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In this paper, the design and the measurements of three-dimensional through silicon vias (TSVs) based-integrated solenoids
embedded within high-resistive silicon is presented. Prior to silicon implementation, a rigorous theoretical analysis is proposed
to put in obviousness the advantages of using such coil architecture for L and S band applications. This analysis, demonstrates
a clear reduction of the footprint passive function lying on the external substrate together with a reduced capacitive coupling
with the local environment. Two-port radio frequency measurements have been performed in a wide-frequency range
(100 MHz - 50 GHz) in order to support the theoretical investigations. Solenoids exhibit high-quality factors below 4 GHz -
Q= 25 @ 2 GHz for a 800 pH device - and clearly outperforms classical planar architecture considered in most of the integrated
circuit processes. Two different modeling approaches (compact modeling and EM modeling) are then proposed in order to
speed-up their design implementation in a typical CAD design flow. Based on the available data, a good agreement is shown

between and simulated data.
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. INTRODUCTION

The growing popularity of electronic products equipped with
wireless communication devices has led to a sharp increase in
the complexity of radio frequency (RF) - integrated circuits
such as managing a large number of application functions,
support of multiple frequency bands or the compliance with
the standards of multiple wireless transmissions.

The decreasing of the size and weight of current handset
applications as well as the increasing of the number of avail-
able functionalities deals with a reduction in circuit size and
weight of the systems, i.e., a challenge to the miniaturization
of passive components.

In that sense, the concept of three-dimensional (3D) IC
integration packaging using through silicon vias (TSV) stack-
ing is one of the most promising technologies. It can extend
Moore’s law by stacking and shortening the connection path
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between memory and logic [1]. Due to the increase in func-
tional integration requirements, more and more assembly
house and wafer foundries are looking into 3D TSV technol-
ogy, which allows stacking of large-scale circuits (LSIs)
thereby enabling products to be made smaller with more func-
tionality. The 3D technology realizes miniaturization up to
300-400% compared to the conventional packaging [2].
Furthermore, TSVs are also relevant to develop “more than
Moore” applications [3], where passive functions originally
lying on the printed circuit board (PCB) can be designed
with the help of TSVs using original component architectures
such as embedded solenoids (see Fig. 1).

Several papers have been already reported in that sense
showing bandpass filters realization either on glass or silicon
substrate [4, 5].

Together with the emergence of new type of intercon-
nects such as TSVs, embedded solenoid implementation
within silicon or glass substrate [6] is now considered to
easily build a coil-type structure. Several proposals have
been done in that sense leading to very promising results
[7, 8]. In fact, integrated solenoids can be used to produce
larger quality factor than in RF BICMOS/CMOS planar tech-
nologies within a given footprint [9-13]. This increase in
quality factor can be attributed to both metal thickness and
the specific solenoid property of storing energy according to:
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Fig. 1. SEM image of the solenoid. (a) Top view. (b) Bottom view.

energy stored
Q=w 8Y (1)

. average power dissipated '

So, in this paper, we propose to take advantage of TSVs
implemented with thick patterned metals within an integrated
passive devices (IPD) process to design-embedded solenoids
within high resistive silicon (HRS) substrate (p = 1000 () cm).
The paper will be organized as follow: integrated solenoid
specific architecture will be introduced in the first part; a
rigorous theoretical analysis based on Biot and Savart relations
is presented in the second part. In order to support these
theoretical investigations, analysis from wide-band two-ports
S-parameters measurements are carried out in the third
part. Solenoids performances will be presented from an elec-
trical point of view together with their relative precision
taking into account the process spread. In this part, the
specific methodology considered for 2-port S-parameters
used to support the measurements of double-sided wafers
will be also described. The last part of this paper is dedicated
to the modeling of solenoids. Two approaches (compact
modeling and electromagnetic (EM) modeling) have been
considered and both will be described. A discussion of the
accuracy of these two approaches is also proposed based on
the possible applications of this kind of devices within a
complex hybrid system.

Il. SILICONINTERCONNECTIONS

The 3D integration techniques appear as an innovative sol-
ution for many system-in-package (SiP) applications. If the
bond wires interconnects remain the most used in the manu-
facture of micro-electronic technologies, emerging 3D inter-
connections have emerged as bumps and through vias in the
substrate for the development of applications such as dual
flip-chip on both sides of the substrate. The 3D through vias
of interconnect technology allows us to connect the circuits
on both sides of a carrier substrate and stack up carrier sub-
strates themselves through metal balls. Such a configuration
of integrated circuit opens the way for integration of passive
components in the substrates carriers around which the
active circuits can be connected and appears to be a great
interest since they can reduce interconnects lengths and there-
fore interference between the active circuits and passive com-
ponents. These 3D integration techniques allow to benefit
from increased space in the circuit through the interconnec-
tions of small size but also to minimize the impedance
reduced by these interconnections, i.e., the parasitic elements.
On these two points, through vias appear to be an effective sol-
ution. Therefore, characterization of electrical through vias
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Fig. 2. Cross-section of stacking technology to fabricate through vias and 3D
solenoids.

was performed in order to quantify the values of parasitic
elements. A cross-section of stacking technology is given
below (Fig. 2).

