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Abstract—Integrated inductors are typically formed either on a
chip or embedded in a package or board. In this work, we explore
the possibility of forming inductors in the chip-to-board interconnect layer. The solderless technique of copper (Cu) electroplating
bonding is used to simultaneously form inductor structures as
well as chip-to-board interconnect. The use of the gap between
the chip and substrate for inductors not only increases integration
density, but also allows large magnetic cross-sectional areas to be
achieved. To demonstrate the technology, a plating-through-mold
method has been used in the establishment of tall interconnect
or solenoid inductors. For demonstration of the electroplating
bonded micro solenoid structures, three- and seven-turn (500 m
in height) inductors have been realized with measured inductances
of 3.6 and 10.4 nH, and -factors of 71 and 55, respectively. As
an alternative approach, a polymer-core-conductor method in
which polymer posts coated with metal are electroplating bonded,
has been developed. This approach reduces processing time in the
fabrication of the tall metal structures. For the polymer core RF
structures, three-, five-, seven-, and 10-turn inductors have been
fabricated. These inductors have inductances of 4.2, 7.0, 9.6, and
13.6 nH, and -factors of 72, 64, 56, and 61, respectively.
Index Terms—Chip-to-board interconnect layer, electroplating
bonding technology, high frequency structure simulator (HFSS),
polymer core method, solenoid inductor.

I. INTRODUCTION
NTEREST in passive components for wireless hand held devices, such as cellular phones, PDAs, and so on, has led to
much work aimed at improving performance, miniaturization,
and cost effectiveness of these devices. Specifically, incorporation of inductors has been a key issue due to their large size,
3-D configuration (and associated fabrication complexity), and
packaging compatibility, including electrical performance and
mechanical reliability [1]–[4].
Several approaches have been taken to incorporate inductors
into ultracompact systems. Using the hybrid mounting method,
chips and inductors are individually packaged and mounted in
a hybrid fashion on a printed wiring board (PWB) [5]. This
discrete component packaging method limits the miniaturization of the system board size; in addition, increased parasitic
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effects caused by extended interconnection lines may occur.
To achieve higher packaging density and reduced parasitics,
passive components have been fabricated based on multichip
modules (MCM) and flip-chip packaging. With this MCM approach, inductors have been fabricated in MCM-D (deposition
of thin-film layers), MCM-L (lamination metal layer patterns
within a PWB), and MCM-C (fabrication of multilayer structures by co-firing ceramic or glass/ceramic tapes) [6]–[8]. Fully
integrated approaches (the on-chip method) involve the fabrication of inductors directly on the silicon substrate containing the
active circuitry [9]–[11]. These approaches have the attractive
feature that lead parasitics are minimized, facilitating high frequency operation.
An alternative to these methods is to form passive elements in
the interconnect layer between the chip and the board. The conceptual approach of forming passive elements in general, and
inductive components in particular, in the interconnect layer is
driven by several factors. First, this region currently represents
unexploited “real estate” (actually volume) that does not conflict with the valuable allocation of real estate on the surface of
the chip or board. Second, since magnetic elements traditionally
scale with volume as opposed to surface area, the utilization of
this relatively large volume (while at the same time minimizing
parasitics associated with discrete leads) for high-performance
elements is very attractive. Third, fabrication of the passive elements in this region exploits the physical and electrical separation of this region from the relatively lossy silicon chip and
other electrical components, thereby minimizing parasitic mutual inductance and magnetic coupling to the chip resulting in
impedance mismatching and eddy current loss.
In this paper, the electroplating bonding technology is briefly
reviewed and interconnect layer micro solenoid inductors
using the electroplating bonding technology are numerically
analyzed, designed, fabricated, and characterized as examples
of chip-to-board micromachining. Although inductors are
chosen as the test vehicle, other large-magnetic-cross-section
applications such as antennas may benefit from this approach
as well.
II. TECHNOLOGICAL APPROACH: ELECTROPLATING
BONDING TECHNOLOGY
A variety of approaches can be taken to form passive elements
within the interconnect layer. A straightforward approach is to
utilize the solder interconnection metal itself for the formation
of inductive components as well as for chip-to-board interconnect. However, the increasing environmental concerns and high
temperature processing associated with lead-based or lead-free
solders, coupled with the relatively high resistivity of solders
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(compared with, e.g., copper), drove the development of the
electroplating bonding approach [12]. Similar approaches have
been used in the past for transfer bonding of microelectromechanical system (MEMS) metallic structures from one substrate
to another [13].
As used here, electroplating bonding is defined as the simultaneous electrical interconnection of multiple input-output leads
from chip to substrate by means of electrodeposition. Although
solder is commonly used in flip-chip approaches to mass-formation of vertical interconnect, the above-mentioned environmental and processing concerns have stimulated alternative approaches, such as conductive adhesives, although they have relatively high electrical resistivity [14], [15]. An attractive alternative to both solder and conductive adhesives that does not compromise conductivity or mechanical strength is to connect the
chip to the substrate by electroplated metal such as electroplated
copper, which provides high electrical and thermal conductivity
and can be the same material with both upper and lower side
bonding electrodes, thereby achieving mechanically robust and
electrically improved interconnection. This approach also offers
the possibility of creating passive and microelectromechanical
structures in the interconnect layer during the bonding process.
Electroplating bonding structures can be formed by three
steps. First, the metal structures on each substrate are formed
by surface micromachining and conventional microelectronics
electroplating processes. Second, the metal structures on a
substrate are flipped and aligned. The aligning method can
be the same as that of the flip chip process; however, in this
fabrication, the alignment is performed manually under a stereoscope with a limited academic equipment situation. Third,
the entire system is clamped together, immersed in the Cu
electroplating bath, and the tips of the metal structures from
each substrate are bonded with electrodeposition upon applied
dc current. By controlling the gap between the substrates, this
interconnect layer structural bonding approach has potential for
high -factor passive components such as a solenoid inductor
with a large magnetic cross-section. In this case, the magnetic
cross section is ultimately the height of the solenoid inductors.
The concept of metal plating bonding could be extended to or
combined with currently studied Cu interconnect methods in
semiconductor industry.
III. SOLENOID INDUCTOR MODELING
To evaluate the feasibility of this approach to inductor fabrication, typical rectangular-shaped solenoid inductors achievable by this method have been designed and their electrical
characteristics are analyzed by a high frequency structure simulator (HFSS, Ansoft) [16]. The analysis is done in conjunction with analytical models, if available, to develop a range
of phenomenological models applicable to the size ranges of
inductors achievable using the electroplating bonding method.
The HFSS simulation has performed with highly conductive
copper structures of 5.8 10 [S/m] in conductivity. The inductor structures used in simulation, analyses and realization are
in the range of
designed with several different post heights
250 m 600 m, a fixed core width of 550 m, a fixed conductor width of 50 m, a thickness of 20 m, and a pitch of

