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ABSTRACT OF THE DISSERTATION 

 
Porous Anodic Aluminum Oxide Interposer 

Process Integration, Fabrication, Characterization, and Evaluation 
 

By 
 

Hsiang-Yu Chan 
 

Doctor of Philosophy in Engineering 
 

 University of California, Irvine, 2018 
 

Professor G.P., Li, Chair 
 
 
 

Interposer technology is a key technology for microelectronic industry to miniaturize 

devices, reduce signal/response latency, lower power consumption, increase signal 

bandwidth, and reduce overall cost. This work is proposing porous anodic aluminum oxide 

(AAO) as interposer material taking advantage of its material properties and unique 

vertical self-aligned nanoporous structure. AAO/Al was first introduced as working 

substrate to create metallized through AAO vias, however, several process issues were 

observed and occurred during the manufacturing phase. New set of fabrication process 

directly on AAO was integrated and introduced to drill through vias, metallize vias, and 

deposite re-distribution layers (RDL) to form final structures. The proposed fabrication 

process of AAO interposer is less complicated than that of Si interposer and via/pitch 

dimension can possibly be manipulated smaller than that in glass interposer. Test and 

characterization started by chemical durability test of AAO film in solutions showing the 

weakness of as-fabricated AAO, coefficient of thermal expansion (CTE) showed comparable 

result to glass. SEM, optical microscope, and X-Ray images were taken to inspect dielectric 
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deposition, through via, and metallization conditions showing good coating and etching 

results. DC measurements was done with 4-point kelvin setup to test daisy chain from 25 

nodes to 400 nodes, no open circuit failure was found while total resistance versus 

numbers of via showed linearity. RF performance was measured by probing coplanar 

waveguide on AAO and solenoid inductors embedded in AAO. Results showed comparable 

values to that in glass interposer which suggested AAO could potentially be interposer 

material with reasonable performance. 

 

 

 

 

 

 

 

 



1 
 

INTRODUCTION 

 Internet of Things (IoT), customer electronic devices, smart factory, 5G 

infrastructures, and even gaming electronic-sports (eSports) are pushing the 

semiconductor industry to satisfy the need of high performance, high functionality, low 

energy consuming, and fast response. To respond to the need, the industry develops the 

technique that allows a chip to stack on top of another one by using high density through 

substrate metallized holes as the interconnects to reach high level of integration in a single 

package. This technology is called interposer technology and the most common material for 

interposer are silicon and glass. 

Silicon and glass interposers, however, have several well-known drawbacks. For 

example, silicon’s high electrical loss due to its conductive property, overall process 

complexity and cost; glass one, on the other hand, has hard time drilling high density vias 

with small via diameter especially when thickness of glass is around 100 µm or less based 

on current drilling technologies. It is an urgent need to find a material or fabrication 

technology to provide feasible solutions to these challenges. 

Porous anodic aluminum oxide (PAAO, AAO porous alumina) was proposed in previous 

work to be the substrate material for interposer. AAO is known for its ease of 

manufacturing, low electrical loss, thermal stability, and hardness. Taking advantage of the 

unique anisotropic property of AAO, this work demonstrated the capability to obtain tight 

pitch through vias with vertical sidewall after simple wet chemical etch which, in 

comparison to glass, the mechanical hardness does not limit the potential to obtain higher 

interconnect density in AAO. 
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Although with the assist of deep reactive ion etch (DRIE), silicon interposer can 

fabricate through silicon via that has aspect ratio of 20 and pitch size in 25 µm. It will most 

likely encounter the difficulty when trying to uniformly deposit insulating, adhesion, and 

barrier layers before metallizing the vias. In the case of AAO film, the combination of 

nanopore property and bottom-up electroplating, AAO can easily reach via diameter down 

to 15 µm and 30 µm pitch, again, by wet etch then fill vias with Cu. 

Lots of research focus on the extremely directional nanowire fabrication and 

applications using AAO as template, even interposer technology was presented based on Cu 

nanowire-AAO compound. Nanowire-AAO compound interposer potentially suffers from 

the need of excellent polish control, since the metal growing rate is different in each pore 

that leads to uneven metal filling during every single electroplating process. As a result, 

surface polish needs to set metal nanowire/AAO surface flat and not to make the entire 

sample too thin to continue the process. The other concern is the signal crosstalk between 

each nanowire; the sidewall in adjacent nanopores is in nanometer size which possibly 

cannot prevent signal leakage. In this paper, an advanced fabrication process incorporated 

the conventional photolithography and wet etch processes with the exceptional 

characteristic of AAO to fabricate vertical metal filled through vias. Embedded passive 

devices, thus, was realized, under the same fabrication technique, AAO film with metallized 

through vias. In terms of 2.5D/3D chip stacking technology, inductors and heat sinks can be 

built this way at the peripheral area that adds additional functions and values to an AAO 

interposer. 
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CHAPTER 1 

Porous Anodic Aluminum Oxide 

Porous anodic aluminum oxide (AAO, PAAO, Porous Alumina) has been used in 

cookware, protective cover for machining tools, customer electronics, and even weapons, 

since it’s light weighted, easy to fabricate, good abrasion resistance, and low cost. In recent 

decades, AAO has been attracting attentions in microelectronics, micro-electro-mechanical 

systems (MEMs)1, bio-medical engineering2, 3, and advanced microelectronic packaging4-10. 

It’s been popular amongst the fields because of 1) nanoporous structural and chemical 

properties, 2) bio-compatibility, and 3) high electrical resistance. 

Nanopore cell has hexagonal or honeycomb structure, which air hole at the center of the 

nanopore unit cell is surrounded by oxide. Nanopores are vertically self-aligned cylindrical 

structures throughout the entire fabricated film if two-step electrochemically oxidized (or 

anodized) in electrolyte11. Dimension of the nanopore mainly depends on types of 

electrolytes and voltage used to anodize Al. Most well-known way to characterize AAO 

films anodized from different electrolytes is measuring the interpore distance. For 

example, in mild anodization (MA) condition, sulfuric acid (H2SO4 – 25V), oxalic acid 

(C2H2O4 – 40V), and phosphoric acid (H3PO4 – 195V) have interpore distance about 63, 100, 

and 500nm, respectively. Electrolytes other than these three can be used to anodized AAO 

to obtain desired dimensions, nano-indentation can even be used to shape Al foil for non-

hexagonal nanopores. Therefore, with a good control of anodization conditions such as 

types of electrolyte, voltage, temperature, and period, one can obtain desired AAO with 

high pore density (over 108 /cm2) and aspect ratio can be extremely high (over 400)12, 13. 
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I. Aluminum Anodization 

Electrochemically oxidation of Al is usually called the anodization of Al. There are two 

typical ways to anodize Al, one is applying current while the other is applying voltage. 

Throughout this work, constant voltage was applied to anodize Al. Naturally, Al is going to 

have non-porous aluminum oxide coated on the surface once exposed to air. Anodization 

uses external source to oxidize Al which leaves unit cell of AAO consisting hexagonal 

structure with air pore at the center. Cross-section of this hexagonal structure is 

cylindrical. 

 

 

(a) 

 

(b) 

Fig. 1 Schematic diagram of porous AAO 

𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚

𝐴𝐴𝑂

𝐴𝑖𝑟 𝑃𝑜𝑟𝑒

𝐵𝑎𝑟𝑟𝑖𝑒𝑟 𝐿𝑎𝑦𝑒𝑟

𝑂𝑢𝑡𝑒𝑟 𝐿𝑎𝑦𝑒𝑟

𝐼𝑛𝑛𝑒𝑟 𝐿𝑎𝑦𝑒𝑟

𝐼𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑡𝑖𝑎𝑙 𝑅𝑜𝑑
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From Fig. 1(a), porous AAO can be quickly viewed as three parts: 1) oxide part: AAO, 2) 

Air, and 3) barrier layer. The dimension of these three parts of porous AAO are controlled 

mainly by types of electrolyte used for anodization, voltage applied, and anodization 

temperature. Three most commonly used electrolytes for anodization are: sulfuric acid 

(H2SO4)14-16, oxalic acid (C2H2O4)17-19, and phosphoric acid (H3PO4)20-22. To get uniform 

pore distribution and vertically cylindrical shape, each type of electrolyte has optimal 

anodization voltage. Taking former 3 acid solutions for example, 25V for H2SO4, 40V for 

C2H2O4, and 195V for H3PO4 are well-known optimal anodization voltages. Differences in 

electrolyte and anodization voltage change nanopore diameter and interpore distance 

quite obviously. In Fig. 1(b), the interpore distance is center-to-center distance of adjacent 

nanopores, it has the relationship to applied voltage as 2.5 nm/V under mild anodization 

(MA) condition. As for pore diameter the relationship to applied voltage is 0.9 nm/V under 

MA. Thickness of the barrier layer is also proportional to the voltage, 1.3 nm/V. One thing 

to be noticed that pore density of MA film is approximately around 1010 pores/cm2. 

Hard anodization (HA)23, on the other hand, use high voltage or current to anodize Al. 

High energy offers fast oxide growth rate and still can fabricated porous structure. It is 

found that new self-ordering windows of porous AAO in HA process using oxalic acid is 

significantly higher than MA, which is around 110 – 150 V. Under this condition, the 

interpore distance was measured about 220 – 300 nm. Several experiments observed the 

relationship between applied voltage to interpore distance in HA process could be 

approximately written as 2.0 nm/V. Prior to anodize Al at high voltage, a thin AAO is 

preferred to grow on Al as a buffer layer under MA condition. This thin film is to protect the 
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anodization system from catastrophic breakdown that the voltage will be difficult to reach 

desired high value, since high energy ions and electrons tunnel through the film that makes 

the film somewhat conductive rather than resistive. 

II. Pore Formation Mechanism 

There were several researches to explain the pore formation. One of the commonly 

accepted is the mechanical stress model24. Mechanical stress introduced because of volume 

expansion of Al during AAO growth at oxide/metal interface is said to generate repulsive 

forces between adjacent pores. The repulsive force leads to the formation of self-ordered 

nanopores in anodization. 

Formation of nanopore can be seen as competition between oxide growth and 

dissolution at the electrolyte/oxide interface plus oxide growth at the oxide/Al interface. 

When applying voltage, gas bubble can be observed coming out from Al surface which is 

because of hydrogen ions are reduced to hydrogen while Al ionized to Al3+. 

𝐴𝑙( ) → 𝐴𝑙( ) + 3𝑒                                                                                                                                    (1) 

6𝐻( ) + 6𝑒 → 3𝐻 ( )                                                                                                                              (2) 

Part of Al ions go through barrier layer and move into the electrolyte. Part of Al ions 

combine with oxygen and hydroxide ions within barrier layer to form alumina, Fig. 2(a) 

and Fig. 2(b). At electrolyte/oxide interface, hydration reaction of oxide layer leads to the 

dissolution and thin down alumina. 
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(a) 

 

(b) 

Fig. 2 Illustration of pore formation 

 

2𝐴𝑙( ) → 3𝑂( ) → 𝐴𝑙 𝑂 ( ) + 6𝑒                                                                                                           (3) 

𝐴𝑙 𝑂 ( ) + 6𝐻( ) → 2𝐴𝑙( ) + 3𝐻 𝑂( )                                                                                                 (4) 

H+

H+

H+

H+H2O

H2OH2O

H2O

Electrolyte

𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚

𝑂 𝑂

𝐴𝑙( )



8 
 

 

2𝐴𝑙( ) + 3𝐻 𝑂( ) → 𝐴𝑙 𝑂 ( ) + 6𝐻( ) + 6𝑒                                                                                       (5) 

Chemical reaction equations from Eq. (3) to Eq. (5) denote oxygen ions reaction with Al 

at oxide/Al interface, dissolution of alumina, and total reaction for AAO growth, 

respectively. Because of the competing growth between adjacent nanopores, each 

nanopore can grow vertically. Also because of the entire Al surface is oxidized 

simultaneously, this vertically growth happens throughout the whole sample surface. 

Another convincing growth mechanism of AAO is about electric field distribution 

that is likely to generate self-ordering nanopores and the formation of the curvature at the 

bottom of pores. This model is called “Equifield Strength Model”25, 26. 

 

 

(a) 

 

(b) 

𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚

𝐴 𝐵 𝐶
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𝐴 𝐵 𝐶

𝐵 𝐶𝐴

𝐴𝑙 𝑂
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(c) 

 

(d) 

 

Fig 3. Schematic diagram of equifield strength model. Yellow arrow is the vector of electric 

field. 

