration
of ultrahigh-density on-chip capacitor and will contribute to the further development of
on-chip energy storage element, integrated voltage regulator, and capacitively coupled

wireless module.
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6.2 Future Work

Beyond the scope of this study, the following recommendations are suggested for future

work:

a. A complete structure with Cu filling

We suggest that a complete structure of the 3-D embedded capacitor with a TSV
Cu filling should be fabricated in the future. The potential impact could be two-
folded. Firstly, the coefficient of thermal expansion mismatch between Cu and Si
could possibly degrade the structural integrity of 3-D embedded capacitor.
Secondly, the signal/power transmission in the TSV could possibly cross talk to
the surrounding 3-D embedded capacitor, causing the degradation of
signal/power integrity. Besides, the 3-D embedded capacitor could be
implemented with thermal TSV, which only conducts heat not electricity, to
avoid the issue.

Therefore, it would be interesting to study these two aspects of the complete
structure: (1) the effect of thermo-mechanical stress on the electrical performance
of the 3-D embedded capacitor due to the existence of Cu filling and (2) the cross
talk and the mutual capacitance between the 3-D embedded capacitor and the
TSV Cu core.

b. Reliability test
We suggest that reliability tests (e.g., thermal cycling test and humidity test)
should be carried out for the complete structures with copper filling. The
difference in electrical performance for test vehicles before and after the
reliability tests will be compared to ensure the robust operation of both TSV and
3-D embedded capacitors in harsh environments.

c. A detailed electrical model
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We suggest that a more detailed electrical model should be built for the 3-D
embedded capacitor, including components like equivalent series resistance and
equivalent series inductance. Furthermore, a high frequency model of this
capacitor could also be developed for up to 100 GHz, which would enable high
frequency applications. With a better electrical model, the 3-D embedded
capacitor could be readily used in circuit simulators and become friendly to

circuit designers.

Dielectric materials with higher dielectric constant

We suggest that the search for other high-k dielectric materials should continue
to replace the currently used Al>Os to achieve better electrical performance of the
3-D embedded capacitor.

Implementation with Applications

We suggest that the 3-D embedded capacitor could be implemented with real end-
applications (e.g., integrated voltage regulator). The performance evaluation of
the system will provide more valuable insight into this technology.
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