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Integrated Transformers With Magnetic Thin Films
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This paper presents the design and electrical performance of transformers with magnetic thin films for on-chip power conversion
and isolation. The inductance of the devices is greatly enhanced by the use of a high-permeability magnetic material as a solenoid
core, resulting in an inductance density of 108 nH/mm2. The total thickness of the transformer structures is <30 µm with a volume
inductance density of 3.6 µH/mm3. By laminating the magnetic core, losses are well controlled leading to a peak quality factor ( Q)
of 16 at 40 MHz.

Index Terms— Integrated magnetic devices, magnetic thin films, on-chip transformers, power conversion.

I. INTRODUCTION

THE INTEGRATION of high-permeability magnetic thin
films with standard CMOS manufacturing assists in the

realization of a new class of integrated magnetic components
such as inductors, transformers, and transmission lines [1]–[5].
Chip-scale transformers have traditionally been limited
to applications that only require small inductance
values (<10 nH), such as RF matching networks and
baluns, due to the low inductance densities that can be
achieved with on-chip air-core devices. However, the addition
of high-permeability magnetic films to a CMOS process
allows for the design of transformers with much higher
inductance densities than previously achievable with air-core
structures. These magnetically enhanced devices enable the
monolithic integration of new semiconductor products such
as galvanically isolated dc-dc power converters that operate
at switching frequencies higher than 10 MHz, and have 100%
of their necessary components integrated on-chip [6], [7].

In this paper, we present transformers that exhibit high
inductance, coupling coefficient, and current density, and low
dc resistance relative to existing integrated microtransformer
technologies [8]–[11]. Three transformers were designed with
identical footprints, but differing turns ratios to demonstrate
the varying impedance ratios that may be designed in the
process. Both the magnetic core and final fabricated trans-
formers were characterized independently to aid modeling
of the devices. By adopting a high-permeability cobalt alloy
thin-film core, high inductance density was achieved reduc-
ing the footprint and profile of the integrated transformers.
Laminations in the magnetic thin-film core provide a good
high-frequency response beyond 100 MHz. In addition to fully
integrated, isolated power converters, these transformers will
also enable a new set of IC applications such as signal isolation
and impedance matching.

II. INTEGRATED TRANSFORMERS

DESIGN AND FABRICATION

A. Transformer Design
A solenoid structure was chosen for these integrated

transformers to minimize capacitive and inductive coupling
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Fig. 1. Top: 3-D design of 2:1 transformer where MAG is the magnetic core
around which the transformer coils are wound. Bottom: microscope image of
integrated transformers as fabricated on Si substrate. Each turn of the primary
coil is identical, whereas the secondary coil windings vary to achieve different
turns ratio. From left to right, transformer design (i), (ii), and (iii). The scale
bar is 200 μm.

between devices and the silicon substrate. Unlike a spiral-
type structure, the magnetic flux generated by a solenoid is
parallel to the substrate and most of the flux is confined
to the high-permeable magnetic core. To fully utilize the
magnetically anisotropic magnetic core and increase its overall
permeability, the transformers were elongated in the hard-axis
direction [the vertical direction in the microscope image shown
in Fig. 1 (bottom)]. A 3-D illustration of a 2:1 transformer
design is shown in Fig. 1 (top). The primary coil consists
of 24 turns and the secondary coil has two sets of 12 turns in
parallel, both of which are fully interleaved with the primary
coil. By changing the wiring connection in the secondary
coil, different turns ratio can be easily implemented, as shown
in Fig. 1 (bottom). Detailed transformer design parameters are
listed in Table I.

B. Transformer Fabrication
Integrated transformers were fabricated at Taiwan Semi-

conductor Manufacturing Company on 300 mm wafers in
0018-9464 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



8401204 IEEE TRANSACTIONS ON MAGNETICS, VOL. 52, NO. 7, JULY 2016

TABLE I

TRANSFORMER DESIGN PARAMETERS

a pilot manufacturing line using standard CMOS manufac-
turing equipment and processes. The details of fabrication
process can be found in [1]. The transformer consists of
three metal layers separated by insulators that include a
bottom copper layer, a top copper layer, and the magnetic
core layer (MAG, as shown in Fig. 1) in between. For
characterization, inductors were fabricated on test vehicle
wafers that had not undergone CMOS front-end processes.
Passivation and wafer finishing steps necessary for commercial
CMOS wafers were completed on the test vehicle wafers
and, consequently, the performance demonstrated on the test
vehicle will be consistent with the inductors fabricated on
commercial CMOS wafers.

III. EXPERIMENTS AND RESULTS

A. Magnetic Core

The magnetic core is a composite of amorphous cobalt
alloy and insulating laminations to suppress eddy currents and
improve frequency response. A vibrating sample magnetome-
ter and B–H loop tracer were used for characterizations. The
bulk magnetic core material has a coercivity <1 Oe and satu-
ration magnetization ∼15 000 G. B–H loop measurements [1]
indicate that a uniaxial anisotropy was induced in the magnetic
core and the anisotropy field is ∼20 Oe. The hard-axis relative
permeability is then calculated as Bs /Hk to be ∼750. In order
to investigate the high-frequency response of the permeability,
frequency-dependent permeability was measured on a 50 �
stripline testing structure [12]. The initial measurement was
performed on a coupon of unpatterned magnetic film that was
10 mm × 10 mm × 0.005 mm. Fig. 2 shows the permeability
measurement results. The real component of the permeability
of the unpatterned film starts rolling off at approximately
20 MHz due to the induced eddy currents in the magnetic film.
The frequency-dependent permeability μr may be analytically
calculated as [13]

μr = μi
(1 − i)

d/δ

e(1+i)d/δ − 1

e(1+i)d/δ + 1
(1)

where μi is the intrinsic permeability, d is the film thickness,
and δ is the skin depth determined by frequency, film resis-
tivity, and permeability. The calculations match well with the
measurement results, as shown in Fig. 2.

