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Modeling of TSV-Based 3-D Heterogeneous Solenoid Inductor
with High Inductance Value

Jinrong Su® *, Haobo Wang!, Haipeng Dou?, and Xinwei Chen?!

Abstract—In this letter, a novel 3-D heterogeneous solenoid inductor with high inductance value is
proposed. By adding planar spiral structure at the ends of through-silicon vias (TSVs) of typical 3-D
solenoid inductor, the heterogeneous solenoid is formed. The total inductance is increased by more
than 41% compared with that of typical solenoid inductor of the same size. Additionally, an accurate
analytical model of the inductor is established considering all the factors including angle and offset.
Q3D simulation results verified the accuracy of the model, and the percentage error is less than 5.38%.
This work provides an important reference for inductor designers to quickly estimate inductance value,
configuration, and layout area.

1. INTRODUCTION

With the development of miniaturization of wireless communication system, higher requirements are
put forward for fully integrated technology. As a necessary component of energy storage and filtering,
the integration of inductors is a key technology that restricts the full integration of a radio frequency
(RF) system [1]. Small occupation area, high inductance, and high @ have always been the pursuit of
inductor designers [2]. The 3-D solenoid inductor based on through-silicon via (TSV) technology has
been proved to be one of the most effective solutions to improve integration and performance. A great
deal of research has been done on its modeling and optimization. For example, in terms of inductor
modeling, [3] proposed a simple electrical model of 3-D solenoid inductor using data fitting method but
lack of physical interpretation. In [4], a circuit model of TSV-based solenoid inductor was proposed
considering both temperature and geometrical parameters. Moreover, [5] put forward a simple and
accurate analytical model with an error of less than 7.5%. To improve the model accuracy in [5], both
internal inductance and details of redistribution layer inductance were considered in [6]. Besides, [7]
established physics-based modeling of 3-D inductor considering skin and proximity effects, making it
suitable broadband estimation. In addition to modeling, the optimization of inductor structure has
also been carried out. For instance, ground shielding TSVs were added around the T'SV-based solenoid
inductor to suppress the crosstalk in [8]. An equivalent model was also established considering the
ground TSVs, and the error is less than 5%. [9] proposed a nested solenoid inductor based on TSV,
which promoted inductance value dramatically. The works above provide important basis and reference
for future research. It is worth noting that in many applications the required inductance value is
so rigorous that only adjusting multiple parameters comprehensively can obtain ideal value. Simple
methods need to be studied. Furthermore, how to promote inductance value in limited area is still
worth further exploration.

In this letter, a 3-D heterogeneous solenoid (HS) inductor structure is proposed. A planar spiral
structure is added to introduce horizontal magnetic flux. As a result, the inductance value is increased
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dramatically. Besides, the inductance value can be fine-tuned by changing number of planar spiral
structures without adjusting the entire structure. Additionally, the equivalent electrical model is
established for quick estimation of the inductance value and occupied area of the inductor. The accuracy
of the model is verified against the Q3D simulation results, and the error is less than 5.38%.

2. CONFIGURATION OF THE HS INDUCTOR

2.1. Typical Structure

Figure 1(a) shows the schematic of a typical TSV-based solenoid inductor. The tracks in the
redistribution layer (RDL) are connected to the vertical TSVs in the silicon substrate to form a solenoid
structure. For an N-turn HS inductor, there are 2N TSVs arranged in N rows and 2 columns.

2.2. Heterogeneous Solenoid Inductor

To increase the total length of the inductor metal track and introduce magnetic flux across the horizontal
plane simultaneously, planar spiral structures are added at ends of TSV to form a heterogeneous solenoid
(HS) inductor. Take 4-turns as an example, as illustrated in Fig. 1(b), planar spiral structures are
alternately connected to the top or bottom of TSVs. Alternating arrangement is aimed at reducing the
capacitance effect. In order to facilitate elaboration, the 4-turns HS inductor with geometric parameters
listed in Table 1 is taken as the instance below.

Figure 2 depicts the inductance value of the proposed HS inductors and the typical ones for different
turn numbers, N. Identical substrate and geometric parameters are set when calculating. It is clear
that the value of both structures increases with N, and the value of the HS inductor is larger. For
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Figure 1. Configurations of 3-D solenoid inductor: (a) typical and (b) proposed HS inductor.
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Figure 2. Comparison of inductance value between the HS inductors and typical ones.
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Table 1. Geometric parameters of the HS inductor.

