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Abstract — Through-silicon via (TSV) provides ver-
tical interconnectivity among the stacked dies in three-di-
mensional integrated circuits (3D ICs) and is a promising
option to minimize 3D solenoid inductors for on-chip ra-
dio-frequency applications. In this paper, a rigorous ana-
lytical inductance model of 3D solenoid inductor is pro-
posed based on the concept of loop and partial induct-
ance. And a series of 3D samples are fabricated on 12-in
high-resistivity silicon wafer using low-cost standard
CMOS-compatible process. The results of the proposed
model match very well with those obtained by simulation
and measurement. With this model, the inductance can
be estimated accurately and efficiently over a wide range

of inductor windings, TSV height, space, and pitch.

Key words — Analytical model, Solenoid inductor,
Passive microwave devices, Three-dimensional integ-
rated circuit, Through-silicon vias (TSVs), Finite ele-

ment method (FEM).

I. Introduction

Three-dimensional integrated circuits (3D ICs) un-
derpin low power and high-performance integrated sys-
tems by stacking multiple silicon layers [1]-[4]. As the
critical component for 3D ICs, through-silicon vias
(TSVs) provide short high aspect-ratio vertical inter-
connections among the stacked dies and have been
greatly investigated aiming multiple applications [5].
One appealing application is the potential to produce
an on-chip inductor, which is a key component in radio-
frequency and microwave systems [6], [7].

Compared to conventional implementations of on-

chip inductors, TSV-based solenoid inductors yield
higher inductance density and can be realized with con-
siderably less area [8]. Several investigations have been
made on TSV-based solenoid inductors and the related
fabrication processes are reported in [5]-[9]. Inductance
models extracted by measured or simulated Y-paramet-
ers are proposed in [10]-[12]. However, these models are
not rigorous and are not closely related to the physics
describing the inductor. Grover formulas are conveni-
ent to estimate inductance [13], but the accuracy is lim-
ited due to the heterostructure of the TSV-based 3D
solenoid inductor. Hence, a magnetostatic model used
to rigorously evaluate the mutual inductance between
coupled structures and parametrically analyze the solen-
oid inductors is required.

By approximating wire segments of the redistribu-
tion layer (RDL, metal layers deposited on top of the
substrate, typically used to interconnect TSVs [1]) as
cylinders, a simple model is proposed in [14]. However,
this model is only suitable for the case that the RDL’s
width is equal to the TSV’s radius. An inductance mod-
el based on trigonometric functions is proposed in [15],
but this approximation underestimates the coupling
between the top and bottom RDLs, thereby introduces
a large error. Based on the finite element method
(FEM), electromagnetic solvers such as the Ansys Q3D
Extractor can obtain accurate results, but this and oth-
er similar extraction tools are intrinsically time-consum-
ing and impractical for parametric analysis. Further-
more, the result is not intuitive and the analysis of the
effect(s) of each geometric parameter on the overall be-
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havior of the inductor is not straightforward. cludes this paper.
By computing the self- and multi- inductance for-

mulas for four segments in each turn of 3D inductor II. Analytic Model of Solenoid Inductor
separately, a rigorous inductance model of the solenoid In this section, a rigorous analytical inductance
inductor is developed analytically using the concept of  110del of a solenoid inductor is proposed using the
loop and partial inductance. Compared with other concept of loop and partial inductance.

methods, the proposed model is fast with computation- The physical model of a 5-turn solenoid inductor is
al times of about 30 ms, highly accurate with an error  ghown in Fig.1(a). N-loop TSV-based solenoid induct-
less than 3.7%, practical for capturing changes in the  org consist of one TSV array with two rows and N

design parameters, and intuitive for parametric analys-  columns, connected by top and bottom RDLs. The dir-

is in the design process of 3D systems. ections of the current and magnetic flux are also indic-
The remainder of this paper is organized as follows.  ated in the Fig.1(a).

The partial and loop inductance are derived in Section To derive a rigorous inductance expression, several

II. The fabrication process flow of the solenoid inductor  steps are required as follows. Each loop can be divided
based on a standard CMOS process is demonstrated in  into four segments: top RDL, two TSVs, and bottom
Section IIT. The layouts, photographs, and cross section- ~ RDL, as depicted in Fig.1 (b). The self-partial induct-
al views of test samples are also included. Next, in Sec-  ance of each segment and the mutual-partial induct-
tion IV, the proposed model is validated through meas-  ance among segments are calculated by integration, re-
urements. In addition, the effect(s) of the design para-  spectively. The total loop inductance of an N-loop in-
meters on the inductance of TSV-based solenoid induct-  ductor is derived by adding all of the self- and mutual-
ors are analyzed in depth. Finally, Section IV con- partial inductances.
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Fig. 1. Perspective view of a TSV-based solenoid inductor. (a) N-loop inductor (N = 5); (b) Single-loop inductor with coordinate
axis and structural parameters.