. PHYSICAL I MPLEMENTATION
OF SDINTEGRATED INDUCTANCE

The stacking technology used to manufacture 3D solenoid is
very simple and is the same as the technology used to manu-
facture the 3D interconnect technology through vias [14].
Through-vias technology allows building wired-wound
spirals around the silicon to achieve a 3D solenoid.
Therefore, once the manufacturing process of through vias
acquired, the implementation of the 3D solenoid through
silicon requires no additional mask. This is an important
aspect compared to surface-mounted devices (SMD) com-
ponents that are costly in material and especially in assembly
[15]. The EM RF measurement and simulation techniques
used for the characterization of the through vias are applicable
to 3D solenoids.

In this paper, we focus on the development of an original
type of solenoid using 3D interconnect technology emerging
vertical through vias. This new type of solenoid uses the thick-
ness of silicon as the third dimension. In fact, each turn of the
solenoid consists of two through vias used as vertical pillars.

The geometric parameters and the different configurations
are then described. The solenoid developed as part of this
work consists of non-joining turns and wound around the
silicon to form a square section (Fig. 3). Two parallel rows
of through vias, arranged in a staggered or aligned, form the
sides of the solenoid on the whole-height of the silicon sub-
strate. Transmission lines are realized in the levels of metalli-
zation on the front and the back of the silicon (IN1 and IN2,
respectively) to form the turns around the square in silicon.

A turn is composed of elementary metal tracks connected
by two through vias (Fig. 4). Copper is deposited on the
front and rear on high-resistivity 300 pum thick silicon. The
solenoid is built by successive addition of elementary coils
according to a spiral coil distance equal to SP’ (see Fig. 5).
The line-to-line spacing on the same level noted SP can be

Silicon substrate —

Metal front (IN2) —»>

Through via ——»

—

— 3

Metal back (IN1)

Fig. 3. Schematic representation of 3D solenoid.
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Fig. 4. Illustration of a one turn solenoid. (a) Top view. (b) 3D view.

reduced by increasing the width W of the lines. The other geo-
metrical parameters are diameter and height of vias also set by
the manufacturing process through vias. The minimum dis-
tance from via-to-via noted SP was set at 125 pm to avoid
mechanical stress. The 3D solenoid is thus defined by a
number of turns N, D, width, overall length D, without
pads, and a width of metal tracks W. D, and W parameters
can be modified to adjust the value of self-inductance of
solenoid (Fig. 5).

Therefore, a solenoid with N turns is composed of N
elementary turns placed side by side and connected while
respecting the minimum distance SP between two consecutive
vias as shown in Fig. 5. The principle of the 3D solenoid can
thus be configured in several ways: input/output signal on
either side of the solenoid as shown in Figs 5(a) and 5(b)
(the standard configuration) or input/output side as shown
in Fig. 6 (the U-shaped configuration).

A 3D solenoid in two rows (U-shaped) to increase its
number of turns without increasing its length Dx [16] has
also been made. Fig. 6 shows a 7-turn solenoid with the
same length as a conventional 3-turn solenoid (565 pm for
7-turn U-shaped solenoid cons 3535 pm for the 3-turn
classic solenoid).

A) Radiofrequencies characterization

To prove the feasibility and the great interest of such 3D
architectures, nine solenoids were designed and evaluated by
on-wafer probing measurements. Five classical structures of sole-
noids (1-5 turns) and four U-shape structures (7-10 turns) have
been implemented on HRS substrate (p = 1 k() cm) to be tested.
The RF test structures are one (solenoids U) or two ports (for
conventional solenoids), respectively, surrounded by a ring to
electrically connect the grounds of the coplanar ports (ground/
signal/ground). The geometrical characteristics of each test
structure are given in Table 1. The variable Dy is the length of

Sp’

(b)

Fig. 5. Illustration of a 2-turn solenoid made by connecting two elementary
coils (standard configuration), the access lines and the measurements added
pads. (a) Top view. (b) 3D view.
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Fig. 6. Illustration of a 7-turn and U-shaped solenoid. (a) Top view. (b) 3D
view.

each solenoid. Some examples of 3D views as well as the
names assigned to the test structures are shown in Fig 7.

1) ESTIMATE VALUE OF 3D SOLENOIDS
SELF-INDUCTANCE

The self-inductance of a solenoid depends on the number of
squared contiguous turns [17]. Wheeler [18] provides a
simple formulation for square solenoids consisting of N con-
tiguous turns, radius 2a and length b.

B (1 5

(2)
N 1
3.64+ 2b/a+ o0.51 - (b/a)2:|

Liotenoide =

This equation is well suited for long solenoids with adjacent
turns in order to magnetically couple the turns together. In
the case of 3D architecture of solenoid, whether conventional
or U-type, the estimation of self-inductance of 3D solenoids
by the formulation of Wheeler is inappropriate because in
our case, we have spaced turns with a significant distance
from each other. The SP spacing from via to via is set by
the manufacturing process through vias. Therefore a second
method was applied to estimate the self-inductance. It consists
in the model of partial inductances [19].

The principle of partial inductance applied to traditional
3D and U solenoids, consists to decompose the overall self-
inductance L into a sum of elementary self-inductance. The
decomposition of the solenoid for the calculation of elemen-
tary self-inductances is shown in Fig. 8. The items listed by
the same letter A, B, or C, are geometrically identical and there-
fore have the same partial self-inductance. Because the through
vias are being widely spaced from each other (the spacing
between two consecutive vias is about 125 pm), the inductive
coupling between adjacent turns is very low and consequently
all couplings are neglected.

