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ABSTRACT

With increasing demand for System on Chip (SoC) @ystem in Package (SiP)
design in computer and communication technologigggrated inductor which is an
essential passive component has been widely usednterous integrated circuits (ICs)
such as in voltage regulators and RF circuits. hlis work, soft ferromagnetic core
material, amorphous Co-Zr-Ta-B, was incorporatedo imn-chip and in-package
inductors in order to scale down inductors and owprinductors performance in both
inductance density and quality factor.

With two layers of 500 nm Co-Zr-Ta-B films a 3.5kcrease in inductance and a
3.9X increase in quality factor over inductors with magnetic films were measured at
frequencies as high as 1 GHz. By laminating teahmgl up to 9.1X increase in
inductance and more than 5X increase in qualitjofa@®) were obtained from stripline
inductors incorporated with 50 nm by 10 laminatd#ag with a peak Q at 300 MHz. It
was also demonstrated that this peak Q can be gushards high frequency as far as
1GHz by a combination of patterning magnetic filim® fine bars and laminations. The
role of magnetic vias in magnetic flux and eddyrent control was investigated by both
simulation and experiment using different pattegnbechniques and by altering the
magnetic via width. Finger-shaped magnetic viasewtgsigned and integrated into on-
chip RF inductors improving the frequency of pealalgy factor from 400 MHz to 800
MHz without sacrificing inductance enhancement. ¥Eddirrent and magnetic flux
density in different areas of magnetic vias weralyred by HFSS 3D EM simulation.

With optimized magnetic vias, high frequency resggoaf up to 2 GHz was achieved.



Furthermore, the effect of applied magnetic field on-chip inductors was
investigated for high power applications. It wasetved that as applied magnetic field
along the hard axis (HA) increases, inductance ta@s similar value initially at low
fields, but decreases at larger fields until theynedic films become saturated. The high
frequency quality factor showed an opposite trehitvis correlated to the reduction of
ferromagnetic resonant absorption in the magnétc fn addition, experiments showed
that this field-dependent inductance change vaidla different patterned magnetic film
structures, including bars/slots and fingers stmas.

Magnetic properties of Co-Zr-Ta-B films on standardanic package substrates
including ABF and polyimide were also characteriZétiects of substrate roughness and
stress were analyzed and simulated which providgesfies for integrating Co-Zr-Ta-B
into package inductors and improving inductors qenfince. Stripline and spiral
inductors with Co-Zr-Ta-B films were fabricated bath ABF and polyimide substrates.
Maximum 90% inductance increase in hundreds MHgueacy range were achieved in
stripline inductors which are suitable for powetitery applications. Spiral inductors
with Co-Zr-Ta-B films showed 18% inductance inceeasith quality factor of 4 at

frequency up to 3 GHz.
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Chapter 1
INTRODUCTION
1.1 Background and Motivation

Inductors are essential passive components widgdg-un numerous electronic
circuits such as in radio-frequency (RF), microwaveltage regulators and power
delivery circuits. With the ongoing drive toward maturization of electronic products,
with ever-increasing functionality and performanftem portable electronics to high-end
computing, inductors has constantly evolved fromyediscrete components on printed
circuit boards (PCBSs) to integrated ones in paclagen Si chip. [1-5] Such integration
of inductors is the prerequisite to the implemeatabf System in Package (SiP), System
on Chip (SoC), Power Supply in Package (PwrSiP)Rmder Supply on Chip (PwrSoC)
design in computer and communication technologesh as multi-core processor and
portable and low-power consumption wireless devif&9]

However, among all the fundamental components itwls@re least compatible
with silicon integration with some substantial digantages, e.g. large silicon area
consumption, high substrate loss, high DC resisgtamal high cost. Large size integrated
air-core planar spiral inductors used today usuadigupy precious chip area which does
not scale efficiently with the number of turns. Bles, due to a electric-magnetic
coupling with the conductive silicon substrate grtged inductors perform poorly, with
quality factors Q of 3 being usual. High qualitgtiar is required since it directly impacts
the phase noise of the frequency synthesizer amdthyi affects the wireless channels
spacing and frequency planning. To simultaneoushyexe high inductance density and
quality factor, ferromagnetic core material haverbecorporated into on-chip inductors

1



which has become increasingly attractive parti¢plan RF/microwave integrated
circuits and power electronics applications. Furtigre, with ferromagnetic materials,
on-chip inductors tend to cause less electromagneterference (EMI) to the other
analogue/digital circuit blocks within close proxiyn

Besides the on-chip inductors, in-package or ork@ge inductors have also
attracted many research interests since movingnthectors from the die to the package
substrate would reduce the die size and cost. Ehdokthe advanced packaging
technologies, in-package inductors using multilew# metals are feasible and superior
in quality factor compared to on-chip inductors.
1.2 Review of Previous Work

Much research has been carried out to fabricateimtegrate high inductance
density and high quality factor inductors on sificéor a magnetically enhanced on-chip
inductor, a number of coil and winding geometriesséh been investigated including
spiral, strip, toroidal, solenoid and meander stmgs. Among all these structures, spiral
inductors are commonly used in COMS technology tuéheir low profile and well-
developed integrated fabrication process. Mondlitm-chip air-core inductors in current
CMOS RF circuits consisting of a spiral geometrg &abricated using high levels of
metals without magnetic materials and exhibit indaces ranging from 1-10 nH. They
occupy a large substrate area with inductance tiemsbwer than 100 nH/mhj8]
Stacked or 3D structures are proposed to reducarttee of on-chip spiral inductors in
which spiral inductors in different metal layerse aseries-connected. Though the
inductance is enhanced, the quality factor andrésenant frequency sacrifice due to
higher series resistance and larger parasitic dapae.[10-13] A more effective way to
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increase inductance and quality factor along watiucing capacitance, resistance, and
size can be achieved by adopting magnetic matenattegrated inductors which greatly
benefit integrated circuits design. [14, 15]

Considering the large chip area occupied by on-gfdpctor with air core, use of
magnetic films as flux-amplifying components yiekisaller inductors. A lot of designs
have been researched with most of the flux contlimighin the magnetic films, which
also reduces unwanted losses in the silicon substaer the last 20-30 years enormous
efforts have been made to fabricate an efficientG@vtompatible magnetic inductor and
extend its operating frequency range from 1-10 Midz 100-1000 MHz. A few
representative works are briefly reviewed here witfocus on on-chip spiral inductors.
Limited increases in inductance (30-60%) have lsEemonstrated by depositing a single
layer of magnetic material over spiral inductor8:[18] The theoretical limit for a single
level of magnetic material deposited over spirastoipe inductors is only a 2X (or 100%)
increase. Although simulations of inductors usiwg tayers of magnetic material have
suggested that large increases (7-fold) in indwetame possible, it has proven difficult to
achieve. Shirae and coworkers have implementedrdeuof structures with planar coils
embedded in SiPQand sandwiched between two Ni-Fe films.[19] Howetis design
yielded a low efficiency (Q=1) and the resonanaesamly at a few tens of MHz which
were attributed to the distributed coil/SiO2/filmpacitance in the structure. Furthermore,
by changing the magnetically sandwiched spiral @bolu structure into stripeline, the
high frequency response of the magnetic inductor & improved with Q > 3 at 100
MHz. However, the enhancement of the inductanceery small.[20] Regarding this
problem, the importance of flux closures at theesdgf the conductor was pointed out

3



first by Oshiro.[21] Yamaguchi et al.[22] have demtated a gain in inductance up to a
factor of 4 with Q~2-3 at 100 MHz by using Ni-Feated conductor strips, with and
without magnetic closures at the edges. Additigndllu strips sandwiched with Ni-Fe
and Co-Nb-Zr, with and without flanges at the eddesve been carefully studied by
Korenivski and Van Dover.[23] By varying the width the stripeline from 10-5am,
the results showed up to 7X enhancements of indoetaver the air-core value (100
nH/cm linear inductance density) with Q < 2 at fregcies up to 250 MHz. Some studies
have focused on obtaining high peak Q-factors basestructures chosen already with
higher peak Q-factors prior to adding magnetic mi@téhanks to the high frequency they
were designed for, but the gains in inductance wahg 8% - 30%.[18, 24, 25] Recently,
Gardner and co-workers have demonstrated ~31Xareref inductance by using flux-
closed double-layer Co-Zr-Ta magnetic material graged spiral inductors.[26]
Inductance densities of up to 1700 nH/frend quality factors of up to 8 were obtained.
However, the working frequency was limited up toMBlz, which prevents its usage in
RFIC. Soft ferrites are another alternatives wraoh attractive for their high resistivity.
Compared with magnetic alloys, low saturation ma&égagon and high process
temperature are the main disadvantages of ferrifgpical permeability of ferrites
obtained by sol-gel spin-coating is around 10-3Q.[Bherefore, inductance increase is
not so significant that the added cost of using metig material seems not worthwhile.
Besides the materials mentioned above, other fexgoetic materials, such as Co-Nb-Zr
[28], Fe-Hf-N [29], Fe-Co-Si@[30], Fe-Co-Ta-N [31] and Fe-Ta-N [32, 33], havsoa

been implemented into on-chip inductors aimingdifierent applications.