1. Self-partial inductance of TSV According to the Biot-Savart law [16], this current

The coordinate system is set as shown in Fig.2. segment produces a magnetic flux density B across the
Due to the magnetostatic assumption, the current that y-z plane, and the value of B(r,Z) at the point (r, Z)
flows in the TSV is assumed to be distributed uni-  can be described as (1).
formly over the wire cross section and oriented along
the z-axis polIr M 1

‘ B(r,Z)= 1 / 5 3/2dz
T Je=0 [(Z - 2)" 40

_ kol Z _ Z — hrgy
dmr | V2R \/(Z — hrsy)” + 12

(1)

Hence the total magnetic flux through the surface s

shown in Fig.2 can be derived as (2). The self-partial

inductance of a single TSV can be obtained as (3).

From (3), it can be seen that the self-partial induct-

— — ance increases with the TSV height due to the larger in-

Fig. 2. Coordinate system for integrating the self-partial in- tegral region and decreases with the TSV radius due to
ductance of TSV. the reduced magnetic flux density.
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ductances among TSVs in the same row with the cur-
rent flow in the same direction as depicted in Fig.3(b) rrsy +d\ 2 L TSy d A
and mutual-partial inductances among TSVs from dif- B hrsy i hrsv @

ferent rows with the current flow in the opposite direc-
tion as depicted in Fig.3(c).
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Fig. 3. Mutual-partial inductances among TSVs from (a)
(b) The same row; and (c) Different

rows. The labels of points and crosses in the figures

Both rows;

represent respectively the outward and inward cur-
rent direction in the T'SVs.

In both cases, the mutual-partial inductances
Mrgv(d) can be derived by integration similar to (2)—(3),
and are given by (4), where d = ds; j or d = do; ; repres-
ents, respectively, the distance from the jth TSV to the
ith TSV in the same row or different rows and is writ-

ten as (5) and (6).

ds;j = |i — j|stsv

. N2
doj; = \/stv2 + (i = j) srsv?

Hence, the mutual-partial inductances between the
TSVs are Ms; ; = Mrsy(ds; ;) if the TSVs belong to
the same row and Mo; ; = Mrsy(do;, ;) if the TSVs be-
long to different rows, respectively.

Note that the mutual-partial inductances among
TSVs from different rows are negative due to the op-
posite current directions. Particularly, a special case is
encountered if ¢ = j in (5) where the ¢th and jth TSV
represent the same TSV. In this case, the result ob-
tained by substituting (5) into (4) is identical to that of
(3). Both types of mutual-partial inductances decrease
with the TSV distances as described in (4)—(6), which
suggests that in order to increase the total inductance
for the same chip area, a larger pitch of TSVs among
different rows (labeled as prgy in Fig.1) and smaller
space of TSVs of the same row (labeled as stgy in Fig.1)
are preferred.

3. Self-partial inductances and mutual-par-
tial inductances among RDLs

As shown in Fig.4(a), similar to the integration in
Section II.2, there are three types of mutual-partial in-
ductances among RDL wires: the mutual-partial induct-
ances among bottom RDL segments (Mb; ), with the
flow of currents in the same direction; the mutual-par-
tial inductances among top RDL segments (Mt; ;), with
the flow of currents in the same direction; and the mu-
tual-partial inductances among segments from both the
top and bottom RDLs (—Meg; ;), with the flow of cur-
rents in the opposite directions.

Similar to the integration in Section II.2, the mutu-
al-partial inductances between centers of parallel RDL
segments can be given as (7), where lgpr, notates the
length of the RDL wire and d denotes the distance
between two RDL wire segments.



368 Chinese Journal of Electronics

2023

P2

TSV, TSV,

TSV, TSV,
(©)
Fig. 4. Mutual-partial inductances among (a) All the RDLs,
(b) Bottom RDLs, and (c¢) Top RDLs.

For the case of bottom RDL wires as shown in
Fig.4(b), by substituting (8) into (7), the mutual-par-
tial inductance can be obtained as Mb; ; = Mgpr(prsv,
db; ;), where the distance between bottom RDL wire
segments db; ; is described as (8).