It is the same for the metallization lines in front (IN2) and
bottom (IN1). The width W (50 um) being smaller than the
diameter of the vias (75 wm), inductive coupling will be
very low between two adjacent lines. The estimated self-
inductance values of 3D conventional solenoids obtained
from the partial inductance method are shown in Table 2.

2) METHODOLOGY OF RF MEASUREMENTS

The RF characterization of 3D solenoids architectures is based
on the same principle of RF characterization of through vias
alone. Full 2-port S-parameter measurements were performed
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Table 1. Geometric variations for five conventional solenoids and four
U-type solenoids.

Component Number Dy Dx Surface W Number
of turns (wm) (pm) (mm®) (pm) of vias
RFind1 1 445 285  0.126 50 2
RFind2 2 445 410 0.182 50 4
RFind3 3 445 535 0.238 50 6
RFind4 4 445 660  0.293 50 8
RFinds 5 445 785  0.349 50 10
RFindyU 7 920 565 0.519 50 14
RFind8U 8 920 627 0.576 50 16
RFind9U 9 920 690  0.634 50 18
RFind1oU 10 920 752  0.691 50 20

for each device in the wide-frequency range 100 MHz to
50 GHz. For conventional solenoids, transmission measure-
ments (S,, parameter) were carried out while it was return
loss measurement (S,, parameter) for the U-typed solenoids.
In the latter case, the output port is left in open circuit. The
wafer is stacked to a grounded chuck to ensure a global reference
ground to the wafer, the network analyzer and the micro-probes.
A sheet of glass fiber (~100 pm thick, &, = 4.5) has been placed
between the grounded chuck and the bottom metal tracks of the
wafer. The calibration method used is LRRM. The reference
planes for measurements are at the RF micro-tip.

The Fig. 9 shows an X-ray view of 3D conventional and U
solenoids where the through vias have a good electrical
quality. On this X-ray image, a metallization pattern appears
on the front in slight gray. Black areas indicate a good conduc-
tivity in the through via.

3) RESULTS OF MEASUREMENTS
Five classical 3D solenoids having 1-5 turns and four 3D sole-
noids 3D U having 7-10 rounds were characterized on 17
different chips from the silicon wafer. [S] Parameter measure-
ments have been performed for each test structure on wide
frequencies range from 100 MHz to 50 GHz. To provide the
best electrical performance of inductances, it must be able to
recreate the conditions in RF measurements using these
inductances in various circuits. The following two items
present the technique for extracting electrical performance
in terms of resistance, self-inductance and quality factor.
The results obtained after extraction are shown in the two
following paragraphs.

The electrical parameters of each solenoid 3D (classic and
U) as resistance R, self-inductance L, and quality factor Q were
extracted from RF measurements using the simple mode of

expression, repeated below.

] Yll
R= real(i>, L= —1mag(1/ ) , Q=
Y. a7f

where f represents the frequency.

_ imag(Y,,)

real(Yy,) ' 3)

4) CLASSICAL 3D SOLENOIDS

Figs 10(a), 10(b), 11(a), 11(b), 12(a) and 12(b) show resist-
ance, self-inductance, and quality factor of 3D conventional
solenoids having from N = 1 to 5 turns and U-type 3D sole-
noids with 7-9 turns from the same wafer.

Since the manufacturing process is not mature, it was not
possible to measure more than a dozen components of 1
and 2 turns solenoids on a single wafer, measurements of
resistance, self-inductance, and quality factor were performed
on different chips. Then the percentage of relative difference,
i.e., peak to peak fluctuation was calculated for two frequen-
cies (300 MHz and 1 GHz).

As shown in Table 3, the relative difference on the value of
self-inductance is very low (about 2% at 1 GHz). At first level,
the 3D solenoid architecture gives a quite comparable repro-
ducibility to a spiral inductance in a standard CMOS
process where manufacturing steps are well controlled and
substantially higher than SMD inductances below 10 nH.

The relative deviation of the resistance and hence on the
quality factor is much higher. This can be explained by the
process used to achieve the interconnections, which has not
yet been mature. As shown in Fig. 13, filling copper in the
upper part of the through vias varies from one to another via.

5) COMPARISON BETWEEN 3D SOLENOID AND

MONOLITHIC PLANAR INDUCTANCES
In the context of the system in package, the short distance
between passive and active circuits reduces the lengths of
interconnections between the two circuits, which involve
less parasitic elements. The main interest of through vias is
to coexist interconnects and inductances (solenoids 3D) in a
single process while providing isolation between them due
to very weak coupling between two consecutive through vias.
A 1-turn 3D solenoid was compared with a 1-turn
octagonal-shaped inductance made either in o0.25 pm
BiCMOS or 45 nm CMOS processes (Fig. 14) [20]. In both
cases, the self-inductance value is 0.88 nH. For similar footprint
and self-inductance, the solenoid performances in terms of
Q-factor are better up to 3 GHz (Figs 15(a) and 15(b)).

6) COMPARISON BETWEEN 3D SOLENOID AND SMD
The graph shown in Fig. 17 compares the values of classical
3D solenoids self-inductance to ones proposed by different

RFindl RFind3

RFind5

RFind7U RFind10U

\.:;-_

Fig. 7. Examples of test structures for RF characterization of classical solenoid with 1, 3, and 5 turns, and U-type solenoid with 7 and 9 turns.
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Fig. 8. Cutting a 2-turn 3D conventional solenoid for the calculation of basic
self-inductance.

types of SMD inductances (Fig. 16) versus the surface
occupied.