Symbol Design parameters Value/pum
pTSV TSV pitch 200
STSV TSV spacing 40
hTSV TSV height 100
TSV TSV radius 5
drpr,  Distance between top and bottom RDL tracks 103

lbt. Bottom RDL track length 176
lis.1 Top layer type 1 track length 204
lit9 Top layer type 2 track length 174
S Slot width of bottom spiral 2
w RDL track width 10
tRDL RDL track thickness 3
Tin Top spiral inner diameter 15

example, when N is 3, the inductance value of typical inductor is 1.46 nH while that of the HS inductor
is 2.06 nH. Besides, the inductance of the spiral structure is plotted, and it is seen that it contributes a
lot to the promotion of the total inductance. More than 41% is increased by adding the spiral structures.

3. INDUCTANCE MODELING

The inductance value of the HS inductor is the total of the self-inductance and mutual inductance of
TSV, RDL tracks, and planar spirals. The inductance modeling of each part is established in detail
below.

3.1. Inductance Modeling of TSVs

A single TSV can be regarded as a cylindrical metal, and its self-inductance can be calculated by [6]:

h 2h h
FORTSV |y ZNTSV. 14 TSV + HoTsv (1)

Leeit(hrsv, rrsv) = 5 — - e

where p1g = 4 x 107" H/m is the vacuum permeability, and pghTsy/87 is the internal inductance of
TSV. There are 2N TSVs in N-turns solenoid inductor. Thus, the total self-inductance of TSVs can
be expressed as
Lrsy seif = 2N Leeir (hTsv, T18V) (2)
To calculate mutual inductance between TSVs, the distances between different TSVs, d, need to
be clarified first. For the i-th and j-th TSVs in the same column that are not adjacent, d is denoted by
drsvse., and it equals kstgy, where k = |i — j|. For TSVs in different rows and different columns, d
equals [pgrsv + (k:sTSv)Q]l/ 2 and it is denoted by drgy.d.c.. The mutual inductance between two TSVs
with the distance of d can be calculated by [7]

.1 h /P
Malign(hTSV7 d) = % |:hTSV smh 1 ’I;lSV — hngV + d2 + d:| (3)

By replacing d in the formula with stsv, dTsvs.ec., O drsy.d.c., the mutual inductance between each
two TSVs in the HS inductor can be obtained. The currents flowing through TSVs in the same column
are in the same direction, and that in different columns are reversed. The total mutual inductance
between T'SVs in the same columns can be described by

N—1
M (hrsy,drsvse) =2 ) (N —m) Maign (hTsv, mstsv) , (4)

m=1
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and that in different columns can be expressed as
N-1
M (hrsv, drsv.d.ec.) = NMaiign (hTsv, pTSV) + 2 Z (N — k) Matign (htsv, drsv,d.c.) (5)
k=1
Since the mutual inductance between TSVs with the same currents’ direction is positive and that
with opposite direction is negative, the total inductance of TSVs is

L1sv sum = 2N Lgeit (hrsv, rrsv) + 2 [M (hrsv, drsvsc.) — M (hrsv, drsv.d.c)] (6)

3.2. Inductance Modeling of RDL Tracks

Similarly, both self-inductance and mutual inductance between different tracks in RDLs should be
considered when the inductance model of RDL tracks is established. Let’s start with the self-inductance
calculation. There are three different lengths of tracks. The bottom RDL tracks have the same length of
lpt. = prsv —2s—2w, and two adjacent tracks are offset, as shown in yellow rectangles in Fig. 3. Besides,
the top tracks have two lengths, l; 1 and l; 2. The self-inductance of each track can be obtained by
replacing hrgy with the track lengths and rpgy with w/2 in formula (1). Then the total self-inductance
of the tracks in both layers can be obtained as

. N
Lypr seit = MLgeir (Ie.t.1) + MLgerr (let.2) + 2mLges (Ipt.), N is even, m = 5
, o1 D
LrpLself = MLgels (le.6.1) + (m + 1) Leeie (le.t.2) + (2m 4+ 1) Lgeie (Ipt.), N is odd, m = —5

where Iy 11 = [(prsv)? + (sTsv)?]V2, and Iy40 = [(prsv)? + (sTsv)?]Y? — 2rin.
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Figure 3. Top view of RDL tracks. The tracks in yellow are in bottom layer and that in purple are in
top layer.

