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Microstrip transmission lines with ferromagnetic Co-Ta—Zr cores are investigated in this paper. Compared to nonmagnetic devices,
an increase in both inductance ( X11) and quality factor ( X 6) is achieved in the transmission lines. The role of the magnetic material’s
electrical resistivity and the effect of the shape-induced anisotropy field (created by patterning the magnetic film into narrow stripes) are
discussed. It is shown that the nonuniform distribution of the shape anisotropy inside the Co—Ta-Zr pattern can be used to advantage by
proper placement of the signal line, thereby increasing the ferromagnetic resonance (FMR) frequency of the magnetic core. Inductance

enhancement is achieved at frequencies up to ~10 GHz.

Index Terms—Magnetic anisotropy, magnetic microwave devices, microstrip, planar transmission lines, soft magnetic films.

I. INTRODUCTION

NTEGRATED passive devices such as transmission lines
I and inductors are indispensable components of contempo-
rary radio frequency (RF) integrated circuits (ICs). They find ap-
plications in filters, impedance matching networks, resonators,
couplers, and various other on-chip elements. These RF pas-
sives, however, typically suffer from small inductance per unit
area and high loss (quantified by a low quality factor Q).

In order to overcome these limitations, monolithic integra-
tion of IC-compatible metallic ferromagnetic films has been
increasingly studied in recent years [1]-[19]. Performance en-
hancement and size reduction have already been demonstrated
in on-chip RF inductors [1]-[6] and transmission line elements
[7]-[10]. Moreover, enhanced functionalities such as tunable
[11]-[13] and nonreciprocal [14], [15] devices have been shown
to be possible using silicon-compatible magnetic thin films.

Nevertheless, the high-energy dissipation brought about by
parasitic eddy currents in the metallic ferromagnetic layers and
the limited frequency range of operation due to ferromagnetic
resonance (FMR) have thus far limited the performance of in-
tegrated magnetic RF devices, impeding their application in a
practical setting. For example, while the use of thick magnetic
films can bring about a significant increase in inductance, mea-
surements on microstrip transmission lines with Ni-Fe cores
show that an increase of magnetic film thickness from 200 to
500 nm reduces the () factor by a factor of ~2 due to enhanced
eddy current loss, essentially rendering thicker Ni—Fe films use-
less [8]-[10]. Moreover, for typical Ni—Fe layers, FMR limits
the useful operation frequency range to below ~2 GHz [10].
While the application of an external dc magnetic field during
device operation can increase the FMR frequency [7], this op-
tion is undesirable in on-chip applications for practical reasons.
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As a result, improved silicon-compatible magnetic materials
with higher resistivity (to suppress the flow of eddy currents)
and increased FMR frequency (i.e., large anisotropy field and
saturation magnetization) are highly called for in order to better
realize the potential benefits of integrated magnetic RF compo-
nents.

This paper presents experiments on microstrip transmission
lines based on such a candidate material. The magnetic film con-
sists of amorphous Co-Ta—Zr with a relatively high resistivity
[5], [17], which translates into a large skin depth when used as
a magnetic core for on-chip passives. The latter allows for the
integration of a relatively thick (1 xm) magnetic film, leading to
an order of magnitude increase in the microstrip inductance per
unit length when compared to nonmagnetic devices. Moreover,
a combination of internal and shape-induced anisotropy fields
leads to a fairly high FMR frequency, allowing for the induc-
tance enhancement to be maintained up to frequencies as high
as 10 GHz.

II. EXPERIMENT AND DISCUSSION

Ferromagnetic amorphous Co—Ta—Zr films with a resistivity
of 100 p2-cm (~6 times higher than Ni-Fe) and saturation
magnetization of ~1.3 T were deposited by RF diode sput-
tering. The 1-pm-thick magnetic films were then patterned
into 100-pm-wide, 1-mm-long stripes and incorporated into
microstrip transmission lines on a standard silicon wafer. A
schematic of the structure is shown in Fig. 1. The ground and
signal lines were sputtered Al layers with thicknesses of 2 ym
and 3 pm, respectively, and the ground plane was separated
from the underlying silicon substrate by a 2-pm-thick thermal
oxide layer. An internal anisotropy field of ~20 Oe was induced
in the Co-Ta—Zr layers by applying a magnetic field during
sputter deposition, as can be seen from B-H loop measurements
shown in Fig. 2.