Fig. 1. Schematics of designed inductors for (a) Niwa’s model (1) and (b) for
HFSS.

250 m as shown in Fig. 1. This range of post heights is determined by consideration of maintaining uniform electroplating
bonding on the inner posts, together with constraints on high
aspect ratio electroplated structures with plating-through-mold
technology.
A. Inductance
An analytical equation for the inductance of a rectangularshaped inductor has been developed by Niwa [16] and Grover
[17] as
for

(1)

is the number of coil turns,
is a geometry factor
where
for rectangular inductor,
is the permeability of air, and
are the side lengths of the inductor, and is the core length as
shown in Fig. 1(a). The inductances of a rectangular inductor
with posts of different height are calculated and compared with
the results of HFSS simulation for which the geometry shown in
Fig. 1(b) has been used. The simulations are performed with- or
without the presence of a PWB substrate with a typical relative
permittivity of 4.3 and a loss tangent of 0.02. Fig. 2(a) shows
that the inductance predicted by (1) agrees reasonably well with
those of the HFSS simulation. Also, the presence of the substrate
has little effect on the effective inductance [18].
B. Capacitance and Resonant Frequency
The capacitance associated with the inductor may influence
the operating range, resonant frequency, and -factor. This
capacitance can be subdivided into turn-to-turn capacitance and
conductor-to-substrate capacitance. The turn-to-turn capacitance can be calculated by two methods. First, the capacitance
, where
equation for a parallel plate capacitor (
is the dielectric constant of air, A is the area of the side wall
facing the neighboring conductors or posts, and d is the spacing
between conductors or posts) [19], [20] is utilized to form an
analytical approximation. Second, the turn-to-turn capacitances
of the inductors are extracted from simulation by considering
the resonant frequency of the inductors modeled in the absence
of substrates. In this approach, the capacitance is given by
Resonant frequency

