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The Importance of Advanced Packaging
▸ Packages provide power, signal, 

mechanical stability, and thermal 
dissipation to Si chips

▸ Complex 2.5D and 3D designs 
can place multiple chips side by 
side, or stack them on top of 
each other

▸ Allows scaling without shrinking 
transistors

▸ Can incorporate many kinds of 
chips and features into a single 
package

Source: SemiWiki 2018
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Magnetic 
Materials

Texas Instruments
TPS 82671 MicroSiP
Step-Down Converter

§ Discrete inductor on mother board

§ Inductor on/in 
package

§ Inductor on Si chip

Surface mount
inductor

Air core inductor

Direct integration of magnetic core
Advantages: Smaller footprint; low 
height profile 
Challenges: material compatibility; 
thermal effect

Intel

Post CMOS Si or interposer: Ferric

Large size & EMI

Integration of Inductor in IVR

6 IEEE TRANSACTIONS ON COMPONENTS, PACKAGING AND MANUFACTURING TECHNOLOGY, VOL. 6, NO. 1, JANUARY 2016

Fig. 5. (a) Cross-sectional view of an uncoupled solenoid inductor array in a 700-µm core LGA package. (b) Isometric view of the same inductor.
(c) Cross-sectional view of an interleaved solenoid inductor in a 400-µm core BGA package. (d) Isometric view of the same inductor. (e) Cross-sectional
view of a shielded PTH loop inductor in a 700-µm core LGA package in an area over the socket. (f) Isometric view of the same inductor. (g) Cross-sectional
view of a 3DL inductor array suspended from a 200-µm core BGA package. (h) Isometric view of the same inductor.

Authorized licensed use limited to: ASU Library. Downloaded on February 27,2022 at 19:25:37 UTC from IEEE Xplore.  Restrictions apply. 

14 | Power SoC 2021 | October 2021 | Ferric Inc. |
Fe

FERRIC INDUCTORS 
Ferric’s CMOS integrated ferromagnetic 
thin-films enable high-density, low-profile 
on-chip/in-package inductive components 
for efficient on-chip power conversion

! Integrated with Wafer-Level Package Flow
! Fabricated with TSMC 130nm, 28nm, etc.
! Similar to other advanced Wafer-Level 

Package options

MAG 
CU1 

CU2 

Fig. 1: SEM cross section of magnetic thin-film 
inductors monolithically integrated with CMOS IC  

TSMC Advanced Backend Fab 1
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Figure.1 Close-up view of the
inductors integrated in (a) 22-nm
processor (b) 14nm processor. [1]

Figure.2 The substrate core thickness
scaling down of 3 generations of a
mobile CPU. The inductors are
integrated in this layer. [2]

[1] Lambert, William J., et al. "Package inductors for Intel fully integrated voltage regulators." IEEE transactions on components, packaging and manufacturing 
technology 6.1 (2015): 3-11.
[2] Kaladhar Radhakrishnan. “Integrated Magnetics Magnetic Inductors for Next Generation IVR.” The 7th International Workshop on Power-Supply-on-Chip 
(conference), 2021, Philadelphia, PA.

Challenge: Dimension
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The schematic of a magnetic core
inductor. A kind of magnetic flakes
mixed in polymer matrix is used as
core material. [1]

Our fabricated device.
CoZrTaB is used as core
material.

The B-H loop of CoZrTaB thin
films on different substrates.
[2]

[1] Sun, Teng, et al. "Substrate embedded thin-film inductors with magnetic cores for integrated voltage regulators." IEEE Transactions on Magnetics 53.10 
(2017): 1-9.
[2] Wu, Yanze, I-Chen Yeng, and Hongbin Yu. "The improvement of CoZrTaB thin films on different substrates for flexible device applications." AIP 
Advances 11.2 (2021): 025139.

Challenge: Magnetic Core Integration
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Inductor part

Two kinds of integration methods for
the inductor devices.