Other than planar spiral structures, a solenoiddtat with laminated amorphous
magnetic cores (Co-Fe-Si-B) was studied by Shirakgg4, 35], which demonstrated up
to 10-fold enhancement of inductance with Q = Zratjuency of 10-100 MHz. The
solenoid structure has its advantages in fullyizitiy the hard axis of the magnetic core
since the induced magnetic field is always alorgy akial direction. Zhuang [36]
fabricated solenoid inductors with Ni-Fe magnetarec achieving more than 20-fold
enhancement of inductance. Solenoid inductors dated on PCB with CoFeHfO
magnetic cores were reported by Shan Wang's gdtipffom Stanford University and
the similar structure was also used for integratadsformers in their recent published
paper. [38] Another type of inductors attractinge&ch interest is toroidal inductor. [13]
But the need of control magnetic anisotropy in nedign core's radial direction
jeopardizes the implementation of magnetic materaid the relatively complicated
process makes toroidal inductor not suitable fochip applications. [39]

1.3 Organization

Following this chapter, chapter 2 includes the prapon and characterization of
amorphous Co-Zr-Ta-B as well as 80%Ni-20%Fe whilome of common used soft
ferromagnetic materials known as Permalloy. Patigreffects in magnetic films are
also investigated in this chapter. By calculatihg tlemagnetizing factor, aspect ratio
dependence of saturation field in micro-patternegjmetic bars is analyzed.

Chapter 3 presents simulation results from 3D sdetagnetic simulator ANSYS
HFSS. Based on simulations, optimizations of oqp-¢hductor design have been applied

for achieving higher inductance and higher qudbistor. Optimized parameters include



copper thickness, magnetic thin film thickness,csepaetween copper and magnetic
materials, etc.

Chapter 4 demonstrates the experimental work ochigm-magnetic thin film
inductors with amorphous Co-Zr-Ta-B. Stripline apiral inductors were designed and
fabricated with different combinations of laminat€b-Zr-Ta-B films. Measurement
results show superior frequency performance ofdtmg with laminated patterned films.

In Chapter 5 the role of magnetic vias in magngtic and eddy current control
was investigated by both simulation and experimBifterent patterning techniques and
varied via width were utilized to improve the intwcRF performance. The magnetic
flux path in magnetic films was examined by 3D Ehslation based on which finger-
shaped magnetic vias were improved by elaboratebping the magnetic flux path
continuous around the copper coils.

Chapter 6 investigated the effect of applied fiefd on-chip inductors which is
one of concerns in high power density applicatiofs. efficient way to accurately
evaluate magnetic thin film is tested and verifi@tie saturation field of inductors is
effectively tuned by different patterning of magoéiims.

Chapter 7 characterized the magnetic propertiemagnetic flms on organic
packaging substrates including ABF and polyimidésstates. Experiments on in-
package inductors with integrated magnetic matersdlow promising applications in
Power Supply in Package design.

Chapter 8 summarizes the major contributions of thssertation and suggests

areas that merit future work.



Chapter 2
MAGNETIC THIN FILM CHARACTERIZATIONSAND PATTERNING
EFFECTSIN MICRO-PATTERNED FILMS
2.1 Magnetic Material Requirementsfor Inductor Applications

Ideal ferromagnetic materials which can be integfainto on-chip inductors
should have large permeability, low magnetic losthe operating frequency range, and
CMOS process compatibility. These three criterisues that such ferromagnetic
materials are helpful for large inductance incredaege quality factor and process
feasibility. From the engineer point of view, eaelquirement can be further subdivided
into the following items.

(1) High saturation magnetizatioMs. This requirement is obvious. Since the
magnetic film is used as flux amplifier, the highlee permeability, the larger increase in
inductance. Considering that the easy axis of ntagneaterial is saturated at relatively
small external magnetic field, most of the desigres expected to employ the transverse
(hard axis) permeability in films of uniaxial anisapy, which is directly proportional to
M;: n = 4nM/H,, whereH, is the anisotropy field.

(2) High ferromagnetic resonant frequency (FMR). AMR the magnetic
moments in ferromagnetic films process at the rasbnrfrequency resulting in
dramatically absorption of RF energy. The permégbtlrns out mostly imaginary,
which would make an inductor into a resistor. FM& determined by the Kittel

equation[40] as

i =¥ [MH, 1)



Increasing anisotropy fieldf, can achieve higher FMR with the drawback of
lower permeability.

(3) High resistivity,p. Eddy currents are one of the most important gnrgs
mechanisms especially at high frequency end. Fexgomtic materials which are usually
metal alloys are good conductors for eddy currddigh resistivity can help reduce the
eddy current loss leading to a high quality factor.

(4) Single domain state, for low magnetic loss adl s for reproducibility.
Variations in inductance caused by changes in timeadh pattern of the magnetic films is
usually unacceptable in a commercial product;

(5) Low magnetostriction. Since the fabricationqass may result in stress in the
films leading to stress-induced anisotropy, thewefomiting the permeability, it is
preferred that the magnetic material has as snmagih@tostriction as possible.

(6) Low preparation temperature. CMOS compatibititymagnetic materials and
their incorporation process is also critical foe @pplication of the magnetic inductors. A
restricted process temperature required for otlmechip components, preferably less

than 200 C.

2.2 Characterizationsof laminated Ni-Fe thin films

Ni-Fe is one of the most common used soft magmditiys which can be found in
many electrical equipments as magnetic cores. Aghoelectroplating is a more
economic way to deposit Ni-Fe, insulation layensrncd be deposited by electroplating to
form laminated films.Wei et al[4l, 42] sputtered laminated Ni-Fe films with thin
chromium layers as insulation layers and obseruadd permeability through changing

the laminated layer thickness. To further improie fresistivity, SiQ was used to
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replace the chromium layers. Laminated Ni-Fe filois20 nm by 5 layers with 5 nm
thick SiQ, insulations in between were deposited by Leskattspng system. The base
pressure was 1 x PQorr and sputter pressure was maintained at 4rraging Ar at 200

W of DC power for Ni-Fe. The power was kept constém maintain a constant
deposition rate of 1.5 A/s. The substrate was edtat a constant rate of 30 rpm to ensure
the uniformity of the deposited film. An externalCDmagnetic field of 400 Oe was
applied during the sputtering to render unaxiakaimopy. Fig. 1 shows the measured
hysteresis loops from Ni-Fe films on quartz, ABRigmolyimide substrates. Magnetic
properties such as coercivitlt and anisotropy fieltH were extracted and listed in Table

Table | Material Properties of laminated Ni-Fe fim

Quartz ABF Polyimide
H.(Oe) 0.8 4.3 2
H (Oe) 10 27 18

" 1 M 1 M 1 M 1 " 1 "
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0.5 4 L
0
= 0.0
=
=0.5 s
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Fig. 1 Measured M-H hysteresis loops of laminatedr&lfilms on (a) quartz (b) ABF (c)
polyimide substrates.
2.3 Characterizations of laminated and non-laminated Co-Zr-Ta-B thin films

The amorphous C0-4%Zr-4%Ta-8%B (at. %) alloy wappred by DC magnetron
sputtering. Boron in Co-Zr-Ta-B is used to incretiseresistivity of the material leading

to lower induced eddy current. The resistivity af-&r-Ta-B films was measured as 115
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uQ-cm, which is higher than Co-Zr-Ta's resistivity @8 pQ-cm. An external DC
magnetic field was applied during the deposition remder the Co-Zr-Ta-B film
magnetically anisotropic. A low-frequency permeiépibf 1070 Gauss/Oe along the hard
axis was extracted from vibrating sample magnetem&®SM) measured M-H hysteresis
loop (Fig. 2) and the coercivity was less than Od resulting in low hysteretic losses.
Using pulsed inductive microwave magnetometry (PMhhe ferromagnetic resonant
frequency (FMR) for a 500 nm thick Co-Zr-Ta-B fitwas found to be 1.6GHz at zero
bias field and can be further increased by lammgabtr patterning the magnetic film.
Main magnetic properties of Ni-Fe, Co-Zr-Ta and Z¥eFa-B are listed in Table Il for
comparison.