For two tracks that are both in odd (or even) rows in the bottom layer, their ends are aligned. Thus,
the mutual inductance can be calculated by replacing hrgy with I ¢, and rpgy with w/2 in formula (3).
For two tracks that one is in odd (or even) row and the other in even (or odd) row, their ends are
staggered by 2s — 2w. The mutual inductance can be calculated using (3) [10]

Moiset,bot = Malign (PTSV, dij) + Malign (PTSV — 25 — 2w, d;j) — 2Ma)ign (25 + 2w, dyj) (8)
where d;; is the distance between two tracks. The total mutual inductance between tracks in bottom
layer is

Mrprbot = 2 Z (N —2m) Mjign (Ip.t., 2msTsy)]

m=1

+2 Z [(N - (2m - 1)) Moffset,bot (lb.t.7 (2m - 1) STSV)] , m=1,2..
m=1

=
=
_l_
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Similar to the bottom layer, the top layer tracks that are both in odd (or even) rows are aligned,
and the mutual inductance between them can be obtained by replacing parameters in formula (3). The
tracks with different lengths are staggered. The mutual inductance between them can be calculated as

Moffset,top = 2Malign (\/ p’QI‘SV + Sgrsv — Tin, d> - 2Malign (Tin, d) ) (10)

where d is the distance between tracks and equals (2m — 1)spgy (m = N /2, m = 1,2,3......). The total
mutual inductance between the top RDL tracks is obtained as

m—1 m—1
MgpLiop = _ kMatign (lt.1,2 (m — k) stv) + Y kMaign (Ir.1,2 (m — k) stsv)
k=1 k=1
- N N-1
+ Z (2k — 1)) Moscrcop (2K — 1) s15v)] m = - or — (11)
o=

As there is an angle 6 between the top and bottom tracks, a schematic of layout relationship is
plotted in Fig. 4 to clarify the geometric parameters. The dotted line in Fig. 4 shows the projection
of the top track on the bottom layer. The extension line of the projection forms an angle 6 (equals
arctan(stsy/prsv)) with the extension line of the bottom track. Additionally, the lengths of the two
extension lines are a and 3, and they can be calculated by the trigonometric function. Since the bottom
tracks are staggered and the top tracks in different lengths, four different positional relationships should
be considered. To illustrate this visually, each track in top layer is labeled as TT7 and that in bottom
layer labeled as BT, as shown in Fig. 3. The lengths of a and § for different groups of tracks are listed
in Table 2.

Table 2. « and S for different groups of tracks.

Q; length Bi length Group

o rin + 2k[(stsv)? + (prsv)?]!/? B 2kprsv BT1 vs TT1
ag | 2k —1)[(stsv)® + (prsv)FY2 | Bo | 2(s +w) + 2(k — D)prsy | BT2 vs TT2
o3 (2k—)[(sTsv)? + (prsv)?]L/? Bs (2k — )prsy BT1 vs TT2
oy | i+ (2k — D)[(stsv)? + (prsv)?]Y? | Ba | 2(s +w) + (2k — 1)psy | BT2 vs TT3

The lengths of the end-to-end connection between the endpoints of the top and bottom tracks are
calculated as follows [10}:

= [+ (a+ 1)+ (B+m)? —2(a+1)(8+m)cosh]/? (
= [+ (a+1)* + 8% — 28 (a + 1) cos 0]*/2 (13
[d® + a? + 3% — 208 cos 0] /2 (
= [d®> + a® + (B4 m)? — 2a (8 4 m) cos 0]/ (

Using the geometric parameters calculated above, the mutual inductance can be obtained as [10]:

4 L s.
M (lyt,0,B8) = % 0 cosf (4 lit.) tanh ™! 7 btRQ (B + Iyt ) tanh™? 7 :R4
s 1 e o Qdrpr,
—atanh™! tanh™! - = 16
atanh o, Tt o | T 4 tand (16)

where l; ¢, equals l; 1.1, or Iy t.2. drpL equals hpsy + trpr, and €2 is the solid angle that can be calculated
using geometrical parameters including 0, «, /3, and tracks lengths [10]. The total mutual inductance
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Figure 4. Layout relationship between top track Figure 5. The structure of a 2-turns spiral
and bottom track. structure.

between the top and bottom tracks is calculated as

m m
MgpLytopbott = O (N = 2k) M (li.r.2,01,81) + > (N = (2k — 1)) M (lys.1, 02, B2)
k=0 k=1
m
N N-—-1
+ kZ_l (N = (2k = 1)M (1,3, 53), m= 5 or — (17-1)
“ N N+1
MRpLopbot2 = 2D (M= k)M (2,04, B1), m = - or — (17-2)
k=1
MRDLtop_bot = MRDL,top_bot1 + MRDL,top_bot2 (17)
Then, the total inductance of all the RDL tracks is
LRDL sum = LRDL selt + MRDL,top + MRDL,bot — MRDL,top_bot (18)