In addition, demagnetizing fields arising from the lateral con-
finement of the magnetic stripe lead to a so-called shape-in-
duced anisotropy field [18], [19]. The latter adds up with the
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Fig. 1. Schematic representation (a) and top view microphotograph (b) of mi-
crostrip transmission lines with magnetic cores. The Co—Ta—Zr magnetic film
was 1-pm-thick in our experiments, with a saturation magnetization of ~1.3 T
and a coercivity of < 1 Oe. The sputtered Al ground and signal line thicknesses
were 2 gom and 3 pm, respectively. The magnetic core was patterned into rect-
angular stripes with dimensions of 1 mm x 100 gm.
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Fig. 2. B-H loop measurements along the hard and easy axes of the (unpat-
terned) Co-Ta—Zr film, indicating an internal magnetic anisotropy field of
~20 Oe. Magnetic properties of the Co—Ta—Zr layer and spiral inductors based
on this material are further discussed in [5], [17].

internal anisotropy induced during deposition, resulting in an
increase of the FMR frequency. The shape anisotropy is nonuni-
form over the stripe width, its value sharply increasing towards
the edges of the magnetic pattern, where the demagnetizing
fields are larger [20]-[22]. For this reason, one can expect de-
vices to exhibit higher FMR frequencies if their signal lines are
placed near the edges of the magnetic core rather than on top
of its center region. Both types of devices were fabricated in
our experiment in order to facilitate a comparison, as described
below.

The microstrip lines were characterized by scattering param-
eter measurements on a line-reflect-match-calibrated HP-8510
network analyzer in connection with a Cascade Microtech probe
station. A ground-signal-ground (GSG) two-port configuration
was used for the measurements, and no external magnetic field
was applied to the devices. The results were then transformed to
impedance parameters, from which the inductance L, resistance
R, and capacitance C (per unit length) were obtained.

The inductance and quality factor of microstrip lines with and
without a Co—Ta—Zr magnetic core are compared in Fig. 3. The
signal line is 50 pm wide in this case and is located near the
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Fig. 3. (a) Inductance per unit length and (b) quality factor enhancement in
microstrip transmission lines with a magnetic Co—Ta—Zr core. The signal line
width is 50 g m in this case.

center of the magnetic stripe, as depicted in Fig. 1. The quality
factor is given by Q = /2, where « and 3 are the real and
imaginary parts of the complex propagation constant v = a +
jB = /jwC(R + jwL). Here, we have neglected the shunt
conductance per unit length GG, which is small for the dielectric
layers used in our devices. The microstrips show an increase of
inductance by a factor of ~11 at 4 GHz. Moreover, L remains
constant up to ~4.5 GHz, and is higher than the inductance of
the control lines up to ~6 GHz. The ) factor increases by a
factor of ~6 at 0.7 GHz and remains higher than that of the
control lines up to ~3 GHz.

Note that the fairly high FMR frequency in this device is
mostly a result of the shape-induced magnetic anisotropy field,
as the 20 Oe internal anisotropy is too small to lead to such
a resonance value. The high resistivity (large skin depth) of
the Co—Ta—Zr material thus allows for the incorporation of a
relatively thick (1 pm) magnetic film without inducing exces-
sive conductive loss, thus maintaining a reasonable enhance-
ment of @) factor in the device. Indirectly, it also improves the
high-frequency behavior, as the shape-induced anisotropy field
increases with the thickness of the magnetic film [18], [19].

The behavior observed for ) can be understood as follows.
Since the substrate and dielectric losses are negligible, the
quality factor can be approximated as @ = wL/R, where the
resistance per unit length R accounts for both conductor loss
and dissipation in the magnetic core. While the increase in L
(up to the FMR frequency) results in an improvement of (),
eddy currents induced in the magnetic core lead to an increase
in R, which becomes more significant at higher frequencies.
The quality factor is thus enhanced by a smaller factor than the
inductance per unit length, and exhibits a smaller bandwidth in
the frequency domain.

