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W N e

Abstract: Through-silicon-via (TSV)-based coaxial line techniques can reduce the high-frequency loss
due to the low resistivity in the silicon substrate and thus can improve the efficiency of vertical signal
transmission. Moreover, a TSV-based coaxial structure allows easily realizing the impedance matching
in RF/microwave systems for excellent electrical performance. However, due to the limitations of
existing available dielectric materials and the difficulties and challenges in the manufacturing process,
ideal coaxial TSVs are not easy to obtain, and thus, the achieved electrical performance might be
unexpected. In order to increase the flexibility of designing and manufacturing TSV-based coaxial
structures and to better evaluate the fabricated devices, modeling and analysis theories of the
corresponding high-frequency electrical performance are proposed in the paper. The theories are
finally well validated using the finite-element simulation results, hereby providing guiding rules
for selecting materials and improving manufacturing techniques in the practical process, so as to
optimize the high-frequency performance of the TSV structures.

Keywords: characteristic impedance; coaxial-like TSV; conformal mapping; finite element method
(FEM); microwave devices

1. Introduction

Through-silicon-via (TSV) technology [1-3] is one of the most attractive three-
dimensional (3D) integration methods for high-speed and high-performance applications.
It has the capability of electrically connecting and communicating densely-packed de-
vices with different functionalities [3,4], such as integrated circuits and RF/microwave
modules. Particularly, it can vertically integrate analog circuits, digital circuits, MEMS
devices, etc., for efficient heterogeneous systems [5-8]. With the fast development of TSV-
based 3D heterogeneous integrated systems, novel high-frequency vertical connectivity
and communication techniques are increasingly required. For instance, TSV structures with
good high-frequency performance should be designed for a microwave-device integrated
3D system.

Coaxial transmission line is a typical and widely used high-frequency structure for
electromagnetic field transmission, due to its advantage of being able to efficiently transmit
transverse electromagnetic waves and having low loss. Therefore, coaxial shield TSVs
have been designed for high-speed signal transmission [9] and used as an efficient vertical
transition in flip-chip structures [10]. The basic configuration of a coaxial shield TSV
has a central signal conductor surrounded by an outside concentric ground shell, which
can consequently suppress undesirable substrate crosstalk [11] and effectively reduce
the losses caused by radiation and coupling when it is used for transmitting microwave
signals [12,13]. It has been validated that compared to the common signal-ground (S-G)
paired TSVs, such type of coaxial TSVs can offer better signal integrity and show better
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electrical performance at high frequencies [7]. In addition, the coaxial-TSV technique has
the flexibility in impedance controlling for the impedance matching of RF/microwave
systems, to achieve excellent RF performance [14]. For instance, a multi-layer or fan-shaped
dielectric can be used to replace the typical single homogeneous dielectric between the inner
and outer conductors [15], to improve the design flexibility of the coaxial-TSV impedance.

Based on the TSV fabrication process, slightly different coaxial-TSV fabrication tech-
niques are developed [11,14,16]. Generally, the fabrication starts by etching deep via holes
in the silicon substrate by wet or dry methods, including the laser drilling approach or the
deep reactive ion etching (DRIE) method [17]. Then, the Cu ground wall of the coaxial TSV
is formed by using the plating technique [9] or the sputtering method. Silicon oxide and ni-
tride might be required to be deposited in advance to line the vias, and, in order to increase
the adhesion to dielectrics, a thin layer of Ti is often deposited prior to Cu, to act as an adhe-
sion layer. Next, the dielectric deposition is performed along the sidewall of the vias, which
is followed by the electroplating of Cu to fill the vias, forming a cylindrical signal conductor.
Studies on the fabrication difficulties, the dielectric properties, the physical and chemical
properties of available manufacturing materials, the desired electrical performance, etc.,
are carried out to obtain high-performance coaxial TSVs in the manufacturing process [8].
For instance, SU-8 is preferably considered when a thick dielectric is required [11], due to
its high aspect ratio feature [18,19]. Considering that fabricating the cylindrical TSVs is
a more simple procedure; a ring of cylindrical TSVs are designed to replace the annular
coaxial TSV, forming a coaxial-like TSV [20,21]. Additionally, silicon-core coaxial TSVs are
proposed and studied [22], to reduce the processing time for fully filling the inner and
outer conductors with metal [23,24].

Although more and more TSV processing materials and technologies have been consid-
ered in designing and manufacturing the high-frequency coaxial TSVs or coaxial-like TSVs,
theories on improving and optimizing the electrical performance of these structures are
still required to help with selecting appropriate TSV structures, materials, and fabrication
procedures for different 3D integration applications. Moreover, the electrical performance
can be dramatically affected by the fabrication process. For instance, since there is a fab-
rication tolerance in the Si-etching and Cu-filling process, there might be a center offset
of the inner conductor in the coaxial TSV [11,16,20]. The off-centered coaxial TSV might
consequently provide a different electrical performance from the designed one. Further,
voids are easily formed when filling the high aspect ratio (AR) TSV, and thus, dimensions
of the designs should be optimized according to the realistic fabrication conditions.

Here, an approach is presented for modeling and analyzing a TSV-based coaxial
structure. It investigates the impacts of coaxial-TSV materials and geometries on their
electrical performance up to 40 GHz, providing some design theories and rules. A theory
related to the coaxial-like TSV is further derived, providing some guiding suggestions
for the practical manufacturing process. The characteristic impedance of these TSV-based
coaxial lines is mainly studied using the conformal mapping method [25-28] and validated
using the finite element method (FEM) simulations, which provide an accurate description
of the considered microwave structure [28-31].

2. Theories of Coaxial TSVs

Considering the existing fabrication technologies, a coaxial-TSV prototype, as shown
in the z—plane in Figure 1la, is used as the baseline structure. The outside ground Cu
shell has a radius of Rp and a thickness of ¢ = 10 um, and the central conductor has a
cylinder radius of R;. A t-thick dielectric layer between the signal and ground conductors
is required to provide both electrical isolation and mechanical support. Various materials
including SiO; (e = 3.9, tand = 0.003), SizNy (¢, = 7.5, tané = 0.003), benzocyclobutene
(BCB, & =2.7, tan ¢ = 0.001) [9], SU-8 (g, = 3.1, tan é = 0.04) [32], Ajinomoto Build-up Film
(ABF, &, = 3.7, tan 0 = 0.001), can be filled as the dielectric layer by using spin-coating or
vapor deposition techniques. There is usually a shell of 0.1 pm-thick SiO; as isolation layer
between the dielectric layer and each conductor, which is ignored for simplicity of the
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modeling process. Similarly, the effect of the adhesion layer of Ti is also ignored in the
following modeling and analysis.
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Figure 1. