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Abstract: This paper presents the fabrication, modeling, characterization and analysis of silicon-embedded, air-
core, three-dimensional toroidal inductors for power converter applications. The inductors are fabricated within 
deep silicon recesses by means of a 3-D silicon shadow mask coupled with electroplating techniques. The losses 
in the inductor and the surrounding silicon are analytically modeled using simplified circuit models as well as 
energy methods, and the effects of using silicon wafers with both standard and high resistivities as embedding 
substrates are discussed and experimentally characterized. Inductors with inductances of 45 nH and peak quality 
factors of 22 at 100 MHz were achieved for devices embedded in high-resistivity wafers. Devices embedded 
within standard-resistivity wafers achieved similar inductances but lower peak quality factors of 16 at 40 MHz.  
Inductors embedded in standard-resistivity wafers also showed lower self-resonant frequencies than their high-
resistivity-wafer counterparts. For standard-resistivity wafers, substrate-induced losses are negligible compared to 
the winding loss at frequencies below 50 MHz, and become dominant above 70-80 MHz. For high-resistivity 
wafers, substrate and winding losses are comparable at 100 MHz.  
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INTRODUCTION

Embedding toroidal inductors within the unused 
volume of the silicon substrate, and potentially 
implementing through-wafer interconnects to connect 
the inductors to circuitry on the wafer, is a promising 
technique to realize ultra-compact power converters. 
In this approach, the digital control circuitry and 
power switches are located on the wafer surface while 
suitable energy storage elements are located within 
the silicon substrate [1]. Unlike previous embedded 
spiral inductors [2-3], toroidal inductors constrain the 
flux primarily within the inductor volume, thereby 
reducing magnetic interaction with other circuits. 
Efforts to embed microfabricated solenoid and 
toroidal inductors have been reported in [4-5] with 
shallow inductor profiles due to fabrication limitations; 
these limitations typically lead to low inductance 
values (e.g., several nH) that are more suitable for RF 
applications. When considering next-generation 
integrated power converter systems with operating 
frequencies of 10-100 MHz, higher inductance (e.g., 
by increasing the magnetic cross-section) and 
conductor thickness (to reduce loss) in excess of those 
achievable by RF inductors are required.  

We recently demonstrated an inductor fabrication 
approach that relies on the use of a 3-D silicon 
shadow mask to allow for conductor patterning along 
vertical sidewalls of a silicon recess, resulting in a 
simplified process for an area-efficient 3-D toroidal 

inductor to be embedded into silicon [6]. The inductor 
has a deep profile and densely-packed electroplated 
windings to achieve high inductance and low 
resistance.  

Embedding inductors within silicon may result in 
additional losses at high frequencies, as well as 
reduced self-resonance frequency, due in part to the 
parasitics that are introduced by the substrate [1].  The 
parasitic capacitances mainly arise from the proximity 
of the winding conductors to the silicon substrate; 
typically these windings are insulated from the silicon 
substrate by a thin insulation layer (e.g., PECVD-
deposited SiO2). Without changing the inductor 
geometry or releasing the silicon underneath the 
conductors (which is not favored if circuits are to be 
manufactured on the silicon above the MEMS device), 
reduction of the capacitance is limited by the 
maximum insulation thickness that can be practically 
achieved. Introducing other materials with lower 
relative permittivity could also reduce these parasitics; 
however, compatibility with CMOS processes and 
difficulty of process integration should be considered.  

Once the insulation thickness has been maximized, 
other approaches to reduce the parasitic effects need 
to be investigated. To understand how substrate 
resistivity affects the capacitive coupling between the 
device and the substrate, a simplified equivalent 
circuit model of the embedded inductor is first 
proposed and analyzed in Hspice. This model shows 
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as expected that a high substrate resistivity can reduce 
parasitic effects. A more comprehensive model based 
on energy-minimization and Maxwell  equations is 
then used to thoroughly model the embedded inductor 
and predict the losses in both the inductor and the 
surrounding silicon [9]. The effect of using high-
resistivity silicon substrates is simulated and 
compared with the results of using standard-resistivity 
substrates. Based on these models, inductors in the 
absence of lossy substrates as well as inductors 
embedded within silicon wafers of two different 
resistivities are fabricated, experimentally 
characterized, and analyzed.  

FABRICATION
To realize embedded inductors with sufficient 

conductor thickness in deep silicon recesses, a 
shadow-mask-based approach is utilized to enable the 
bottom and vertical conductors of the toroidal 
inductor to be formed simultaneously on the recessed 
surfaces of the silicon trench through one metal 
deposition and one moldless electroplating process. 
The top conductors are then formed using a traditional 
through-mold electroplating technique after the trench 
has been filled with epoxy for planarization. The 
specially-designed 3-D silicon shadow mask is 
formed through a multilevel wafer etching technique 
and is reusable once fabricated, eliminating multiple 
photolithography steps and thereby reducing the 
process time and fabrication complexity.  

The detailed process flow for fabricating the 
embedded inductors using the pre-manufactured 
shadow mask, as well as the process for generating 
the 3-D silicon shadow mask, can be found in [6]. 
Images of the fabricated silicon-embedded toroidal 
inductors are shown in Fig. 1. 