(2)

The inductance and resonant frequency can be determined by
-parameter extraction. Fig. 2(b) shows the comparison of the
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core length as shown in Fig. 1(a)] [25]. The equation is divided
into two dominant effects of ac resistance in the inductor: the
skin depth effect [the first term of (3)] and the proximity effect
[the second term of (3)]. In this paper, to achieve a more accurate result, we take into account the proximity effect with two
different porosity factors (0.2 on upper and bottom conductors,
and 0.75 on posts).
Once the resistance has been determined, the -factor can be
predicted. The air-core inductor usually has been described by
an equivalent circuit which has an ideal inductor in series with
a resistor and in parallel with a capacitance . The -factor
for the equivalent circuit is shown as
(4)

Fig. 2. Comparison of inductor characteristics of theoretical calculation, HFSS
without a substrate, and HFSS with a substrate: (a) inductance, (b) capacitance,
(c) resonant frequency, and (d) -factor.

Q

capacitances. The analytical expression for turn-to-turn capacitance appears to be less than the simulation results by approximately a factor of 2. In the theoretical calculation, it was considered that the capacitance is due only to adjacent conductors.
However, in the real device, additional capacitance contribution from non-adjacent conductors and fringing field may exist
for the turn-to-turn capacitance. The conductor-to-substrate capacitance can also be estimated by comparison of the HFSS
simulations for a non-substrate-influenced inductor and a substrate-influenced inductor. The conductor-to-substrate capacitance of the inductor on the substrate is approximately 30 fF
as shown in Fig. 2(b). The resonant frequency of the inductor
predicted by the combination of the inductance of (1) and the
analytical parallel plate turn-to-turn capacitance approximation
compared with HFSS results is shown in Fig. 2(c).
C. Resistance and

-Factor

Many methods have been used to determine inductor resistance by Dowell [21], Perry [22], Bennet [23], and Ferreira [24].
In particular, Ferreira has utilized rectangular conductor structures for the calculation, which are more suitable for this microfabrication. The resistances of the inductors at a specific frequency (1.5 GHz) are calculated with various inductor heights.
The resistance equation of Ferreira is

Fig. 2(d) shows a comparison of -factors which are obtained by HFSS simulation and numerical calculation from (4).
The -factors of the inductors on the PWB substrate are also
obtained. The inductor height corresponding to a maximum
-factor is 550 m, i.e., the height which forms a square
shape of the solenoid core cross section. The HFSS result of
with-substrate structure shows that the -factor of structures
taller than 550 m is gradually degraded.
D. Figure of Merit
An advantage of the electroplating bonded inductor is that the
inductor can be established with a large magnetic core cross-section since metal posts on both substrates are united to form a
double-height inductor winding. For example, 500- m tall micromachined Cu posts on both silicon and PWB substrates will
yield a 1000- m tall Cu solenoid inductor winding after electroplating bonding. Although achievable using other means, such
tall inductors would otherwise require exacting processing conditions.
The simulated inductor designs are remodeled to take into
account actual measurement conditions. To prevent structural
damage due to the need for access of measurement probes, the
inductors are modeled with longer access lines providing 200m extra conductor length and longer GND lines. Then, simulation results are compared with previous results. The addition of longer access and GND lines increases the inductance
and decreases the resonant frequency as shown in Fig. 3. From
combinations of the analytical and HFSS simulations, empirical
equations for inductance, resonant frequency, and -factor as a
function of height for various heights of solenoid inductors in
the size ranges accessible by the fabrication technology are derived. In particular, for inductors of geometries in the range of
600 m post heights, the inductance, resonant fre250 m
quency, and -factor are given by