 

In this model, equilibrium state is built between Al oxidation at oxide/Al interface and 

dissolution of oxide at electrolyte/oxide interface. The alumina dissolution reaction can be 

written as 

𝐴𝑙 𝑂 + 𝑛𝐻 𝑂 → 2𝐴𝑙 (3 + 𝑛 − 𝑥)𝑂 + 𝑥𝑂𝐻 + (2𝑛 − 𝑥)𝐻                                                   (6) 

n is the ratio of dissociation rate of water to the dissolution rate of oxide, x is the ratio of O2- 

and OH- ions. Al oxidation reaction coming from O2- and OH- coming from water 

dissociation can be written as 

2𝐴𝑙 + 3𝑂 → 𝐴𝑙 𝑂 + 6𝑒                                                                                                                      (7) 

The hydroxide reaction is 

2𝐴𝑙 + 3𝑂𝐻 → 𝐴𝑙 𝑂 + 3𝐻 + 6𝑒                                                                                                       (8) 

𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚
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In a set anodization condition under a steady-state, barrier layer thickness, dissolution, 

and oxidation rate are all constant. Electric field build-up in the barrier layer is constant 

also. Fig. 3(a) illustrates non-porous film starts to grow on Al surface once applied external 

voltage.  Yellow arrow shows the direction of electric field in alumina which equally spread 

out in the film. Nanopores prefer to grow at the surface defect spots as in Fig. 3(b). 

Electrolyte/oxide interface is represented as ABC and oxide/Al interface is marked by 

A’B’C’. As mentioned above, pore growth in AAO is a constantly competing process between 

oxide growth and dissolution. Since free energy at the Al surface defect spot is bigger than 

smooth site, both growth and dissolution rates will be higher where pit starts to form in the 

oxide, as AA’ and CC’ is thicker oxide than BB’. System needs to maintain at low free energy 

which compensates high electric field strength at BB’, so that Al ions release faster under 

BB’ that shapes Al into a curvature as in Fig. 3(c). As the anodization process continues, 

curvature at Al surface expands to maintain equifield strength at the pore bottom while BB’ 

keep dissolving into the electrolyte. At steady-state, electric field is uniformly distributed at 

both interface: DABCE and D’A’B’C’E’. This curvature of oxide at the bottom is the barrier 

layer. 
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III. Stages of Porous AAO Formation 

1. Mild Anodization17 

Under constant voltage (CV) MA process, current versus time can be extracted to 

understand the pore formation. 

 

 

(a) 

Fig. 4 Current-time plot during mild anodization 

 

Fig. 4 is actual current versus time transient plot from anodizing Al in 0.3M C2H2O4 

for 10 minutes. 4 stages can be individually seen as pores start to form in the alumina and 

can be simply explained by Ohm’s law 

𝑉 = 𝑖𝑅                                                                                                                                                             (9) 
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Stage I: when applied external CV, non-porous AAO starts to form which, in Eq. (9), R 

increases while V remains constant, therefore, i drops sharply in respond to the oxide film 

growth. 

Stage II: since Al surface is not going to be perfectly smooth without any defect, taking 

equifield strength theory previously stated in to consideration, pits start to form in the 

oxide at electrolyte/oxide interface. Since the thickness of oxide film is no longer flat 

everywhere means R drops a little bit. Under the same CV condition, i goes up a bit to 

compensate the R changes. 

Stage III: some pits start to grow bigger and become pores while some other pits remain on 

the oxide film. Pores only have barrier layer at oxide/Al interface and allow Al3+ to go 

through, thickness of oxide film is significantly thinner than the original non-porous film 

formed in stage I., this situation leads to obviously increase in current i. 

Stage IV: As pores start to grow throughout the film, tiny pits that are not able to form 

pores will finally be eaten by self-formed pores and compete with adjacent pores. A near-

steady-state dissolution/oxidation situation is reached that i changes slowly. 

2. Hard Anodization23 

In term of HA process, usually pores were formed already in MA, what changes most is 

likely to be the film thickness. As mention previously, high V and high i offer fast oxide film 

growth which means one should expect a quick drop of current in current versus time plot, 

Fig. 5. 
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(a) 

Fig. 5 Hard anodization current versus time transient plot 

 

It can be divided roughly to two stage: 

Stage I: porous AAO grows rapidly in respond to high external voltage. When R in Eq. (9) 

increase rapidly under CV, i drops rapidly also to keep voltage at constant. 

Stage II: this stage is while growth rate of oxide slows down because of certain thickness of 

oxide film is starting to be difficult for Al3+ to combine with oxygen and hydroxide ions to 

form the film, meanwhile, dissolution is still taking place which R isn’t increasing that fast. 

This turns into a slow decreasing of i stating oxide film is growing fast but not as fast as 

what happened in the 1st stage of HA process. 
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IV. Two-Step Anodization Process 

As mentioned in previous section, pore formation is likely to happen at surface defect 

sites where free energy is larger than the surrounding area. Therefore, nanopores in 

porous AAO initiate randomly throughout the entire working surface. Since the adjacent 

pore distance is also random, the pore competing condition is not likely to generate 

vertically grown nanopores across the film. 

Based on the idea that pore prefers to form firstly at defect site, the randomly-grow 

porous AAO film is removed in acidic solution and left Al patterned with nano-curvature 

from barrier layer of the AAO. In Fig. 3(d), greenish AAO after removal, D’A’B’C’E’ is what’s 

left on Al surface as self-organized patterned defect. These self-organized defects can be 

used to grow a new layer of porous AAO which allows nanopores to compete with neighbor 

ones and have vertically self-aligned nanopores. 

In order to have long-range and highly ordered vertical nanopores, longer 1st 

anodization is preferred, Fig. 6(b). The reason behind this is basically coming from the 

stage IV. in Fig. 4: pores that formed successfully from tiny pits tend to merge with non-

successfully grown pits, therefore, the system should reach a more stable condition as 

barrier layer of each pore slowly distributed uniformly on Al. 

Fig. 7 shows SEM images of Al surface after removing 1st oxide layer after 1st 

anodization. From anodizing Al 1 minute to 20 minutes, one can observe the curvatures left 

on Al surface become more organized which confirms the statement in Fig. 4. All these 

curvatures are the nucleation spots for 2nd oxide to being to grow on. Fig. 8(a) and Fig. (b) 

are SEM of MA processed porous AAO. 
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(a) 

 
 

(b) 

 

(c) 
 

(d) 

 

Fig. 6 Illustration of two-step anodization process in fabricating vertically self-aligned 

nanopores. 

𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚

𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚

𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚

𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 7 Al surface condition after 1st anodization and oxide removal. (a) 1 minute. (b) 5 

minutes. (c) 10 minutes. (d) 20 minutes. 
 

 

2nd step of two-step anodization process27 usually uses the same anodization condition 

as 1st step, since any change in anodization condition will make differences in nanopore 
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parameters which is likely to ruin the self-organized situation28. This concept will be 

applied to the process later which uses HA process to fabricate thick AAO film. 

 

 

(a) 

 

(b) 

Fig. 8 Mild anodized AAO. (a) Pore openings, vertically self-aligned pores, and continuous 

barrier layer. (b) Vertically self-aligned pores and barrier layers. 

 

V. Chemical Composition of Porous AAO Unit Cell 

From Fig. 1(b), unit cell of porous AAO can be seen as these parts: 1) inner layer, 2) 

outer later, and 3) interstitial rod. Each part of them has different chemical composition 

and will lead to further applications in several different fields which includes the AAO 

interposer work. 

Chemical composition of the inner layer is relatively pure and dense alumina. 

Aluminum hydroxide with acid radical ion contamination forms the outer layer alumina29. 

Different electrolytes have different ratio of inner to outer layer: H3PO4 > C2H2O4 > H2SO4. 



18 
 

Because of aluminum hydroxide an acid radical ion contamination, outer layer in etchant 

can be dissolve to form Al(OH)3 gel. Inner layer, on the other hand, is more difficult to be 

dissolve in comparison to outer layer, therefore, the two layers in the same porous AAO 

film creates etch contrast for various amount of applications, from metallic nanowires to 

alumina nanowires to MEMs structures to vertical interconnects in this work.  The etch 

contrast between these two layers can be over 2.5 times, outer to inner layer. 
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CHAPTER 2 

Interposer Technology 

Coming from multi-chip module (MCM) to current interposer technology, some believes 

it is due to the failure of full integration of 3D IC. However, this is not totally correct, it is 

more likely that industry needs a chip interface standardization and a way to resolve 

thermal issue when it comes to more compact and functionality package30. So, current 

interposer technology is likely to be referred as 2.5/3D integration technology instead of 

full 3D integration technology. 

Interposer is an electronic substrate to facilitate interconnection between fine-pitch 

input/output at die level on the top side of interposer to the coarser dimensional features 

on the bottom side of the interposer. Interposer features the through substrate or through 

wafer interconnects: in Si, it is referred as through silicon via (TSV)31 whereas in glass, it is 

referred as through glass via (TGV) or through package via (TPV). The wiring to route to 

different locations on the substrate on each layer is called re-distribution layer (RDL). 

Primary drive for interposer technology is to increase input/output density for chip-to-

chip interconnects which is driven by the scaling down of transistor size in accordance 

with Moore’s Law. Typical organic package (FR-4 PCB, etc) has these kinds of challenges: 1) 

low input/output density because of poor dimensional stability, 2) bad thermal properties, 

and 3) warpage during fabrication and assembly due to organic’s material low Young’s 

modules. It is an urgent need to find both material and process to conquer at least these 

three major issues to fabricate interposer. Fig. 9 is schematic illustration of interposer on 

PCB. 
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Fig. 9 Typical configuration of interposers for heterogeneous 3D integration. A thin 

interposer layer is produced with vertical conducting vias that allow electrical signals to 

pass vertically from one electronic component to the next, in this case from a ball grid array 

(BGA) laminate to individual integrated circuits (ICs). For production of ICs with other 

electronics, the interposers must support small vias at high pitch density. The interposer 

must also typically support a redistribution layer (RDL) to route electrical lines to 

appropriate pads on the top or bottom surface. In many cases the entire structure is 

mounted on an electronic substrate such as a printed circuit board (PCB). 

 

I. Silicon Interposer32 

Si interposer is the most well-known and well-developed technology: 1) easy to 

integrate with Si based devices and technologies, 2) mature manufacturing technology, 3) 

good thermal conductivity, and 4) fine-pitch high density interconnects are the most 

referred benefits of using Si interposer. TSV fabrication steps can be divided into the 

following steps: 

PCB 

BGA laminate 

Interposer 
RDL 

ICs 
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1) TSV Etching 

Most well-known and developed method to etch TSV is using deep reactive ion etch 

(DRIE). It was first invented by Bosch in mid 90s, so it’s usually called Bosch Process. This 

process features the alternating etching and passivation to drill the Si wafer vertically if 

process parameters are optimized. To define the dimension and patterns of vias, usually 

photoresist and SiO2 masks can survive the etching environment with high etch selectivity 

between them and Si. The chemistry to etch Si is using SF6 while passivation is using C4F8, 

since the etch/passivate process repeat so many times to get vertical etch profile, usually 

ridges on the sidewall, especially at the top opening, can be observed clearly under SEM. 

This is called “Scallop effect”, it is a necessary issue to be resolved when people start to find 

out these ridges creates insufficient or poor coverage of insulation and defects during 

metallization in the later fabrication stage. This issue has been addressed and resolved 

with advanced plasma sources, short etch/passivation cycle, or new facilities in recent 

years. 

2) Insulation of TSV 

Since Si a semiconductor, it is necessary to prevent signal from metal interconnects 

leaking into Si. Most common way to insulate TSV is the conformal coating of SiO2. A 

uniform deposition is quite challenging in high aspect ratio vertical vias scenario. 

Currently, plasma-enhanced chemical vapor deposition (PECVD) is widely used in 

depositing SiO2 at temperature around 250oC or lower, this is taking devices already 

fabricated on wafer into consideration. 

3) Metallize TSV 
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Several methods have been developed to fill TSVs with metals. Most common ways are 

Cu electroplating, W CVD, Cu CVD, or poly-Si. Electroplating Cu are among the most 

preferred method to metallize TSVs because it’s superior conductivity, high resist against 

electron migration, lower stress than W, and most importantly, low process cost. Poly-Si is 

having high via resistance which is not an option to make TSVs conductive anymore. 