Mprpr(lrpr, d)
1o IrpL lror \ >
— KO I | RRL [RDL )
o lRDL "la ( d ) *
—\/lroL? + @ +d
_f li—jlstsv, i#]
dbz’j o { 0.5wRpL, 1=7 (8)

(7)

The mutual-partial inductances between top and
bottom RDLs can also be approximately evaluated by
substituting (9) into (7), leading to M¢; ; = Mgpr(prsv,
dc; ), with the sign being negative due to the opposite
current directions. Here, the distance is written as (9).

deij = \/[(|i — jl+0.5) s1sv]” + hrsy? (9)

For the case of top RDL wire segments as shown in
Fig.4(c), the calculation is more complicated and their
endpoints are offset by length lo; ;, parallel length Ip; ;,
and perpendicular distance dt; ; can be decreased as (10),
(11), and (12).

i — j| sTsv?

a5 V sTsv? + prsv?
V/ STsv® + prsv

lo; ; = min [ (10)

lpij = V/stsv? + prsv? — log

li — j| stsvprsv

e, 1 7]
v/ stsve + prsv

0.5wrpL, 1=

(11)

dt; ; = (12)

According to the theory of partial inductance with
offset [16], the mutual-partial inductances (between seg-
ments in the top RDLs) from the jth RDL to the ith
RDL are determined by substituting (10)—(12) into (7),
which can be written as (13).

1
3 [MroL (Ips,j+2lo, dt; )+ Mgor (Ipi ;, dt; ;)]

— Mgpr, (lo; 5, dt; ;) (13)

Mt ; =

Note that, when ¢ = j, the self-partial inductances
of bottom and top RDL segments Lbrpr, = Mrpr(prsv,
db; ;) and  Ltgpr, = Mrpr(lps ;,db; ;) are determined
through (7)—(12).

Due to the similar distance and length, the mutual-
partial inductances of wire segments located both either
at the top and bottom RDL are approximately equal
and contribute considerably to the total inductance of
the solenoid In contrast, the
between wire segments located, respectively, either at
the top and bottom RDL or, vice versa, Mc; ; is negat-
ive and has a weak contribution to the total induct-

inductor. inductance

ance due to the long distance between the top and bot-
tom RDLs, as described by (9).

The current flow in TSVs is orthogonal to that in
the RDLs and yields identically zero scalar product.
Consequently, the mutual-partial inductances between
TSVs and RDLs are zero according to the Neumann
formula [17].

4. Total loop inductance of N-loop inductor

According to the theory of loop inductance, the in-
ductance is produced by the magnetic flux, and the
total inductance of inductor loop is the sum of external
inductance and internal inductance. In the TSV-based 3D
inductor, the external inductance due to the magnetic
flux external to the wires has been derived as the sum
of these self- and mutual-partial inductances.

And the internal inductance can be evaluated as
Line = pol/(87). po is the permeability of the surround-
ing medium, and [ is the length of TSV and RDL, re-
spectively. Usually, this is inconsequential compared to
the external inductance. Specially, the dimension of the
wire is several tens of microns in the TSV-based 3D in-
ductor, the DC internal inductance is less than 1074
nH, which is negligible compared with the external in-
ductances.

The total loop inductance of an N-loop inductor is
written as (14), which is the sum of these self- and mu-
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tual-partial inductances derived through (3), (4), (7),
and (13), and all the internal inductances of TSVs and
RDLs.

LtoTaL

N N N N
=2 N'LSTSV+Z Z Msi,j—ZZMOi,j

i=1 j=1,j7#i i=1 j=1
N N
+N(LbRDL+LtRDL)+QZ Z (Mbid'-l‘MtiJ')
i=1 j=1,j#1
N N

-2 Z Z Me; j + N (2L, 1sv + Ling,trpL 4 Lint sRDL)
(14)

i=1 j=1

ITI. Fabrication Process of the Solenoid
Inductor

The fabrication process flow of the solenoid induct-
or within a low-cost standard CMOS process is shown
Fig.5. The photographs of the inductor layers corres-
ponding to the process steps are depicted in Fig.6. High
resistivity silicon with dielectric constant of 11.9 and
resistivity 1 k2 « cm is employed as the substrate ma-
terial to reduce the high-frequency magnetic loss in-
duced by eddy currents and polarization in the sub-
strate [18]-[23].