Below a self-inductance of 4 nH, the 3D conventional sole-
noid technology on silicon takes a smaller area than SMD
inductors, which the surface of contact pads is not taken
into account. The width of the lines of solenoids can be
reduced in order to increase the self-inductance of each line.
For a classical N-turns 3D solenoid, the width of the lines
has been reduced from 50 pm to 10 pm. Thus, the self-
inductance increases of 16%.

V. ANALYTIC CALCULATION OF A
3D INDUCTANCE

A) Calculation of the magnetic induction

The concept of inductance is defined over a closed circuit
driven by an electric current. According to Faraday’s law,
the change in magnetic flux through a closed circuit is pro-
portional to the electric current generated by this circuit.
The inductance is defined as:

_g_j[B dS di’- drii.

I

L

(4)

where B, is the vector magnetic induction generated by the
current; S, the surface of 1-turn inductance (see Fig. 5);
drﬁ/dg‘,_’the length element relative to the surface of the
loop; dl, the element of length of the circuit in which flows
the current; r, the distance between a point on the circuit
and a point of the loop; and W, the magnetic flux generated
by the current flowing through the circuit.

Table 2. Estimated analytical value of the self-inductance (nH) of 3D
solenoids based on the principle of partial inductances compared to N*
variation law given in equation (2).

Components  Number  Partial inductances Law of variation
of turns  (nH) [7] in N*

RFind1 1 0.8 0.8
RFind2 2 1.47 3.2
RFind3 3 2.14 7.2
RFind4 4 2.81 12.8
RFinds 5 3.49 20
RFind7U 7 4.9 -
RFind8U 8 5.6 -
RFind9U 9 6.27 -
RFind1oU 10 6.95 -
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Fig. 9. X-ray photographs of structure of solenoids.

Knowledge of the magnetic induction determined by the
law of Biot-Savart and the current that generates this induc-
tion is sufficient to determine the inductance value:

- Id?*u‘,'
dB = Pt ()

471>

when the current is time dependent, especially at higher fre-
quencies, the propagation phenomena must be taken into
account by using the Maxwell equations. These phenomena
are well represented by the hypothesis of potential delayed
noted A by replacing I by I(#/v):

L
g:bjﬁzﬂﬁﬁ (6)

4 r
[

[T ﬁ(t —r/c)dv
1

In order to calculate the magnetic induction radiated by
a 3D inductance at any point of the space, we have separated
the calculations into two stages. First, we present the cal-
culation of the induction created by an elementary surface
like a rectangular patch (Fig. 18) and then the analytic cal-
culation of the induction created by a cylindrical wire
(Fig. 19).

B) Induction from a rectangular path

We assume that the magnetic induction is created by a flat rec-
tangular surface at the point P of which each side is included
between z — z, and z — z, + dz with z ranging between z, +
M2 and z, — A/2. The current density is assumed to be
uniform. The current in each elementary wire is:

1
dl = ~dz,
3 % (7)
Ko I Zo+A/2 s+ x
B.(x, y, z _
ey, 2) = 7TALO A2 2 +(s+x)*°

[fi(x, 3 2) + filx, y, 2)|dz,
“’01 jzo+/\/2 z (8)
4mA Zo—A/2 224+ (s+x)*

[ 9 2) + £l 2)]d,
By(x,y,2) = o.

By(x, y,2) = —
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Fig. 10. On-wafer measurements of R for 3D conventional solenoids with 1-5 turns (a) and U-type 3D solenoids with 7-10 turns from the same crystal (b).
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Fig. 11. On-wafer measurements of L for 3D conventional solenoids with 1-5 turns (a) and U-type 3D solenoids with 7-9 turns (b).
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Fig. 12. On-wafer measurements of Q for 3D conventional solenoids with 1-5 turns (a) and U-type 3D solenoids with 7-9 turns (b).

By setting:
L, —
fl(x: Y z) = > 2 >
J =) +z sty
L, +
Ly, 2) = 4

\/(Ll +y)+22+ (5427
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(9)

(10)

C) Induction from a cylindrical wire with
radius r

The calculation of the magnetic induction B is obtained from
the vector potential created by a coil with radius A, and cen-
tered at O. The observation point P has coordinates x, y, and
2o The vector potential is in the plane O,,, as shown in Fig. 18.

The current element I.dl has the components on O,. The
current density is assumed to be uniform. The current in
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Table 3. Variations on the measurements of R, L, and Q of 1-turn (RF;,4,)
and 2-turn 3D solenoids (RF;,4,).

