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ABSTRACT

In this work, the first experimenta demonstration of the
Cylindrica Radial Superlattice (CRS) conductors made of
aternating magnetic/nonmagnetic layers grown on a radial
conductor operating in the microwave range is reported. The CRS
structure has been employed to force the high frequency current to
flow through the volume of the conductor by suppressing the
generated eddy currents inside the conductor which will lead to
reduction of the conductor loss. Also, the implementation of the
highest Q-factor microwave inductor made of the CRS conductor
with aQ-factor of 45 at 18 GHz, which isattributed to low conductor
and dielectric losses, has been demonstrated.

INTRODUCTION

Copper is widely used as a known low loss conductor in
standard microfabrication processes in IC and MEMS industries
mainly dueto its high conductivity, ease of deposition and relatively
low cost. However, in higher frequencies, its high conductivity is
not as effective and beneficial asit isin the low frequency because
of the skin effect, where most current is confined in the outermost
surface of the conductor thus reducing the effective cross-section of
the conductor and increasing the ohmic resistance. Therefore, the
conductor loss together with the dielectric loss will give rise to the
total loss of the systems operating in microwave range. The
dielectric loss could be suppressed in some devices by carefully
removing the dielectric material and let the electromagnetic waves
propagating through air ([1-2]). However, there is not much work
done to decrease the conductor loss which isamajor part of the RF
losses.

A planar superlattice  structure  where  aternating
metal/ferromagnetic thin films are deposited vertically on each other
was proposed in [3] where the stack layers are utilized to suppress
the skin effect and lower the conductor loss. Because of the negative
permeability of the ferromagnetic metal layersin frequencies above
the magnetic resonance (fur), it would be possible to make the
effective permeability of the multilayer consisting of the
negative/positive  permeability of the ferromagnetic/non-
ferromagnetic metals close to zero and increase the skin depth.
Therefore, the current will be forced to flow through the volume of
the conductor where the effective area is increased leading to a
considerably lower conductor loss. Although the planar superlattice
conductors have proved to decrease the ohmic loss of the conductors
in high frequency region, the electromagnetic discontinuity at the
edge of the conductor and therefore large fringing effects, limit the
eddy current suppression of the planar superlattice conductors in
practice and leave room to further reduce the loss.

We have previousdy presented the Cylindrical Radia
Superlattice (CRS) structure in [4] where theoretical and numerical
analyseswith circular and conformal boundary conditions have been
demonstrated for the suppression of skin effects and therefore that
of the RF conductor loss. In this work, we are reporting on (1) the
first experimental demonstration of the CRS conductors consisting
of alternating magnetic/nonmagnetic nanolayers working in the
microwave range and (2) the implementation of the highest Q-factor
microwave inductor made of the CRS conductor with a Q-factor of
45 at 18 GHz, which is attributed to low conductor and dielectric
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THEORY AND ANALYSIS

At higher frequencies, the ohmic loss of the conductors are
totally governed by the conductivity (o) and the skin depth (3),
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Therefore, due to the fact that the skin depth is getting smaller once
the frequency increases, the ohmic loss unavoidably keepsrising in
a regular conductor. The schematic of the cylindrical radia
superlattice (CRS) conductor’s cross-section view to suppress the
ohmic loss is given in Figure 1. The proposed design is employing
the fact that although the permesbility of the nonferromagnetic
layers is constant with respect to frequency (un=1 a all
frequencies), that of the ferromagnetic metal layersis a function of
the frequency and is negative between the ferromagnetic resonance
frequency, fmr and the anti-resonance frequency, far.
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Figure 1: A cylindrical radial superlattice (CRS) conductor
composed of metal (white region) and ferromagnetic thin film (grey
region) with N layers and total radius an in the cylindrical
coordinate system. The arrows show the direction of the induced
eddy currents where opposing each other in the design frequency
region due to negative permeability of the ferromagnetic thin film.

By assuming the non-ferromagnetic/ferromagnetic layers as the
conductor carrying the high frequency signal, the effective
permeability of the stack layers will be given by,
myty + mete
My =—— @
ty +t
where pn, pF, tn and tr are the magnetic permeability of the non-
ferromagnetic layer, the magnetic permeability of the ferromagnetic
layer, the thickness of the non-ferromagnetic layer, and the
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thickness of the ferromagnetic layer, respectively.

