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Abstract— Microfabricated inductor designs are proposed for
converters for microprocessor power delivery. The fabrication pro-
cess uses anisotropic silicon etching to form V-grooves; granular
metal/insulator nanoscale composite magnetic materials; and cop-
per conductors. An application specific calculation procedure re-
sults in an inductor design with predicted power density over 200
W/cm2 at 95% efficiency for an 8 MHz, 3.6 V to 1.1 V converter.

I. I NTRODUCTION

The high current requirements (up to 100 A or more) of
future microprocessors pose a new challenge for power
electronics design. This current must be supplied effi-
ciently at voltages between 1 and 1.5 V, and the voltage
must remain stable despite rapid changes in load current.
Circuit and control innovations [1], [2], [3], [4], [5], [6],
[7], [8] have been developed to improve performance in
this application. As discussed in Section II, the inductor is
associated with fundamental performance constraints in a
buck-converter for this application, and thus is crucial to
high-performance power delivery.

Microfabricated thin-film inductors have the potential
to provide the characteristics necessary for high perfor-
mance in microprocessor power delivery. Prototype mi-
crofabricated thin-film magnetic components for power
conversion have been reported in [9], [10], [11], [12],
[13], [14], [15], [16], [17], [18], [19], [20], [21], [22],
[23], [24]. However, these designs are limited by low
efficiency (often 60% or lower), low power density (of-
ten under 1 W/cm2 of substrate area), or both. In this
paper, we propose microfabricated inductor designs in-
corporating three features that together allow substantial
performance improvements for microprocessor power de-
livery. The proposed designs use new granular composite
magnetic materials that reduce losses, are fabricated in
V-groove trenches in a silicon substrate to improve effi-
ciency and power density, and are designed specifically
to optimize performance for microprocessor power deliv-
ery.

II. I NDUCTOR L IMITATIONS FOR

M ICROPROCESSORPOWER DELIVERY

Consider a typical buck converter supplying a load with
a large current step (Fig. 1). If we assume that advanced
packaging and interconnect designs have minimized stray
inductance such that one lumped capacitor represents by-
pass capacitance and converter output capacitance, and
assume that advanced control operates the power switches
in the ideal manner to optimize transient behavior, the
smallest possible dip in output voltage due to a load-
current step of�I may be calculated as

�V =
(�I)2L

2C(Vin � Vout)
(1)

where�I is the size of the current step,L is the inductor
value,C is the total bypass and output capacitance, and
Vin andVout are the input and output voltages respec-
tively. This shows that minimizing the inductor value is a
key strategy for improving performance; however, reduc-
ing the inductor value leads to increased current ripple and
higher losses. Increased frequency can be used to reduce
the current ripple. The resulting inductor requirement is
for low loss with high ripple current and high frequency.
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Fig. 1. Constraints on buck-converter response time due to inductor
value. Optimized control and negligible stray inductance are as-
sumed.



One attractive choice for ripple current level in the induc-
tor is to allow enough ripple to effect zero voltage switch-
ing [1].

III. M AGNETIC MATERIALS

Microfabricated magnetic components are often made
with thin layers of magnetic material to reduce eddy cur-
rent losses. This is effective at controlling loss result-
ing from flux traveling in the plane of the film, but flux
components out of the plane can still induce eddy cur-
rents that result in substantial losses. Unfortunately, the
most favorable geometries for transformers and induc-
tors using anisotropic materials such as NiFe include re-
gions with out-of-plane flux [25]. Although multilayer
films have been successfully used in thin-film recording
heads, power devices typically require a thicker overall
layer of magnetic material (e.g., 10�m vs. 2�m), re-
sulting in greater vertical flux travel. In addition, the
loss constraints are more stringent in power applications.
A transformer geometry using vertically oriented lami-
nations could, in principle, be used to reduce problems
with vertical flux travel. However, processing constraints
do not allow thin laminations with adequate cross sec-
tional area, and transformers built by this method have
low power density and efficiency [26].

An alternative is to use fine particles of metallic mag-
netic material instead of multilayer thin films, similar in
concept to conventional powdered iron materials. Al-
though conventional powdered-metal materials have lim-
ited power performance at frequencies this high, recent
work has shown that higher performance is possible in
vacuum deposited materials with nanoscale particles of
Co or Fe [27], [28], [29], [30]. These materials have been
fabricated by reactive sputtering. A target such as Co-Al
is sputtered in an atmosphere containing a reactive gas
such as O2. Ideally, the Al combines with the O and the
Co forms a separate phase. Controlling this process to
achieve desirable properties in terms of grain size, crys-
tal phase, purity of metal grains, composition of the ce-
ramic matrix, volume fraction of metal, and stress is dif-
ficult. Nonetheless, reactive sputtering has demonstrated
that such a material can, in fact, have high performance at
high frequencies, including relative permeability of 170
andQ of 60 at 100 MHz, with permeability maintained
to about 1 GHz [30], attractive properties for both power
and RF applications. In [24], an inductor application of
these materials in an efficient high-frequency dc-dc con-
verter was demonstrated at low power density. As de-
scribed below, improved processes and designs could be
combined with these magnetic materials to enable higher
performance. In addition, we are currently testing meth-
ods of depositing similar materials using vacuum evapo-
ration.

Copper Conductor

Magnetic Material

Dielectric

Si substrate

Cross Section Plan View

Fig. 2. Schematic diagram of V-groove inductor. Contact pads are
indicated on the plan view by “bond wires”, but in practice the in-
terconnection would be accomplished with another metal layer or
solder bumps, to avoid high impedance and stray inductance associ-
ated with bond wires.

IV. FABRICATION

A proposed inductor structure is shown in Fig. 2. The
one-turn design is preferred for a low-impedance applica-
tion such as a microprocessor power supply, and allows a
simplified process flow. The silicon substrate is anisotrop-
ically etched to form V-grooves. Oxide, or other dielec-
tric, is deposited on the silicon. The magnetic material
is then deposited on the sloping sidewalls. Ordinarily,
deposition of magnetic material on sloping sidewalls is
problematic because it is difficult to get favorable proper-
ties on both sloped surfaces and flat surfaces [31], [32],
[33], [34]. This configuration overcomes these problems:
Since this deposition step is used only to deposit on the
sloping sidewalls, the process may be set up to optimize
magnetic performance, thickness, and other parameters
for the sloping surface. Furthermore, grooves bias the
orientation of the magnetic anisotropy along their length,
which is the desired direction for low hysteresis in an in-
ductor of this design. Following the magnetic material, a
metal seed layer is deposited and copper is electroplated
to fill the groove. An insulator is not needed between the
magnetic material and the copper conductor, because only
a single turn is used and the core is insulated from the
substrate. The copper may overfill the groove, but is then
polished back to planarize the surface before a final de-
position of magnetic material. An etch step clears the top
of the copper for contacts at the ends. The entire process
may be accomplished with only two masks—one for the
V-groove definition and one for the final etch.

Fig. 3 shows an inductor design based on a fabrication
process such as that in [35], [19]. Comparing this to Fig. 2
illustrates the advantages of the new design. It uses less
substrate area, yet it allows more cross sectional area of
copper for low dc resistance and allows more surface area
of copper for low ac resistance (in fact, the ac resistance is
improved even more than this alone would indicate, due
to a more favorable field configuration). It reduces the



magnetic path length to minimize core losses and reduces
permeability requirements for the magnetic material, and
it eliminates the need to simultaneously deposit magnetic
material on flat and sloped surfaces.

Fig. 3. Schematic diagram of inductor fabricated using a conventional
process. The new process improves on these devices by allowing
a larger cross sectional area of conductor, decreasing the substrate
area required, and decreasing ac losses in both the conductor and
magnetic material.

V. DESIGN CALCULATIONS

Analysis and optimization for microfabricated induc-
tors and transformers is addressed in [36], [25], [19]. Be-
low we develop a similar approach for inductors fabri-
cated with the V-trench process described above and ap-
plied to an inductor for a buck converter operating at high
frequencies.

Input voltage, output voltage, and output current are
insufficient to determine the necessary inductance for a
buck converter. One may choose inductance based on rip-
ple current or response time considerations. We choose
inductance for a peak-to-peak current ripple of four times
the dc output current. This more than suffices to effect the
current reversal needed for zero-voltage switching. With
this choice of ripple, the inductance required is

L =
(1�D)Vout

4fIout
; (2)

whereD is the duty cycle,f is the frequency, andIout is
the output current.

We now proceed to develop inductor designs based on
the V-trench process to meet this inductance requirement.
The V-trench design parameters are length, width, core
thickness, and core properties (Fig. 4). A reasonable
maximum thickness for the core material is 10�m [19].
The maximum thickness for core material is a preferred
choice for most designs of interest, as the high resistiv-
ity substantially reduces eddy losses. This leaves three
free variables: the width of the inductor, the length of
the inductor, and the properties of the magnetic mate-
rial. In particular, the permeability of the core mate-
rial is of interest, and one of the advantages of granular
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Fig. 4. Geometric parameters used in inductor calculations.hs is the
thickness of the magnetic material,Ws is the width of the mag-
netic magnetic material,W is the width of the copper conductor,
`s is the core flux path length, and�1 is the angle created during an
anisotropic etch (54.7Æ)

magnetic materials is that their permeability can be var-
ied through changes in material composition [37]. The
three parameters (width,Ws; length,`L; and permeabil-
ity, �r) must be chosen in such a way as to satisfy two
constraints: avoiding magnetic saturation and matching
the inductance specification (2). This leaves one free pa-
rameter that may be varied to effect a desirable tradeoff
between the primary performance parameters, which are
efficiency and power density.

We choose to use the inductor width (Ws) as this free
parameter. For a given choice ofWs, we then select
the permeability of the core material and the width of
the inductor based on satisfying the constraints of satura-
tion and inductance, respectively (see Appendix A). Each
choice of width then results in a complete design, and by
calculating the performance of these designs, we can gen-
erate a curve of possible performance. An important part
of the performance calculation is the prediction of losses,
which are calculated as the sum of four quantities: core
eddy current losses, core hysteresis, conductor dc losses
and conductor ac losses. Our calculation of these quan-
tities, detailed below, assumes the conservative material
properties listed in Table I.

Core eddy current losses are a function of the amplitude
of the ac flux (Ba) which in turn is approximated as

Ba =

p
2Irms�0�r

`s
; (3)

whereIrms is the rms ac current in the inductor, and
p
2

converts from rms value to amplitude. With this approxi-
mation, the eddy current losses are calculated by

Pore�eddy =
!2B2

aVsh
2

s

24N2
s �s

; (4)

where! is the frequency in rad/s andVs is the volume
of the core. Eddy current losses may additionally be re-
duced by using multiple core layers,Ns. The materials



Fig. 5. Contour lines of ac current density calculated by finite element
analysis.

described in Section III have sufficiently high resistivity
to make the use of multiple layers unnecessary. The core
hysteresis loss is modeled as

Pore�hysteresis = 3BafHVs; (5)

whereH is the coercivity of the core. The factor of three
is used to roughly compensate for the non-quadrilateral
nature of the hysteresis loop.

Winding losses in the copper of the inductor are mod-
eled as dc and ac power dissipation. Dc power loss is
a simple calculation based on the cross sectional area of
the copper, the length of the inductor, and the known dc
current. Calculating the area of ac current flow in the con-
ductor is more involved, because at high frequencies, skin
effect cannot be neglected. We approximated the ac con-
duction region as roughly a skin depth around the perime-
ter of the copper. Current crowding at the corners, as seen
in Fig. 5, is accounted for as detailed in Appendix B.

10
-2

10
-1

0

1

2

3

4

5

6

7

8

9

10

Ratio of Skin Depth to Width (δ / W
c
)

A
C

 R
es

is
ta

nc
e 

F
ac

to
r 

(F
r =

 R
ac

/R
dc

)

Fig. 6. A comparison between calculated ac resistance (o) in ohms
per meter, and the results of the finite element analysis (+). Both
resistances are plotted versus skin depth (Æ) divided by conductor
width (W).

The ac copper losses were compared with results
from the electromagnetic finite element analysis package
Maxwell. Fig. 5 shows the simulated current distribution.
A correction factor was chosen to make theRa calcula-
tion match the finite element solution to within 4% over
a wide range of width-to-skin depth ratios, as seen in Fig.
6. The total power loss in the inductor is the sum of these
four losses.

TABLE I

INDUCTOR DESIGN FOR7 A, 1.1V OUTPUT CONVERTER.

Symbol Value
W Width of conductor 421�m
hs thickness of magnetic material 10�m
` Length 7.16 mm

Total device width 460�m

A Substrate area 0.033 cm
2

f Operating frequency 8 MHz
B Peak flux density 1 T
� Conductor (Cu) resistivity 1.8�
-cm
�s Core (Co-Mg-F) resistivity 500�
-cm
� Core permeability 45�0
P Converter power output 7.7 W

P=A Power density 233 W/cm
2

L Inductance 3.4 nH
Q Quality factor 20.5
H Coercivity 80 A/M

Core loss 96 mW
Æ=W ratio of skin depth to conductor width 0.057
Ra AC resistance 5.72 m

Rd DC resistance 2.1 m


Conductor loss 311 mW
� Efficiency 95%
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Fig. 7. Design tradeoff in V-groove inductor.

Table I shows a set of specifications, and the results of
our calculations based on these specifications. An impor-
tant design tradeoff, explored in Fig. 7, shows the max-
imum power density in watts per square centimeter of
substrate area as a function of efficiency and the required
permeability of the magnetic material for optimum per-
formance, also as a function of efficiency. The permeabil-



ities, in the range of 20 to 100, are similar to the perme-
abilities found in nanoscale composite magnetic materi-
als.

VI. A IR-CORE INDUCTORS

Because designs like this call for inductances in the
range of a few nH, it might appear that air-core induc-
tors using no magnetic material would be adequate. One
problem with many air core designs is unconstrained flux
that may induce loss in nearby conductors and cause EMI
problems. A shorted coaxial line is one air-core inductor
design that avoids this problem. It has the additional ad-
vantage that the ac current is distributed uniformly over
the conductor surfaces for low ac resistance. With the
same circuit requirements, a design optimization was per-
formed for a coaxial cable. Using standard transmis-
sion line equations [38] for the inductance per unit length
of a coaxial cable with no magnetic material, calcula-
tions showed a power density of 32 W/cm2 at 95% ef-
ficiency. Although this isacceptable performance, it is
significantly lower than the performance of the V-trench
design with granular magnetic materials. This is expected
as a low-loss magnetic material can increase the induc-
tance by up to a factor of�r with little effect on losses,
thus increasingQ by nearly the same factor.

VII. C ONCLUSION

We expect our V-trench process combined with an op-
timized inductor design to yield substantial performance
improvements for microprocessor power delivery with
200 W/cm2 at 95% efficiency. The V-trench process
should require fewer and simpler processing steps in its
fabrication. The use of new granular composite magnetic
materials aids the reduction of the losses in this new de-
sign. These advancements are expected to allow high-
frequency, high-Q inductors for microprocessor power
delivery applications to become possible.

APPENDIX

I. PERMEABILITY AND LENGTH CALCULATIONS

The required relative permeability (�r), based on oper-
ating at a maximum flux level of 1 T, can be expressed as
a function of the core flux path length which is geomet-
rically related toWs. The relative permeability is also a
function of the maximum allowable flux,Bpeak, and the
peak current in the inductor,Ipeak.

�r =
`sBpeak

Ipeak�0
(6)

where�0 is the permeability of free space. One of the
benefits of granular magnetic materials is that their per-
meability can be easily varied through changes in material
composition [37].

With width (Ws) and relative permeability fixed, the
length of the inductor (̀L) is calculated to meet the in-
ductance requirement (2).

`L =
L`s

�0�rhs
(7)
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Fig. 8. Lengths and areas used for calculating the ac resistance of the
conductor.

II. Ra CALCULATIONS:

OurRa approximation begins by dividing the conduc-
tors perimeter and area as shown in Fig. 8. The parameter
Æ0 is the skin depth within the conductor times a constant
we selected in order to make our calculation matched the
finite element analysis solution. We then assume that cur-
rent only flows within the shaded regions of the conduc-
tor. The approximate amount of current that flows ineach
area is proportional to the ratio of the length of the cor-
responding side to the total perimeter of the conductor.
After defining the area, current, and the resistivity of the
conductor, we can calculate the total ac resistance per me-
ter of the conductor.

More detail on this calculation is available at
http://engineering.dartmouth.edu/inductor/raccalc.html.
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