(a) Vias etching

2

Sio,

(b) Si0O, deposition

I (e) ! thinning
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3
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The process steps are as follows:

Step 1: As shown in Fig.5 (a), the fabrication be-
gins with a deep reactive ion etching (DRIE) process to
make fine silicon vias with depth of 100 pm, and the
corresponding photograph is depicted in Fig.6(a).

Step 2: SiO,, liner is formed by chemical vapor de-
position (CVD) process to isolate the TSV metal from
the substrate, as depicted in Fig.5(b).

Step 3: The via is filled by copper plug fabricated
by depositing an iPVD copper seed first and sub-
sequently electroplating a copper plug as illustrated in
Fig.5(c).

Step 4: After these process steps, the backside met-
al wiring levels are developed utilizing standard copper
damascene process to pattern the RDL, , which interco-
nnects the TSVs, as the process step depicted in Fig.5(d)
and the corresponding photograph shown in Fig.6(b).
Note that the RDL, , is formed by five separated metal
lines and each of these layers interconnects the bottom
ends of two TSVs.

Step 5: After surface passivation, the wafer is
flipped and bonded to a carrier die or wafer using
thermal compression bonding. The backside of the silic-
on substrate is then thinned to 100 pm thickness, so as
to expose the TSVs, per the process step shown in
Fig.5(e).

Top RDL

‘Top RDL

Cartier o

)

Bottom RDL

(d) Bottom RDL

Fig. 5. Fabrication process flow for solenoid inductor. (a) Vias etching (by deep reactive ion etching process); (b) Vias filling with
SiO, liner (by chemical vapor deposition process); (c¢) Vias filling with metal plug (by depositing an iPVD copper seed first
and then electroplating a copper plug); (d) Pattern the bottom RDL (RDL, ) which interconnects the TSVs (by standard

copper damascene process); (e) Wafer flipping and back thinning; (f) Pattern the top RDL (RDL

(op) Which interconnects

the TSVs and input/output ports (by standard copper damascene process).
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(2)

Fig. 6. Photographs of inductor layers. (a) TSVs; (b) RDL

Step 6: This step includes several tasks similar to
the backside metal wiring processes. A planarization ox-
ide is deposited followed by a damascene process to pat-
tern RDL, ,, as the process step depicted in Fig.5(f)
and the corresponding photograph is shown in Fig.6(c).
Similar to RDLy, RDL,,, is formed by six separate
metal lines, which act as the input/output ports and in-
terconnect the top terminals of TSVs.

Following the above procedure, a series of test
samples of TSV-based solenoid inductors with different

T

T a——
MR rmeey
R ]
e —

(©)
(c) RDL,,.

top?
design parameters are fabricated.

In order to validate the rigor of the inductance
model and analyze the influence of each geometric para-
meter on the design process of 3D inductors, various
geometric parameter combinations are considered. The
number of inductor turns is varied from 1 to 10. Scan-
ning electron microphotograph (SEM) photographs of
the cross-section of a 5-turn inductor is shown in
Fig.7(a) as a sample of the diverse manufactured proto-
type inductors.

3.00 pm

100.00 pm

10.05 pm

2.00 um
i

(b)

Fig. 7. SEM photos of a solenoid inductor. (a) Cross view; (b) Parameters.

Considering the present 3D TSV technology, the
design parameters adopted in this work are defined as
follows. As depicted in Fig.7(b), the height and radius
of the TSVs are set to 100 pm and 5 pum, respectively.
The thickness and width of the RDLs is 3 pm and 10 pm,
respectively.

IV. Measurement and Validation

In this section, the proposed model is validated
through measurements. Additionally, the effect of
design parameters on the inductance of TSV-based
solenoid inductors is analyzed and the accuracy of the
proposed analytic model is validated.

1. Measurement

To verify the derived model, each sample of the
fabricated inductors is packaged in a test structure as
the layer depicted in Fig.6 (b). The input and output
ports of the test structure are each formed by 3 pads
with ground-signal-ground (GSG) mode. Hypotenuse is
designed at the interfaces between the sample core and
test pad to reduce the reflection loss. The S-paramet-
ers of the fabricated solenoid inductors with different
design parameters are measured using an Agilent N5244A
vector network analyzer (VNA) and probes Model 50A
DS style with 250 pm GSG pitch calibrated on a refer-
ence kit.
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2. Open-short de-embedding method

The transition and test pads in the signal path af-
fect the measured results of S-parameters. In order to
remove this effect and accurately capture the character-
istics of the solenoid inductor, the parasitic elements in-
duced by the test structure are evaluated and removed
from the measured results using an open-short de-em-
bedding method [20], [21], [24].