RF,-mh RF indz

Frequency AR (%) AL (%) AQ (%) AR (%) AL (%) AQ (%)

300 MHz 30 3 24 36 1 34
=1GHz 25 2 31 19 1 22
f

each elementary wire [r, r + dr] [a, a + da] is:

Fig. 14. Photograph of 1-turn octagonal-shaped inductance.

dl = —rdrda, (11)
A,
The flux value defined on the surface of the solenoid ABCD
A b o has the following expression:
wol ° So—rcosa-+x
BZ(x’y’Z) :72‘.’ [j i 2 2
4m(mA2)), Lo (2o—7sina)*+(s,—rcosa+x) w5 (¢ e
= Bz > Vs 5

[f3 (x,y,z)—i—ﬁ(x,y,z)]da]rdr, ¢ 4774[—52 j_51 (x, y, 2) dx dy (15)

B B Mo (27 Z,—rsina
x(6.7,2) == 477(77)\2) o ), (zo—rsina)*+(s,—rcosa+x)> where the equation of By has the expression given in [12].
° We deduce the inductance L, given by the lengths AD

[fs (0.3,2) +£,(x,y,2) | da} rdr, and BC:
By(x,y,z)=o.
(12)
S, Zo+A/2 sy
Ko S +x
ing: L, =—-— 2

By setting: 47 j_sz Lo_)\/z J_s, 22+ (s, +x) (16)

fi(x, y, 2) x [fi(x, 3, 2) + fu(x, 3, 2) | dz dx dy.
L —y
= 3 . > (13) The flux value on the cylindrical elements with length
\/ (Li =)+ (20 — rsina)*+ (s, — rcos a+x) of AB+CD is defined through the surface 1-turn
3D-embedded solenoid of the expressed as:
filx, y, 2) b= hj j B.(x, y, 2) dx dy, (17)
Li+y AT = )
= - . (14)
\/ (L1 + )’) + (2, — rsina)*+ (s, — rcos a+ x)* where B, is given in equation (10). We deduce the inductance
given by the lengths AB and DC.
i S, S, Ao (27T
D) Theoretical calculation of the inductance L=t J j J. J
477(77/\0) —s,J—s,Jo Jo

value created by a 3D self-inductance
So — 7 Cosa+ x (18)

Fig. 20 shows that the self-inductance is composed of rectangu-
lar paths and cylindrical elements. Therefore, we can apply the
above calculations to calculate the total inductance of an x [f5(x 3 2) + fi(x, ¥, 2)| dardr dxdy,
elementary loop. The loop is supposed to be closed by AD.

X . 2 2
(zo — rsina)*+(s, — rcosa + x)

where f, and f, are given in 9, 10 and f; and f, are given in
equation (13) and (14), respectively.
The following example sets the value of inductance for a
<«— Backside of given size of the coil:
through vias
Copper filling AD/2 =L, = 225 pm,

variation s; = AB/2 = 150 pm,

<+— Front side of
through vias. s, = AD/2 = 225 pm,

1 " e i o AB/2 =L, = 150 pm, S, = 187.5 um, A\, = 25 pum,
Fig. 13. Scanning electron microscope view illustrating the filling of copper in
the high through vias. 2 {Ly, 4 Lax} = 0.7448 nH.
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Fig. 15. Comparison of self-inductance L (a) and Q-factor (b) measurements between a 3D solenoid and an octagonal CMOS and BiCMOS inductance.

VI. BROADBAND ELECTRICAL
MODELING

The behavior of the inductances which are the elements that
occupy the largest surface for radio frequency integrated cir-
cuits (RF ICs) must be described accurately. Usually classical
planar inductors are modeled with the help of the nine-
elements scheme [21]. This technique is not suited in the
case of 3D solenoids because of the backside metallization
and parasitic 3D effects introduced by vias. The modeling of
inductances realized on silicon is difficult to achieve because
of the multiplicity of physical phenomena related to the con-
ductivity of the substrate. They are both of electrical (conduc-
tion) and magnetic (eddy current) nature.

Two broadband modeling techniques were developed and
tested on embedded 3D solenoids: an EM model using the
commercial simulation software EMPRO from Agilent and
an electrical model obtained from discrete elements. EM as
well as electrical models have been validated on the frequency
band 100 MHz-50 GHz and were tested with 1-5 laps con-
ventional 3D architectures of solenoids.

A) EM model

The EM approach enables better understanding of the para-
sitic phenomena existing in the silicon due to through vias
and detects variations in the manufacturing process of
through vias (metallization thickness on the surface, conduc-
tivity of copper resistivity silicon). Physical parameters of the
process of through vias have been used for the EM simulation:

Alumina core

Resin coating or
Ferrite core

Outer electrode

Fig. 16. Picture of SMD inductance.
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the resistivity of the silicon is equal to 10° () cm, the conduc-
tivity of the copper is 5.8 x 10’ S/m and the thickness of the
copper is equal to 8 pm.

An EM model whose input parameters are the values of the
process was extracted as well as a file of [S] broadband par-
ameters that will be inserted into a circuit simulator.

The model was tested both on a 1-turn and on N-turns
conventional 3D solenoids to ensure that the process vari-
ations observed on a 1-turn 3D solenoid, especially the
decrease of the resistivity of silicon, can be also applied to
other 3D solenoids. The EM model has been applied correctly
to a 1- to 10-turn 3D solenoid using the description of the
solenoid and the process parameters. The N-turns solenoids
were performed by setting series of elementary turns. An
example of results for a 2-turn 3D solenoid is shown in Figs
21(a)-21(e). Resistance (R), self-inductance (L), quality
factor (Q), return loss S,,, and insertion losses parameters
S,, obtained from the EM model are compared with RF
measurements.

The resonant frequency is especially well modeled, whether
on the physical parameters (S,,) or the extracted parameters (L).