 
 

MODELING
Simplified Circuit Model

Since embedding the inductor in the silicon 
substrate introduces substrate effects that may degrade 

the device performance, a simplified distributed 
circuit model is first proposed to understand the 
capacitive coupling effect between the inductor and 
the substrate, with one end of the inductor and the 
silicon substrate being grounded together, as shown in 
Fig. 2.  is the parasitic capacitance between a 
single copper conductor and the silicon substrate, 
which is estimated as . Since the substrate 
thickness is comparable to the width of the conductor, 
the parasitic resistance  is estimated from the 
silicon bulk under adjacent conductors 
using . The turn-to-turn parasitic 
capacitance  and oxide-to-substrate capacitance  
is small compared to  and therefore is ignored in 
the simplified circuit model. The values of  and  
versus frequency are obtained from the 
characterization results of the fabricated inductor with 
non-silicon substrate [6], which means that  and  
includes the information of inductor loss, but not the 
substrate-induced loss. Since the number of the turns 
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in the tested inductor is 25,  and is estimated by 
and . Since the major 

parasitic effect is expected between the bottom 
winding and the substrate, the vertical and top 
windings are neglected. 

The simplified circuit model is simulated using 
Hspice over the frequency range 100 kHz to 100 MHz 
and the impedance  is calculated, giving the 
equivalent  and  of the embedded inductor versus 
frequency. The quality factor of the embedded 
inductor is obtained by calculating , and 
the results are shown in Fig. 3, and compared with 
measured results of an inductor in the absence of a 
lossy substrate and an inductor embedded within a 
standard-resistivity silicon substrate [6]. Clearly, the 
simulated quality factor of the embedded inductor in 
silicon with resistivity of 10 cm matches that of a 
fabricated inductor in standard-resistivity wafers (1-10 

cm). The simulated quality factor of the embedded 
inductor in a substrate of resistivity 300 cm 
approaches that of the lossless substrate; however, 
more detailed modeling described below indicates that 
higher substrate resistivities would be required to 
approach lossless behavior.  
 
EnergyMethod Approach

An analytic model based on energy methods [9] is 
used to determine the magnetic fields within the 
embedded inductor, and these fields are used as 
boundary conditions to a diffusion analysis that 
determines the winding losses. In this approach, we 
use several potential functions that are valid over 
large regions of the inductor to approximate the 
magnetic vector potential, each function having again 
a few free parameters.  The potential is then used to 
determine the magnetic energy stored in each region, 
and the individual stored energies are summed to 
obtain a total. The values of the free parameters are 
then determined by minimizing the total stored energy 
over those parameters. The resulting potentials are 
finally used to determine the magnetic fields and the 
winding loss. The end result is analytic expressions 
for equivalent circuit model parameters that can be 
examined for physical insight, and rapidly evaluated 
during iterative design optimization. The equivalent 
circuit model is also appropriate for circuit simulation.  
More details can be found in [9].  

It is also necessary to model and calculate the 
additional losses in the surrounding silicon substrate. 
These include magnetically-driven losses from 
induced eddy currents, and electrically-driven losses 
that result from the temporally- and spatially-varying 
electric potential of each winding turn. To calculate 
the magnetically-driven losses we assume axial  

  
 
symmetry -D. To 
calculate the electrically-driven losses for a toroid we 

-D polar coordinates. 
Fig. 4 shows the modeled losses in both the copper 

windings and the surrounding silicon substrate as 
functions of frequency. The loss distribution 
demonstrates that silicon substrate losses are 
dominant at high frequencies when the inductors are 
embedded in standard resistivity wafers. This 
validates the need to use high-resistivity wafers to 
significantly reduce the substrate losses and improve 
quality factor at those frequencies. At frequencies 
below 50MHz, the substrate loss is negligible 
compared to the copper loss, suggesting that inductor 
optimization is more important than wafer resistivity 
in improving device performance. 

 
ELECTRICAL CHARACTERIZATION

Inductors that are embedded in both standard-
resistivity (1-1 ·cm, "SR inductors") and high-
resistivity (2000- ·cm, "HR inductors") wafers 
are fabricated, and inductors with no silicon substrate 
are also demonstrated in which there are no substrate-
induced losses. Electrical characterization of the 
fabricated inductors was performed using an 
impedance analyzer (HP4194) and the results are 
shown in Fig. 5, together with the modeling results 
from the energy-method approach.  

As can be seen from the plots, the modeling results 
for standard- and high-resistivity wafers are in 
reasonable agreement with the experimental results. 
The embedded inductors consist of 25 turns, a height 

 of 6 mm, an inner 
diameter of 2 mm, an average copper thickness of 30 

The 
silicon-embedded inductors demonstrate an 
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inductance of 45 nH at low frequency and a DC 
resistance of 300  The inductor without silicon 
substrate exhibits a higher inductance of 53 nH due to 
the fact that they are fabricated with a slightly larger 
height. The SR inductor shows resonance effects 
starting at approximate 50MHz, as can be seen from 
the inductance result, while the HR inductor 
demonstrates stable performance up to 100MHz, 
similar to the inductor with non-silicon substrate. The 
losses in the embedded HR inductor, as can be seen 
from the resistance result, are suppressed successfully 
at high frequencies by using high-resistivity substrates 
as compared to the SR inductor. The quality factor of 
the SR inductor reached 16 at 40MHz, while the 
quality factor of the HR inductor reached 22, in 
comparison to a quality factor of 45 at 100MHz for 
the inductor with non-silicon substrate. 

 

 

 

 

CONCLUSION
Substrate effects associated with silicon-embedded 

toroidal inductors that may degrade the inductor 
performance in the frequency range of interest have 
been considered based on modeling and experiment. 
Total inductor losses as well as losses attributable to 
substrate effects are analyzed using energy-method 
based models. High-resistivity silicon wafers are 
shown to suppress substrate loss at high frequency 
and improve the self-resonance frequency of the 
embedded inductor.  
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