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Abstract

This thesis presented a fully CMOS compatible process to implement NiFe (68 at%. Ni and
32 at.% Fe) —~AAO nanocomposite: as magnetic core material for on-chip spiral inductor
fabrication. The NiFe nanorod arrays with 60~70-nm diameter using DC electroplated are
deposited and electrically isolated in anodic alumina oxide (AAO) template on silicon
substrate. Experimental results show that the spiral inductor of 4.5 turns using NiFe-AAO
nanocomposite magnetic core can have 23% inductance enhancement than that of inductor

without the core up to 1 GHz.
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Chapter 1 Introduction

One of the technical challenges in the cost reduction of RFIC (Radio
Frequency Integrated Circuit) for consumer electronic applications is inevitable
large area occupation of RF on-chip passive components, such as inductor,
capacitor, and filter...etc. For instance, inductor for GHz RFIC operation
ranging from 1.5 to 3.5 nH can have the size of 0.06 to 0.08 um? [1]. The larger
size the inductor is, the higher inductance it can have. In addition, it is required
to have least three inductors for a second order bandpass filter design whose size
will be up to 0.62 mm? at least [2]..Thus, high-k and ferromagnetic materials
have been synthesized and developed to increase the capacitance and inductance
per area, respectively, in the development of radio frequency integrated circuit
(RFIC) technology in recent years. In this thesis, a new ferromagnetic composite
material is synthesized for enhancing inductor performance.

Previously, Viala et al. demonstrated the coplanar ferromagnetic inductor with
a 15% increase in inductance using solid magnetic (CoZrNb) alloy [3]. Kim et al.
proposed on-chip solenoid inductors incorporated with Fe;O4 magnetite nanorod
cores for having higher inductance [4]. Jiang et al. employed exchange-coupled
characteristic of antiferromagnetic/ferromagnetic multilayers (IrMn/CoFe) to
enhance inductance up to 20% without having any Q preference degradation [5].
Table 1-1 introduces these approaches about the inductors with magnetic
material core in RF range application. Although these approaches can indeed
achieve the inductance enhancement, the enhancement which only occurs in
MHz range and is realized with CMOS-incompatible material and processes is

not practical in real CMOS on-chip spiral inductor fabrication. Thus, our group
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developed a new composite material with CMOS compatible fabrication process
that is electroless deposited Ni-AAO (anodic alumina oxide) nanocomposite.
Using the composite as magnetic core material, inductance enhancement can be
realized up to 5.3 GHz [6]. Fig.1. shows the representation of the 3.5turns spiral

inductors with the Ni Nanorods core.

Fig.1-1.Schematic representation of the 3.5 turns spiral inductors with the Ni nanorods core

Nevertheless, it has been found that such an electroless Ni-P alloy has strong
relation to its P content in terms of magnetic property and the saturated
magnetization of Ni-P is less than that of a pure Ni [7]. According to Weiss
theory [8], P incorporation would result in the interatomic distance enlargement
of Ni which can cause exchange force reduction. Since the force reduction
would make the permeability of Ni-P smaller than that of pure Ni [7], only 3%
inductance enhancement is observed so far in the inductor using the Ni-AAO
nanocomposite as the magnetic core. Meanwhile, ferromagnetic resonance
(FMR) frequency (FMR) is expressed as y/2a[Hy (Hx + 4zM;)], where vy is the

gyromagnetic ratio, Hyis the anisotropy magnetic field, and My is the saturation
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magnetization. To effectively elevate the FMR frequency well above several
gigahertz ranges for practical application to RFIC using the inductor with
ferromagnetic core, it is required further study to improve material
characteristics such as H,and Mg

Previous study has shown that the rod like shape and nanometer size of
magnetic material could have higher anisotropy field Hy [9]. Thus, in this thesis,
a NiFe-AAO nanocomposite with fully CMOS-compatible process will be
developed for on-chip spiral inductors fabrication. Because NiFe has larger
permeability and saturation magnetization than that of Ni and has a form of
nanorod in the composite system, material characterization, better inductor

performance can be expected.

Table.1-1.The introduction of 'some ferromagnetic inductor approaches.