As mentioned above, SiO2 will be deposited first before metallization. To prevent Cu from 

weakening insulation of SiO2, metallic barrier layer is needed to sandwich between Cu and 

SiO2. Typically, TiN, TiW, and TaN are used as barrier layer materials. Metal-organic 

chemical vapor deposition (MOCVD) is used to deposit TiN or other barrier layer, 

sputtering is another way commonly used to coat barrier layer conformally on SiO2. Then a 

thin layer of seed is coated as an electrode for electroplating to take place. Major reliability 

issue for Cu electroplating in TSVs is voids or seam formation during plating. One way to 

prevent it is bottom-up electroplating. Since the whole insulation layer is coated with 

conductive seed layer, the usage of chemicals in the electroplating electrolyte is very 

important to control the plating rate from via edge to center to bottom. Therefore, 

chemicals like accelerators, suppressors, levelers and brighteners need to be added into the 

plating solution. Adjusting the concentrations of these chemicals, the high plating rate at 

the edge can be reduced while lower plating rate at the bottom can be increased. 

4) Cu Overburden Removal 

Chemical mechanical planarization (CMP) is typically the way to remove overburden Cu 

after electroplating TSVs. Currently, there are commercial slurries or facilities specially 

made for through via Cu plating with high selective rate and polish rate. 

5) Annealing 
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Annealing of Cu filled TSVs is going to increase the conductivity of a single via, however, 

the CTE difference between Cu and Si is large enough to introduce failure during or after 

annealing process. Other failures like Cu protrusion after annealing can cause failure 

because Cu grains become larger after the process. The controlling of impurity in Cu 

electroplating solution and light CMP are ways to keep this protrusion condition under 

control during and after annealing. 

6) Bonding, Debonding TSV Wafer from Carrier Wafer, and Wafer Thinning 

Usually, blind vias are formed in Si wafer first then wafer is ground down to desired 

thickness which reveals TSVs from the backside. To achieve the goal of grinding, a carrier 

wafer is needed to bond temporarily that allow the thinning process to work from the 

backside. After that, debonding is needed to remove the carrier wafer from Si interposer 

wafer. 

TSVs are usually blind vias after DRIE process then move on to go through backgrind 

and CMP to get through vias in Si wafer. Grinding and CMP usually ends before TSVs are 

entirely revealed which is to protect insulation and barrier layers from taking damage. The 

remaining Si is removed by plasma etch, TSVs are then revealed but covered with 

insulation layer. Another layer of dielectric layer will be deposited to coat the entire wafer 

backside then subjected to CMCP till Cu TSVs come out. 

International Interposer Conference in 2012, Nowak from Qualcomm and Vordharalli from 

Altera mentioned the necessity to drop the cost of interposer to reach 1cent/mm-2 for high 

volume applications. Nowak also proposed a standard 200 mm-2 interposer should cost 

$233. 
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Major cost of Si interposer was published by Yole Developpement for Xilinx Vitrex 7 2000T 

Interposer, which was the very 1st 2.5D interposer available on the market34. 

 

 

Fig. 10 Cost Breakout for Xilinx Interposer from Yole Developpement 

 

II. Glass Interposer 

Industry and research institutes have been putting in efforts in glass interposer 

research and development recent years. It is in response to high manufacturing cost of Si 

interposer. There are several advantage using glass interposers: 1) high electrical 

resistivity, 2) good dimension stability, 3) CTE can be manipulated with glass compositions, 

4) chemical inert to lots of chemicals, 5) can be made into panel size, and 6) thickness can 

be tailored. 

1) TGV Etching 

Via Formation 13%

Bonding/Debonding
20%

Wafer Thinning/Via Reveal 19%
Metallization 19%

TSV Layers 6%

Bumping 5%

RDL Formation 18%

Via Formation Bonding/Debonding Wafer Thinning/Via Reveal
Metallization TSV Layers Bumping
RDL Formation
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There are several ways to etch glass: 1) sand blasting35, 2) wet chemical etch36 (photo-

sensitive glass), 3) electrical discharge37, 38, 4) laser ablation39, and 5) ultra sound drilling. 

Laser ablation is the most preferred method to etch glass. It is non-contact method and 

having scalable output power which is capable to produce small and high precision 

features. 

Excimer laser with picosecond39 bandwidth can be focused to very small dimensions 

plus the high energy photons vaporize glass in a relatively cold process, in comparison to 

CO2 laser, or YAG laser, that directly breaks the bonding between atoms. This is called 

photoablation and is capable of drilling holes or features with very good quality without 

creating cracks or melt debris. 

2) TGV Metallization 

Cu electroplating is still the most preferred method to metallize TGVs. In comparison to 

Si, glass is not conductive so that insulation layer deposition is not needed, and metal seed 

layers can be directly coated on glass. 2 types of Cu electroplating can be applied to 

metallize TGV: 1) TGV Cu solid filling40, and 2) TGV conformal Cu coating40, 41. 

Cu solid filling of TGVs typically needs seed layer coated carrier substrate bonding to 

working wafer. Usually glass interposer substrate firstly bonds to seed layer coated carrier 

wafer, laser drilling to fabricate through vias where seed layer acts as drill stop layer then 

bottom-up Cu electroplating happens taking the seed layer as counter-electrode. 

Conformal Cu electroplating is preferred nowadays, since it is not necessary to fill the 

entire via with Cu considering at 1GHz frequency skin depth of Cu is about 2 µm. 

Electroplating the entire via increases cost and is relatively wasting of time. Also, voids or 

seam creation during solid filling will rise the yield concern. Seed layer for conformal 
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plating can be done by electroless Cu plating, this is a popular technology in Japan. The 

whole Cu conformal plating process thus can be done with all wet chemical process. RDL is 

able to combine into this process so that one electroplating run can finish the entire test 

structure. 

3) TGV Annealing 

This annealing is the same as that in Si interposer case, however, CTE of glass can be 

tailored to be close to Cu in comparison to Si which can reduce failures coming from huge 

CTE mismatch between Cu. 
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CHAPTER 3 

AAO Interposer Technology – Initial Development 

The idea of using porous AAO as interposer substrate comes with several observations: 

1) high electrical resistivity (~1014 Ωcm)42, 2) capable of fabricate vertical through AAO 

vias with wet chemicals43-45, 3) AAO dimension is easy to customize, and 4) relatively low 

fabrication cost. 

I. Thick Film Porous AAO 

From Si interposer to glass interposer in 2.5D integration technology, thickness of 

interposer substrate is typically around 100 to 300 µm. If it’s in the case of 3D chip 

stacking, substrate thickness can be must lower, which is about 50 µm. So, it is necessary to 

fabricate AAO to the thickness that is comparable to current interposer technology. 

As mentioned in Chapter I., regular MA process uses low voltage or low current to 

anodize Al. This process comes with slow electrochemical oxidation rate. Experiment was 

done by anodizing Al in 0.3M C2H2O4 under 60V for 3 hours, around 20 µm AAO film was 

obtained.  This means if desired thickness of AAO film is 80 µm, anodization period needs 

about 12 hours under 60V in 0.3M C2H2O4. If anodized under 40V, the entire process could 

last over 10 hours just to hit 80 µm. Even though the uniformity of porous structure should 

be high, the efficiency and throughput will be low which is not ideal. 
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(a) 

 

(b) 

Fig. 11 Thick AAO Posts. (a) 3-hour one-step MA anodization in 0.3M C2H2O4, (b) 3-hour 

two-step MA anodization in 0.3M C2H2O4. Film on the AAO is SiO2 which acting as mask for 

etching. 

 

Fig. 11(a) showed AAO posts about 20 µm thick after 3-hour one-step MA process in 

C2H2O4. Fig. 11(b) showed AAO posts about 20 µm thick after 3-hour two-step MA process 

in C2H2O4. Additional information from these two pictures is that AAO from one-step 

anodization process has irregular orientated nanopores while two-step anodization has 

orientated nanopores which confirms the statements in Chapter I. Section IV. For vertical 

through via, vertically orientated is preferred so that two-step anodization will be 

conducted to fabricate AAO. 

2 conclusions coming from the experiments are: 1) anodization needs to be changed to 

fabricate thicker film in shorter time, and 2) two-step anodization is better for vertical 

through AAO vias17. 
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In previous section, HA process uses higher voltage or higher current to anodize Al with 

higher oxidation rate than MA process. That means AAO can grow much faster using HA 

process than using MA process46. Two-step anodization process was then modified as MA 

in 1st anodization to pattern Al foil while 2nd anodization was combining short MA process 

with long HA process. Hard anodize23 Al in 0.3M C2H2O4 at 120V, the AAO growth rate is 

about 50 µmh-1 to 70 µmh-1. In this case, 2 hours of hard anodization can produce at least 

100 µm thick AAO film that is comparable to the current interposer substrate thickness. 

Full process is shown in Fig. 12(a), high purity Al foil is cut into rectangular shape (2×3 

cm2) and degreased with acetone and isopropyl alcohol for 5 minutes in ultrasonic bath. Al 

is then rinsed with DI water and blew dry with N2. Since Al oxidized once exposed to air, it 

is necessary to remove native alumina to ensure proper anodization happens on Al surface. 

Alumina etchant – mixture of phosphoric acid, chromic acid, and DI water is heated up to 

65oC to etch native alumina for 15 minutes. 10 minutes 1st MA process takes place right 

after rinsing away alumina etchant in 0.3M C2H2O4 at 40V, solution temperature is 

maintained between 2 to 4oC. The sample is switch back into alumina etchant for 10 

minutes to remove this anodized AAO and leave Al foil patterned with nano-concave as in 

Fig. 7. 2nd anodization starts with 10 minutes MA process with same anodization 

parameter, this step is to ensure no catastrophic electrical breakdown happens later and 

provide a uniform oxide growth with thin AAO film. After this MA process, voltage is 

increased with 0.5V/s to go from 40V to 120V23, this serves the same idea that external 

energy is not going to tunnel AAO to cause breakdown or severe burning. When reaching 

120V, anodization lasts 2 hours to grow 100 µm AAO on Al foil, Fig. 12(b). 
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(a) 

 

(b) 

Fig. 12 Two-Step anodization setup and process flow. (a)Two-step anodization to fabricate 

thick porous AAO film and (b) 100 μm thick AAO film. 

 

II. Through AAO via Formation 

After fabricating thick AAO film, 1 μm SiO2 was deposited on AAO film using plasma 

enhanced chemical vapor deposition (Plasmatherm PECVD at 250oC or BMR PECVD at 

200oC). This layer of SiO2 served the purpose of providing a hard mask against 

tetramethylammonium hydroxide (TMAH) developer and AAO sodium hydroxide (NaOH) 

V V

1) Substrate Cleaning
 IPA/Acetone
 Room Temp.

2) Native Oxide Etch
 Aluminum Etchant
 65 oC

3) 1st MA process
 10 minutes
 2-4 oC

4) Native Oxide Etch
 Aluminum Etchant
 65 oC

5) 2nd HA Process
 10 minutes MA
 2 hours HA
 8-9 oC
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etch later on. To pattern the via features, Shipley 1827 positive photoresist (Rohm and 

Haas Electronic Materials, Marlborough, MA) was spin coated on the SiO2 coated surface, 

which was then patterned by photolithography. Via openings were revealed after being 

developed in TMAH based MF-319 developer. Exposed SiO2 regions were etched by 

buffered oxide etchant (BOE) solution, to transfer the patterns from photoresist to the SiO2 

layer. Following oxide etch, the photoresist layer was stripped in acetone, then 10% NaOH 

was applied to perform deep etch via forming in AAO film. As mentioned previously, SiO2 

acted as the mask against the hydroxide-based solution to prevent attack against non-via 

regions of the AAO. Fig. 13 showed SEM images of AAO via pattern opening after SiO2 

removed by BOE and large through AAO holes after deep NaOH etch. 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 13 Through AAO via fabrication on Al foil. (a) AAO opening after SiO2 wet etch. (b) 

Closer view at the edge of SiO2 and AAO, over etch at SiO2 layer was observed. (c) Large 

through AAO vias after wet etch. (d) Closer view of the corner of a via. 

 

III. Through AAO Via metallization and Al Removal 

After obtaining thick AAO film with vias openings, an electrolytic Cu electroplating 

process was performed to fill them with metal. At current stage, a Cu plate acted as anode 

whereas the aluminum substrate layer beneath the AAO film acted as counter electrode 

during electroplating. Thus, the electroplating was “bottom-up” plating directly from the 

aluminum. To conduct this process, a Cu pyrophosphate bath was chosen, instead of widely 

used sulfate or dangerous cyanide-based electrolyte baths. Cu filled these through vias 

without leaving any void inside. Fig. 14 are SEM and optical microscope cross-sectional 

images of electroplated through AAO vias, original dimension is 20 µm via opening and 50 

µm pitch. 
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(a) 

 

(b) 

Fig. 14 Cu metallized through AAO Vias. (a) SEM cross-sectional image of Cu filled vias, 

original pattern was 20 µm opening with 50 µm pitch. (b) Optical microscope cross-

sectional image of Cu filled vias. 