Since the film will be patterned into long rectangular
shapes in actual applications, a patterned sample of the same
dimensions was also measured, which shows a large real
permeability up to ∼1.4 GHz (Fig. 2). The decrease in real
permeability of the patterned film relative to the unpatterned

Fig. 2. Measured permeability on 5 μm-thick unpatterned magnetic thin
film (open dots) and patterned magnetic film (solid dots). Dashed lines:
theoretical values calculated from analytical equation (1).

Fig. 3. Measured inductance (L) of transformer design (i). Dashed lines:
simulation results from ANSYS HFSS 3-D EM simulator that are consistent
with measured data.

film is due to demagnetizing effects. The effective permeability
is then given by [14]

μeff = μr

1 + Nd (μr − 1)
(2)

where Nd is the demagnetizing factor [15].
Combining (1) and (2), the frequency-dependent perme-

ability can be calculated for magnetic cores with arbitrary
shapes. The calculated value was then used in ANSYS HFSS
3-D EM simulator Electromagnetic (EM) to simulate designed
transformers, and the results were found to be consistent with
the experimental data (Fig. 3).

B. Transformers With Different Turns Ratio

DC resistance was obtained by four-point Kelvin measure-
ments to avoid the addition of the parasitic resistance in the
device leads and contact resistance. Four-port s-parameters
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Fig. 4. Measured quality factor (Q) of transformer design (i). The peak Q
is as high as 16 at 40 MHz.

were measured using an Agilent N5230A vector network
analyzer and a Cascade probe station with G-S-G-S-G
probes.

As shown in Fig. 3, the measured inductance of the primary
and secondary coils are 175 and 44 nH, respectively. For
an ideal transformer with perfect coupling, the turns ratio
is equal to the square root of the ratio of the primary and
secondary inductances. Accordingly, the turns ratio of trans-
former design (i ) was calculated as 1.994, which is very close
to 2 indicating a very low leakage inductance. HFSS simu-
lations showed that an identical design with an air core has
a primary inductance of 5.8 nH and a secondary inductance
of 1.4 nH. Therefore, the inductance was enhanced by more
than 30× due to the magnetic thin-film core. Moreover, the
self-resonant frequency for both the primary and secondary
coils is greater than 100 MHz, which provides a suitable
frequency band for high-frequency switch-mode power con-
version applications. The quality factor has a maximum value
of 16 around 40 MHz, as shown in Fig. 4.

The saturation current of each coil of the transformer was
obtained by applying a dc current to one coil using an RF bias
tee and measuring the s-parameters, while leaving the opposite
coil open circuited. Fig. 5 shows the inductance as a function
of the applied dc current for both the primary and secondary
coils of design (i ). The inductance starts to decrease as
the dc current exceeds 200 mA. The saturation current of
design (i ) is 300 mA, which is defined as the dc current at
which the inductance decreases by 20%. Fig. 6 shows coupling
coefficient (k) and maximum available gain (Gmax), which are
also the useful figure of merit of integrated transformers [16].
By definition, Gmax indicates the power transfer efficiency of
integrated transformers.

Table II lists design parameters and electrical performance
for the three transformer designs. As turns ratio increases, the
coupling coefficient decreases due to the increasing leakage
inductance. For the same reason, the inductance of the primary
coils decreases leading to a decrease in peak quality factor.
This indicates that high turns ratio is achieved with some
compromise in electrical performance. A high turns ratio may
be realized with a single device, or a series of cascaded

Fig. 5. Inductance versus applied dc bias of transformer design (i).
The saturation current is defined as current when L drops by 20%, which
is ∼300 mA in this plot.

Fig. 6. Coupling coefficient and maximum available gain of transformer
design (i).

TABLE II

ELECTRICAL PERFORMANCE OF TRANSFORMER DESIGNS

transformers with lower turns ratio depending on the specific
requirements of the application.

In Table III, the electrical performance of published
integrated transformers is listed for comparison. High-
inductance values were basically achieved by large volume
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TABLE III

COMPARISON OF INTEGRATED TRANSFORMER PERFORMANCE

of magnetic materials which in turn limits the frequency
response [3], [17], [19]. Gao et al. [9] reported an ultra-high-
frequency range; however, the inductance enhancement was
compromised. The transformers in this paper are superior in
inductance density, peak quality factor, and frequency. This
demonstrates that these transformers can be used in a wide
variety of applications.

IV. CONCLUSION

In this paper, integrated transformers with thin-film mag-
netic cores fabricated with the standard CMOS manufacturing
technology were presented. These devices have the highest
known volume inductance density of any published result
for a monolithic transformer, and are available in commer-
cial CMOS, making them a viable technology option for the
design of fully integrated switched-mode dc–dc converters.
In addition, transformers with lower capacitive parasitics and
varying inductance can be designed in this process tech-
nology through careful layout and simulation to accommo-
date higher frequencies of operation for applications like
RF impedance matching and single-ended to differential signal
conversion.
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