Table Il Comparison of Ni-Fe, Co-Zr-Ta and Co-Zr-Ba&puttered films

Ni-Fe [42] Co-Zr-Ta [43] Co-Zr-Ta-B
permeability,p 650 1000 2
resistivity,p (uQ-cm) 20 100 115
FMR (GHz) 0.64 1.4 1.6

Cobalt oxide formed by introducing oxygen into g¢prhg system was used to
laminate Co-Zr-Ta-B film. Two different laminateihs, 100 nm by 5 and 50 nm by 10,
were deposited onto spiral on-chip inductors a$ aeb00 nm thick non-laminated film.

M-H hysteresis loops of as-deposited Co-Zr-Ta-Bnéil were measured by
vibrating sample magnetometer (VSM) as seen inEigoth the easy axis and hard axis
coercivity values for laminated films are higheanhthat for a single layer film (see Fig.
2. insets). This is due to the interactions betweach laminated layer where the

magnetization of each layer is antiparallel aligried minimum energy. For the same
11



reason, the anisotropy fieldk increases with increasing number of laminatioretayand
decreasing laminations thickness, whereas from-&sisiM-H loop anHk near 25 Oe

was deduced for 500 nm thick Co-Zr-Ta-B film aneé tt0 layers of 50 nm laminated
film has the largedtix of 60 Oe. Though the low-frequency permeabilidyi /H, ) of

laminated films becomes lower due to the highkr the laminated films are more

suitable for high frequency applications as theol@magnetic resonant frequency (FMR)

which is proportional ta/M H, increases.

1 i i M i 1 i i i i L
1.0 -
——500 nm
1 —100nm«x5
0.5 —50nm x 10 i
(2]
= 0.0 -
= -l
-0.5 g0 5
-1_0 - (a) —0‘5-1.9 08 05 04 -u.zﬂrgﬂ 02 04 06 08 10 L
-100 -50 0 50 100
H (Oe)
(@)
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Fig. 2. M-H magnetic hysteresis loops of as-depdsffo-Zr-Ta-B films, (a) easy axis
and (b) hard axis. Insets show the coercivity ahefdm.

2.4 Patterning Effectsin Micro-patterned Co-Zr-Ta-B thin films
In on-chip inductor applications, magnetic filmseausually patterned into

arbitrary shapes for better inductor performance, large quality factor (Q) and high
operating frequency. Experimental measurements, etiery have shown that the
magnetic film properties, such as coercivitdg)(and permeability (1), of those patterned
magnetic films can differ from their intrinsic pregpies. The difference arises from
changes of demagnetizing field, shape anisotropgrggm domain structure, etc. In
patterned magnetic thin film with in-plane uniaxalisotropy and single domain state,
the most significant factor is the demagnetizirgldfi By adjusting the aspect ratio of
width to length, inside demagnetizing field cantbeed leading to a tunable anisotropy

field and saturation field. The saturation fields{) is one of the most important
13



properties of patterned magnetic films for indu@pplications, because it not only affect
the effective permeability of patterned films bilgcadetermines the maximum current
that inductors can undertake (large current witusste the magnetic films leading to
decreased inductance). In particular, in inducteith magnetic materials in voltage
regulator application, large saturation field dihgowill lead to the large saturation
current.[44, 45] Previous research on patterned netag films focus on theoretical
analysis and experimental characterization witlelating this adjustable saturation field

to magnetic thin film inductor applications.

1
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. a=t0pm | a=10 pm a=10 pm ~ a=10 pm

/. bs5um | b=15pm b=30pm ~  b=50 pm
Fig. 3 Patterned Co-Zr-Ta-B films with differentpast ratio which is defined as the
length in hard axis to the length in easy axis,b/a. Easy axis was induced by applied
magnetic field during sputtering. Top: Schematidhef pattern. Bottom: optical images
of patterned arrays with different aspect ratiosfafm left to right, 1:2, 1.5:1, 3:1, and
5:1.
Electron beam lithography (EBL) was used for paiteg. Fig. 3 shows the

schematic and fabricated patterned Co-Zr-Ta-B nmiagbhars array with different aspect
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ratios. Every patterned array has 50/50 areal e@eeratio, i.e. the space is the same as

the dimension of the magnetic bars in each diractio
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Fig. 4 Measured M-H hysteresis loop from 100 nneshihated Co-Zr-Ta-B film. (a) 0.7
mmx0.7 mm un-patterned film. The saturation fiedttsng easy and hard axis are 5 Oe
and 35 Oe, respectively. (b) Easy Axis and (c) Heaxis of patterned films with different
aspect ratio. Aspect ratio is defined as the lela,F3g. 3.

The saturation field of un-patterned and patter@alZr-Ta-B films were
extracted from the M-H hysteresis loops shown ig. Bi. The un-patterned film has a
dimension of 0.7 mm by 0.7 mm showing an easy sataration field s, g of 5 Oe
and a hard axis saturation fielHs§; J of 35 Oe. As Co-Zr-Ta-B films were patterned
into array of rectangular bars, bdtha 5 from 15 Oe to 500 Oe, ardky 4 from 40 Oe
to 655 Oeincrease significantly compared to un-patternaddildue to increasing shape
anisotropy energy, as listed in Table lll. In adyfif the saturation field shows clearly a
dependency on the aspect ratio of the patternedetiagbars. For the bars with large
aspect ratio, the shape anisotropy energy overcdheesnduced anisotropy from the
applied field during deposition so that the intethdeasy axis direction has larger
saturation field compared to that in the intendaditaxis. In this sense, the easy axis and
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hard axis have switched, which can be seen muehlglm the plot of saturation fields in
both directions versus aspect ratio (Fig. 5). Twigching of easy and hard axis occurs at
around aspect ratio of 1, in the range and stepséct ratio change investigated in this
work.

Table Ill. Saturation field, demagnetizing factdxg,and stray field factors, N

H
Al‘sai)ieOCt Hsat_E (Oe)a (Cs)aé_}l)-l Nd_E Nd_H Ns_E Ns_H

20:1 500 (338) 40(38) 0.03093 0.00008 0.00432 -0.00015
10:1 485 (327) 55(45) 0.03023 0.00032 0.00447 -0.00051
51 475 (307) 85(66) 0.02876 0.00123 0.00460 -0.00123
31 457 (289) 142 (95) 0.02692 0.00321 0.00423 -0.00160
151 426 (255) 265 (184) 0.02290 0.01060 0.00292 -0.00135
1:2 278 (207) 655 (564) 0.01316 0.04934 -0.00307 0.00704

1:20 15 (8) 500 (368) 0.00008 0.03093 -0.00015 0.00432

*fMeasured values (calculated values)

This aspect ratio dependence of saturation figkkarfrom the shape dependence
of demagnetizing fieldHg) in the patterned films which is calculated Hy = -MN,
N, is demagnetizing factor. There are two types of afgmetizing factors, i.e. the

magnetometric demagnetizing factor [46] and thdidt@l (fluxmetric) demagnetizing
factor [47].Li et al. [48] demonstrated that the latter is more suitdbtesoft magnetic
thin films. As the interaction between adjacent n&ig bars in an array also contributes

to the field distribution, the stray field of magdieebars was calculated by a numerical

17



method [49]. Considering stray fields only from giddor magnetic bars, the effective

saturation field is given byH =H_ +(N;+N,)xM, N, is the stray fieltfor.

sat_eff
The calculated saturation field listed in Table $sthows better agreements with measured

results, extracted from hysteresis loops in Figndard axis, and 60% to 70% accuracy

in easy axis.
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Fig. 5 Measured and calculated saturation filedatferned magnetic bars array in easy
axis (EA) and hard axis (HA).
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Chapter 3
OPTIMIZATION OF INDUCTORSWITH MAGNETIC MATERIALSUSING 3D
ELECTROMAGNETIC SIMULATIONS

Electromagnetic simulation of magnetic inductor fgpenance, including
inductance, quality factor, and frequency responst, varying structural parameters is
important for obtaining optimal design before expental implementations. ANSYS
HFSS which is a 3-D fullwave electromagnetic-fisidhulator has been used in radio
frequency on-chip magnetic thin film inductors @dgsio optimize both inductance and
quality factor. Simulated and optimized parametectude copper thickness, magnetic
film thickness, the space between copper coilsraagnetic films, patterned shapes of
magnetic vias and films. It is demonstrated in d$atons that the quality factor
improvement by increasing copper thickness is &nhiby skin effect especially above 1
GHz. And reducing magnetic film thickness can inweroboth quality factor and
frequency response at the expense of loosing iaduoetincrease which indicates an
optimized thickness for a magnetic thin film witler@in permeability. Moreover,
patterning magnetic film into finger and ring stuwre to reduce eddy current is also
clearly shown in simulations.