 

Following metallization, the top AAO surface was carefully hand-polished. Rough polish 

paper was used to do course polish first, followed by fine polishing with aluminum oxide 

slurries (South Bay Technology, Aluminum Oxide Suspension) with 9 µm and 0.3 µm. 

The aluminum substrate could be removed by etching in cupric chloride and 

hydrochloric acid mixture (CuCl2·HCl) solution or concentrated hydrochloric (HCl) 

solution. In the case where AAO film is desired having with empty via holes, CuCl2·HCl 

solution is a good etchant to etch away the entire Al substrate. However, for the case of 

AAO film with copper filled vias, concentrated HCl was used to remove aluminum substrate 

for several hours, since CuCl2·HCl also attacks Cu during aluminum etch. 
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After etching the Al substrate, the bottom side of AAO was polished using 3 µm and 0.1 

μm slurries were applied to carefully polish the bottom surface. A rough etch was not 

needed since the Cu on the bottom was already relatively smooth. The proposed AAO 

interposer with Cu metallized vias was then fabricated. 

 

 

(a) 

 

(b) 

Fig. 15 Surface polish results of Cu filled through AAO vias.  (a) top surface and (b) bottom 

surface after Cu filled through vias. 

 

Table 1. Chemical Composition & Operating Temperature 
 Compositions Temperature 

Alumina Etchant 
6 wt % Phosphoric Acid 
2 wt % Chromic Acid 
92 wt % DI water 

65-70oC 

Anodization Electrolyte 0.3 M Oxalic Acid 2-4oC (MA) 
6-8oC (HA) 
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BOE 
80 g NH4F 
20 mL 49% HF 
120 mL DI water 

RT 

Electroplating Bath 
Copper Pyrophosphate 
Potassium Pyrophosphate 
NH4OH 

55oC 

 

 

Fig. 16 Process flow of fabricating AAO interposer. (a) Two-step aluminum anodic process 

to form porous AAO film produces vertical nanopores in AAO (b) PECVD SiO2 on AAO film 
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(c) Photoresist spin coated on SiO2 (d) Photolithography and development of photoresist 

(e) Buffered oxide etched SiO2 layer (f) AAO etched by NaOH (g) Copper via metallization 

(h) Top surface polish (i) Al substrate removal by concentrated HCl (j) Bottom surface 

polish. Note: This drawing shows the vertical nanopores at incorrect scale. Actual nanopore 

diameter is only a few nanometers—thousands of nanopores exist between copper filled 

vias. 

 

IV. Conclusion of Initial Stage of AAO Interposer Development 

Interposers were fabricated in AAO by nearly all wet chemical processes, Fig. 16, with 

high density vertical copper-filled vias. Deep AAO wet etch using NaOH in specially 

prepared AAO film was able to form 100 µm deep via openings. These via openings 

compare favorably to via formations from the widely used Bosch DRIE process in silicon 

wafers and laser ablation in glass substrates. The wet etch process produced straight 

sidewalls after deep etch by simple immersion in a hydroxide solution, without the need 

for multiple process steps and optimization, such as that required by DRIE to form vias in 

silicon wafer or conducting double-side ablation using laser ablation in glass substrate.  

Vias were filled by direct electroplating of Cu on conductive aluminum substrate. This 

bottom-up electroplating did not require additional seed layer metallization or carrier 

substrate—the original aluminum foil underneath AAO film was used as both the seed 

layer for electroplating and as a carrier substrate. Tapered via openings was not required 

to incorporate into the process in order to enhance metal filling as is needed in top-down 

metallization. The via fill was solid copper; neither defects nor voids were observed, 

proving the feasibility and good quality of the electroplating process. No additional 
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insulation layer between substrate and metal was needed to prevent electrical leakage or 

diffusion from the metal to substrate material as that in silicon wafer case. The bottom 

aluminum substrate was easily etched away by simply immersing the entire sample in 

concentrated HCl solution. Surface roughness of the copper surface for both top and 

bottom sides achieved submicron level after hand-polishing.  

It is believed that this approach to building interposers in AAO thick films represents a 

compelling alternative to current interposer technologies. The process reported here can 

produce high density, solid copper vias, yet has significant improvements in reduced 

process complexity, reduced process time, and reduced process cost compared to 

conventional approaches in silicon and glass. Moreover, the excellent mechanical, thermal 

and electrical properties of AAO make it an attractive replacement for silicon and glass in 

interposer applications. 

V. Issues and Discussions 

Several issues can be observed throughout the proposed process and experiments: 

1) Buffered Oxide Etch of SiO2 on AAO surface 

Over-etch is a common phenomenon for every kind of wet etch process, SiO2 in this 

process suffered from the same issue which can be seen in Fig. 13(a), the ring shape 

contour between open AAO area and SiO2. Fig. 13(b) showed a magnified image of the 

region, SiO2, because of BOE over etch, became thinner and uneven, some part of it might 

lose the coverage of nanopores where should not be exposed to NaOH etch later.  

2) Mismatch of Coefficient of Thermal Expansion between AAO and Al 

Since SiO2 acts as etch hard mask in NaOH deep etch process, it is deposited by PECVD 

either at 250oC in Plasmatherm or 200oC in BMR. Exposing both AAO and Al to such 
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condition, the entire working substrate is going to bend heavily because of the thermal 

mismatch between the two materials. As-fabricate AAO based on our two-step anodization 

process has CTE about 3.5 whereas Al is about 23 (×10-6/K). The whole sample is bending 

toward AAO during the heating, even during the baking process in photolithography, which 

is increasing the risk to crack the AAO. Second, the bending issue is possible to cause non-

uniform exposure during photolithography process. Fig. 14(a) showed the critical 

dimension offset of via up to 14 µm from the adjacent one, this could come from the non-

uniform exposure of photoresist under UV light that give rise to offset on patterns in 

photoresist which then magnified even more during wet etch process. 

Images in Fig. 15 showed circular via openings became totally random in shape might come 

from the combination of previously mentioned 2 issues. 

3) Al Foil Removal after Cu Electroplating 

In previous section, HCl was used to remove Al foil underneath AAO, however, that took 

so much time (> 2 hours) to thoroughly etch Al. The use of HCl was because CuCl2·HCl 

attacks both Al and Cu, this renders Cu filled through vias in severe dangerous situation. As 

in Eq. (10), Al will combine with chloride ions after reacting with CuCl2 and leave Cu solid 

in the solution, this is a vigorous reaction and can remove 150 µm thick Al in less than 15 

minutes. Eq. (11) is indicating, on the other hand, solid Cu transforms to another oxidation 

state when encounters cupric ion. This tells the fact that CuCl2 is going to damage Cu in the 

via during Al etch in CuCl2 solution. 

2𝐴𝑙( ) + 3𝐶𝑢𝐶𝑙 ( ) → 3𝐶𝑢( ) + 2𝐴𝑙𝐶𝑙 ( )                                                                                       (10) 

𝐶𝑢 + 𝐶𝑢 → 2𝐶𝑢                                                                                                                                 (11) 
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To resolve the yield issues and increase the efficiency of the fabrication process, new 

fabrication process needs to be developed and integrated to create through AAO vias. 
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CHAPTER 4 

Advanced AAO Interposer Technology – Process Development & Integration 

The end of previous chapter, 3 major issues were highlighted: 

1) Over-etch issue from BOE etching SiO2 

2) Bending of working surface due to CTE mismatch 

3) Low Al removal rate or potential damage to Cu via 

Issues from 2 and 3 in previous chapter can possibly be resolved by removing Al foil 

after two-step anodization with CuCl2·HCl solution. Since there’s no Cu filling into 

anywhere in the AAO film, the risk of damaging Cu via can be set to 0 while the etching 

efficiency can rise dramatically compare to using simply HCl to do the work. If AAO is the 

only working substrate, CTE mismatch will not be an issue to cause the bending of the 

working surface. As for SiO2 over-etch, a better way to do that pattern transfer by etching is 

finally using dry etch. Plasma etch is then a good option to do the process. Removing Al foil, 

however, means previously proposed process will lose seed layer for Cu electroplating, 

new method needs to be implemented to fabricate Cu filled through vias. 

I. Process Development 

1) Al Removal in CuCl2·HCl Solution 

After two-step anodization, there are different ways to obtain bare AAO film. Use wet 

chemical CuCl2·HCl mixture is among the easiest method to quickly separate AAO from Al 

foil based on Eq. (10). Fig. 17 is cross-sectional image in optical microscope of a piece of 

bare AAO film. 
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(a) 

Fig. 17 Optical microscope cross-sectional image of bare AAO film. 

 

2) Through AAO via fabrication 

1st through via fabrication process in bare AAO film47 was still performed after SiO2 etch 

with BOE. Ideal process flow can be illustrated as follow in Fig. 18: 
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Fig. 18 Ideal process flow to drill vertical through vias in bare AAO film. (a) Bare AAO film 

obtained after etching Al with CuCl2·HCl mixture. (b) SiO2 coating one side of AAO. (c) 

Patterning photoresist. (d) Pattern transferred to SiO2 using BOE. (e) Removing photoresist 

with acetone and protect AAO backside with nail polish. (f) Through AAO etch with NaOH. 

 

Based on the process flow, final result of this experiment should the sample contain 

vertical through vias with better dimension control of via openings. However, the optical 

microscope images indicated there was something happening during the through via 

fabrication that ended up with nuzzle shape of vias, Fig. 19. After carefully examination, top 

side with SiO2 mask did not have wide opening while nail polish protected bottom side had 

which suggested delamination of nail polish from AAO during the late etching stage was 

possibly taking place so that it did not offer a solid protection against NaOH to get through 

via etch. 

 

(𝑎) (𝑏) (𝑐)

(𝑑) (𝑒) (𝑓)
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 19 Through AAO via fabrication results after removing Al foil. (a) Top view of bare AAO 

film after through via etch, shadow around the opening is the diameter of via opening on 

bottom side. (b) Bottom view of bare AAO film after through via etch, it can be observed 

that opening at the bottom side is bigger than that at top side. (c) and (d) Cross-sectional 

image in optical microscope, these suggested via openings were controlled to have more 
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consistent dimension, however, vertical through vias weren’t fabricated successfully. 

 

To get rid of nuzzle shape vias, Fig. 19(c) and Fig. 19(d), based on the assumption, coat 

SiO2 on both side of AAO to have solid coverage might be a better way to fabricate vertical 

through vias in AAO, modified process can be seen in Fig. 20. Results, Fig. 21, showed better 

control of via diameter indicating vertical through AAO via etch is successful. 

 

Fig. 20 Modified process flow to fabricate vertical through AAO via. (a) Bare AAO film 

obtained after etching Al. (b) Double side coated with SiO2. (c) Pattern top side Shipley 

1827 photoresist then protect bottom SiO2 with same photoresist. (d) Pattern transfer to 

top SiO2 using BOE. (e) Remove photoresist with acetone. (f) NaOH deep etch to fabricate 

vertical through vias. (g) Remove thin SiO2 covering via openings at bottom side in 

ultrasonic bath. 

 

(𝑎) (𝑏) (𝑐)

(𝑑) (𝑒) (𝑓)

(𝑔)
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(a) 

 

(b) 

Fig. 21 Vertical through AAO vias in bare AAO film. (a) Top view of through AAO via 

openings and (b) bottom view of through AAO via openings. Diameter of the through via for 

both sides is controlled to be almost the same indicating SiO2 at the bottom providing good 

protection without delamination. 

 

In order to further promote the accuracy in via dimension from reducing wet chemical 

over etch, SiO2 was removed by RIE plasma etch. To ensure SiO2 other than patterned area 

is well-covered from high energy plasma, original 4 µm thick photoresist (Shipley 1827) 

was changed to 8 – 10 µm thick AZ 4620 with higher viscosity for better protection. Fig. 21 

contains 4 SEM images using RIE to remove SiO2 then prepare sample for through via etch. 

Comparing to results in Fig. 14 and Fig. 19, via opening dimension is in good control: 

original mask in Fig. 22(a) and Fig. 22(b) was 20 µm in diameter with 50 µm and 75 µm 

pitch, respectively. After SiO2 etch in RIE and NaOH deep etch of AAO, consistent results 

showed about 8 µm horizontal over etch. For smaller dimension in Fig. 22(c) and Fig. 22(d), 
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10 µm hole expanded to about 18 µm which matched the over etch rate in 20 µm case. In 

the later case, pitch to diameter ratio is 1.7 and aspect ratio is 5.6. 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 22 High density through AAO vias. (a) 28 µm via/50 µm pitch. (b) 27 µm via/75 µm 
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pitch. (c) 18 µm via/30 µm pitch. (d) Cross-sectional view of successful through AAO via 

with 18 µm via/30 µm pitch, the pitch to diameter ratio is about 1.7 and aspect ratio is 

about 5.6. 