This initial RF-modeling approach based on EM simu-
lations is flexible. This model of through vias 3D solenoid
was calibrated on RF measurements to be applied with differ-
ent geometries. In case of change in the geometry of the 3D
solenoid, it is easy to restart a simulation for EM [S] par-
ameters model. However, EM simulation time increases
with the complexity of the structure to model. Moreover,
such a model needs to be implemented in a well-known

L=f(surface)

14 -
—=— Solénoide 3D 03015 0402

12 4 —— SMD (solénoide) / /

10 4 —+— SMD (solénoide)
T 8]
£
-l 6 A /n

4 -~

o //n/'
I:/
(]

t t t t t 1

0,3
Surface (mm?)

o4 0.5 0.6

Fig. 17. Inductance L versus the surface for SMD inductances and
conventional 3D solenoids.
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Fig. 18. Induction created by a rectangular surface at the point P.

environment to the user (e.g., directly into the circuit design
tool) and must be didactic.

B) Physical modeling and electrical equivalent
circuit

The purpose of the analog approach is to obtain an equivalent
broadband electrical model that does not require the use of an
EM simulator and certainly avoiding the problems inherent in
this technique (choice of robust EM simulator; calibration of
the EM tool, simulation time). The second model is based
on a physical approach where the solenoid is modeled by
3D localized components, while respecting the geometry.
This independent of frequency model uses electrical lumped
components to be integrated into a commercial circuit simu-
lator and usable over a wide-frequency band.

In the physical approach, our choice has been to monitor
the physical configuration of embedded 3D solenoids in
order to obtain an electric RLC equivalent broadband
model. An equivalent circuit model of the solenoid is obtained
using an equivalent circuit of a through via previously estab-
lished. Then, each solenoid is built from an elementary coil
repeated N times, with N ranging from 1 to 5. We will start
by establishing an equivalent circuit model for a 1-turn sole-
noid. This model is then used for solenoids with several

Fig. 19. Induction created by a cylindrical wire with radius r.
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Fig. 20. 1-turn 3D-embedded solenoid.

turns. The proposed model is presented Fig. 22. Both
through vias are modeled by the elements in series Ry,
Lyp4 reflecting the resistance and self-inductance. Resistance
R and inductance L of microstrip lines connected from the
top and bottom of vias to form a coil are represented by
Riops Rpors Lrop, and Lyer. The influence of contact pads for
RF measurements is taken into account with Ry, Lrop.
Microstrip lines and contact pads have already their own
model implemented in the equivalent electrical circuit simu-
lator ADS from Agilent. Among the contributions to be con-
sidered in the equivalent model, we identified the capacitance
Cyia caused by the presence of an insulating layer between the
substrate and the through via, the capacitance C,, introduced
by the oxide layer placed between the substrate and the micro-
strip lines (front and back), the capacitance Cr,suiasion repre-
senting the interconnection with the component due to the
presence of the sheet of fiberglass under the substrate for RF
measurements. The capacitor C, simulates the coupling
effects between two consecutive front or rear metal lines.
Ryyp and C,p, account for losses of the substrate parasitic
across through vias.

Three distinct phenomena are responsible for the degra-
dation of performances. One of these is the skin effect,
which the characteristic is a non-uniformity of current
density on the section of the conductor. It causes a significant
increase in resistance and a decrease of quality factor. This
contribution is taken into account in the model of via as
well as for microstrip lines and contact pads. The second
phenomenon occurs when two conductors are close to each
other. Their respective fields add up creating a non-uniform
current in each of the two conductors (proximity effect). In
our case, the distance between the vias is too far to have proxi-
mity effects. The development of the EM model with 3D EM
simulation was used to check there were no effects. The third
phenomenon concerns the inductive losses associated with
eddy currents in the substrate. The use of a silicon substrate
with high-resistivity limits the inductive losses in the
substrate.

C) Calculation of lumped elements of the
physical model

Through-vias, tracks and contact pads have their own equiv-
alent electric model. The model of a through via is valid for a
single geometry (300 wm of height and 75 wm of diameter).
Considering the changes in deposition of copper in the
through vias (roughness, covering), the values of model par-
ameters equivalent resistance of a through via previously
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Fig. 21. Extracted parameters for the EM model compared to RF measurements with a 2-turn 3D solenoid. (a) Resistance. (b) Self-inductance. (c) Quality factor.

(d) Return loss. (e) Insertion loss.

exposed were extracted after optimization of the physical
model of via on RF measurements. So, they do not take into
account the input parameters like the geometry of the
through via. Physical models of conductive lines and contact
pads as the length L, the width W, the thickness ¢ and the
nature of the substrate are considered as input parameters.
For the equivalent circuit model proposed in Fig. 22, the
values of parasitic elements (Cyra, Rap» Copr Con and
Cerouna) Were calculated using the equations described in the
next paragraphs.