A 4-turn rectangular sub-10fh spiral inductor is designed in HFSS (see Fig. 6)
based on which all the simulations are set up. magnetic thin film material here in
simulations is modeled as Co-Zr-Ta-B (CZTB) whicasha constant permeability of
1070 and conductivity of 8.7x10Osiemens/m. The material properties used in the

simulation are listed in Table IV while the dimemss of the spiral are in Table V.
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Fig. 6 Schematic of on-chip spiral inductor with-ZeTa-B magnetic thin film. Right:
Top-view of un-patterned and patterned films (1Bspavith easy axis oriented along the
copper coils.

Table IV. Material Properties in HFSS simulations

Conductivity o Relative Relative
(simens/m) Permittivity Permeability
Co-Zr-Ta-B 870000 1 1070
Polyimide 0 3.5 1
Substrates 3.33 11.9 1

Table V. Dimensions of spiral inductors in HFSS @imtions {um)

Outer diameter Coils width Coils space turns

160x88 5 3.5 4

3.1 Air-corelInductor Optimization
The series resistance of inductor is calculatedEqy (2) which determines the

quality factor.
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(2)

e f (3)
Eq. (2) shows that skin depth is frequency depenpamameter and for copper at 1
GHz, the skin depth is aboutun. Simulated copper thickness is ranging fropm2to 7
um selected according to the fabrication capabiklig. 7 shows that increasing copper
thickness can help improve quality factor below HzGhowever, over 1 GHz such

improvement becomes trivial.
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Fig. 7 Simulations with different copper coil thigdss. Thickness is ranging fromn2 to
7um. Inset shows the structure of simulaair-core spiral inductor.

3.2 Magnetic Film Thickness Optimization

The thickness of magnetic film determines the amhofimagnetic flux increase |
total. The thicker the magnetic film is, the manerease in magnetic flux. But as the f
increases, indced eddy current in magnetic film is also incregsiSimulations o
different magnetic film thickness are helpful toooke appropriate film thickness f
different applications. Fig. 8 is the simulatiorsut showing that the magnetic fil
should keefdess than lum thick otherwise the eddy current loss will bela@e that
inductance and quality factor drop a lot even atzavilinge. Though the FMR effect
not accounted here, it still shows that only filthginer than 500 nm are suitable for G

applications.
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Fig. 8 Simulations with different magnetic thinnfilthickness. The thickness limit is
about 1Ium which is determined by eddy current loss in tlagnetic film.

3.3 Magnetic Film Structure Optimization
Eddy current in magnetic films is induced by thegmetic flux generated by copper
coils. The magnetic via regions where top and botayer of magnetic film connect to

23



each other (as shown in Fig. 10) usually have tbsetrstrong magnetic flux penetratir
Therefore, large amount of lossgenerated in magnetic via regions. As seen in Hig
the current density is very high in conventionalgmetic vias. Patterning these magn
vias can effectively reduce the eddy current s tjuelity factor can be improved.

HFSS, so-called fingerstructure is designed and simulated shown in FigTl®e
frequency response has been improved from 1 GHmbout 2~3 GHz and the quall
factor increases more than 30%. However, this nieltas its limit when fingers numb

is more than 12 demonstratey simulations.
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Fig. 9 Simulations on patterned magnetic vias. Bt of finger structure is shown in
the inset. The curves of 12 fingers and 18 fingees overlaid which means patterning
would not continuously improve the inductor perfarme after cutting into very fine
fingers.
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Fig. 10 Simulations of current density (at 1GHzJnagnetic films without (left) and with

(right) finger-shaped magnetic vias from ANSYS HF3B EM simulator. Current

density was shown in cross-sectional view and thews in the top-view showed the
direction and position of the cross-sectional view.

Different from finger structure in which only maditevia regions are patterned

slotting structure has the complete magnetic fibmsinto rings, shown in Fig. 11. The
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idea is to cut the eddy current loop in the magnglins. From the simulation results
shown in Fig. 11, the improvement is only obserired0 and 80 ring structure which
means eddy current does not form large loop in m@&gthin film. This method is not an
effective way to suppress eddy current loss. HowedESS simulation cannot calculate
magnetic properties changes when magnetic filmstimto narrow rings. From material

point of view, this patterning is useful to incredke anisotropy field in the film resulting

in higher FMR.
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Fig. 11 Simulations on patterned magnetic filmsseinshows an example of 6-ring
structure. The improvement can be seen after thgnete film is cut into very small
rings.
3.4 Conclusion

To summarize all the simulations in HFSS, it is destrated

(1) Increasing copper thickness only improves loggfiency quality factor. At
high frequency range (above 1 GHz) the skin efliedts the quality factor improvement.
The optimized copper thickness can be chosen fram ® Sum for future fabricated
device.

(2) Magnetic film thickness has strong effects ahbinductance and quality
factor. There is a trade-off between inductanceeim®e and peak quality factor. Thinner
magnetic film has lower inductance increase bugdapeak quality factor at higher

frequency. The simulations indicate that magnebin below 500 nm is suitable for RF

applications.
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(3) Finger structure is useful to improve inducsgrerformance; however, there is
no need to pattern magnetic vias into very fingéinstructure according to simulation
results.

(4) Eddy current cannot be effectively suppressegditerning the magnetic film
into rings structure. Only when the rings are vemyall can quality factor improvement

be seen.
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Chapter 4
ON-CHIP INDUCTORSWITH LAMINATED AND MICRO-PATTERNED CO-
ZR-TA-B MAGNETIC THINFILMS

In this chapter, boron-incorporated amorphous Gd&B films with high
resistivity are integrated into on-chip inductarsathieve up to 9.1X inductance increase
with good frequency response up to 2 GHz. It is @estrated that laminations can
suppress the eddy current loss in magnetic filmsulteg in better frequency
performance. Effects of patterning magnetic filmrdnalso been investigated by changing
magnetic thin film aspect ratio. It was demonstiateat the peak Q can be pushed
towards high frequency as far as 1GHz by a comionaif patterning magnetic films
into fine bars and laminations.
4.1 Inductor Fabrication

Spiral and stripe inductors were fabricated ontargusubstrates using electron
beam lithography (EBL) and magnetron sputtering foattern definition and
metallization, respectively. The spiral inductore 4-turn rectangular-shaped with outer
diameters of 8¢im by 160um and an inductance of 1.9 nH without magnetic nmelte
Copper wires are 2 pm thick and 5 um wide wrappedrad by Co-Zr-Ta-B thin films
(see Fig. 6). Polyimide was used as insulatingriageparating the copper conductor and
the magnetic material. The amorphous Co-4%Zr-4%%& &at.%) alloy was prepared
by DC magnetron sputter deposition. Material prapan and characterization are
discussed in section 2.3. Besides spiral inductti8um-long stripe inductors were also
fabricated with both laminated and non-laminatéaddi Two layers of Co-Zr-Ta-B films
were integrated into both spiral and stripe indigtoy joining the two layers through
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magnetic vias to form a continuous magnetic cirfaritmaximum flux enhancement. The
thickness for each layer is 500 nm determined lystin depth of magnetic material at
GHz frequency range.[50] Thicker films will indudarger eddy currents that will
deteriorate the quality factor. Various magnetim fstructures were fabricated to obtain a
comprehensive understanding. HP8720D network aeaalad Cascade GS probes were
utilized for one-port measurements.
4.2 Stripline Inductors with Laminated Co-Zr-Ta-B Films

To reduce the eddy current and skin effect, Co-&4BTfilms were laminated
using five 100nm layers separated by cobalt oxidettat the total magnetic film
thickness remains 500nm for comparisons.#®®ng stripe inductors were fabricated
with 500nm thick both laminated and non-laminatdchd. A maximum inductance
increase of 9.1X was achieved in stripe inductorth v\aminated Co-Zr-Ta-B films
whereas only 4X inductance increase was measuned rion-laminated films, shown in
Fig. 12. This large inductance increase from lateiddilms is partially due to mitigation
of skin effect in magnetic films. Also, laminatiohslp suppress the strip/vortex domains
which deteriorate permeability of magnetic film2[4

Furthermore, maximum quality factor was nearly 3 &tarted to roll-off above
300MHz. As discussed before, the losses in the etagfilms due to eddy current and
FMR are always coupled. However, the roll-off obser in quality factor of stripe

inductors mainly comes from FMR which is determigdhe Kittel equation [40] as

f - y MsHeff

r ZT Uy (4)

Hett IS the effective anisotropy field given by
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Her =H, +N;M, (5)

The second term in Eq. (5) is shape anisotropyd filghere Ny is the
demagnetizing factor controlled by patterning thegmetic films. High shape anisotropy
field will increase the FMR frequency. However, rihas a tradeoff between FMR

frequency and low-frequency permeability sincedffective permeability is defined as

M M

IUEﬁ B Heff B Hk +NdMs

(6)

Therefore, introducing high shape anisotropy intgmnetic thin film would help
push the FMR frequency high enough above the dpgraequency with the drawback
of a proportionally reduced permeability. From theeriments, the laminated magnetic
films were patterned into 2Zh-long and 1(m-wide bars resulting in better high

frequency response but lower inductance increassgen in Fig. 12.
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Fig. 12 Inductance (a) and quality factor (b) measwents from stripline inductors with

5x100nm laminated versus non-laminated Co-Zr-TahBsf The "bare" represents the
same inductor without magnetic materials.