 

3) Cu Metallization of Through AAO Vias 

Without Al foil at the bottom, there are still several ways to metallize through vias. 

Conformal coat through AAO vias, bond AAO with through vias to a seed layer coated 

carrier wafer or manipulate electroplating chemistry to have center-initiate metallization. 

In this work, a thin layer (0.1µm) of Ni was coated on one side of SiO2 electrolessly48 and 

served as seed layer for Cu electroplating. 

The seed layer side was then placed in the electroplating solution facing against Cu foil. 

When electroplating started, part of Cu ions went through the via openings while other part 

routed all the way to the Ni layer and reduced to Cu. There are several benefits using this 

electroplating to obtain Cu filled vias: it’s fully bottom-up filling, no need of 

bonding/debonding process, and manipulate electrolyte chemical composition is not 

necessary49,50. Fig. 23 illustrates the concept of this bottom-sealing bottom-up 

electroplating method. 
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Fig. 23 Concept of bottom-sealing bottom-up electroplating. (a) Sample with Ni seed layer 

is placed against Cu foil. (b) Cu ions flow through the via and flow to the Ni layer then 

reduce to Cu. (c) Via opening seals then bottom-up Cu filling happens. 

 

During electroplating, the current density must be high enough for Cu sealing up via 

opening quickly so that void or seam does not form in the center of the via. For example, 

the sample AAO area is 2×3 cm2, since Cu ions have to flow to Ni at the backside the current 

density must be raised to higher than electroplating sample from the front side. In this 

work, current must be at least 0.07A (1.17A/dm2) to seal via opening properly. 

Electroplating results can be seen in Fig. 24. 
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(a) 

 

(b) 

Fig. 24 Bottom-up Cu electroplating of vertical through AAO vias. (a) Direct bottom-up Cu 

filling through AAO vias in bare AAO film. (b) V groove indicates current density is not high 

enough to seal the openings for proper solid filling the entire via. 

 

Fig. 24(b) shows “V grooves” when the current density was low so that Cu did not 

deposit fast enough to seal the openings, instead Cu deposited at the corner and slowly 

grew up then merged at the center site of the vias. If the current density is even lower, then 

a huge void should be expected to show in the cross-sectional image. 

4) Cu Overburden Removal 

The proposed Cu electroplating method is going to generate relatively thick Cu on one 

side of the sample, it is necessary to get rid of overburden Cu to reveal the metallized vias 

before next fabrication step and this can be done by polishing the sample with sand papers. 

Sample needed to be mounted to a holder as a protection from cracking during polishing, 

400 and 600 grids worked for coarse polishing then switched to fine polishing with 800 
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grids above. All Cu overburden should be entirely removed along with Ni seed layer and 

SiO2 layers on both sides. 

5) RDL Fabrication on Both Sides 

Semi-additive process (SAP) is applied to fabricate RDL, the whole polished sample was 

subjected to Electron-Beam (E-Beam) Evaporator for 1000 Å Cu deposition as seed layer. 

Photoresist was then spun coated on this Cu layer for photolithography process. Open 

areas are Cu seed layer exposed to Cu electroplating solution for thicker layer Cu 

deposition. Photoresist was then rinsed off by acetone when electroplating finished and left 

non-patterned Cu seed layer for Copper Etchant 49-1 removal. Copper Etchant 49-1 is citric 

acid based which the selective rate between Cu and AAO is high enough that AAO basically 

is not being affected for Cu seed layer etch. Final structures were successfully elaborated 

after both sides went through RDL fabrication. 

 

Table 2. Electroless Ni & Electro Plating Solution 
 Compositions Temperature 

Electroless Ni 

0.05M NiSO4·6H2O 
0.2M NaH2PO2·H2O 
0.1ppm Bi(NO2)3 
Chelating Agent 

60oC 
pH = 4.5 

Cu Electroplating 

75g/L CuSO4·5H2O 
98ml/L H2SO4 
0.125ml/L HCl 
Addition agents 

RT 
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II. Process Flow of Advanced AAO Interposer Fabrication & Results 

 

 

Fig. 25 Advanced AAO interposer fabrication process flow. Schematic process flow of AAO 

interposer fabrication. (a) Anodization of Al. (b) Bare AAO after Al removal. (c) Feature 

patterning and pattern transfer. (d) Deep AAO etch. (e) Electroless Ni seed layer deposition. 

(f) Bottom-up Cu via metallization. (g) RDL layer patterning and electroplating. (h) Cu seed 

layer etching. (i) Completed AAO interposer with embedded structure. 

AAO

Al

Photoresist

SiO2

Ni

Cu
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(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

 

(g) 

 

(h) 

Fig. 26 Fabrication results of AAO interposer with embedded structures. (a) SiO2 deposited 

on both sides of AAO uniformly. (b) Void-free bottom-up Cu metallization. (c) X-Ray top-

down inspection of void-free Cu filled vias. (d) Cu pillars after removing AAO. (e) 100 nodes 

daisy chain. (f) to (h) are embedded solenoid inductors with different turns of loops.  
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Fig. 25 is the modified process flow to Fig. 16, in this new process flow several process 

conditions are changed and improved: 

1) Bending of working surface coming from CTE mismatch of AAO and Al during 

thermal processes is reduced. Thus, the risks of AAO cracking during heating and 

clamping in mask aligner are reduced. 

2) Because of the removal of Al, AAO can be squeezed flat when clamped in mask 

aligner which means better exposure uniformity than that in AAO/Al condition. 

Also, the utilize of RIE plasma etch defines patterns in SiO2 hard mask better than 

using BOE for pattern translation. Diameter expansion due to BOE etch is then 

reduced. 

3) Remove Al foil does not need long etching period and possibility to damage Cu 

fillings in through AAO vias is none. 

4) Cu electroplating can be finished using common sulfuric based electrolyte rather 

than Cu pyrophosphate, which pH is high enough to etch AAO and cost is higher also. 

5) Bonding and debonding process have relatively high cost based on the chart in Fig. 9 

for Xilinx Interposer. Etching through vias in AAO and bottom-up electroplating in 

the proposed process do not need bonding/debonding. 

III. Conclusion of Advanced AAO Interposer Fabrication 

A more advanced fabrication technology was implemented to create high density 

through AAO vias without using dry etching tools like DRIE or laser ablation. Through AAO 

via fabricated from this method could reach the dimension comparable to both through 

silicon via (TSV) and through glass via (TGV).  
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Void-free bottom-up Cu electroplating was achieved without the need to bond the 

sample to a carrier substrate. In contrast to the fabrication of metallic nanowire in AAO 

film, Cu electroplating the through AAO vias was first demonstrated in this work inside 

bare AAO film. This Cu filled through vias, in terms of fabrication, reduced the need of very 

precision polishing to even nanowire/AAO surface. 

Embedded toroid inductors, solenoid inductors, and daisy chain were successfully 

fabricated after RDL Cu electroplating. More interesting structure or passive devices could 

be expected to add values to AAO interposer following the same fabrication process along 

with measurement data to show the potential for real-world applications. 
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CHAPTER 5 

Characterization and Analysis of AAO Film and Fabricated Structures 

As-fabricated porous AAO film was characterized to know basic chemical, thermal, and 

electrical properties. The characterization helps to integrate fabrication process, design 

test structures, and evaluate the results. 

I. Test Information and Detail for AAO Film 

1) Chemical Test – Durability Test 

Four solutions were selected to conduct the chemical durability test: hydrochloric acid 

(HCl - 10 volume %), hydrofluoric acid (HF – 2 weight %), sodium hydroxide (NaOH – 10 

weight %), and sulfuric acid (H2SO4 – 10 volume %). These solutions were used or once 

used in proposed fabrication process, therefore, understanding tolerance of AAO in these 

solutions help to develop and integrate the processes. 

2) Thermal Test – CTE Measurement 

CTE is important in terms of interposer technology and its applications. One of the 

downsides of Si interposer is the huge CTE mismatch between Si and Cu (2.6×10-6/K to 

16.5×10-6/K). This test was out source to Ebatco (www.ebatco.com) for ThermoMechanical 

Analysis (TMA) measurement. The company use Q400 thermomechanical analyzer from TA 

instruments to measure CTE of materials. It uses a flat, quartz probe to measure the 

amount of linear expansion in a material as it is heated. Resolution is as small as 0.5 nm 

displacement and temperature range from -150oC to 1000oC. 

3) Electrical Test – Dielectric Constant (εr) and Loss Tangent (δ) 

Measurements of dielectric constant and loss tangent are of the importance to 

understand the baseline of electrical performance. Measurements were done by Agilent 
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4291B Impedance/Material Analyzer with 16453A Dielectric Material Test Fixture. The 

test fixture supports frequency range from 1 MHz to 1 GHz and allows sample thickness 

from 0.3 mm to 3 mm with diameter ≥ 15 mm. 

II. AAO Film Test Results 

1) Chemical Durability 

Amphoteric nature of AAO suggests it can easily react with both bases and acids. 

Chemical durability test data in Table 3. indicates AAO is especially weak in HF and NaOH. 

Throughout the experiments and fabrication, CuCl2·HCl and tetramethylammonium 

hydroxide (TMAH) can both react with AAO also. To promote the resistance against 

chemicals, anneal fabricated AAO (γ-AAO, amorphous AAO) at high temperature (above 

1250oC) that transforms γ-AAO to α-AAO can elevate chemical durability dramatically51. 

Fabrication of AAO interposer can thus incorporate the annealing process after through 

AAO vias are formed to further strengthen AAO interposer. All AAO samples had same 

thickness of 100 µm. 

 

TABLE 3. Hard Anodized AAO Chemical Durability Test 
Test Chemicals HCl HF NaOH H2SO4 

Test Conditions 
10 vol% 
20 min 
RT 

2 wt% 
1 min 
RT 

10 wt% 
20 min 
RT 

10 vol% 
20 min 
RT 

Durability (mg/cm2) 1.68 19.6 28.65 0.05 
 

2) CTE Measurement 

Measurement of dimensional change in temperature range from 23oC to 100oC. The 

result, Fig. 27, showed linear dimensional change with CTE of 3.62×10-6/K, this value was 

closed to the minimum value of AAO. Two-step hard anodized AAO in this work has slightly 
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higher CTE than Si. This value is similar to glass substrate for interposer technology 

nowadays. This value can possibly be tailored by anodizing Al in different electrolyte and 

annealing AAO for phase transformation. α-AAO can have CTE can go up to 10×10-6/K 

which is close to Cu. 

 

Fig. 27 Coefficient of thermal expansion of as-fabricated AAO. Measurement was taking 

from 23oC to 100oC, it showed the linear dimensional change within the test range and gave 

CTE value of 3.52×10-6/K. 

 

3) Electrical Measurements 

The dielectric material testing fixture is using capacitive to determine the relative 

dielectric constant. Fig. 28(a) and Fig. 28(b) are 16453A Dielectric Material Test Fixture in 

idle and working state respectively. The measurement site can be simplified to the model in 
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Fig. 28(c): two parallel metallic plates sandwiching material-under-test (MUT), equivalent 

circuit can be seen as resistor (Rp) and capacitor (Cp) connected in parallel. 

 

 

(a) 

 

(b) 

  

(c) 

 

Fig. 28 Dielectric material test fixture in Agilent 4291B Impedance/Material Analyzer. (a) 

Fixture in idle. (b)  Fixture in work. (c) Schematic illustration of material under test and the 

equivalent circuit model. 

 

𝑌 =
1

𝑅
+ 𝑗𝜔𝐶                                                                                                                                            (12) 

Electrodes (Area = A)

MUTt

Cp Rp
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𝑌 = 𝑗𝜔𝐶 −𝑗
1

𝜔𝐶 𝑅
+

𝐶

𝐶
                                                                                                                  (13) 

𝜀 = −𝑗
1

𝜔𝐶 𝑅
+

𝐶

𝐶
                                                                                                                           (14) 

𝜀 =
𝐶

𝐶
=

𝑡𝐶

𝜀 𝐴
                                                                                                                                          (15) 

𝜀 " =
𝑡

𝜔𝑅 𝐴𝜀
                                                                                                                                            (16) 

Eq. (12) to Eq. (16) are to calculate the dielectric constant of the material52. Cp is the 

equivalent parallel capacitance of material, Rp is the equivalent parallel resistance of 

material. Y is the admittance of the system. C0 is capacitance of the parallel metal plate 

capacitor without sandwiching a material. A is the effective measurement area between 

two metal plates. 