On package/substrate 

In package/substrate 

Co-Zr-Ta-B

Co-Zr-Ta-B

CZTB

10 μm
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it is clearly seen that the magnetic flux is in a continuous loop
throughout the sidewall. Therefore, the main strategy for opti-
mizing magnetic vias is to minimize the extension, which will
be discussed in the next section, providing the sidewall
remains the same.

In order to investigate roles of the sidewall and the exten-
sion of magnetic vias, further experiments were performed by
altering the width of the extension of the regular magnetic vias
(Fig. 1(a)). The extension was altered from 1 lm to 7 lm.
First, inductors with magnetic vias consisting of only a side
wall were created in HFSS for simulation. It is as expected that
the inductance has a similar value even though there was no
extension. In the fabrication process, however, the extension
was intentionally kept to ensure good coverage of magnetic
material on the sidewall during the sputtering process, as
Morrow et al.13 demonstrated that only approximately 25% of
the targeted magnetic material thickness on vertical sidewalls
can be achieved using sputtering deposition. Similar induct-
ance decrease was seen in our devices as shown in the scan-
ning electron microscope (SEM) images in Fig. 4, that less via
sidewall coverage for short extension width of 1 lm compared
to 5 lm. Measurement results showed that as the extension

becomes narrower, the inductor has a better high frequency
response up to 2 GHz with a peak quality factor over 1 GHz as
shown in Fig. 5. Meanwhile, the narrower magnetic vias lead
to lower inductance values and for the inductor with 1lm wide
magnetic vias, the inductance drops by 40%, similar to what
others have observed.4,13 This is from the poor magnetic mate-
rial coverage on the sidewall of the magnetic vias. Fig. 6 shows
the effect of extension width on inductance, peak quality factor,
and their related frequency. Although inductance increases
with increasing extension of the magnetic vias, the peak Q does
not follow this trend. More importantly, the frequency of the
peak Q and 90% L exhibit an opposite trend which that means
wide magnetic vias may not be preferred in RF inductors.

We have investigated the magnetic via for controlling
eddy currents and magnetic flux to improve the high frequency
performance of on-chip magnetic thin film inductors. Improved
finger-shaped magnetic vias are helpful for achieving higher
quality factors at higher frequencies. The sidewall of magnetic
vias is proven to play a critical role in forming a magnetic flux
path around the inductor coils. By changing the extension of
the magnetic vias, the magnetic via width dependence of L,
peak Q, and their frequency was examined and it was shown
that wide magnetic vias are not suitable for RF inductors.

The authors acknowledge funding from Intel Corporation
through ASU Connection One and Semiconductor Research
Corporation (SRC) Global Research Collaboration program.

1J. N. Burghartz and B. Rejaei, IEEE Trans. Electron Devices 50(3),
718–729 (2003).

2Y. Zhuang et al., Solid-State Electron. 51(3), 405–413 (2007).
3D. Gardner et al., in Proceedings of the IEEE 2001 International
Conference on Interconnect Technology (IEEE, 2001), pp. 101–103.

4D. S. Gardner et al., J. Appl. Phys. 103(7), 07E927 (2008).
5B. Viala et al., IEEE Trans. Magn. 40(4), 1999–2001 (2004).
6M. Yamaguchi et al., J. Magn. Magn. Mater. 304(2), 208–213 (2006).
7A. M. Crawford et al., IEEE Trans. Magn. 38(5), 3168–3170 (2002).
8T. Maruyama et al., IEEE Trans. Magn. 47(10), 3196–3199 (2011).
9H. Wu et al., IEEE Trans. Magn. 49(7), 4176–4179 (2013).
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13P. R. Morrow et al., IEEE Trans. Magn. 47(6), 1678–1686 (2011).

FIG. 5. Magnetic vias width dependence of inductance and quality factor of on-chip inductors. With narrow magnetic vias, high frequency response up to
3 GHz and peak Q at 1.1 GHz can be achieved.