4.3 Spiral Inductorswith Laminated Co-Zr-Ta-B Films

Measurements of inductance and quality factor werfequency of spiral
inductors using three combinations of laminationd aon-laminated single layer film
are shown in Fig. 13. Notable improvement in higggéiency response (100 MHz to 1
GHz) was observed from the inductors with lamindiéds. With 500 nm thick non-
laminated film the inductance increases by 3.4 simereas a 30% more inductance
increase is obtained using laminated films. Besidemparing the slopes of inductance
versus frequency curves one notes that inductaroges daster for non-laminated films as
frequency increases. This frequency dependent itadoe drop is due to the skin depth
effect that the field cannot penetrate evenly i@ thagnetic films resulting in a lower
effective permeability. Reference [51] gives a tietical method to calculate this
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effective permeability considering skin depth effeddowever, the inductors with 10
layers of laminations show a slight inductance debjow frequency which arises from
the added reluctance from the laminations in thgmatic vias. [52]

Another advantage of using laminations is to sugpmreddy current loss in the
conductive magnetic films. By laminations the peplality factor has been improve
more than 50% from 1.5 of non-laminated film to 8f410 laminations film. The peak

quality factor of 2.4 appears at 500MHz making ¢mechip inductor suitable for RF

applications.
9 | 1
T~oea ——500 nmx1 |
8 LO‘OS : ——250 nmx2 |
7 —0=—100 nmx5 |
—_— = ——— =—0=—50 nmx10
:E 64 O —/r— Air-core
3
e 5
E s
O 44
: -
°
£ 31
2
14
i @f
T S | ==
0.1 1 10
Frequency (GHz)
(a)

33



4 T | L " PR WY S T W | L i PR T S T T i |

=500 nmx1
{ —=—250 nmx2

—=—100 nmx5 A
34 —>—50 nmx10 YL
— —— Air-core
Q
eded
Q
©
m '--_" T
g ;:5}} ErFH‘ :\
o %P <o 4
@ G
(b)
0+ —_——
0.1 1 10
Frequency (GHz)
(b)

Fig. 13 Measurements of (a) inductance and (b)ityutctor of spiral inductors with
laminated Co-Zr-Ta-B films.

To further improve on-chip inductors high frequermsrformance, the laminated
Co-Zr-Ta-B film was patterned into small bars wtithe film width and total length were
kept the same, see Fig. 6. This patterning teclenigitsometimes also termed slotting,
which introduces slots in the continuous magnehic in the direction perpendicular to
the inductor wire with an intention to cut off eddyrrent flow in the magnetic film that
has a direction that counters the current flowhia inductor wire. Measurements results
in Fig. 14(a) show that the inductance drops asneiagfilms turn into small bars. There
are several factors that could lead to the indwetashecrease in patterned films. One
factor is the filling ratio of patterned films deéd as the bars length divided by the sum

of bars length and gap distance between bars. itadles the filling ratio is, the less
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magnetic material in the core, thus leading to feesaugmentation. Table VI shows the
filling ratio in comparison to the inductance inase change. Apparently there is no
linear relationship between filling ratio and intlrace increase change; however, for 4
bars and 6 bars these two parameters are very eloseeas beyond that the inductance
drops more rapidly than filling ratio, as in theseaof 10 bars. This indicates that as
patterning magnetic film into small bars with la@gpect ratio (L/W) the effect of shape
anisotropy comes in and becomes the dominant famter filling ratio. Large shape
anisotropy field contributes to the effective atigpy field resulting in a decrease in
effective permeability. [53]

Table VI. Effect of patterning on inductance inea&hange
Film 4 barr 6 bar 10 bar

Aspect ratio (L/W 1/0.t 1/3 1/5 1/1C
Filling ratio 100% 82% 68% 57%
Inductance increas

100% 86.4% 68.6% 45.5%
change

The quality factor curves in Fig. 14(b) presentightr shift towards higher
frequency with increasing patterned bars. Thergfatdow frequency range inductors
with patterned magnetic bars show a lower Q faatoie a contrasting trend occurs at
high frequency range. Fig. 15 shows the effect aitgoning on the peak Q value and
position in frequency domain. A peak Q of nearlis Zichieved by the smallest bars (10
bars) at about 1 GHz. With fine patterning peakd@sgytowards up-right corner of this
plot where large Q appears at high frequency. @amonstrates that patterning film into
bars structure is helpful in reducing eddy curtess in the inductor and is necessary for

obtaining high Q factor in a high frequency range.

35



84 ——Film
—C—4 bars
—— 6 bars
— —10 bars
—/— Air-core

(2]
1

Inductance (nH)
v

2,
(a)
5 PRI | " " PR T R T A | " i .._,::':..I
—— Film ¥ UM
——4 bars
44 — —6bars
" — —10 bars
[*] —— Air-core
© 31
©
(1
&
= 27
=
(¢
1{ &
,‘:fﬁ?:'
.*’; - L
iy (b)
v - ——rr
0.1 1 10
Frequency (GHz)
(b)

Fig. 14 Measurements of (a) inductance and (b)ityutctor of spiral inductors with
patterned Co-Zr-Ta-B films.
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Fig. 15 Effect of patterning on the peak Q valud position in frequency domain. The
arrow indicates that with fine patterning peak @gtowards up-right corner of this plot.
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Chapter 5
CONTROL OF MAGNETIC FLUX AND EDDY CURRENT IN MAGNETIC
FILMSIN ON-CHIP RADIO FREQUENCY (RF) INDUCTORS

In this chapter,ite role of magnetic vias in magnetic flux and eddgrent contro
is investigated by both simulation and experimesihg different patterning techniqu
and by altering the magnetic via width. Improveth@é-shaped magnetic vias have b
designed andntegrated into c-chip RF inductors improving the frequency of p
quality factor from 400 MHz to 800 MHz without sdi@ing inductance enhanceme!
Eddy current and magnetic flux density in differanéas of magnetic vias are analy
by HFSS 3D EM simlation. With optimized magnetic vias, high freqogmesponse ¢

up to 2 GHz has been achie\

e

(1)

Looponoooonooy

o e e o e e e e

| oo Ooooooy )
‘!THHHHHHFHHH"
Hejeluesge e pugapupagug

o ——————

]
14

(¢)

Fig. 16 Topview of schematic and fabricate-turn spiral inductors with regular (a) (
and fingershaped (c) (d) magnetic vias. Cu coils were wrapreund by C«-Zr-Ta-B,
and the dashed lines indicated magnetic via reg
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5.1 Spiral Inductorswith Finger-shaped Magnetic Vias

The spiral inductors were elongated to take adggnts the uniaxial magnetic
anisotropy and the Co-Zr-Ta-B films were patterf@doptimizing the spiral inductors
performance, as shown in Fig. 16.

Fig. 17 presents measured inductance (L) and guédictor (Q) for 4-turn
rectangular inductors with different magnetic thim structures. Compared to inductors
without magnetic films (bare in Fig. 3), a 4-tuettangular spiral inductor with a single
magnetic ring achieved a maximum 3.5X inductanceei@se and a 3.9X increase in the

Q-factor at 1 GHz.
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Fig. 17 Inductance (a) and quality factor (b) nueasients from 4-turn rectangular spiral
inductors with regular and finger-shaped magnes.vThe Co-Zr-Ta-B film is 500nm
thick without laminations. The "bare" represents #same inductor without magnetic
materials.