5 pieces of 100 µm thick AAO were measured. Fig. 29(a) showed as-fabricated AAO 

films have dielectric constant ranging from about 7.5 to 8 whereas Fig. 29(b) showed loss 

tangent reached 10-3 which was about the same magnitude of a glass. Longer anodization 

period gives higher order of nanopore arrangement, HA process at high voltage is reported 

to have lower porosity in comparison to MA. One of the most obvious change is the inter-

pore distance for AAO films fabricated in various kinds of electrolytes as mentioned in 

Chapter I. For example, anodized in H2SO4, H2C2O4, and H3PO4 lead to AAO with interpore 

distance ranges from about 60 nm to 500 nm, dielectric constant should be expected to 

change. Other thing like the impurity levels in AAO from both MA and HA process, also can 

be found in previous literature, might also give rise to the change in electrical property. 
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(a) (b) 

Fig. 29 Electrical measurement results in Agilent 4291B. (a) Dielectric constant of HA AAO 

films. (b) Loss tangent of HA AAO films. Measurement was performed from 1 MHz to 1 GHz 

and AAO thickness is 100 µm. 

 

III. Measurement Setups and Details for Embedded Structures 

Performance of an interposer is not only determined by the properties of base material 

but also the structures embedded in it. Test structures usually includes daisy chains, 

coplanar waveguide (CPW), and embedded inductors. It can thus be separated into two 

different categories: DC measurement and radio frequency (RF) measurement. 

I. Test Structures’ Specifications and Instruments 

1) DC Measurements – Daisy Chains 

Embedded daisy chain structures had numbers of vias from 25 to 400. Fig. 25(e) was 

100 vias (or 100 nodes) daisy chain, via had diameter of 30 µm, 100 µm long. Top and 

bottom RDL were 75 µm in length and 30 µm in width. Cu wires to probing pads had length 

of 200 µm. All Cu RDL had thickness of 4 µm after electroplating. Major purpose of 
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measurement on daisy chains is to check the process condition to electrically test if the 

structures are open circuit or not. The other purpose is to estimate the single via 

resistance. Measurement was done in a probe station with 4-point kelvin measurement 

setup. Keithley 2400 power supply was to provide stress current and voltage sensing 

capabilities. 

2) RF Measurements – CPW and Embedded Solenoid Inductors 

Measurements on CPW and inductors was done in another probe station (PA 200, Suss 

MicroTech) with HP8510C vector network analyzer (VNA), sweep frequency was set from 

45 MHz to 20 GHz. Ground-signal-ground (GSG) probe (Picoprobe Model 40A GSG-300 

Pitch-P, GGB Industries, Inc.) was chosen to perform Short-Open-Load-Through (SOLT) 

calibration and measurements. 

II. Measurement Results 

1) DC Measurements – Daisy Chains 

Fig. 30(a) showed 25 nodes daisy chain under test in the probe station. In Fig. 30(b), 

daisy chain measurements shown linearity between total resistance versus numbers of 

vias. Quick estimation of single via resistance53 based on current daisy chain design can be 

written as follow: 

𝑅 = 𝑛𝑅 + (𝑛 − 1)𝑅 + 𝑅                                                                                                              (17) 

𝑅 _ =  𝜌
𝐿

𝐴
                                                                                                                                                    (18) 

The estimated average single via resistance (Rvia), from (1) and Fig. 4(d), is about 3 mΩ, 

where Rtotal is the total resistance of daisy chain, RRDL is the resistance for top and bottom 

RDL, Rroute is the metal line connecting from via to contact pad. Since there was no 

additional metal, other than Cu, as adhesion layer before Cu seed layer deposition and with 
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4-point probing setup to measure the total resistance, contact resistance between via and 

RDL plus contact resistance between probes and contact pads were ignored in (1). By 

calculating ideal via resistance from (2) where ρCu is resistivity of Cu, L is the length of the 

via, and A is the cross-sectional area of the via, 2.38 mΩ was obtained which is close to 

estimated 3 mΩ. More realistic case should take all the contact resistances into 

consideration: dishing and polishing debris could impact the contact resistance between 

via and RDL whereas contact condition plus oxidation could still influence contact 

resistance between probes and pads. 

 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 30 DC measurements of daisy chains. (a) 25 nodes daisy chain under test in probe 

station: I+/I- indicates the stressing current whereas V+/V- indicates voltage sensing. (b) 

Measurement data shows linear relationship between total resistance and vias testing 25, 

100, 120, 140, 260, and 400 vias. (c) Single via resistance averaged from 3 sets of 

measurement data. (d) Average single via resistance versus number of vias. 

 

2) RF Measurements – CPW & Embedded Solenoid Inductors 

CPW is formed from a conductor separated from a pair of ground planes, which are 

conductors also. All the structures sit on the same plane on top of a dielectric material. 

Ideally, the thickness of the dielectric material is infinite. In real case, the thickness of the 

dielectric material should be thick enough so that the electromagnetic (EM) fields die out 

before they get out of the material. Fig. 31 is the conventional CPW structure, usually CPW 

is fabricated into 50 Ω impedance to do impedance matching. When impedance is matched 

between CPW and probes, loss coming from the probing should be minimized to lowest 

condition. Making of 50 Ω CPW is by tuning the separation between signal line and ground 

Number of Vias Single Via R (mΩ)
25 2.893
100 3.666
120 2.763
140 2.580
260 2.510
400 3.268
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planes (s), width of signal line (w), and material thickness (t) if material relative dielectric 

constant (εr) is a known value. Based on the results from dielectric constant and loss 

tangent measurements of AAO films, average dielectric constant value of 7.75 was chosen 

as εr. Since material thickness was set to 100 µm, s = 30 µm and w = 100 µm was chosen to 

make 50 Ω CPW. 

 

Fig. 31 Conventional CPW structure: s is the separation between center signal line to 

adjacent ground planes. w is the width of signal line and t is dielectric material thickness. εr 

is relative dielectric constant of the material. 

 

Compare to Si wafer, AAO does not need additional insulator coating to prevent 

electrical loss which then promotes RF performance. In Fig. 32(a), drawing on the top 

illustrated the dimension of 50Ω CPW on AAO whereas the actual fabricated CPW was at 

the bottom. Measurement result in Fig. 32(b) indicated low insertion loss, less than 0.2 dB, 

all the way to 20 GHz, which is comparable to CPW on glass. Fig. 33(a) is another CPW with 

different dimension, s = 15 µm and w = 50 µm was chosen to make 50 Ω CPW, insertion loss 

is still lower than 0.2 dB indicating low electrical loss property of AAO, Fig 33(b). 

 

𝑤𝑠

𝑡

𝑠

𝜀
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(a) 

 

 

(b) 

Fig. 32 Fabricated CPW1 structure and measurement result. (a) Illustrated cross-sectional 

view and top-down optical microscope image of fabricated coplanar waveguide on AAO 

film: signal line is 100 µm wide, 1200 µm long; gap between ground and signal lines is 30 

µm; metal thickness is 4 µm; AAO film is 100 µm thick. (b) Measurement data shows 

insertion loss is less than 0.2 dB at 20 GHz. 
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(a) 

 

 

(b) 

Fig. 33 Fabricated CPW2 structure and measurement result. (a) Illustrated cross-sectional 

view and top-down optical microscope image of fabricated coplanar waveguide on AAO 

film: signal line is 50 µm wide, 1200 µm long; gap between ground and signal lines is 15 

µm; metal thickness is 4 µm; AAO film is 100 µm thick. (b) Measurement data shows 

insertion loss is still less than 0.2 dB at 20 GHz indicating the low electrical loss property of 

AAO. 

 

Fig. 34(a) and Fig. 34(b) are measured return loss and insertion loss respectively from 

VNA. Fig. 35(a) and Fig. 35(b) are inductance and quality factor extracted from VNA 

measured S-parameters. For number of turns increase from 2 to 5, measured inductance 

goes from 0.91 nH to 2.02 nH which improves 122%. As the metal conductive loss 

increases with number of turns, peak Q value drops from 41 to 18 which decreases 56%. 

This is mainly because of higher conductive loss from Cu. Comparing the results in this 
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paper to the work using Cu nanowire bundles as through AAO vias6: 2-turn solenoid 

inductor in this work is about 0.4 nH higher with significant better peak Q value, 41 to 16. 

In 5-turn case, inductance is 1 nH higher with better Q, 18 to 8. While comparing to 

solenoid inductors in HR-Si interposer and glass interposer, measured and extracted data 

showed comparable results that signifies proposed AAO interposer is capable of 

embedding passive inductive components working in high frequency. 

 

 

(a) 

2 − 𝑇𝑢𝑟𝑛

3 − 𝑇𝑢𝑟𝑛

5 − 𝑇𝑢𝑟𝑛
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(b) 

Fig. 34 Measured S-Parameters for 3 embedded inductors. (a) Return loss and (b) Insertion 

loss. 

 

2 − 𝑇𝑢𝑟𝑛

3 − 𝑇𝑢𝑟𝑛

5 − 𝑇𝑢𝑟𝑛
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(a) 

 

(b) 

Fig. 35 Extracted data of embedded solenoid inductors. (a) Inductance of embedded 

solenoid inductors. (b) Quality factors of embedded solenoid inductors. 
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Inductance and Q value are extracted from VNA generated S-Parameters by equational 

calculations. In HP8510C VNA, 2-port S-Parameters (Scattering parameters) are generated 

while measuring devices. The expression of 2-port S-Parameters can be illustrated and 

written as follow: 

 

 

(a) 

 

 

 

 

(b) 

 

(c) 

Fig. 36 S-Parameter matrix and calculations. (a) The S-Parameter matrix for the common 2-
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port network. (b) The expressions of 4 parameters calculating from the matrix. (c) The 

relationship between input, output, and S-Parameters. 

 

In HP8510C VNA, the 2-port network matrix can be seen as Fig. 36(a). And the 4 S-

Parameters can be written in expressions in Fig. 36(b) where:  

𝑆 = 𝑖𝑛𝑝𝑢𝑡 𝑝𝑜𝑟𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

𝑆 = 𝑟𝑒𝑣𝑒𝑟𝑠𝑒 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑔𝑎𝑖𝑛 

𝑆 = 𝑓𝑜𝑟𝑤𝑎𝑟𝑑 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑔𝑎𝑖𝑛 

𝑆 = 𝑜𝑢𝑡𝑝𝑢𝑡 𝑝𝑜𝑟𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

Many electrical properties of networks of components, inductors, capacitors, and 

resistors, may be expressed using these parameters such as gain, return loss, voltage 

standing wave ratio (VSWR), reflection coefficient, insertion loss, and amplifier stability. 

With these S-Parameters, the admittance parameters (Y-Parameters), impedance 

parameters (Z-Parameters), and other parameters can be generated. 

Inductance, capacitance, and quality factor are extracted from VNA generated S-Parameters 

to show the device performance as in Fig. 34. 

Using Z-Parameters and Y-Parameters, inductance and quality factor can be extracted as 

follow and plotted as in Fig. 34: 

𝑍 =
1

𝑌
                                                                                                                                                           (19) 

𝐿 =
𝐼𝑚(𝑍)

2𝜋𝑓
                                                                                                                                                  (20) 

𝑄 =
𝐼𝑚(𝑍)

𝑅𝑒(𝑍)
                                                                                                                                                  (21) 
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3) Simulation and Comparison – Embedded Solenoid Inductors 

Simulations of three embedded solenoid inductors were done in Advanced Design 

System (ADS) software, this software is Electronic Design Automation (EDA) software for 

electronic circuitry, radio frequency, and microwave simulation and analysis. Fig. 37 to 

Fig.39 are the dimensions and setups for all three inductors in the simulation environment. 

 

 

Fig. 37 2-turn embedded solenoid constructed in ADS. Vias in the center signal line have 

diameter of 30 µm and length of 100 µm. Structures in red are on the top layer whereas 

blue ones are at the bottom layer. Red arrows indicate where probes have contact to the 

device. 

 

30 µ𝑚
150 µ𝑚

150 µ𝑚

784 µ𝑚

168 µ𝑚

131 µ𝑚

𝑇𝑜𝑝 𝐿𝑎𝑦𝑒𝑟

𝐵𝑜𝑡𝑡𝑜𝑚 𝐿𝑎𝑦𝑒𝑟
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Fig. 38 3-turn embedded solenoid constructed in ADS. Vias in the center signal line have 

diameter of 30 µm and length of 100 µm. Structures in red are on the top layer whereas 

blue ones are at the bottom layer. Red arrows indicate where probes have contact to the 

device. 