(3)
where
is the thickness of the conductor line normalized
1
,
is the dc
with respect to the skin depth
winding resistance, is the number of winding layers in the in, where is the number
ductor, is the porosity factor [
of inductor turns, is the width of the conductor and is the air

factor

(5)
(6)
(7)

where is the height of the inductors in microns.
From these results, a figure of merit (FOM) can be calculated to provide a guideline for determining the optimal height
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1 cm
gap between the posts on the perimeter of a 1 cm
area. The realized inductors have the same geometrical dimensions as the simulated structures. High aspect ratio posts
are formed on both substrates using a photosensitive epoxy
(SU-8, Microchem, Inc.) [27] and these posts are subsequently joined using electroplating bonding. The tall conductor
posts are formed in two manners: 1) a plating-through-mold
method and 2) a polymer core method. The CMOS-compatible
plating-through-molded inductor, called hereafter the inductor
with solid metallic core, requires a prolonged duration of
plating, which can be a critical issue in manufacturable fabrication. Alternatively, the polymer-core-conductor method
introduced by Yoon et al. [28], in which tall polymer scaffolds
covered by electrodeposited metal layers are utilized for the
electrical connection, has the potential to reduce the manufacturing time. Such polymer-core conductors are expected to
have equivalent performance to their solid metal counterparts
at high frequencies due to the skin effect. The distribution of
charge carriers is usually described by an effective conductor
thickness given by the skin depth

Fig. 3. HFSS results for remodeled structures.

of the inductors. The interconnect layer inductor is designed to
have the highest values of inductance, resonant frequency and
-factor. Thus, one FOM definition is
FOM

(8)

which from a combination of (5)–(7) becomes
FOM

(9)

where is the height of the inductors in microns.
The equation gives a range of high performance inductor
600 m for a solenoid core width of
height of 500 m
550 m which is a useful guideline for fabrication of inductors
of accessible geometries.
IV. DESIGN AND FABRICATION
A. Design
The chip-to-board layer inductor requires fabrications on
both the “chip-side” (typically Si) and the “board-side” (typically epoxy-glass composite). In this work, for ease of initial
manufacturing, inductor fabrications are executed on glass and
PWB substrates by a flip-chip method. The two substrates to
2 cm glass substrate (as a chip-side
be joined are a 2 cm
surrogate) and a 5 cm 5 cm epoxy-glass composite PWB. The
transparent glass substrate enables easy alignment; however,
in actual use, a conventional through-wafer alignment scheme
such as used for flip-chip bonding could be employed [26]. The
interconnect layer inductor system requires accommodation of
measurement since the substrates obstruct access of measurement probes to electrical pads of the inductors (note that such
access would not be required in actual application). The method
used in this work is to remove the upper substrate (glass) by
etching a sacrificial layer (2 m aluminum) after electroplating
bonding to provide probe access.
Two pairs of three-, five-, seven-, and 10-turn inductors
(equivalent to 100 posts) have been designed with a 100- m

(10)
where is the angular frequency of the electromagnetic wave,
is the permeability of the conductor, and is the electrical
conductivity of the conductor. There is little advantage to construct RF transmission lines or wires much larger than a few
skin depths. In the polymer-core conductor approach, for GHzrange signals, a thickness of 5–10 m of metal on the polymer
cores satisfies the requirement of thickness exceeding a few skin
depths recalling a skin depth of copper in 1 GHz is approximately 2 m.
B. Fabrication of a Solenoid Inductor With Solid Metallic
Posts
Micro structures (posts and connectors) on both substrates
have been formed in the same fabrication sequence, except for
an additional aluminum sacrificial layer deposition on the glass
substrate. Fig. 4 shows microfabrication sequences of interconnect layer inductors. The establishment of the solid metallic post
inductor begins with sputtering of a 2- m aluminum sacrificial layer on the glass substrate for releasing the substrate at
the completion of the entire fabrication process. A seed layer of
Ti/Cu/Ti (30 nm/250 nm/30 nm) is then deposited for electrodeposition of conductors and vias on both substrates. On this layer,
a polymer mold for Cu conductors designed 20 m in thickness, 50 m in width, and 550 m in length is formed using
SU-8 photosensitive epoxy. The mold was then filled using Cu
electrodeposition. When the first epoxy mold is filled with electroplated Cu, a thick layer (250 m) of epoxy is spin-cast on
the sample again and patterned to create the mold for the via
100 m 100 m 250 m with 250 m turn pitch. This via
mold is then filled with electroplated Cu. After the formation
of the electroplated Cu structures, the polymers are removed by
reactive ion etching (RIE, Plasma Therm, Co.). The prolonged
duration of the RIE process reveals the woven PWB surface as
shown in Fig. 5(a). In order to prevent damage of PWB due to
long RIE process, an additional protection metal layer such as
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Fig. 5. SEM pictures of the interconnect layer inductors: (a) inductor with solid
metallic posts and (b) inductor with polymer-core-conductor posts.