The inductance begins to drop dramatically abov&HE from various sources of
magnetic loss, e.g., eddy currents in the magmeéiterial, skin effect and FMR effect.
As a result, quality factor does not continue iasieg above several hundreds of MHz
until resonant frequency is reached. ANSYS HFSSuwsasl to simulate the eddy current
distribution in the magnetic films. The volume @ant density plotted in Fig. 18 has
shown that the strongest eddy current density appeathe magnetic via regions.
Minimizing the size of magnetic vias is thereforeecefficient way to suppress the eddy
currents. Finger-shaped magnetic vias have beegn@ekto cut off the eddy current loop
in magnetic vias whereas keeping the magnetic ¢dlmtinuous. Simulations show the

current density in finger-shaped magnetic vias egses over one-order. This is proved
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by experiment results, as seen in Fig. 17, theatats with finge-shaped magnetic vi:

have better frequency response and higher-frequency quality factc
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Fig. 18 Simulations of current density (at 1GHz)miagnetic films without (a) and wi
(b) fingershaped magnetic vias from ANSYS HFSS 3D EM simul

The reason for this decrease is that the sidevf the magnetic via was al:
patterned along with the finger structure where medig flux was no longer continuo
along the entire magnetic vias. In order to mamiaductance value, improved fin«-
shaped magnetic vias shown in Fig. 19 were desigr which only the extension portic
(see Fig. 19 (b) and (c)) was patterned into fingfeape while keeping the sidew
continuous along the entire magnetic via. Fingeespatterned with different length, .
um, 4um, 2 um for 6 fingers, 12 fingers and fingers, respectively. Fig. 20 shows -
frequency dependence of measured inductance (Lpaality factor (Q) from inductor
with regular and improved fing-shaped magnetic vias. Even though magnetic vias
partitioned into small fingers that hasss magnetic materials, the inductance

maintains near constant value and high comparethab of regular inductor withot
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fingered structure, whereas peak quality factorimmoved from 400 MHz to 800 MH
compared to the latter. The demonstratggh frequency peak quality factor is a resul
the suppression of eddy current loss by the firggercture in the extension portion

magnetic vias, and was demonstrated earlier by H8&lation

() ) (©

Magnetic Vias
Fig. 19 (a) Schematic and fabricated (inset-chip magnetic thin film spiral inductc
with regular magnetic vias. (b) Schematic of immd\inge-shaped magnetic vias wi
12 fingers (c) Zoom in improved fin¢-shaped magnetic vias showing fingers length

width. (d) Cross sectional view of magneti@s composed of sidewall and extens
portion.

In addition, the peak quality factor did not showre significant improvemet
when magnetic vias have more fingers (from 2.26féingers to 2.5 for 20 fingers). Fro
this observation, it is suggested tHf one aims at maximizing the quality factor towa
high frequency, the width of the extension portioeed to be reduced as well. C
disadvantage of reducing the extension width isridactance drop. However, accordi
to the measurement results in. 20, when magnetic vias were patterned from re
shape to fingers with less magnetic materials fightyy changed inductance vali

indicated that the sidewall is more critical to uctence enhancement compared to
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extension. Fig. 21 shows the magnetic field H distion around inductor coils
simulated in HFSS. Magnetic vias have smaller mtgrfeeld in their 1 um thick
extension portion because eddy current in this acea@ens the external magnetic field.
On the other hand, it is clear to see that magifleticis in a continuous loop throughout
the sidewall. Therefore, the main strategy formjing magnetic vias is to minimize the
extension portion, which will be discussed in thextnsection, providing the sidewall

remains the same.
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Fig. 20 Inductance (a) and quality factor (b) measients from inductors with different
magnetic vias.

H Field[oel

Fig. 21 Magnetic field in magnetic thin film aroumdpper wires at frequency of 100
MHz showing that the extension portion of magngte actually does not contribute to

the flux enhancement.
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5.2 Width dependence of magnetic vias

In order to investigate roles of the sidewall ahd e&xtension of magnetic vias,
further experiments were performed by altering Width of the extension portion of
magnetic vias. First, inductors with magnetic v@msisting of only side wall were
created in HFSS for simulation. It is as expectet the inductance has a similar value
even though without the extension portion. In thérication process, however, the
extension portion was intentionally kept to ensgwed coverage of magnetic material on
the sidewall during the sputtering processMasrow et al[44] demonstrated that only
approximately 25% of targeted magnetic materiatkiness on vertical sidewall can be
achieved using sputtering deposition technique. &ttension portion was altered from
lum to Sum. Measurement results showed that as the extensootion becomes
narrower the inductor has a better high frequersspaonse up to 2 GHz with a peak
quality factor over 1 GHz, shown in Fig. 22. Meailehthe narrower magnetic vias lead
to lower inductance value and for inductor witlurh wide magnetic vias the inductance
drop by 40%, similar to what others have obsery2€, 44] This is due to the poor
magnetic material coverage on the sidewall of magmneas. Fig. 23 shows the effect of
extension portion width on inductance, peak qudtigtor and their related frequency.
Although inductance increases as increasing thkension of magnetic vias, the peak Q
does not follow this trend. More importantly, thhedquency of peak Q and 90% L exhibit
an opposite trend which means wide magnetic viasnat preferable in RF inductors.
Future efforts to improve RF magnetic thin film wators will focus on improving

sidewall magnetic material coverage with minimurteagion of magnetic vias.
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Fig. 22 Magnetic vias width dependence of induataenad quality factor of on-chip
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at 1.1 GHz can be achieved.
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Fig. 23 Effect of extension portion width on indarste, peak quality factor and their
related frequency,(90% L) is defined as the frequency when induatatrops by 10%.
5.3 Summary

The magnetic via for controlling eddy current anaigmetic flux is investigated to
improve on-chip magnetic thin film inductors higreduency performance. Improved
finger-shaped magnetic vias, which simultaneousppsesses eddy current and maintain
magnetic flux loop, are helpful for achieving higlgality factor at higher frequency.
The sidewall of magnetic vias is proven to playritical role in forming magnetic flux
path around inductor coils. By changing the extamaf magnetic vias, magnetic via
width dependence of L, peak Q and their frequenag examined showing that wide

magnetic vias are not suitable for RF inductors.
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Chapter 6
EFFECTSOF MAGNETIC FIELDS ON ON-CHIP INDUCTORSWITH
PATTERNED MAGNETIC FILMS

Magnetic thin films are incorporated onto on-chimluctors to increase both
inductance and quality factor making scaling dotva dn-chip inductors possible. These
magnetic films properties are often obtained frdem, 1arge area films. However, during
device processing and patterning the magnetic ptiepecan vary from flat films and
therefore it needs a way to evaluate magnetic finvsitu after device fabrication. Some
magnetic film properties, such as saturation mazgi#in, are also affected by device
working conditions. In particular, in power managgrnapplications such as integrated
voltage regulators utilizing magnetic film in theductors, a high power density with
large DC current will inevitably saturate the magmélms resulting in the inductance
decrease significantly thereby reduces the valusddfng magnetic materials. Therefore
it is crucial to quantify the saturation field inet fabricated inductor, as magnetic film in
the inductor may not have the same saturation faddfor large flat films where
hysteresis loop and saturation field are typicalbyained, and explore effect of various
magnetic film structures that could increase thara#ion field, therefore allowing larger
current in the inductor coils for power deliverypéipations.
6.1 Experiment

The 4-turn spiral inductors were fabricated ontartgi substrates with 500-nm-
thick amorphous Co0-4%Zr-4%Ta -8%B (at. %) film pesgd by DC magnetron
sputtering. Fig. 24 shows the schematic (a) anddated devices with various patterned
Co-Zr-Ta-B films including complete film (b), myblie bars (c) and film with finger-
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shaped magnetic vias (d). HP8720D network analgretr Cascade GS probes were
utilized for one-port radio-frequency (RF) measueets. Inductors were tested by a
small AC signal with a constant power of 5 dBm frehMHz up to 20 GHz. Meanwhile,
a DC magnetic field generated by permanent magmassapplied perpendicular to the

easy axis (EA) ranging from 0 Oe to 360 Oe as shioviig. 24.

o e 100pm  (a)

",

(b) (©) ()

Fig. 24 Schematic (a) and fabricated (b-d) 4-tynine$ inductors with various patterned
magnetic films, (b) film, (c) 10 bars, (d) fingeEasy axis of magnetic film is indicated
in each figure while both applied AC and DC magnééld H are in the perpendicular
direction.
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Fig. 25 (a) Measured hysteresis loops along Harng A*A) of 500nm-thick large-area
flat Co-Zr-Ta-B film. Arrows represent small AC sajs under different DC biased
magnetic field H. (b) shows the relative changethefpermeability
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The hysteresis loop measured by vibrating samplgnetameter (VSM) from a 5
mm x 5 mm large area flat film on Si substratehisven in Fig. 25 (a) indicating that the
saturation field along hard axis (HA) is around@&. Magnetic material's permeability
can then be calculated by taking the derivativehef B-H hysteresis loop. Due to the
non-linear nature of the hysteresis loop, the pabili¢y is variable with different applied
bias field as seen in Fig. 25 (b), showing a maxinai zero bias and drops to 1 at 35 Oe
bias field.
6.2 Effects on Inductance and Quality Factor

The low frequency inductance of an air-core plaspiral inductor can be
calculated by simple approximate expressions wihakie very good accuracy. The
calculated inductance of the air-core 4-turn indugtithout magnetic materials is 1.9 nH
which is validated by our measurement results. Witgnetic material the inductance

increases by a factor gf,,, defined as effective permeability,, is determined not

only by material intrinsic permeability but alsoogeetric parameters such as magnetic
film thickness and distance from inductor coils &alorication process. Here we keep the
process parameters all the same and apply a DCanadield along the hard axis while
performing inductance measurement to render charfigihe magnetic states in the
magnetic film around inductor coils. At low applidgld from 0 Oe to 25 Oe the
inductance versus frequency plots overlap with eaitier, indicating inductance and
therefore magnetic film state remains unchangeth®entire frequency range, as shown
in Fig. 26(a). As the applied H field continuesirtarease, however, the magnetic films
on inductors gradually become deviated from ini@te and inductance begins to drop

at around 60 Oe and the trend continues until tagnatic film becomes fully saturated
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and the effective permeability drops to 1. From sleguence of the field-dependent L
measurement in Fig. 26(a), a saturation field &f 22 is determined when the magnetic
film inductor has the same inductance value asitheore one.

It should be noted that the 220 Oe saturation fietdthe magnetic film in the
inductor structure here is much larger than theevalf 35 Oe for an unpatterned flat film
shown in Fig. 25 (b), due to the finite size andaia aspect ratio of the magnetic film in
the inductor device structure that could alter deenagnetizing factor, leading to larger
effective anisotropy field. More detailed discussion demagnetizing factors is in
Section B. This observation illustrates the impoctof taking into account the magnetic

film structure when saturation field is an impottarductor design parameter.
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Fig. 26 Inductance (a) and quality factor (b) diuda spiral inductor with complete Co-
Zr-Ta-B film under different H field bias. Measurent was performed on device
structure shown in Fig. 1(b), where magnetic laygran un-patterned film. (c)
Normalized effective permeability and quality facéd 1 GHz versus H field.

In addition, the quality factor at high frequenereases when high H field is

applied. Without H field the quality factor plotrgeis frequency shows an obvious drop
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at high frequency which is mainly due to the feragmetic resonant frequency (FMR)
absorption. This FMR behavior is described by Landéshitz equation:

am == XH 4 +AM X (M xH ) (7)

dt

where y denotes the gyromagnetic ratio ahd is apdegnparameter. The

effective fieldH,, contains internal fields, the extal bias field H,. and excited field

H,. . Under no bias field condition, the magnetizatibhis along the easy axis

perpendicular to the excited AC field. So FMR apsion occurs at high frequency
which is determined by Eq. (7). However, when exdébias field applied to the hard

axis, the magnetization M gradually becomes pdradi¢he H_, resulting in a zero curl

product. The FMR effect is therefore minimized battthe quality factor remains large
value at high frequency. Normalized effective peality and quality factor at 1 GHz
are plotted in Fig. 26(c) clearly showing theseeeti of external bias H field. After the
magnetic film is saturated, the effective permegbis only 30% of its initial value
whereas the quality factor increases by 220%.
6.3 Patterned M agnetic Film

The magnetic film is then patterned into variousigdures to investigate shape
effects on the saturation field including bars (R2dc) and finger (Fig. 24d) structures.
The aspect ratio of magnetic film, defined as #regth in hard axis direction divided by
the length in easy axis direction, is used to wggtish these patterned films. From the
measurement results in Fig. 27, which shows indwetaversus applied filed at
representative frequencies of 0.1 GHz and 0.5 GHgz,obvious that, for magnetic film

with large aspect ratio, the inductance drop tecare value at smaller bias field.
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Although for film, 2-bar and 4-bar structures theydittle change in saturation, it
reduces further for smaller bar width, such as aOdtructure. This indicates there will
be loss of magnetization with smaller width barsavidg lower saturation field in
patterned bars is also due to the decreasing deztizgg field H, which is calculated
by (8).

H, =-N,Mq (8)
N, is the demagnetizing factor along the hard axisutaied by the method

discussed in chapter 2. With the demagnetizingd figde effective saturation field
becomes

Hseff:Hs+NdMs (9)

As the aspect ratio increases, the demagnetizintprfaalong the hard axis
decreases resulting in a decreasing saturatiot. flelble VII summarizes the patterned
films’ demagnetizing factors and corresponding wlaied and measured effective
saturation field. The discrepancy between calcdlated measured saturation field is
possibly due to the rough surface and uneven sbhpiee magnetic film deposited on
fabricated devices.

Table VII Demagnetizing Factor and Saturation figlghatterned CO-ZR-TA-B film

Film 2 Bars 4 Bars 10 Bars Fingers
Aspect ratio 0.6 1.3 3.0 10.0 NA
Ng 0.0178 0.0170 0.0147 0.0111 NA
Hq(Oe) 258 248 219 175 NA
Hsa(Oe) 220 220 220 150 325
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On the contrary, the finger-shaped magnetic filrs hagher saturation field so
that it can be used for large signal applicatiamshsas voltage regulators, especially at
high frequencies. Comparing Fig. 27 (a) and (b3, ttend that the finger-shaped film is
less easy to be saturated is more distinct at figfluency range. For instance, at 0.1
GHz, the inductance of finger structure is slighdwer than that of inductor with film
structure at field of 100 Oe in Fig. 27(a); its wietAnce is, however, higher than its film
counterpart at 0.5 GHz at the same 100 Oe. Thisnsistent with our early observation
that finger structure has better response and tgutglctor at higher frequencies. A
possible explanation for high saturation field ebbke the edge-induced domains in the
fingers structure that would require higher fietd dlter the magnetization direction,

which requires further investigation.
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Fig. 27 Comparison of inductance versus bias fraghsured from inductors with un-
patterned and patterned magnetic films at (a) 04,@&b) 0.5GHz.
6.4 Summary

On-chip magnetic thin film inductors under exterb#s field were studied to
evaluate inductor performance as well as the magfileh properties including effective
permeability and saturation field. The work prowdmn efficient in-situ method to test
fabricated magnetic thin film around the inductdrusture providing more accurate
results compared to traditional large film measwets. As the films are patterned,
saturation field changes accordingly due to magagtin loss and shape anisotropy field.

Experiments show that films with finger structuravl larger saturation field making

them suitable for high current applications sucb&sDC converter.
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Chapter 7
IN-PACKAGE RF AND POWER INDUCTORS ON ORGANIC SUBSTRATES
FOR SYSTEM IN PACKAGE (SIP) APPLICATIONS

With the fast development of portable electronsegsh as smart phone, ultrabook,
as well as high performance computation, integgatiiscrete passive components, i.e.
inductors and capacitors, in package to miniatutime overall form factor has been
demanded by System in Package (SiP) technologihoidth extensive efforts have been
made to incorporate magnetic materials to on-algjictors, less attentions were given to
the magnetic materials on package substrates mb@dguse magnetic properties could
be affected by packaging substrate surface, stesgs temperature resulting in
unfavorable degradation of device performance. Tbimpter characterized soft
amorphous Co-Zr-Ta-B films on standard organic pgeksubstrates including ABF and
polyimide. Effects of substrate roughness and stwee analyzed and simulated which
provide strategies for integrating Co-Zr-Ta-B irmpackage inductors and improving
inductors performance.
7.1 Characterizations of Magnetic Thin Films on Packaging Substrates

Amorphous Co-4%Zr-4%Ta-8%B (at. %) films were defgoswith a constant
DC magnetic field by DC magnetron sputtering on thods of organic packaging
substrates, i.e. ABF and polyimide. The substratesstigated here are 500 pum thick
commercial available polished polyimide substrdt@) um thick ABF laminated on
glass substrate, along with our standard polishetty substrate. Boron in Co-Zr-Ta-B
film was also used to increase the film resistivdy high power density applications as
in previous experiments. The unlaminated films w&®® nm thick while the laminated
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films were ten 50 nm thick layers with a few nanteng of cobalt oxide insulation layers
in between to reduce eddy current loss. Surfacghmoess effect was first examined by
measuring the roughness of bare substrates andpasited Co-Zr-Ta-B films using

optical profiler with high resolution, as shownTiable VIII.