 

30 µ𝑚

150 µ𝑚

150 µ𝑚

937 µ𝑚

168 µ𝑚
131 µ𝑚

𝑇𝑜𝑝 𝐿𝑎𝑦𝑒𝑟

𝐵𝑜𝑡𝑡𝑜𝑚 𝐿𝑎𝑦𝑒𝑟
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Fig. 39 5-turn embedded solenoid constructed in ADS. Vias in the center signal line have 

diameter of 30 µm and length of 100 µm. Structures in red are on the top layer whereas 

blue ones are at the bottom layer. Red arrows indicate where probes have contact to the 

device. 

 

Central signal line had same dimensions for vias, pitch width, and line width for all 

three plots that matched Fig. 26(f) to Fig. 26(h). Ground planes, on the other hand, had 

width increase from 784 µm to 1236 µm. 

30 µ𝑚
150 µ𝑚

150 µ𝑚

1236 µ𝑚

168 µ𝑚

𝑇𝑜𝑝 𝐿𝑎𝑦𝑒𝑟

𝐵𝑜𝑡𝑡𝑜𝑚 𝐿𝑎𝑦𝑒𝑟
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(a) 

 

(b) 

Fig. 40 Simulation results of embedded solenoid inductors. (a) Simulated inductance plot 
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for all three inductors. (b) Simulated Q plot for all three inductors. 

 

Fig. 40(a) is the simulated inductance plot for all three inductors and Fig. 40(b) is the 

simulated quality factors, the simulated values are closed to the measurement results, 

which measurement data has higher value, and shows the same trend; inductor with higher 

turns of loops greater the inductance. Resonant frequency in 5-turn inductor is higher in 

measurement data, this could come from the difference higher inductance value and 

parasitic capacitance from Cu surface roughness plus RDL and vias. The relationship 

between center frequency (f0) and inductance (L) and capacitance (C) can be written as 

follow: 

𝑓 =
𝜔

2𝜋
=

1

2𝜋√𝐿𝐶
                                                                                                                                    (22) 

Any change in LC value will result in change of f0. 

Simulated Q for both 2 and 3-turn inductors basically have the same peak values in 

comparison to measurement data, however, corresponding frequencies to peak Q (Qpeak) 

values are different between simulation and measurements. This, again, could come from 

the parasitic capacitance and Cu-oxidation induced capacitance: if parasitic capacitance 

increases the total capacitance in Eq. (22), one should expect a shift of frequency. In Fig. 

39(b), 5-turn solenoid inductor has Qpeak around 30 at 7 GHz, which is significantly higher 

than measurement value. The reason for this Qpeak drop can be explained to come from the 

conductor loss in practice which is usually eliminated in simulation environment.  

III. Conclusion 
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From previous fabrication works, AAO was demonstrated to be viable as substrate to 

have metallized through vias and one could move on to elaborate embedded structures to 

provide additional functions. In this paper, fabricated daisy chains were 4-point probed to 

check open/short circuit then to estimate single via resistance. DC test data indicated all 

chain structures were well connected without open circuit and had estimated single via 

resistance, 3 mΩ, close to ideal value of 2.38 mΩ. Measurement to CPW on AAO showed low 

insertion loss, less than 0.2 dB, at 20 GHz which marked AAO’s low electrical loss property 

as an oxide material. Passive devices, embedded solenoid inductors in this work, were 

characterized with VNA to know the performance. Extracted inductance and peak Q values 

suggested reasonable values which were higher than similar work published elsewhere: Q 

value reached 41 at 7 GHz in 2-turn solenoid inductor case. Simulation data further 

provided same trend and close value to support the measurement results. AAO can highly 

potential be an interposer material in comparison to current Si and glass interposers: 

simple fabrication process, good material properties, customizable film condition, 

reasonable electrical performances, and low overall cost. 
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CHAPTER 6 

Future Works with Porous AAO Film 

I. High Aspect Ratio and Highly Anisotropic Cu Nanowires Fabrication 

1) Fabrication Process of Cu Nanowires 

Most common application of AAO is to act as a template for nanowire synthesis. It is 

also proposed54 that the combination of Cu and AAO can be material for low temperature 

(250oC to 400oC) bonding in 3D packaging. 

This section is to develop the idea of the fabrication process for Cu nanowire in thick AAO 

film which can possibly be used at the peripheral of AAO interposer for bonding purpose. 

Porous AAO, as mentioned in Chapter I., has nanoporous opening on top surface and 

enclosed barrier layer at the bottom. There are two common ways to obtain nano-scale 

through holes in AAO film: one is mechanical polishing and the other is wet chemical etch. 

Since AAO film can be from tens of nanometer thick to hundreds of micrometer thick, 

mechanical polishing is likely to damage the film if it’s thin enough or not well-protected. 

Therefore, wet chemical etch is widely used in researches and industrial production. 

In this work, Cu nanowires were fabricated using electroplating in the same sulfuric 

based solution for through AAO via metallization. Electroplating is the most common 

method to grow Cu in nanopores55-58. 

Fabrication started by two-step anodization to obtain vertically self-aligned nanopores, 

the anodization process is to make the same thickness of AAO uses for AAO interposer, Fig. 

41(a). To obtain nano-through holes in AAO, wet chemical etching was conducted to slowly 

get rid of the barrier layer. Before the barrier layer etch, top AAO surface needs to be 

protected with either photoresist or nail polish to cover all nanopores with no vacancy so 
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that etchant will not attack from top side, Fig. 41(b). Since AAO is a non-conductive 

dielectric material, electroplating needs a counter-electrode to reduce Cu. There are several 

ways to coat seed layer: sputtering, Ebeam evaporation, and electroless plating, Fig. 41(c). 

After seed layer coating as the counter-electrode, electroplating started to seal nanopore 

openings at the bottom side and grow Cu nanowires in AAO, Fig. 41(d). 

 

Fig. 41 Process flow to fabricate Cu nanowires in AAO film. (a) Two-step anodization to 

produce vertically self-aligned nanoporous AAO. (b) Etch patterned Al then etch barrier 

layer. (c) Metallic layer coating on the barrier side of AAO. (d) Electroplating the 

nanopores. 
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Al Al
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Al Al
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2) Results and Discussion 

AAO barrier layer was successfully removed by 5 vol% H3PO4 at 30oC for 105 minutes. 

During the etch process, outer layer of nanopore also exposed to the etchant once barrier 

layer was broken slightly, so the entire nanopore diameter was expanded. 

 

 

(a) 

 

(b) 

Fig. 42 Pore widening of nanopores. (a) Hard anodized AAO top surface. (b) Bottom surface 

after barrier layer removal. 

 

From the comparison between Fig. 42(a) and Fig. 42(b), one can observe the diameter 

difference easily. After barrier layer etch, the pores were widened to be around 250 nm. 

This is called “pore widening” and is one of the important and appealing characteristics of 

AAO film, the diameter of nanopores can be manipulated not only by anodizing in different 

electrolytes but wet chemical etching without using specific facility like nano-indentation. 
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Since the barrier layer was removed, all nanopores became nano-through hole at this point 

and could be filled with metals. 

As mentioned previously, Cu electroplating was performed to fill these nano-through 

holes in the same fashion as filling through AAO vias, it was bottom-up electroplating. 

Electroplating can be done in three different ways, direct current (DC) electroplating, pulse 

electroplating, and pulse reverse electroplating59.  

Typically, DC electroplating is the most common method to coat any conductive surface, 

the idea is straight forward, simply let the Cu ions flow and reduce on the conductive 

surface non-stop then have the surface coated with the target metal. Pulse electroplating, 

on the other hand, the current waveform is not continuously on but having off periods in 

between. Pulse electroplating helps to improve the quality of the plated metal film and can 

release the internal stress comparing to DC electroplating. The combination of short plating 

cycle and high on/off frequency allow the surface to reduce defect. This is because DC 

electroplating is metal ions piling up non-stop but, in the case of pulse electroplating, the 

off time is for metal ions to diffuse to non-plated vacancies. So, the film quality can be 

improved in comparison to DC electroplating. Pulse reverse electroplating is making the off 

period in pulse plating negative polarity. Negative current means oxidizing target material 

from sample surface, high roughness area in the coated sample surface is prone to be 

ionized because the electric field is stronger. Pulse reverse electroplating, therefore, is 

tending to have smoother metal surface coating. The electroplating technique in through 

AAO vias was using pulse reverse electroplating to have better control of size of Cu 

overburden on top via openings. 
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(a) 

 

(b) 

 

(c) 

Fig. 43 Common electroplating techniques current – time plot: (a) DC electroplating. (b) 

Pulse electroplating. (c) Pulse reverse electroplating. 

 

𝑜𝑛

𝑜𝑓𝑓

𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛

𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛
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Fig. 43(a) is the current versus time trend in DC electroplating. Fig. 43(b) is pulse 

electroplating, one plating cycle is “on” time plus “off” time, which metal ions transfer to 

sample surface during “on” period and diffuse across the surface during “off” period. Fig. 

43(c) illustrates pulse reverse plating chart; positive polarity is metal deposition on sample 

surface while negative polarity is deposited metal releasing back to the solution. Since 

pulse reverse plating has reduction and oxidation happening in a plating cycle, deposition 

rate is relatively low. In Cu nanowire fabrication, pulse plating was used to grow Cu in 

nanopores, since the process offers reasonable quality of Cu nanowires and the efficiency 

compares to pulse reverse plating is better. 

 

 

(a) 

 

(b) 

Fig. 44 DC nanopores Cu electroplating results. (a) Angel view of partially Cu filled 

nanopores and damaged top AAO surface. (b) cross-sectional view of damaged top 

nanopores after 2 hours of DC electroplating. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Fig. 45 Cu nanowires fabricated by pulse plating. (a) Cu nanowire in AAO nanopore, 

nanopores with barrier layers did not have Cu nanowires in the pores. (b) Cu nanowire 

bundles in AAO. (c) High aspect ratio, highly anisotropic Cu nanowire forest after removing 
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AAO. (d) Closer view at the Cu nanowire forest. 

 

Even though DC electroplating can still grow Cu nanowires in AAO nanopores, two 

major issues might drop the quality of nanowires. First, as mentioned previously, DC 

electroplating relies on non-stop ion reduction on to sample surface which surface defect 

can appear due to less coating uniformity. Second, the accelerated metal ions hitting the 

material non-stop is likely to accumulate heat locally that can damage the sample material. 

Both reasons come from the fact that ion transfer rate is larger than diffusion rate.  Fig. 44 

(a) is the image of slightly Cu filled nanopores. Fig. 44(b) points out top surface of 

nanopores was damaged and sealed so that Cu ions couldn’t reduce inside the nanopores 

result in bad filling. 

Fig. 45 showed the results of Cu nanowires fabrication. Fig 45(a) clearly showed the 

nanopores with barrier layers at the bottom, with the barrier layer Cu could not grow into 

nanopores. Fig. 45(b) is Cu nanowire bundle plated in AAO nanopores. To show the 

uniqueness of Cu nanowires grew in vertically self-aligned nanopores, AAO was etched 

away in wet chemical that left high aspect ratio and highly anisotropic orientated Cu 

nanowire forest, Fig. 45(c) and Fig. 45(d). 

3) Potential Application 

Advanced packaging technology nowadays requires small line width and tighter pitch in 

order to accommodate more functional devices in a package. This means bonding joints 

should be pushed to smaller size to match the demands. AAO top surface can be patterned 

and followed the previous process to grow nanowires in desired area. If these Cu 

nanowires can be revealed, then it’s possible to bond two patterned AAO films with Cu 
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nanowires with electroless plating, e.g. electroless Ni plating, without thermal pressing 

process60,61. 

To evenly reveal Cu nanowires after electroplating, mechanical polishing was 

conducted to remove overburden Cu on top AAO surface first. Then NaOH can do quick etch 

of Cu filled AAO to reveal portions of Cu nanowires, as in Fig. 46. 

 

 

Fig. 46 Cu nanowire bundles after surface polishing and partial AAO etch. 

 

Fig. 47 is the proposed process flow to get low temperature bonding using Cu 

nanowires in AAO. This process flow continues Fig. 41(d), electroplating continues till Cu 

overburden covers top surface of AAO making sure most of the nanopores are filled with 

Cu, Fig. 47(e). Surface polishing and partial AAO etch to reveal Cu nanowires, Fig. 47(f). 