C. Fabrication of a Solenoid Inductor With
Polymer-Core-Conductor Posts

Fig. 4. Fabrication methods for interconnect layer inductors: (left) inductor
with solid metallic posts, and (right) inductor with polymer-core-conductor
posts.

Ti–Cu–Ti can be placed on top of the PWB before starting the
process and can be removed in the last step using wet chemical
etching. The seed layer and Al sacrificial layer in the fields of
the glass substrate are then selectively etched by metal etchant
and RIE, respectively. The seed layer and metal posts on both
substrates are then selectively covered with negative NR9-8000
photoresist (Futurrex, Inc.) for preventing unnecessary metal
growth on the substrate and metal posts. With the polymer covered substrates, preparation for electroplating bonding is deployed. First, a 1 mm diameter hole is drilled in the center
of the PWB substrate to form an electroplating solution flow
channel. The channel circulates the electroplating solution to
achieve uniform concentration of electroplating solution in the
system. The structures on both substrates are manually aligned,
clamped together and electroplating bonded. During the electroplating bonding of the structures, lateral copper growing on the
structures is controlled by the plating time. The lateral growth
is approximately 20 m. After the bonding process, to facilitate the measurement process, the glass substrate is detached
by removing the 2- m Al sacrificial layer and the Ti adhesion
layer by wet etching. Fig. 5(a) shows the SEM pictures of the
fabricated structures. The magnified picture of a bonded area
is shown in the bottom portion of the figures. The completed
electroplating bonded inductors have a height of approximately
500 m as planned.

The electroplating bonded inductor with polymer-core-conductor posts has the same fabrication sequence as the inductor
with solid metallic posts except for the formation of conductors
for posts. The Al sacrificial layer deposition and electroplating
bonding process follows that of the inductor with solid metallic
posts. Electrical connection and pad structures are formed on
both substrates (PWB and 2- m Al sacrificial layer deposited
glass). 250- m epoxy-core-conductor posts are patterned using
negative SU-8 photosensitive epoxy and photolithography on
both substrates. The patterned epoxy posts function as scaffolds of electrical connection of the inductors. A Ti/Cu/Ti seed
layer is deposited over the polymer scaffolds and substrates
for the subsequent electroplating step. For selective electrodeposition of the metal posts and conductor lines, negative photoresist NR9-8000 is coated in a thickness of 20 m and patterned using proximity mode photolithography over the uneven
substrate. The patterned NR9-8000 serves as an electroplating
mold for electrode patterning both on the bottom surface and
on the surface of the epoxy posts to a thickness of 20 m. The
2- m Al sacrificial layer in the fields of the glass substrate is
then patterned with RIE. The planar portion of the seed layer,
metal conductors, and bottom portion of the polymer-core-conductor posts are covered by NR9-8000 to prevent the deposition
of copper on the PWB surface and conductors during electroplating bonding of the posts. Electroplating bonding of the structures is then performed as discussed previously. The electroplating bonding duration is approximately half hour. SEM figures of a fabricated seven-turn solenoid inductor with polymercore-conductor posts are shown in Fig. 5(b).
Since electronic components or chips experience generation
of heat during operation, attention should be paid to the mechanical stability of the polymer-core-conductor upon thermal
loading. Reliability test for temperatures between 40 C and
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TABLE I
ELECTRICAL PROPERTY SUMMARY OF THE FABRICATED INDUCTOR
SETS WITH POLYMER-CORE-CONDUCTOR POST METHOD