RF plane Magnetite (Fe304) | Exchange-Coupled

ferromagnetic nanorod cores for IrMn/CoFe Mulitayers

inductors on silicon | Integrated Solenoid | for RF Integrated

(2004) [3] RF Inductors Inductors (2007) [5]
(2006) [4]

L enhancement (%) L=4.2nH L=2.63nH L=3.8nH
@ application (+15%) (+3.5%) (+30%)
frequency at 1.2GHz at 3GHz at 1.8GHz
Q variation (%) Q=10 Q=29 Q=65
@ useful frequency (-35%) (-3%) (+0%)

at 1GHz at 3GHz at 1.8GHz




Q peak variation

Q =23 at 5GHz

Q=9.5at 13GHz

Q =6.3 at 2GHz

@ frequency ﬂ ﬂ ﬂ
Q=11at1.2GHz Q=7at11GHz Q=6.3at1.7GHz
(femr) 2.5GHz 5GHz 4.3GHz
Ferromagnetic (strong (weak absorbability) | (strong absorbability)
resonance absorbability)
frequency
Air core (fLc) N/A 17GHz 5GHz
Self-resonant ~(>8GHz)
Frequency
Magnetic material CoZrNb Fe3O,4 nanorod CoFe

Structure and
design

Solid magnetic
plane

Magnetic material
in core

B
1

Joe.

‘\h

= JL

IrMn/CoFe Mulitayers




Chapter 2 Experimental Setup

2.1 NiFe-AAO Nanocomposite Synthesis and Characterization

In comparison with the previous developed electroless deposited Ni-AAO
nanocomposite process, the synthesis of NiFe-AAO nanocomposite requires a
seed layer under AAO layer. Thus, a Ti (200 nm)/Al (1000 nm) layer is e-beam
deposited on a 4” silicon substrate grown with a layer of 0.2 um thermal oxide
as electrical isolation layer. Then, the AAO template is fabricated by applying a
constant voltage 40V to the substrate in a 0.3 M oxalic acid (H,C,0,) solution at
2°C. The low temperature anodization process can reduce excessive current flow
and heat evolution to make the AAQO with.the characteristics of small-pore films

[12]. Fig.2-1. shows the process flow.

—> Ti ) L J
(a) Al film deposition (b) Anodization (c) Pore Widening Treatment

Fig.2-1. Anodization process flow.
Once the film is anodized, the voltage is reduced from 40V to 15V with a rate of
0.11V/s and then kept for 15mins for thinning the alumina oxide barrier layer.
The insulting barrier layer is then further thinned to completely anodized Al film

by applied a reversed-bias voltage (-2.2V) to the substrate in a 0.5M saturated



KCL at 2°C for 10mins [12, 13]. Finally, the AAO temple is put in a 5% H3;PO,
solution at 30°C for 25mins to form a uniformly distributed nanopore structure

with the size of 70 nm in diameter, shown in Fig.2-2.

Fig.2-2. The SEM image of AAO template with 70 nm pore diameter.

For the synthesis of NiFe-AAQ nanocomposite, the as-fabricated AAO temple
is DC electroplated in a Ni-sulfate based NiFe bath with the formulation listed in
Table 2-1 [14]. The plating conditions are’28°C and 0.035A/mm? current density.
Fig. 2-3 shows the as-deposited NiFe-AAO nanocomposite. NiFe nanorods are
grown within the AAO matrix. Fig.2-4. shows the superconducting quantum
interference device (SQUID) measurements of NiFe-AAO nanocomposite; the
applied field directions are in plane and out plane. The slope of the M-H curve
exhibits the relative permeability, the larger slope lead to the larger permeability.

The relative permeability can be calculated as follows:

_ 4741
He =1+ /—IO ()

where M is magnetization and Hy is the applied magnetic field. The relative

permeability in our case are 1.66 in out-plane applied field and 20.3 in in-plane



applied field (at 100 Oe). In addition, the FMR frequency of ferromagnetic film
Is estimated about as high as 5.72 GHz due to large Hy, which is about 800 Oe.

Table 2-1
Characteristics of NiFe electrolyte

Compound Concentration
Nickel sulfate (g/l) 200

Iron sulfate (g/l) 8

Nickel chloride (g/l) 5

Boric acid (g/l) 25
Saccharin (g/l) 2
Sodium lauryl 0.1
sulfate.2 cm (g/l)
Deposition 28

temperature ('C)
PH 3
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15.0kV 14.8mm x35.0k SE(U) 1.00um

(b)
Fig.2-3. SEM photographs of NiFe Nanorods of (a) top view (b) cross section.
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2.2 Inductor Fabrication