The net Y-parameters of the solenoid inductor are
derived as (15).

-1 1\t
Y;mt = ((YDUT - Yvopon) - (Y;hort - Y;)pcn) ) (15)

where Ypur, Yopen and Yo denote the Y-parameter
matrices and correspond to the DUT, open and shorted
structures, respectively. Based on the de-embedding cal-
ibration using the open/short structures, the impacts of
parasitic and coupling effects from the adjacent com-
ponents, bonding wire and package are canceled from
the measurement results.

3. Model validation and discussion

Based on the de-embedded Y-parameters derived
from (15), the inductance of the solenoid inductor can
be determined by (16).

As shown in Fig.8, the inductances derived from
measured S-parameters varies with the frequency, and
the self-resonant frequencies (SRFs) of the inductors are
larger than 10 GHz. In the case that the frequency is
much less than SRF, the inductances calculated from
the measured S-parameters are changed slightly with
signal frequency. In order to verify the derived model,
the measurement inductance results at 1 GHz (less than
SRF/10) are selected as the reference, the maximum of
the deviations is less than 1%.

The quality factor can be expressed by (17). As
shown in Fig.8(b), the maximums of @ for the six cases
are respectively 17.6, 19.9, 21.9, 24.8, 26.7, and 26.8.

The total loop inductance results with different
TSV space, pitch, and number of turns obtained from
the model and measurements are plotted in Fig.9. The
comparison reveals good match between the results of
the proposed model and the measurement over several
design parameters. As demonstrated in the comparison,
all the inductance values determined by the proposed
model agree very well with the measured results and
the error ranges from —2.89% to 3.43%, verifying the
accuracy of the proposed model.

The slight differences between the measured and
calculated results are due to the non-ideal factors in
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Fig. 8. The extracted parameters derived from measured S-
parameters. (a) Inductances; (b) Qualify factors.

practical measurements. The analytical model in this
paper assumes an ideal physical structure for the in-
ductor. However, there are some non-ideal factors in
practical measurements. Examples of these non-idealit-
ies include the non-uniform thickness of RDLs, the non-
uniform doping concentration of the silicon substrate,
the roughness of the TSV surface, and the mismatch of
the TSV radius and pitch [22]. In addition, the parasit-
ic parameters of instruments, probes, and pads can also
affect the measured inductance. However, the error
between the measured and calculated results is less
than 3.7% across a variety of combinations of geomet-
ric parameters.

The total loop inductance of the solenoid inductor in-
creases slightly with the TSV space as shown in Fig.9(a).
In the case of large srgy, the total loop inductance ap-
proximately follows a linear relationship with the num-
ber of turns. Alternatively, the total loop inductance
exhibits super-linear variation with the number of turns
in the case of spacing smaller than 300 pm. The reason
is that larger TSV space decreases the mutual-partial
inductance among TSVs within the same row, but in-
creases the wire segments in the same RDL layer. The
current flows along the same direction for these TSVs
and RDL wire segments according to (4)—(9). In ex-
treme conditions where the space is large enough lead-
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Fig. 9. Comparison of total loop inductance between analyt-
ical model and measurements with (a) TSV space
(sTsv) and  inductor  turns (Qhrgy = 100,
prsy = 200 pm); (b) TSV pitch (prgy) and inductor
turns (Qhrgy = 100 pm, stgy = 100 pm).

ing to negligible mutual-partial inductances, the total
loop inductance approximately equals the summation of
all the self-partial inductances.

As shown in Fig.9(b), the inductance increases sig-
nificantly withprgy. The reason is that the negative
mutual-partial inductances between TSVs from differ-
ent rows decrease with prgy. For these TSVs, the cur-
rent flows in the opposite direction, according to (4)
and (6). The length of the RDL wire segments in-
creases with prgy, thus the mutual-partial inductance of
the RDL segments and the total loop inductance in-
crease according to (7)—(14).

Also, the observations and results relating to Fig.9
also offer insight in the design process of TSV-based in-
ductors. To obtain a larger inductance density, the de-
signer should increase the distance of currents along the
same direction, and decrease the distance of currents
along the different directions. That is to say, the design
solution with large TSV pitch and small TSV space will
obtain an optimal inductance in the same chip area.
For fast estimation, to design a 3D inductor with 2 nH
inductance, the footprint is 0.0125 mm?, and the size
could be further reduced with a larger TSV height.