147 C with a period of 5 min has been performed for interconnects made of polymer-core-conductors and no failure during
5000 cycles has been observed [12].
V. CHARACTERIZATION
A set of solid metallic post inductors and three sets of
polymer-core-conductor post inductors are prepared for
characterization. Measurement is performed using a vector
network analyzer (HP 8510) with Cascade Microtech’s
ground-signal-ground (G–S–G) probe (a tip pitch of 150 m)
after standard short-open-load-thru (SOLT) calibration. The
calibration has been performed in the frequency range between
0.1 and 10 GHz with 0.05-GHz steps. The electrical properties
of the fabricated inductor sets for polymer-core-conductor post
inductors are summarized in Table I. The fabricated devices
from each set show a little variation (approximately 10%) in
inductance and resonance frequency in part due to geometrical
variations during the fabrication process such as misalignment
related to manual aligning, and non-uniform and rough metal
growth from a laboratory-made copper plating system, both of
which are expected to be reduced in a manufacturing environment. In the -factor performance, quite high -factors with
little variation are observed for all devices from each set.
A. Characterization of a Solenoid Inductor With Solid Metallic
Posts
-factor and self-resonance frequency of the inductors are
analyzed using a lumped element circuit model for a two-port
inductor [29]. The model consists of an ideal inductor in series
with a resistor to account for the conductor loss, in parallel with
a turn-to-turn capacitance. The dielectric loss and the parasitic
capacitance generated by interaction with a substrate are also
included in parallel with structural components on both ports.
The -parameters of the two-port inductor are measured
using an HP8510 network analyzer and transformed into effecand -factor using a software package
tive inductance
of Advanced Design System (ADS, Agilent) [30]. Fig. 6 shows

Fig. 6. Measured and modeled L
inductors with solid metallic posts.

and Q of (a) three-turn and (b) seven-turn

the measured and modeled effective inductances and -factors
of the three-turn and seven-turn inductors. The effective inductance and -factor of the three-turn inductor are 3.6 nH and 71
at 1.9 GHz, respectively; meanwhile the seven-turn inductor has
an inductance of 10.4 nH and a -factor of 55 at 1.2 GHz. The
lumped parameters are extracted from the equivalent circuit
model. The parameters for the three-turn and seven-turn inductor are 3.6 nH and 10.4 nH in inductance, 0.31 and 0.71
in resistance, 28 fF and 33 fF in turn-to-turn capacitance
,
23 fF and 50 fF in substrate parasitic capacitance, and 6.5 k
and 12 k in substrate resistance representing substrate related
loss, respectively. The measured behavior of the inductor over
the frequency ranges of interest is well described by Fig. 6 as
shown by the close agreement between the measured and modeled curves. The measurements reveal that the electroplating
bonded inductors produce much higher inductance for a given
number of turns than previously-reported microfabricated solenoid air-core inductors [19], [28], [31], presumably due to the
greater flux cross-sectional areas achievable in the interconnect
layer.
B. Characterization of a Solenoid Inductor With
Polymer-Core-Conductor Posts
The characterization of this style of inductor is done with the
inductor set II whose electrical properties are summarized in
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TABLE II
INDUCTOR PERFORMANCE OF A SOLENOID INDUCTOR
WITH POLYMER-CORE-CONDUCTOR POSTS

Fig. 7. Equivalent circuit model for an one-port inductor used for the performance evaluation.
TABLE III
SUMMARY OF EXTRACTED CIRCUIT PARAMETERS OF A SOLENOID
INDUCTOR WITH POLYMER-CORE-CONDUCTOR POSTS

Fig. 8. Measured and simulated L and Q of the inductors: (a) three-turn, (b)
five-turn, (c) seven-turn, and (d) 10-turn inductors.

Table I. The characteristics of the interconnect layer one-port
solenoid inductors with polymer-core-conductor posts are measured and analyzed in a similar fashion described in the previous
section. The values are analyzed with a one-port equivalent circuit in Fig. 7. The circuit consists of an ideal inductor in series
with a resistor to account for the conductor loss and in parallel with a structural capacitance (turn-to-turn capacitance ).
The substrate loss and the parasitic capacitance caused by electrical interaction between the inductor and the substrate are repand
, respectively. Moreover, we compare
resented by
the measurement results with high frequency structure simulations by 3-D HFSS. Fig. 8 shows the measured and simulated
and the -factors of the fabricated
effective inductances
inductors. Table II summarizes the performance of all fabricated
and simulated inductors. The extracted lumped element values
for the inductors are shown in Table III. The measured results
agree very well with the simulated result except for the substrate
capacitance. The difference of substrate capacitance could be attributed to the various factors during the fabrication processes,
such as RIE etching, baking, immersion of the sample in the
plating solution, etc.