Two samples with Cu nanowires can be attached face to face and submerge in electroless 

Ni solution then final metallic bonding is expected to form at the patterned Cu nanowire 

bundle location, Fig. 47(g) to Fig. 47(h). 
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Fig. 47 Proposed fabrication flow to conduct low temperature bonding with Cu nanowire 

bundles in AAO. (a) Two-step anodization to produce vertically self-aligned nanoporous 

AAO. (b) Etch patterned Al then etch barrier layer. (c) Metallic layer coating on the barrier 

side of AAO. (d) Electroplating the nanopores. (e) Electroplate till Cu overburden covers 

top AAO surface to ensure most of the nanopores are filled. (f) Surface polish and partial 

AAO etch to reveal Cu nanowires. (g) Two AAO film with Cu nanowire bundle submerge in 

electroless Ni solution. (h) Low temperature bonding forms at the joint area. 
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II. Improvement of AAO Interposer 

As mentioned previously in Chapter IV, Section II., as-fabricated AAO is relatively weak 

against acidic and base solutions, especially NaOH and HF. It is because AAO is an 

amphoteric material. This property of AAO can be improved by annealing it at high 

temperature to transform it from amorphous AAO to crystalline AAO. 

Another issue that might impact AAO interposer performance is moisture. AAO surface is 

rough in nanoscale plus the large surface area coming from numerous of nanopores, it is, 

theoretically, easy to trap moisture. 

In this section, modified process flow in Fig. 48, is proposed to improve previous AAO 

interposer. 

 

 

Fig. 48 Modified process flow to strengthen AAO interposer. (a) Two-step anodization to 
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fabricate thick AAO film. (b) Al foil removal. (c) Photolithography to obtain patterns. (d) 

Through AAO via etching. (e) High temperature annealing to transform as-fabricated AAO 

to α-AAO. (f)Electroless Ni seed layer plating on one side. (g) Cu electroplating the through 

vias. (h) Surface polishing to remove overburden and SiO2 re-deposition. (i) Cu/Ti or Cu/Cr 

seed layer deposition then Cu electroplating to fabricate final structure with SAP. 

 

Two-step anodization to fabricate thick AAO film then the Al foil is removed by 

CuCl2/HCl, Fig. 48(a) to Fig. 48(b). Photoresist is patterned by photolithography process 

and transferred to SiO2 using RIE plasma etching, Fig. 48(c). NaOH is used to create vertical 

through AAO vias, Fig. 48(d). To strengthen AAO against acidic and base solution, annealing 

AAO at 1250oC to make it α-AAO can be added after the through via fabrication process, Fig. 

48(e). Consider melting temperature of SiO2 is over 1700oC, AAO with SiO2 should survive 

the harsh environment. Seed layer can be sputtered, evaporated, or electrolessly deposited 

on one side of the sample then bottom-up Cu electroplating is to fill through vias, Fig. 48(f) 

to Fig. 48(g). Cu overburden on both top and bottom sides are polished, SiO2 is then 

deposited again in PECVD on both sides to seal nanopores from moisture. Photolithography 

and RIE plasma etch are needed once again to reveal Cu vias for RDL fabrication, Fig. 48(h). 

Since Cu is having relatively weak adhesion to stick to dielectric layer, adhesive metals like 

Ti or Cr is deposited before Cu seed layer deposition. SAP then comes in to finish the final 

structures by Cu electroplating, Fig. 48(i). 
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CHAPTER 7 

Summary and Conclusions 

In this dissertation, the unique highly anisotropic nature and flexibility in fabrication of 

porous anodic aluminum oxide have been taking advantage of to explore the capability in 

2.5/3D packaging and integration technology. 

The anisotropic characteristic not only appear in the nanoporous structure but also in 

the chemical composition of the nanopore unit cell. Anodizing Al in different electrolytes 

not only ends up with different pore and interpore dimensions but also results in different 

thickness and compositions in layers as in Fig. 49. Compare Fig. 49(a) and Fig. 49(b), AAO 

anodized from H3PO4 has thicker inner layer whereas H2SO4 has thinner one. As for the 

chemical compositions of different layers in AAO, take H3PO4 for instance, outer layer is 

contaminated by acid anion, Al2O3·0.24AlPO4·x3H2O. For Inner layer, Al2O3·x1H2O, is 

relatively pure alumina. Interstitial rod is relatively weak against CuCl2·HCl has the 

composition of Al2O3·0.018AlPO4·x2H2O29. Because of these unconventional characteristics 

compares to other oxide or ceramic materials, AAO has been appealing to microelectronic 

and MEMs industries. 
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(a) 

 

(b) 

 

Fig. 49 Schematic illustration of a nanopore unit cell. (a) Nanopore from anodizing in 

H2SO4. (b) Nanopore from anodizing in C2H2O4 (left) and H3PO4 (right). 

 

First part of the works was to use the structural and chemical properties mentioned 

above to create through AAO vias with AAO sitting on Al foil by wet chemical etch. Through 

vias were successfully obtained using 10 weight % NaOH etch while having SiO2 as hard 

etching mask. However, as via diameter started to decrease, the shape and size of through 

𝑶𝒖𝒕𝒆𝒓 𝑳𝒂𝒚𝒆𝒓:
𝐴𝑐𝑖𝑑 𝐴𝑛𝑖𝑜𝑛 𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝐴𝑙𝑢𝑚𝑖𝑛𝑎

𝑰𝒏𝒕𝒆𝒓𝒔𝒕𝒊𝒕𝒊𝒂𝒍 𝑹𝒐𝒅:
𝐿𝑒𝑠𝑠 𝐴𝑐𝑖𝑑 𝐴𝑛𝑖𝑜𝑛 𝐶𝑜𝑛𝑡𝑎𝑚𝑖𝑛𝑎𝑡𝑒𝑑 𝐴𝑙𝑢𝑚𝑖𝑛𝑎

𝑰𝒏𝒏𝒆𝒓 𝑳𝒂𝒚𝒆𝒓:
𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒𝑙𝑦 𝑃𝑢𝑟𝑒 𝐴𝑙𝑢𝑚𝑖𝑛𝑎

𝑂𝑢𝑡𝑒𝑟 𝐿𝑎𝑦𝑒𝑟

𝐼𝑛𝑛𝑒𝑟 𝐿𝑎𝑦𝑒𝑟

𝐼𝑛𝑡𝑒𝑟𝑠𝑡𝑖𝑡𝑖𝑎𝑙 𝑅𝑜𝑑
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vias were out of control; diameter difference from one via to another could be larger than 

14 µm. This situation was not acceptable as the main AAO application in this dissertation 

was about interposer technology; not only the electrical measurements would not be 

consistent, but the density of interconnects could be limited. Other than the issue in 

fabricating through AAO vias, Cu electroplating process was also having to be improved. 

The Cu pyrophosphate solution used to conduct bottom-up via filling could be harmful to 

AAO because the pH value of the electrolyte was high enough to etch AAO. 

Therefore, second part of the dissertation was to develop new process to resolve the 

issues then fabricate test structures and devices for performance characterization. Working 

on AAO/Al substrate, it was observed that CTE mismatch between the two materials 

generated unnecessary process issues, cracks in AAO and uneven UV exposure that 

resulted in inconsistent diameter size. The more advanced process flow was proposed and 

conducted on AAO film without Al foil. 

First, it was observed that using NaOH as etchant results in nuzzle shape of vias with 

nail polish as bottom surface protection. Fig. 50 was the SEM image of through via 

fabricated with nail polish as protection at the bottom, a clear nuzzle shape instead of 

vertical through via. The process was then modified to deposit both sample surface with 

SiO2 to get vertical through AAO via and use RIE plasma etch to obtain better control of via 

openings.  Second, Pulse reverse Cu plating was conducted to successfully fill through AAO 

vias without any void which was confirmed by cross-sectional image and X-Ray inspection. 

Pitch to diameter ratio could reach less than 2 using AAO with wet chemical etch. This 

indicates AAO can reach higher interconnect density than those in glass interposer. In this 

thesis, 10 µm via with 30 µm pitch after etching expanded to 18 µm wide and still had 30 
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µm pitch resulting in 1.7 pitch-to-diameter ratio. Third stage of the fabrication was 

finishing designed test structures and inductive elements embedded in AAO with SAP. 

Table 4. is the quick comparison of AAO interposer in this thesis to current interposers in 

terms of fabrication. 

 

 

Fig. 50 Nuzzle shape of Cu filled through AAO vias. Nail polish was likely to delaminate at 

the later stage of etching resulting in non-vertical through etch. 

 

Test and characterization were separated into two parts: 

1) Characterize HA-AAO film: chemical, thermal, and electrical properties 

2) Test and measure embedded structures in AAO film 

Fabricated AAO without annealing was amorphous and was weak against both acid and 

base. It was especially weak against HF and NaOH that AAO dissolved faster than in other 

solutions under the condition of same thickness. CTE measurement suggested as-fabricated 

AAO had low CTE value in comparison to Cu but higher than Si and comparable to glass 
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(AGC EN-A1 Alkali-Free Boro-Aluminosilicate Glass has CTE of 3.8×10-6). Relative dielectric 

constant and loss tangent of AAO were measured from 1 MHz to 1 GHz. Dielectric constant 

was ranged between 7.5 to 8, since size of nanopore was not uniform across the sample 

which was due to short 1st step anodization period. Loss tangent, on the other hand, 

showed consistent results to be in 10-3 range which was similar to that of glass used in 

current interposer technology. 

Embedded daisy chains from 25 vias to 400 vias were tested in probe station using 4-

point kelvin measurement. Results showed linearity between total resistance and numbers 

of vias which proved the fabrication process was capable to create desired structure 

without undesirable open/short circuit. Single via resistance was estimated 3 mΩ and was 

close to ideal single via resistance value of 2.38 mΩ. This result proved the modified 

fabrication process with bare AAO film to be successful, if size of via deviated a lot from one 

to another, estimated single via resistance from measurement would have shown a great 

difference in each set of measurement because resistance is inversely promotional to cross-

sectional area. 

Coplanar waveguide structures were fabricated directly on nanoporous AAO to 

understand the insertion loss of AAO. Two different 50Ω CPW structures were tested and 

both showed less than 0.2dB insertion loss from 45 MHz to 20 GHz. 

Embedded solenoid inductors were also measured in same frequency range, highest Q 

was 41 from 2-turn solenoid inductor whereas highest inductance value, 2.02 nH, was 

obtained from 5-turn solenoid inductor. Embedded solenoid inductors in this work have 

better performance than other data using Cu filled nanopores as through vias published 

elsewhere. 
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Table 4. Process Comparison of AAO and Current Interposers 
                  Technology 

Process 
Si Interposer Glass Interposer AAO Interposer 

Through Vias 

Bosch DRIE Laser Ablation 
Wet Etch 
Sand Blasting 
Mechanical Drilling 

Wet Etch 

Insulation PECVD 
SACVD 

N/A N/A 

Barrier & Seeding Sputtering 
MOCVD 

Sputtering 
Electroless Plating 

N/A 

Metallization Cu Electroplating 
W CVD 

Cu Electroplating Cu Electroplating 

Wafer Thinning Backgrinding 
CMP 

N/A N/A 

 

Future works include AAO being used as low temperature bonding template consisting 

of Cu filled nanowires and improvement of AAO interposer. Nanopores in AAO can be 

selectively electroplated once the film is patterned. Taking advantage of this fact, it can be 

possible to tangle nanowires templating from two AAO films and electrolessly bond them 

together. Advanced packaging and integration technology in microelectronics demands 

high density of interconnects and devices in a single package, bonding joints need to be 

made smaller but, at the same time, offering the same or better performance. AAO with Cu 

nanowires is of a great chance to be utilized in microelectronic packaging. 

As mentioned and tested previously, amphoteric nature of AAO making it weak in acidic 

and base solutions. However, researchers have found that annealing amorphous AAO at 

1250oC transformed it to crystalline α-AAO which is a lot stronger against those solutions. 

Also, because of large surface area, nanopores in AAO can trap moisture then change the 
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electrical properties like dielectric constant or loss. Sealing nanopores from moisture 

would suggest more stable performance when expose to air. 

Annealing process is proposed to add into the process flow after through AAO via etch 

whereas additional SiO2 deposition can be done before RDL fabrication. Additional of the 

two steps would lead to better reliability performance throughout the harsh test 

environment, Table 5 lists 4 reliability tests that can be run in the future. 

Nanoporous AAO presents unique material properties that applications in various field 

were developed and will be explored. This thesis presents the capability and possibility of 

AAO being an alternative interposer substrate in 2.5/3D packaging and integration 

technology. 
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