The spiral inductors of 3.5 and 4.5 turns, that are made of 5-um-thick
electroplated Cu and designed with 100 um in inner diameter, 15 um in line
width, and 5 um in line space have been utilized for the investigation of
inductance enhancement using NiFe-AAO nanocomposite as a magnetic core.
Fig.5 illustrates the fabrication process of the on—chip spiral inductors with
NiFe nanorods. It begins with wet oxidation at 1050°C for 0.75 um of thermal
oxide, followed by electron-beam-evaporated Ti/Al (0.2 um/lum) deposition
on the p-type silicon substrate as shown in Fig.2-5(a), and then AAO template
is fabricated using the aforementioned: as shown in Fig.2-5(b). The NiFe
nanorod arrays were then deposited by DC electroplating shown in Fig.2-5(c).
Once the magnetic layer is fabricated, as Fig.2-5(d) shows, a layer of
0.2-um-thick-SiO, is sputtered on the top of the composite film as an electrical
insulation layer followed by-the first thin Cr/Cu (500A /10004 ) adhesion/seed
layer deposition. For the inductor fabrication, a 6um thick AZ 4620
photo-resist is patterned to define the region for coil fabrication of spiral
inductor, as shown in Fig.2-5(¢). After the first layer of 5-um-thick Cu plating,
another 10um thick AZ 4620 is spun, patterned, and sputtered with 150nm Cu
seed layer for the via filling of Cu as shown in Fig.2-5(f). Fig.2-5(g) shows
another 10-um AZ 4620 is spun onto the plated structure, patterned, and plated
with 5um-thick Cu to define air bridge after via filling. At final, the fabrication
of the spiral inductor is done right after the Cu seed layer removal, which is
chemically etched away using Cu and Cr etchants as shown in Fig.2-5(h).

Fig.2-6. shows an as-fabricated 3.5-turn spiral inductor with magnetic

10



NiFe-AAO nanocomposite core.
D] Innnnnnnnnnnm

(h)

Silicon Aluminum

Silicon dioxide Seed layer
F  Titanium p.////2 Copper
[ 1 AAO [ ] Az4620
E— Nickeliron

Fig.2-5 Schematic of the inductors with the NiFe nanorods core fabrication processes.
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Fig.2-6 SEM photograph of as-fabricated on chip spiral inductors with NiFe-AAO
nanocomposite.
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Chapter 3 Measurement and discussion

In the experiment, the two-port S-parameters of the inductors are measured
in the frequency range of 0.5 to 5 GHz with an on-wafer probe station using
the high- frequency probes (Cascade Microtech, Inc., ACP-40-GSG-100um)
and Agilent E8364B PNA network analyzer. After short-open-load-through
(SOLT) calibration then we can measured the S-parameters. The parasitic
parallel capacitance and series contact resistance between the substrate and
the contact pads of the inductor are de-embedded via the measurement using
well-designed dummy patterns [1]. The de-embedded S parameters are then
transformed into Y-parameter using Agilent ADS software. The equivalent
series inductance (L) and.quality. factor (Q) of the inductors are extracted

from the Y-parameters base on the following equation [14], respectively:

L =Im(L/Ys )2 nf 3)

Q = |m(l/Y11 )/RE(]./YH ) (4)

where f is the signal frequency.

The frequency-dependent inductance and Q-factor of the fabricated
inductors are depicted in Fig.3-1(a) and (b) shows that the spiral inductor of 3.5
turns with NiFe-AAO nanocomposite magnetic core can have 25% inductance
enhancement than that of inductor without the core up to 1 GHz. Meanwhile, the
maximum Q-factor (Q.,) decreases from 12 to 6 at 1 GHz, which is about 50%

reduction. Similar inductance enhancement and Q degradation also occur in the
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case of the spiral inductor of 4.5 turns. The spiral inductor of 4.5 turns with
NiFe-AAO nanocomposite magnetic core can have 23% inductance
enhancement than that of inductor without the core up to 1 GHz but the Q
decreases from 10.3 to 6.4 at 1 GHz, which is about 38% reduction.

In Fig.3-1 (a) and (c), the spiral inductor with NiFe-AAO nanocomposite
magnetic core has a capacitance curve trend and has a worse Q-factor than that
of inductor without the magnetic core because of the titanium, in the bottom of
NiFe-AAOQ. Titanium is used as the seed layer for NiFe electroplating, but it
would result in the effect of parasitic capacitance increase and eddy current loss
on the layer of Ti that further cause poor inductance and Q performance.
Therefore, it is critical to eliminate the effect resulted by the Ti layer. Previously,
H.H et al. proposed thermal anneal at the temperature higher than 450 °C can
make the formation of an-amorphous layer at the interface between the Ti and
the SiO,. According to the O concentration profile determined by SIMS, it
suggested that this layer was'mainly TiO, [15],shown in Fig.3-2.