The dynamic response of magnetic thin films has been
investigated theoretically [5] and experimentally [6]. Permalloy
(NisoFex0) thin films are ones of the most commonly studied soft
magnetic materials. Figure 2 shows the calculated permeability of
the NisoFeo using the Landau-Lifshitz-Gilbert (LLG) equation
where the magnetic saturation of Ms = 1T has been assumed for the
permalloy. The resonance frequency of the permalloy thin film is
fmr~ 900 MHz and the anti-resonance frequency far~ 28 GHz.

The device is operating between the ferromagnetic resonance
frequency (fmr) and the anti-resonance frequency (far) where the
real part of the permeability, p’, isnegative (Figure 2). Ther = tn/tr
which is the ratio of the thickness of the non-ferromagnetic metal
layer (usualy copper or auminum) and the ferromagnetic metal
layer is an important design parameter which determines the
operation frequency.
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Figure 2: The calculated permeability of the permalloy assuming no
external magnetic field. The inset shows the real part p’ for the
frequency between 12 to 16 GHz

SYSTEM DESIGN AND SIMULATIONS

In order to verify the performance of the proposed CRS
conductors, a CRS superlattice structure has been anayzed and
fabricated on aradia conductor. The single turn air-lifted inductors
are fabricated on the radial-shape gold wire with a diameter of 28
pum. Figure 3 shows the schematic of the CRS inductor where the
radia gold wire has been implemented using a commercial wire
bonder and one-port coplanar waveguide (CPW) input.
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Figure 3: (a) The schematic of the single-turn air-lifted inductor
using 1-port coplanar waveguide (CPW) feeding, (b) the cross
section of thewireincluding the 28 um-diameter gold wire (yellow)
asthe core and 21 layers of Cu, NiFe (orange, red) stack to realize
the cylindrical radial superlattice (CRS) structure.

The CRS conductors have been analyzed by performing the
full-wave simulations using the high frequency structure simulator
(HFSS, ANSY S Inc.) that proves the effectiveness of the proposed
method for conductor loss reduction. A 10 pm-length unit cell of the
CRS conductor consists of a solid core conductor covered by
laminated superlattice structures (Figure 1) where aground planeis
used underneath the structure, to allow propagation of transverse
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electromagnetic (TEM) waves. The lumped element equivalent
circuit model, will be used to extract the conduction resistance of
the conductor. Figure 4 shows the resistance of the conductor unit
cell wherer = tcu/tnire= 2.5. The minimum resistance spectra occurs
when pert = 0 which will be satisfied when pnire = -2.5 as expected
in Figure 2. The simulation resultsrevea an ohmic loss reduction of
about 3 times compared to the solid-core conductor at the target
frequency of 15 GHz. For frequencies above 10 GHz, the resistivity
of the superlattice structure fals below that of the solid-core
conductor which leads to a relatively wide bandwidth where eddy
current cancelling is effective.
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Figure 4: The full-wave simulation results of the Cu/NiFe CRS
structures with N=21 and tcu/tnire=400 NnnY160 nm.

Figure 5 depicts the simulation results at 15 GHz where the
current distribution throughout the CRS conductor is showed (&) and
compared with that of the regular conductor made of copper only
(b) where asolid gold core with a diameter of 28 um has been used.
Due to the more uniform current distribution at the operation
frequency, the ohmic loss has been significantly reduced.
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Figure5: Current distribution of (a) the CRS conductor using a gold
core of 28 um diameter, (b) the solid core conductor using single
layer copper.

FABRICATION AND EXPERIMENTAL RESULTS
Thin film permalloy and copper are used as the magnetic and
nonmagnetic metals, respectively, to create the CRS structure where
both are electroplated using our in-house solution baths. The
fabrication starts with a glass substrate; after the deposition of the
seed layers (Ti/Cu/Ti), the pads are patterned on the glass substrate
followed by 10um electroplating of Cu. Then, the low-temperature
gold wire bonding has been immediately performed in order to avoid
oxidation of the copper and requirement of another metal layer on
top of copper for the sake of wire bonding. Electroplating has been
selected asthelow cost, manufacturing method for the deposition of
magnetic/nonmagnetic nanoscopic thin films on radial-shape gold
core conductors to ensure conformal coating where most other
processesincluding DC sputtering [ 7] would be more expensive and



might not work best for the radial-shape devices. After performing
the multiple-step electroplating of Cu/NiFe, the devices are released
by etching the seed layers. Table 1 shows the utilized solution bath
for the deposition of permalloy (NisoFezo) thin films.