FIG. 6. Effect of extension width on inductance, peak quality factor, and
their related frequency, f (90% L) is defined as the frequency when induct-
ance drops by 10%.

17E719-3 Wu et al. J. Appl. Phys. 115, 17E719 (2014)
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Simulations showed higher eddy current density in the
magnetic vias mainly concentrated in the extension of the
magnetic vias which have twice the thickness (1 lm) of the
bottom or top magnetic films. For highly permeable films
like Co-Zr-Ta-B films, instead of eddy current loss, ferro-
magnetic resonance (FMR) loss becomes the dominant loss
mechanism in 0.5 lm thick bottom and top layers.12 Finger-
shaped magnetic vias have been demonstrated to help in
minimizing the eddy currents, but lead to inductance
decrease.11 The reason for this decrease is that the sidewalls
of the magnetic via were also patterned along with the finger
structure resulting in the magnetic flux no longer being con-
tinuous along the entire magnetic via. To maintain a high in-
ductance value, improved finger-shaped magnetic vias
shown in this work were designed in which only the exten-
sion (Figs. 1(b) and 1(c)) was patterned into finger shapes

while keeping the sidewall continuous along the entire mag-
netic via. Fingers are patterned with different lengths: 12 lm,
4 lm, and 2 lm for 6 fingers, 12 fingers, and 20 fingers,
respectively. Fig. 2 shows the frequency dependence of the
measured inductance (L) and quality factor (Q) from induc-
tors with regular and improved finger-shaped magnetic vias.
Even though magnetic vias were partitioned into smaller fin-
gers that have less magnetic material, the inductance still
maintains a high nearly constant value compared to that of
regular inductors without the fingered structure, whereas the
peak quality factor has improved from 400 MHz to 800 MHz
compared to the latter. The demonstrated high frequency
peak quality factor is a result of the suppression of eddy cur-
rent loss by the finger structure in the extension of magnetic
vias, and is consistent with earlier HFSS simulation.11

In addition, the peak quality factor did not show a signifi-
cant improvement when the magnetic vias have more fingers
(from 2.2 for 6 fingers to 2.5 for 20 fingers). From this obser-
vation, it is suggested that if one aims to maximize the quality
factor at high frequency, the width of the extension needs to be
reduced as well. One disadvantage of reducing the extension
width is the inductance drop. However, according to the mea-
surement results in Fig. 2, when magnetic vias were patterned
from regular shape to fingers with less magnetic material, the
slightly changed inductance value indicated that the sidewall is
more critical to inductance enhancement than the extensions.
Fig. 3 shows the magnetic field H distribution around inductor
coils simulated in HFSS. Magnetic vias have lower magnetic
fields in their 1 lm thick extension because eddy currents in
this area screen the external magnetic field. On the other hand,

FIG. 2. Inductance (a) and quality factor (b) measurements from inductors with different magnetic vias.

FIG. 3. Magnetic fields in the magnetic thin film around the copper wires at
a frequency of 100 MHz showing that the extension of the magnetic via
actually does not contribute to the flux enhancement.

FIG. 4. SEM images of magnetic vias with 5 lm (a) and 1 lm (b) wide mag-
netic vias showing that the narrow magnetic via’s sidewall has less coverage.

17E719-2 Wu et al. J. Appl. Phys. 115, 17E719 (2014)
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Control of magnetic flux and eddy currents in magnetic films for on-chip
radio frequency inductors: Role of the magnetic vias

Hao Wu,1 Donald S. Gardner,2 Shirong Zhao,1 Hai Huang,1 and Hongbin Yu1,a)

1Ira A. Fulton Schools of Engineering, Arizona State University, Tempe, Arizona 85287, USA
2Intel Labs, Intel Corp., Santa Clara, California 95052, USA

(Presented 7 November 2013; received 23 September 2013; accepted 17 January 2014; published
online 2 April 2014)