The inductance increase observed in these devices can be fur-
ther improved by using a thicker magnetic film, as long as the
thickness is kept small enough to limit the flow of eddy cur-
rents. Further increase of the ferromagnetic film thickness, how-
ever, would then come at the cost of large energy dissipation
(low Q) and a sharp drop of the inductance with frequency [8],
[9]. Reducing the thickness of the isolating oxide layers, on the
other hand, would also lead to a larger inductance enhancement
factor by increasing the effective cross section of the high-per-
meability ferromagnetic core.
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Fig. 4. (a) Inductance per unit length and (b) quality factor enhancement in
microstrip transmission lines with a magnetic Co—Ta—Zr core, illustrating the
effect of the signal line position. The signal line width is 20 pm in this case, and
the dashed lines represent a control device with no magnetic core. The larger
shape-induced anisotropy field near the magnetic stripe edges can be used to
increase the upper frequency limit (bandwidth) of the devices.

III. EFFECT OF SIGNAL LINE POSITION

We next consider the effect of the signal line position on the
FMR frequency. In order to more effectively probe the high de-
magnetizing field near the stripe edges, we use a narrower signal
line in this case. Fig. 4 depicts the inductance and quality factors
of microstrip lines with 20-m-wide signal lines, comparing de-
vices with and without a Co—Ta—Zr magnetic core. Both cases
of signal lines placed at the center and at the edge of the mag-
netic core are shown in this figure.

Looking at the centered line, firstly it can be seen that the in-
ductance enhancement in this device (a factor of ~8.5 at 4 GHz)
is slightly smaller than the case of the 50-um-wide signal line
shown in Fig. 3. Presumably, this is a result of the larger effect of
fringing fields for the narrow line. Similar to the previous case,
the inductance L remains higher than that of the control lines up
to ~6 GHz.

Consistent with the expectation of a higher overall anisotropy
field, the microstrip with a 20-pm-wide signal line placed at the
edge of the magnetic stripe exhibits an improved frequency be-
havior, and the inductance enhancement in this case is main-
tained up to ~ 10 GHz. The larger anisotropy, however, also
leads to a smaller value for the relative permeability, which is
givenby (Mo+ H,)/H, atlow frequencies. Here, My is the sat-
uration magnetization and H,, is the magnetic anisotropy field,
accounting for both internal and shape-induced contributions.
This translates into a smaller increase of inductance than in the
device with a centered signal line. Nevertheless, inductance en-
hancement by a factor of ~6 is still realized at 4 GHz in this
case.

When compared to the centered case, the smaller perme-
ability also reduces the characteristic impedance of the line.
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Fig. 5. Wavelength reduction in microstrip transmission lines due to the in-
tegration of a magnetic Co-Ta—Zr core. The dashed lines represent a control
device with no magnetic core.

However, in cases where a given value (e.g., 50 €2) is needed
for the characteristic impedance, this can be compensated
by reducing the signal line width correspondingly. A similar
bandwidth improvement is seen in the quality factor, which
remains higher than the control line values up to ~4 GHz for
the signal line placed at the core edge, as compared to ~3 GHz
for the centered line. Exploiting the nonuniform distribution
of the shape-induced anisotropy is thus a possible option for
optimizing the high-frequency performance of magnetic RF
passives.

The incorporation of the magnetic Co—Ta—Zr core, due to its
high permeability, also leads to a shortening of the electromag-
netic propagation wavelength on the line (given by A = 27 /().
As shown in Fig. 5, the wavelength reduction in microstrips with
both center and edge signal lines is maintained up to > 12 GHz.
Due to the lower effective permeability, the wavelength reduc-
tion factor is somewhat smaller in the case of the signal line
placed near the magnetic stripe edge, but extends to higher fre-
quencies (~15 GHz) instead. This wavelength shortening can be
particularly important for the size reduction of distributed mi-
crowave devices such as quarter-wavelength transformers and
phase shifters.

IV. CONCLUSION

Device characteristics of microstrip lines with Co-Ta—Zr
films were shown to be significantly improved with respect to
both nonmagnetic control devices and previous results with
other metallic magnetic materials. Inductance of the trans-
mission lines was increased by a factor of ~11 and remained
constant up to ~4.5 GHz. The nonuniform shape-induced
anisotropy field profile in the patterned magnetic films was
used to enhance the FMR frequency in the devices. A maximum
inductance enhancement frequency of ~10 GHz was achieved
in this manner.
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