3.3. Inductance Modeling of the Planar Spiral

Figure 5 plots the top view of a planar spiral with inner and outer dimensions Dy, 4, Dout,zs Din,ys Dout,ys
and the mean value in the z and y directions Dayg » and Dayg . The self-inductance Lgeitq, Lselt,y, and
mutual inductance M,, M, can be calculated using the current sheet approximation method [11]. The
total inductance of a planar spiral is

Lspiral =2 (Lself,x + Lself,y - Mac - My) (19)

The total inductance Lgpiral sum Of the spiral of N-turns solenoid inductor is the sum of all the top
spiral inductance Lgpiral top and the bottom spiral inductance Lgpiral bot:

Lspiral,sum =N (Lspiral,top + Lspiral,bot) (20)

Since the horizontal part and TSVs are perpendicular to each other, their mutual inductance is
zero. The total inductance of the proposed HS inductor is obtained as

LTOT = LTSV,sum + LRDL,sum + Lspiral,sum (21)
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4. VALIDATION AND DISCUSSION

Ansys Q3D was used to verify the accuracy of the proposed theoretical model. In simulation and
calculation, the values of hrsv, prsv, sTsv, and w are set as that listed in Table 1. Fig. 6 compares
the simulated and calculated results of Lror for different hrsv, prsv, stsv, and N. N is set to 4 when
the other three parameters vary.
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Figure 6. Comparison of inductance value between model calculation and Q3D simulation results for
different parameters: (a) hrgy. (b) prsy. (¢) N. (d) stsv.

The results indicate that the calculated and simulated results agree well over various parameter
ranges. The percentage error is less than 5.38%. Besides, Ltor increases with TSV height, TSV
pitch, and turn number. The reason is that larger value of those parameters will produce greater self-
inductance and mutual inductance according to (1) and (3). Furthermore, in Fig. 6(d), Lot declines
slightly at first but climbs at a certain point as stgy increases. The reason is that both TSV-to-TSV
and track-to-track distances increase with stgy. According to (3), the mutual inductance decreases.
Simultaneously, the length of top RDL tracks increases with stsy, which will lead to larger inductance.
The opposite effect on Lot forms the curve like a parabola.

Besides, to explore the fine-tuning performance of the HS inductor, Table 3 compares the inductance
values of typical inductors with that of the HS inductors added with different planar spiral structures.
The parameters of inductors are the same as that in Table 1. As listed in Table 3, the inductance
values of the typical inductors are 1.35nH, 1.83nH, and 2.32nH when the turn numbers are 2, 3, and
4, respectively. The inductance value increases by 36.4% and 21.2% by changing the turn number from
2 to 3 and 3 to 4, respectively. It indicates that only changing the turn number cannot achieve values
between 1.35 and 1.83nH (or 1.83 and 2.32nH). Several parameters must be adjusted comprehensively.
In contrast, the inductance values of HS inductor can be fine-tuned by changing the configuration of
spiral structures. Take a 3-turns HS inductor as example, the inductance values of 1.87, 1.98, 2.02,
and 2.13nH can be obtained by adjusting number and turns of spiral structures. Compared with the
3-turns typical one, the inductance increases by 2.2%, 8.2%, 10.4%, and 16.4%, respectively. The results
indicate that more inductance values can be realized without changing too many structural parameters.

Table 3. Comparison of inductance value of typical and HS inductors.

N | Lror.s,/nH Lror_us
Lroraa | Lotz | Lrorai&te | Lrorae
1.35 1.39 1.50 1.53 1.64
1.83 1.87 1.98 2.02 2.13
2.32 2.36 2.47 2.51 2.61

LtoTt.4y: Total inductance of typical inductor.
Ltotr mn: Total inductance of HS inductor with m, n-turns spiral structure.
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5. CONCLUSION

In this letter, a 3-D heterogeneous solenoid inductor based on TSV is proposed. By adding planar
spiral structures at the ends of TSV, horizontal magnetic flux is introduced, and thus the inductance
is promoted by more than 41%. Besides, an accurate analytical model of the proposed inductor is
established which considers the position factors including offset and angle. Ansys Q3D simulation
results show that the percentage error of the model is less than 5.38% for the parameters in usual
cases. Thus, it can be used for quick and accurate estimation of turn number and area to be occupied.
Moreover, the total inductance value can be fine-tuned by adjusting the number and turns of the planar
spiral structure, which is conductive to the precise design of devices such as filters.
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