In this paper, the role of the magnetic vias for magnetic flux and eddy current control is
investigated using both simulations and experiments that used different patterning techniques and
by altering the magnetic via width. Improved finger-shaped magnetic vias have been designed
and integrated into on-chip radio frequency inductors improving the peak quality factor from
400 MHz to 800 MHz without sacrificing the inductance enhancement. The eddy currents and
magnetic flux density in different areas of the magnetic vias are analyzed by 3D electromagnetic
simulation. With optimized magnetic vias, the high frequency response of up to 2 GHz has been
achieved. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4870318]

On-chip inductors are an essential passive component
towards complete System on Chip (SoC) designs and are
widely used in numerous integrated circuits (ICs) such as in
voltage regulators and are radio frequency (RF) circuits. For
low-gigahertz (<5 GHz) RF applications, on-chip air-core
inductors generally have an inductance of 1 to 10 nH and
occupy large die areas with diameters of hundreds of micro-
meters.1 Soft magnetic materials, e.g., Ni-Fe,2 Co-Zr-Ta,3,4

and Co-Zr-Nb,5,6 have been integrated into on-chip inductors
to miniaturize the inductors thereby reducing the cost and
electromagnetic interference (EMI). Gardner et al.3,7 and
Viala et al.5 used solid magnetic planes under spiral inductors
whereas only 60% or less inductance increase was achieved
with decreasing cut-off frequency because only one level of
magnetic material was used. Two levels of magnetic materi-
als then were integrated into on-chip inductors with magnetic
vias connecting the top and bottom magnetic levels. Though
the inductance was increased by up to 28 times,4 the high fre-
quency response (<100 MHz) deteriorated because of the
eddy current losses in the conductive magnetic thin films
which render it unsuitable for many RF applications.
Previous research on improving the high frequency response
mostly focused on the inductor’s geometry8 or the magnetic
film’s geometry6,9 and thickness.10 3D electromagnetic (EM)
simulations, however, showed maximum eddy current density
in the magnetic vias which were patterned into finger-shaped
structure realizing a 30% increase in quality factor.11 It is
indicated that the magnetic vias played a significant role in in-
ductor high frequency performance.

In this paper, the role of the magnetic vias in magnetic
flux and eddy current control was investigated by both simula-
tion and experiment. Different patterning techniques and var-
ied via width were utilized to improve the inductor RF
performance. With optimized magnetic vias, the inductance
shows good high frequency response up to 2 GHz and the qual-
ity factor reaches a maximum at frequencies beyond 1 GHz.

On-chip spiral magnetic thin film inductors, as illus-
trated in the schematic in Fig. 1(a), were fabricated on quartz
substrates using electron beam lithography (EBL) and DC
magnetron sputtering for pattern definition and metallization,
respectively. Laminated Co-4%Zr-4%Ta-8%B (at. %) thin
films composed of ten 50-nm-thick layers separated by oxi-
dized Co layers approximately 7 nm were deposited with an
in-plane uniaxial anisotropy introduced by an applied DC
magnetic field during sputtering. Fig. 1(d) shows the cross-
sectional view of the magnetic via section which consists of
vertical sidewalls and planar extensions. The vertical side-
walls connect the top and bottom magnetic films around the
inductor coil are critical for maintaining continuous mag-
netic flux in the magnetic materials. They are formed by dry
etching of the polyimide insulation layer using reactive ion
etching (RIE).10

The planar extension of the magnetic vias was first pat-
terned into different finger-shaped structures as shown in Fig.
1(c). Using the same width (Wvia) of 7 lm and total length
(Lvia) of 86.5 lm, the fingers’ length (Lfin) was altered from
2 lm to 12 lm resulting in different numbers of fingers. The
width of the extension was also altered from 7 lm to 1 lm.