TABLE VIII
ROUGHNESS OFCO-ZR-TA-B FILMS ON DIFFERENT SUBSTRATE$NM)

Bare 500 nm 50 nm x 1(

Co-Zr-Ta-B Co-Zr-Ta-B
. . -- 9.2 7.7

SIG/S

IGS] - 9.5 8.2
33.¢ 28.4 21.4
ABF/Glass 50.C 30.€ 19.2
Polvimide 33.¢ 36.C 60.¢
y 35.C 38.€ 63.2

Both ABF and polyimide substrates present tens afometer roughness,
resulting in slightly sheared and broaden hystsresips compared to the films deposited
on Si substrate. Measured hysteresis loops of CbaZB are shown in Fig. 28. The
coercivity of the two films on ABF/glass are all alter than 1 Oe, see Table IX. The
values are slightly larger but very similar to taam SiQ/Si substrate, indicating their
high quality. Similarly, the anisotropyHare also similar to those on SiO2/Si. Overall,
the quality and the softness of the Co-Zr-Ta-B $ilon ABF/glass remain the same as
those deposited on SiO2/Si. However, the coercivigasured from polyimide substrate
is larger than that from ABF substrate, especi@iy500 nm film on polyimide, which is
mainly due to the poor chamber vacuum during spaogeas a result of outgassing from
polyimide substrate. Prebaking of polyimide sulisgamight be a possible solution for

this out gassing issue.
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500 nm CZTB on ABF/glass substrate

50nm x10 CZTB on ABF/glass substrate
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Fig. 28 Measured hysteresis loops of Co-Zr-Ta-Bisilon packaging substrates

The films were then annealed at 200 in N, ambient for 2 hours with a DC

magnetic field around 1000 Oe. No obvious improveinoan be seen from the hysteresis

loops, as shown in Fig. 29. For laminated filmsbamth substrates, in-plane anisotropy

tends to disappear after annealing which is pértidlie to the change of Co oxide

insulation layers. Coercivity and anisotropy fielte extracted from the hysteresis loops

and listed in Table IX.
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Fig. 29 Measured hysteresis loops of annealed CbtaZB films on packaging substrates

TABLE IX
Hc AND Hy OF CO-ZR-TA-B FILMS ON DIFFERENT SUBSTRATE$OE)
500 nm 50 nm x 1C
Co-Zr-Ta-B Co-Zr-Ta-B
as-deposi anneale as-deposi anneale
H. SiG,/Si 0.1 0.1 0.1¢ 0.0t
in Easy Axis  ABF/glas: 0.4 0.4 0.2t 0.t
Polyimide 75 10C 2.t 7
SiG,/Si 17.¢ 19 22.t 21
Hi ABF/glas: 27 24 27 15
- - 27 -

in Hard Axis =
Polyimide

7.2 Stress Analysisin M agnetic Films on Package Substrates
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Stress in magnetic films has significant consegegrior both device fabrication
and performance. For device fabrication, largesstigan cause deformation of inductor
coils and package substrates such as warping,faheres undesired. From a device
performance perspective, stress in the magnetasfitan introduce extra anisotropy
resulting in magnetic properties deterioration.deffabricating inductors with magnetic
films on package substrates, it is necessary tlyzméhe stress in the magnetic films.

Film stress in magnetic films on or in package #albs was simulated by Abaqus
FEA. Two types of structures were modeled with nedignthin films on or in package
substrates as seen in Fig. 30. It shows that ftr Swuctures large stress only occurs at
the corners of the films. This indicates that thé&eno significant stress induced
anisotropy in films which is helpful in keeping thi@iaxial anisotropy of the magnetic

film with high saturation field.

(b)
Fig. 30 (a)Simulated structure with magnetic films(top) and on (bottom) packaging
substrates. (b)Stress mapping in magnetic filmpawkaging substrate.
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Fig. 31 Simulation of stress in magnetic films imdeon packaging substrates showing
large stress only occurs at substrate edges.

7.3 Inductorswith M agnetic Films on Package Substrates
For demonstration of in-package magnetic thin fiinductors the stripline

inductors incorporating 500 nm thick Co-Zr-Ta-Bfiwere fabricated using the identical
procedure and conditions such as process tempesatunto three different substrates,
qguartz, polyimide and laminated ABF film on glassing electron beam lithography
(EBL) and magnetron sputtering for pattern defomtiand metallization, respectively, a
standard procedure used in prior experiments. Ypiedl fabricated stripline inductors
without magnetic film, with film and with patternechagnetic film on ABF/glass
substrate are shown in Fig. 32 (a), along withstieematic of the cross-section of the

fabricated inductor and a representative scannggren microscopy image. The length

of the stripline inductor is 450 pum.
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[] .
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Fig. 32Stripline inductor structure. (a) Pictures of fabted bare, film and patterned-
Zr-Ta-B film inductors on ABF films laminated on glasdstrate. Length of theripline
inductor is 450 um. (b) Schematic view of the c-section of the inductor structure (tc
and representative scanning electron microscopyenaf the inductor cro-section
(bottom).

Measurement of inductance and quality factor verBaguenc of stripline
inductors on three different substrates usinc-laminated single layer 500 nm films ¢
compared and shown in Fi33. With 500 nm thick notaminated film the inductanc
increases to 2.7x, 1.6x, and 1.9x respectively,qoartz, polyimideand ABF/glass
substrates compared to bare-core) inductors. All fabricated inductors show vgood
frequency response, with inductors on quartz satestsnly showing ne-constant value
until sharp dromff at frequency greater than 1 GHz, while ictance starting to
decrease at around 1 GHz and 500 MHz respectif@lyinductors on polyimide an
ABF/glass. In the meantime, the quality factor bk tinductor on polyimide ar
ABF/glass typically greater than, matches with thas quartz substrate.he slight

smaller values in the inductance increase on pafgnand ABF/glass could due

rougher surface and the stress due to differengnaig involved irthe inductor structure
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It is possible that repeated temperature cyclesduhe device fabrication process may
have caused the stress in the magnetic film thugadeng the permeability and
inductance increase. This effect, however, careaaed if we introduce an intermediate
layer between magnetic materials and packaging trsibs. In addition, different
substrate materials may lead to different thickre#sspin-coated polyimide layer, which
is used in the inductor as insulating layer. Suahations could affect magnetic layer
structure, therefore the inductance values.

Field annealing was also performed on fabricatelligtors on various substrate
under these conditions: 20Q for 2 hours under magnetic field estimated tdéeveen
0.1 to 0.2 T. For inductor fabricated on ABF, tldanealing did not degrade the
performance of the inductors, with the same inchastavalue and quality factor. This
indicates the robustness of the device, and itr@nmsing to integrate inductor on
packaging substrate, even with magnetic core nadgdritegrated.

Spiral inductors with 500 nm Co-Zr-Ta-B films wefa&bricated on polyimide
substrates with the same structure as the one anzgsubstrate presented in Chapter 4.
The air-core inductor maintains the theoreticalictdnce value of 1.9 nH indicating that
the process on quartz substrates is fully comgatioth organic packaging substrates.
But for the inductors with magnetic materials, abdl0% to 20% inductance
enhancement was observed as shown in Fig. 34. 18ucimductance increase is mainly
due to the deterioration of the magnetic films vahtan be improved by the following
ways. 1. Inserting an intermediate layer, such pim-coated polyimide, between
substrate and magnetic layer to reduce the podsietenal stress effect. 2. Reducing the

process temperature, which is primarily determir®d the curing temperature of
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polyimide layers, in order to reduce the stresshm magnetic layer. 3. Extending the
experience gained from fabricating inductors usdayrTaB as magnetic layers to the
incorporation of NiFe layers, as it is a commonked material in many forms of
inductors, including spiral, solenoid, and toroittustures, and one could therefore

further evaluate the performance of such magnetiugtor on packaging substrate.
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Fig. 33 Measured inductance and quality factor fretnipeline inductors on different
substrates.
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Chapter 8
CONCLUSION

A systematic study of integrated inductor with roiatterned magnetic
materials used in System-in-Package (SiP) and ®ysteChip (SoP) technology was
presented through 3D EM simulation to experimeBRfsect of using high permeability
magnetic materials with planar inductors to enhaheeinductance density and quality
factor was analyzed by extensive experimental amadlation study. It is demonstrated
that by using laminated amorphous Co-Zr-Ta-B filmg,to a 9.1X inductance increase
with good frequency response up to 2 GHz can bedeweetti showing promising
applications in RF circuits. Patterning effect aiignetic thin films was also investigated
and then utilized in integrated inductors for optied inductor performance. The role of
magnetic vias in controlling magnetic flux and eddyrent was analyzed based on
which finger shaped magnetic vias were designegheBments demonstrate inductors
with finger shaped magnetic vias not only have akpguality factor above 1 GHz but
also present a high saturation field around 325Q@aeZr-Ta-B films on standard organic
package substrates were also characterized ingudlBF and polyimide substrates.
Effects of substrate roughness and stress wergzathland simulated which provide
strategies for integrating Co-Zr-Ta-B into packagductors and improving inductors

performance.
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