In addition, the extraction of electrical values can be helpful
to infer the effect of each electrical component. The analytical
expression of the inductor of the circuit in Fig. 7 is given by
[32]

(11)
and
where is the overall capacitance which is the sum of
.
, accounts for the stored magnetic enThe first term,
ergy and the ohmic loss only, while the second and the third
terms are attributed to the substrate loss and self-resonance factors, respectively. The second term, the substrate loss factor,
takes into account eddy current losses due to magnetic flux interaction between the inductor and substrate. The third term
describes -factor reduction due to coil self-resonance. For a
simple example, we use analytical and HFSS simulation results
of a three-turn inductor formed on a PWB substrate. Inductance,
overall capacitance, and substrate resistance are considered as
4.1 nH,
89 fF, and
8.5 k ,
constant values (
respectively) in the frequency range of interest. On the other
hand, the resistance of the coil is calculated by (3) as a function of frequency. Fig. 9(a) shows overprediction of -factor
in (11), and good agreement between
by the first term
the measured -factor and the analytical -factor when the full
(11) is used. Fig. 9(b) shows the effects of the substrate loss
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Q

Fig. 9. Frequency response of inductors: (a) -factor and !L=R term of a
three-turn inductor, (b) substrate loss factor and self-resonance loss factor of a
three-turn inductor, (c) substrate loss factor of the inductors, and (d) self-resonance loss factor of the inductors.

and self-resonance terms at higher frequencies. Fig. 9(c) and (d)
show that the substrate loss factors and self-resonance factors
become significant as the number of inductor turns is increased,
resulting in lower -factors. Detailed analysis and modeling indicates that high inductances are achievable in the chip-to-board
interconnect layer for all the fabricated inductors, which is in
part due to the large magnetic energy storing capability associated with the large magnetic core cross-section in the give footprint in these examples.
VI. CONCLUSION
A high inductance, high quality factor, and packaging compatible electroplating bonded inductor for RF systems has
been proposed and demonstrated. Different from conventional
passive component implementation, these inductors reside
in the interconnect layer between the chip and the substrate.
This process is compatible with the standard back-end CMOS
process. Fabricated structures have demonstrated that the
electroplating bonded inductor can lead to real-estate savings
on silicon or PWB substrates since structures can be formed
in the gap between the substrates. The gap between a board
and a chip and other geometrical dimension utilized in the
experiment are in a few hundred microns for easy initial implementation without demanding accurate alignment tools in
the university environment. The fabrication scheme could be
easily scaled down to a gap and other characteristic dimensions
of less than 100 m (note that flip-chip bonding has a nominal gap of 100 m) with advanced alignment tools and even
shorter processing time and cost for the sake of manufacturability although it may require an advanced forced convection
flow system for electroplating solution to effectively transfer
mass to the central part of the bonded chip [12]. This technique provides a packaged system having Cu interconnection
with improved electrical and mechanical characteristics due
to short interconnect length resulting in reduced parasitics
and potentially reduced substrate coupling, and atomic level

bonding characteristic resulting from electroplating metal
growth. The inductor characterization has been performed
by the mathematical model, equivalent circuit model, and
HFSS. A design guideline for a high performance inductor
taking into account geometrical factors has been discussed.
Two fabrication processes for tall post implementation are
successfully demonstrated: a solid metallic approach using
plate-through-mold, and a polymer-core-conductor approach
using polymer scaffold formation and subsequent metal overcoat over it. The electrical properties of the inductors have been
tested and characterized. The simulation results using a circuit
model and a high frequency simulation tool give close agreement with the measured results. Inductors with solid metallic
posts show high -factors of 71 and 55 for the fabricated
three-turn and seven-turn solenoid inductors, respectively.
Inductors with polymer-core-conductor posts show also high
-factors of 72, 64, 56, and 61 for three-, five-, seven-, and
10-turn solenoid inductors, respectively, without noticeable
degradation due to the encapsulated polymer scaffold post.
Although inductors have been chosen as the test vehicle, other
large-magnetic-cross-section applications such as antennas
may benefit from this approach as well.
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