Table 1: The composition of permalloy (NisoFezo) electrolyte
Compound (g/L) Concentration

Nickel Sulfate 200
Iron Sulfate 8
Nickel Chloride 5
Boric Acid 25
Saccharin 3

pH 4
Temperature 24°C

Figure 6 shows the pictures of the fabricated single-turn air-
lifted CRS inductors. The inductors with the same pad size but
different lengths are fabricated on the same substrate.
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Figure6: (a) the glass substrate holding the array of CRSinductors,
and (b) the CRSinductors of 1 and 2 mmIength after electroplating.
The backbone wire has been implemented using a gold wire bonder.
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The solid coreinductors are also fabricated using asingle layer
of copper with the same thickness as the superlattice multilayers.
Figures 7 to 9 show the measurement results of the implemented
CRS inductors where regular wire (solid core) inductors are also
measured as control devices for comparison.
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Figure 7: The measured inductance of superlattice and solid core
inductors with the distance between the probe and the ground of (a)
1 mmand (b) 2 mm.

The measurement results of two sets of inductors with different
lengths but a conformal deposition of 21 layers of NiFe/Cu (160
nm/400 nm) layers are presented in this work. Multiple Ni and Cu
targets facing the substrate inside the el ectroplating bath have been
used for auniform deposition of both NiFe and Cu around the radial-
shape inductors. The inductance and resistance of the devices are
extracted after analyzing the one-port Y -parameters. The measured
inductance va ues of the CRS and solid-core inductors are depicted
in Figure 7. The inductance values of both of them are in the same
range while the solid-core inductors show a dlightly higher
inductance values compared to CRS ones.
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Figure 8 shows the measured quality factor (Q-factor) of the
implemented inductors. As predicted in Figure 4, the ohmic
resistance of the single layer copper constantly increases with the
frequency due to the skin effect. The ohmic resistance of the CRS
inductorsis higher than that of the solid-wire inductors (Figure4) in
frequencies below 10 GHz; however, it starts to fal below the
resistance of solid-wire inductors for frequencies above 10GHz.
Therefore, the Q-factor of the CRS inductors are higher compared
to that of the solid-wire inductors in the operation frequency range
of 10 GHz < f < 20 GHz. Therefore, the proposed structure is a
solution to the problem of high resistivity/low Q-factor of RF
passive devices originating from the skin effect. By changing the r
= tau/tnireratio, the minimum resistance spectra point will be tuned,
and that makes it possible to overpass the skin effect problem and
design low loss passive devices operating in an intended operation
frequency range.
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Figure 8: The measured Q-factors of the solid-wire and
superlattice-wire inductors of (a) the 1-mm long inductor and (b)
the 2-mm long inductor. As predicted in Figure 4, the resistance of
the CRSdevice islower than that of the solid-wire one in the range
of 10-24 GHz. A higher Q-factor is achieved for 10-20 GHz
measurement for (a) and 14-20 GHz for (b) proving the effectiveness
of eddy current cancellation for the CRSdevices. Using single-layer
solid-wire devices, the Q-factor continuously decreases for the
frequencies above 10 GHz

Figure 9 shows a comparison of the measured resistance of the
conductors of 1-mm and 2-mm length. The CRS conductors have
higher resistance in low frequency range due to the high
permeability of NiFethin filmsin that frequency range which makes
the skin depth smaller (equation (1)) and increases the ohmic loss.



However, asthefrequency increases, thetotal CRSresistanceis kept
below that of solid wire devices and a wide-band of operation is
achieved.
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Figure 9: The measured resistance of the superlattice inductor and
the solid wire inductor. The resistance is obtained based on the
equivalent circuit model of the inductor.

CONCLUSIONS

In this paper, the experimental implementation of the CRS
conductors and one of their potential applications as a high Q-factor
inductor has been demonstrated. The proposed inductors benefit
fromthe cylindrical radial shape of the conductors which inherently
hasaclosed boundary conditioninaradial direction with no fringing
effectsand therefore is considered more appropriate for eddy current
suppression. The simulation and measurement results on the
reduction of the conductor loss have been verified. The highest Q-
factor Ku band inductor shows a Q-factor of 45 at 18GHz, wherethe
high Q-factor is attributed to the low dielectric loss from the air-
lifted architecture and the low conductor loss from the CRS
conductor. Besides high Q-factor inductors shown in this work, the
technology could be further extended to fabricate low loss passive
devices including coaxial transmission lines and antennas. The
fabrication method isfully compatible with the standard MEM S and
CMOS processes and therefore can be integrated with the current
manufacturing processes for reducing the RF loss. In this work,
NiFe with far=28GHz has been used which limits the maximum
frequency of operation to be smaler than far; however, other
ferromagnetic materials with higher far could be used to design low
loss passive devices in higher frequency ranges [8-9].
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