E AN ST A
I'I, :]*Iﬁ-‘-ilﬂ-iilml:l*r‘_‘—ifl—{lIill.ll:llll:lll:

Oxygen Concentration {x 1=t il1u-|1'|==-"-:;rr-3]

0 02 Dd e D08 o1 12 04 DA
Depth (pm}

Fig.3-2. The O concentration profile determined by SIMS.
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Fig.3-1. Measured high-frequency characteristics of spiral inductors with NiFe-AAQO
nanocomposite core. (a) Inductance of spiral inductor with N=3.5, di;=100um. (b) Q-factor of
spiral inductor with N=3.5, di;=100um. (c) Inductance of spiral inductor with N=4.5,
din=70um. (d) Q-factor of spiral inductor with N=4.5, dj;=70um.
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Table 3-1
Inductance and Q-factor for different annealing time.

N  Types(inductor) Inductance fomax(GHz)  Qn
enhancement(up to 1
GHz)

3.5 Air-core 1.3 12.1

NiFe-AAO 25% 1 5.93

anneal for 60 21.2% 1 6.53
minutes

anneal for 120 21.5% 1.1 9.53
minutes

4.5 Air-core 1 10.4

NiFe-AAO 23% 1 6.49

anneal for 60 16.5% 0.7 8.14
minutes

anneal for 120 16.6% 0.8 14.2
minutes

In order to verify the influence of thermal‘anneal on the inductor performance,
the spiral inductors with NiFe-AAO nanocomposite magnetic core are annealed
for two different time periods for 60 minutes and 120 minutes at 450 C,
respectively. Fig. 8 shows the frequency dependence of the inductance and
Q-factor of the fabricated inductors with NiFe-AAO nanocomposite magnetic
core annealed for 60 minutes and 120 minutes, and the detailed parameter
comparison between the inductor with and without thermal anneal samples as
listed in Table 3-1. After annealing 60 minutes, the Q,, value of the spiral
inductor of 3.5 turns with NiFe-AAO core has increased 10% (from 5.93 to
6.53), and after annealing 120 minutes, the Q,, value has increased 60% (from

5.93 to 9.53). Nevertheless, the inductance is accompanied with 4% decrease
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(from 25% enhancement to 21% enhancement, up to 1 GHz). Similar Q
enhancement and inductance degradation also occur in the case of the spiral
inductor of 4.5 turns. After annealing 60 minutes, the Q,, value of the spiral
inductor of 4.5 turns with NiFe-AAO core has increased 25% (from 6.49 to
8.14), and after annealing 120 minutes, the Q,, value has increased 118% (from
6.49 to 14.2). But, the inductance accompanies with 7% decrease (from 23%
enhancement to 16% enhancement, up to 1 GHz), which the magnetic loss due
to the higher coercive force (H;) of the NiFe-AAQO nanocomposite after
annealing, as shown in Fig. 2-4.

As aforementioned, the Q degradation originated in the titanium which
induced the effect of parasitic capacitance. By annealing to make a part of Ti
(titanium) into TiO,, however, Q-factor is a tradeoff of inductance decrease and
magnetic loss. Although there is at least 23% inductance enhancement up 1 GHz
in the work, the Q-factor can be further improved by thinning the layer of
titanium and annealing enough-.time for maere Ti into TiO,, from a conducting
layer to an insulation layer.Fig.3-3. and Fig.3-4. show the Smith chart of the
inductor for S11.
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NiFe-AAD
—«—anneal 450°C 60mins &
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Fig.3-3. The S11 parameter of the 3.5 turns inductor.
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NiFe-AAD
—s— anneal 450°C 60mins

anneal 450°C 120mins
—— air core

Fig.3-4. The S11 parameter of the 4.5 turns inductor.
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Chapter 4 Conclusion and Future Work

The ferromagnetic inductors using NiFe-AAO nanocomposite as magnetic
core have fabricated. Incorporated with nanocomposite core, the 3.5 and 4.5-turn
inductors can have improved inductance up 1 GHz and the nanocomposite (NiFe)
has higher saturation magnetization and anisotropy magnetic field enabling a
higher FMR frequency. Although the inductance has been effectively enhanced,
the effect of capacitance resulted by titanium seed layer could cause the
declination of Q that can be improved using thinner titanium or thermal anneal
for the formation of titanium oxide for the effect resistance increase of the seed

layer .
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