1) CAPACITANCE OF THE INSULATION LAYER OF A

THROUGH VIA! Cyp,

An insulating layer of thickness 0.5 um and relative permittiv-
ity &, = 4 is deposited at the interface between silicon and the
through via (Fig. 23). The capacity resulting Cy;4 between via

Rp]ul L ot Rmp me Cc Rlop ]-flo Rplol L lot
oMM gy
:m_\-ia Rsub Cm via
Cux‘i ¥ Cm
Cs“htﬂ Ran Tﬂ Raun
Cox 5= 0
Rbot Lo
Cgmumi = hot bk = C!muml

Fig. 22. Equivalent electrical circuit of a 1-turn 3D solenoid.
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and the silicon [21] is expressed by:

277 - €08y - Myig

in(R,/R,) (9)

Ciia =

As the through via has a diameter of 75 wm and a height of
300 pm, we obtain a capacitance between silicon and through

via: CVIA =99 pF

2) RESISTANCE AND CAPACITANCE OF THE

SUBSTRATE Ry AND Cgyp
The influence of the substrate resistivity ps,;, on the value of
quality factor Q of the 3D solenoid is modeled through resist-
ance Ry, Resistance Ry, and capacitance Cy,;, of the substrate
[22] can be calculated in terms of the length Dy of the coil as
the following expression (20). p,, is the resistivity of the
substrate is and &, is the relative permittivity of the silicon
substrate. D, is defined in Fig. 24.

3 7 - Dy
Rs = ———pgp» Cs =
X

(20)

= £,8,.
- D

D) «—silicon
— Insulation
Copper

Fig. 23. Illustration of the capacitance between copper and silicon in a
through via.
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Dx

£
s 4

Silicon

Fig. 24. Illustration of the resistance and capacitance of the substrate.

Loy — Copper
I - Oxyde

Silicon

Fig. 25. Parasitic capacitances existing between a copper line and silicon
substrate.

Silicon

Fiberglass
Ground plane

Fig. 26. Parasitic capacitances between a copper line and a ground plane.

The solenoid having the same height as the silicon sub-
strate (hg,, = 300 pm, pg, = 1k Q.cm), we obtain Ry, =
31 kQ and C,,;, = 33 fF.

3) CAPACITY OXIDE: Cyy

The presence of a thin oxide layer (1 wm thickness) deposited
between the front and back silicon microstrip lines generate
parasitic capacitances that can degrade the series resonant fre-
quency of the solenoid. The resultant parasitic capacitance is

Sxx=f(freq)

i .
% )
& -30 4 —— Measurement_|
— Measurement_2
-40 4 Equivalent Model
_ Optimized model
.50 S
0 10 20 30 40 50
freq (GHz)

(a)

modeled by the capacitance C,, and calculated by adding
three capacitive contributions [23]: the capacitance under
the line Cp,;, the lateral capacitance C,; for an insulated con-
ductor (i.e., for infinite spacing) and the surface capacitance
Ciop only useful for large lines, which is the case of the 3D sole-
noid (Fig. 25).

The two capacitances Cyo; and C,; (surface capacitance Cy,p
directly impacts the capacitance C,; side) are then calculated
using the following equations:

Cbot =W-L- Cbt)
(21)
Cei = (Cedge +W- Ctop) L,
where Cy is the capacitance density under the line, Cy,, is the
capacitance of the surface and C,4 is the lateral surface
capacitance.
The resultant parasitic capacitance C,, is obtained by
summing these two capacitive contributions.
Cox - Cbot + Cei' (22)
For a 1-turn solenoid, the front metallization has a total
length of soo wm while the backside metallization is
350 wm long. The lines have the same width of 50 wm. The
resulting capacitance is then equal to Co 1, = 885 fF and
Cox_bot = 619 fF.

4) CAPACITANCE OF THE GROUND PLANE Cgrounnp
To isolate the backside metal lines of the solenoids and the
ground plane for RF measurements (chuck), a sheet of
fiberglass insulation has been inserted (Fig. 26). Existing
parasitic capacitances between the backside line and the
ground plane are also extracted using the same equations
than C,,.

For a 1-turn 3D solenoid, the backside transition line has a
total length L = 350 um and a width W = 50 pm. The result-
ing capacitance is Cgoung = 13.8 fF.

5) VALIDATION WITH A 1-TURN SOLENOID RF

MEASUREMENTS

The values of parasitic elements previously calculated were
incorporated into the physical model of a 1-turn solenoid.
Optimization performed with circuit simulation software
has been used to adjust [S] parameters of the equivalent

Sxy=f(freq)
0 =t = + + i
e ——————
5
)
= 10
®
w —= Measurement_1
15 1 ~ Measurement_2
Equivalent Model
—— Optimized model
.20 4
0 10 20 30 40 50
freq (GHz)
(b)

Fig. 27. RF measuments compared with the physical model before and after optimization for return loss S,, (a) and insertion lossses S,,. (b) of a 1-turn solenoid.
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Fig. 28. Comparison of R (a), L (b), and Q (c) between RF measurements and physical model with and without optimization for a 1-turn solenoid.
Table 4. Values of parasitic elements of the equivalent model before and after optimization.
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Fig. 29. Variations of the width W of lines and impact on extracted parameters obtained from the physical model.

model with [S] parameters measurements. The optimization
condition was performed by changing the values of parasitic
elements (Figs 27(a) and 27(b)). Figs 28(a)-28(c) compare
the extracted parameters (resistance, self-inductance, and
quality factor) obtained from RF measurements with physical
model before and after optimization for the return loss par-
ameters S,, and insertion losses S, ,.

Without optimization of § parameters (green trace), we can
notice that the resistance of the solenoid is largely underesti-
mated at higher frequencies. Thus, the quality factor value is
much higher than the measured one (trace in purple and
orange). After optimization, the insertion loss parameter S,,
is close to RF measurements and return loss coefficient S,,
is decreased. A very good agreement between the measure-
ments of R, L, and Q and the optimized model has been
reached (Table 4).