With the explicit formulae as listed in (3), (4), (7),
(9), (13), and (14), this model can determine induct-
ance fast and effectively by just substituting the design
parameters into the formulae. Furthermore, the induct-

ance model is intuitive to explore the influence of each
geometric parameter on the behavior of the 3D induct-
or.

4. Comparison with related work

A first-order model for TSV-based inductors has
been proposed in [14]. In this model, the RDL wire seg-
ments are approximated as cylinders with radius equal
to half of the RDL width. These approximations,
however, lead to three sources of error. The first error is
the calculation of the RDL length without distinguish-
ing the offset and parallel length, as described by (10)
and (11), which underestimates the mutual inductance
of the top RDL wire segments (Mt; ;). The second er-
ror is that the approximation of RDL wire segments as
cylinders enlarges the conductor surface and decreases
the distance between the conductors, which underestim-
ates the mutual inductance of the bottom RDL wire
segments (Mb; ;). The third error is that the cylinder
approximation decreases the distance between the top
and bottom RDLs, thereby overestimating the mutual
inductance between the metal layers (Mc; ;). Note that
all the three errors collectively underestimate of the
total inductance of the TSV-based 3D inductor.

Another inductance model based on trigonometric
functions is proposed in [15]. In this model, the mutual
inductance between the metal layers is calculated with
Grover formulas. However, the distance between two
RDLs in different rows is overestimated. As the mag-
nitude of the mutual inductance is in principle, in-
versely, proportional to the
coupled RDLs, this model underestimates the effect of
negative coupling and overestimates the total loop in-
ductance.

In order to demonstrate this point further, the res-
ults of RDL inductance with varying RDL width are
compared by the different methods as depicted in Fig.10.
In this figure, the results from the proposed model, the
Q3D extractor, and the referred papers are labeled as “M
odel,” “Q3D,” “[14],” and “[15],” respectively. In both
cases of the RDL width, the proposed inductance mod-
el agrees very well with the results by the Q3D extract-
or. On the contrary, the error of the referred works
changes with the RDL width, which affects the accur-
acy of the evaluated inductance.

The error in the total loop inductance derived from

distance between the

different models where the number of turn ranges from
1 to 10 is shown in Fig.11 and is determined by

L Modeled — LMeasured

Error = x 100%

18
Leasured ( )

Note that all the errors change with the number of
turns. Model in [14] exhibits the largest fluctuation
from 9.1% to —4.2%. Model in [15] demonstrates a vari-



Modeling and Measurement of 3D Solenoid Inductor Based on Through-Silicon Vias 373

0.08 0
(ﬁ. Q3D Model [14] [15]
\% M, —— RS R gl
0.06 '%\{‘ Mb, ;;: —— s T
Y Me, ;: e e
@Wgp =5 pm

Mutual-partial inductance (nH)
(=]
(=)
s

(@)

0.08
Q3D Model [14] [15]
Mt, A & 4
Mb,j—— odee b sopee
Me, jm——  woges e e

@Wyp =20 pm

Mutual-partial inductance (nH)

Fig. 10. Modeled results of RDL inductance with varying
RDL segment width. ¢ and J represent the RDL
positions, i — j = 0 denotes the self-inductance of a
single RDL (@hrgy = 100 pm,
STV = 100 }Lm).
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Fig. 11. Comparison of errors of total loop inductance de-
rived from different models with turn number
(@Qhrgy = 100 pm, prsy = 200 pm, sgy = 100 pm).

ation from 1.7% to 7.6%. Alternatively, the proposed
model in this work exhibits the lowest fluctuation, ran-
ging from 0.5% to 3.7%, and the highest accuracy. Fur-
thermore, due to the approximation used in [14] and [15],
the RDL width affects the error of both models, but
does not affect the accuracy of the proposed model.
These results demonstrate the superiority and versatil-
ity of the proposed model across several structural and
design parameters compared to the state-of-the-art
works.

V. Conclusions

Based on the concept of loop and partial induct-

ances, a rigorous analytical inductance model for TSV-
based solenoid inductors is proposed. A series of test
samples of TSV-based solenoid inductors with different
design parameters are fabricated within a standard
CMOS process and measured to validate the accuracy
of the model. Measurement results for these diverse test
cases verify the accuracy of the proposed model. The
model offers a more accurate estimation of the induct-
ance for different number of turns, TSV height, TSV
space, and pitch over the prior art.
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