FIG. 1. (a) Schematic and fabricated (inset, scale bar is 25 lm) on-chip mag-
netic thin film spiral inductor with regular magnetic vias (width is 7 lm and
length is 86.5 lm). (b) Schematic of improved finger-shaped magnetic vias
with 12 fingers. (c) Zoom in of improved finger-shaped magnetic vias show-
ing the fingers’ length and width. (d) Cross-sectional view (not drawn to
scale) of the magnetic vias composed of sidewalls and extensions.

a)Author to whom correspondence should be addressed. Electronic mail:
Hongbin.Yu@asu.edu.

0021-8979/2014/115(17)/17E719/3/$30.00 VC 2014 AIP Publishing LLC115, 17E719-1

JOURNAL OF APPLIED PHYSICS 115, 17E719 (2014)
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Ni-Fe Co-Zr-Ta Co-Zr-Ta-B

μ <650 1000 1070

ρ 20 
μΩ·cm 100 μΩ·cm 115 μΩ·cm

FMR 640 MHz 1.4GHZ 1.6GHz

Higher resistivity CoZrTaB leads 
to higher frequency response to 
GHz range  
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Capsulation layer

Core layer

Cu layer

Insulation layer

Insulation layer

Substrate

Core layer Required process:
• Lithography
• Dry etch
• Wet etch
• Bonding 

(alignment)
• Spin-coating
• Curing

Inductor part

Two kinds of integration methods for
the inductor devices.

The Schematic of the inductor
structure by layers.

On package/substrate 

In package/substrate 
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Cu Pattern Preparations
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Magnetic core Preparations
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Magnetic core Preparations
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Device Assembly

Flip-chip bonding
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Measurement Results (Magnetic Core)

mag.-
core

air.-
core

L (nH) 3.19 2.37

ACR (Ω) 0.203 0.058

Q factor 9.18 25.74

Table5 Design-2 
simulation results
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mag.-
core

air.-
core

L (nH) 3.19 2.37

ACR (Ω) 0.203 0.058

Q factor 9.18 25.74

Table5 Design-2 
simulation results

Measurement Results (Air Core)
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Current 5-year 10 year

Si Node 40nm/28nm/14nm/10nm/7nm 5nm/3nm/2nm

Interface Speed (parallel), opto
High end 128 bit (32bit X 4 channels) àMassive parallelism

Mid-end  64 bit  (32bit X2 channel)

Bump pitch 150um/130um/110um <100um

Mounting structure PCB Attach SIP/Module

Reliability
AEC Q100 Grade 

3/2/1
AEC Q100 Grade 2/1
AEC Q006 Grade 1

AEC Q100 Grade 1
AEC Q-104 for SIP

Safety ASIL-B ASIL-D?

Advanced Si node, increased Graphics and memory BW, Optical IO, Processor Power

Grade 1 (AEC Q100), fcBGA-H, FC-SIP

Grade 2, 3 (AEC Q100), fcBGA-H BGA SIP Module, Grade 2, 3
BGA SIP Module, Mixed Tech

WB stacked die, Grade 2, 3 (AEC-Q100)

fcBGA-H w/  TSI 
fcBGA-H w/  TSI. Optical IO 

Automotive Processor Roadmap – Infotainment/ ADAS

Chapter 5: Automotive, Heterogenous Integration Roadmap, http://eps.ieee.org/hir 17 of 19



Advances in Package Structures in Power Electronics 
for Vehicle Electrification

Si IGBT
Wide bandgap 
devices: 
SiC
GaN

Lee, H., J. of Emerging and Selected Topics in Power Elec, 2019. 
And Chapter 5: Automotive, Heterogenous Integration Roadmap, http://eps.ieee.org/hir 18 of 19



Conclusion
• Power Delivery driven by high density, efficient, and low 

cost
• Advances in packaging demand/enable more power 

delivery innovation
• Magnetic core inductors can be integrated on package or 

in package 
• Different applications have different emphasis, thus 

implementation: IoT/mobile, HPC, automotive
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