L,;, and C,;, have been previously defined in the modeling
and optimization of through vias [14, 15]. The value of L,;, is
about 56 pH in the frequency range from o.1 to 50 GHz. The
resistance R,,;, varies from o0.01 () at 0.1 GHz to 100 at
50 GHz.

Referring to the values of parasitic elements after optim-
ization (Table 4), we noticed a change in resistance of the
substrate. By developing the EM model, the change of resis-
tivity of the substrate appeared. Both models (EM and phys-
ical) reflect resistive losses due to the substrate, thus

https://doi.org/10.1017/51759078713000111 Published online by Cambridge University Press

confirming a change of resistivity of the substrate near the
through vias.

6) CHARTS GENERATION WITH THE PHYSICAL

MODEL

On the one hand, a physical model of solenoid predicts the be-
havior frequencies when designing a circuit. On the other hand,
as a function of the geometry of the solenoid, such a physical
model reduces the number of iterations in the design of a 3D
solenoid to achieve accurate performances. Keeping the same
geometry of the through vias and the minimum distance from
via to via, it is possible to vary the dimensions of the lines
through this physical model and visualize the self-inductance
and quality factor in function of frequency. Equations developed
for calculating the parasitic elements are implemented in the
physical model in order to automatically recalculate the value
of these components according to geometric variations of the
lines. In the physical model, the width W of the lines has been
changed to observe the impact on the overall performance of
a 1-turn solenoid. Figs 29(a)-29(c) illustrate the impact of the
change in lines width (initial value 50 pm, 10 to 9o pm vari-
ation in steps of 20 wm) on the extraction of the resistance,
the self-inductance and the quality factor. A maximum quality
factor Q =25 has been obtained with a line width W=
90 pm at 2 GHz for a 0.8 nH device.
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The line width limit was set at 9o wm to avoid modifying
the original arrangement of the through vias of the solenoid.
Thus, by varying the width of the tracks of 10-90 um sole-
noid, we obtain a maximum variation on the self-inductance
of 34 and 65% on the quality factor at a frequency of
1 GHz. Just as for the monolithic spiral inductances and
even if a better high-frequency resistance model is needed to
capture the Q up to 50 GHz, such charts are very useful to
get an idea of the performance achievable according to the
dimensions of the solenoid.

VIl. CONCLUSION

This paper has presented a new architecture of inductance, the
3D solenoid, measured and modeled frequencies for a struc-
ture with one and several turns. We have highlighted three
methodologies to obtain an equivalent broadband model of
N-turn 3D solenoids. The first is based on electromagnetic
simulation taking into account the parameters of the manu-
facturing process of through vias. The advantage of this EM
model is its flexibility. This EM model can be applied to any
geometry of solenoids, provided that it does not change the
process parameters. The second modeling technique of sole-
noids was to create an equivalent physical broadband model
with lumped elements (R, L, and C). This model instan-
taneously takes into account changes of geometric lines of
the solenoid (length, width, and thickness). Both modeling
approaches show similar performance, either to translate the
frequency behavior of physical parameters (transmission
S,.) or extracted parameters (resistance, self-inductance, and
quality factor). The EM model allows designing components
and/or circuit blocks with EM simulations by testing perform-
ances and thus to avoid the systematic use of RF measure-
ments and fabrication of test structures. Using the physical
model approach, it is possible to generate abacus showing
versus frequency the self-inductance and quality factor
depending on the size of the lines. When designing a solenoid,
the number of iterations needed to obtain accurate perform-
ance reduces considerably. An EM model has high flexibility
for the S-parameters of any 3D geometry of solenoids. Any
change of the geometry requires a new EM simulation, depend-
ing on the size and complexity of the structure under test.

In an effort to integrate passive components into a single
substrate and near the active chips, a new architecture of
inductance using the advantages of this emerging technology
of interconnections has been investigated. The vias are con-
nected together through the substrate by metallization on
the front and rear to achieve a square section embedded sole-
noid through the substrate. Characterization in the field of RF
points up interesting performances in terms of quality factor
below 2 GHz, which outperform those obtained by planar
inductors in a standard BiCMOS or CMOS process with self-
inductance and equivalent surface. The minimum spacing
observed between two consecutive vias greatly reduces the
inductive coupling between two adjacent turns in the solenoid.
Therefore, the values of self-inductance are proportional to
the number of turns, which represents an advantage with
respect to insulation between two adjacent solenoids.
Modeling allows translating the electrical frequency behavior
of the inductance and takes into account its influence on per-
formance when designing the circuit thanks to commercial
CAD tools. The model should be valid over a wide-frequency
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band and take into account the effects of parasites that cause
performance degradation of an inductance (skin effect and
proximity, eddy currents, etc.). The modeling of a planar
inductor is well known and controlled, which is not the case
of a 3D inductance through the substrate using the through
vias. Two approaches were considered by the broadband mod-
eling of the solenoid. The first is based on EM simulation that
takes the parameters of the manufacturing process as input
through vias. Once the EM simulator calibrated on measure-
ments of a solenoid in round 1, this model is applicable to
different geometries of coils, resulting in great flexibility.
The second approach is an electrical modeling based on dis-
crete elements (R, L, and C) using the equivalent circuit
model of a through via. This equivalent electrical model of
the solenoid although it is as good as the EM model, is only
valid for a single geometry through via (height of 300 wm,
75 pm diameter) which it makes less attractive and flexible.
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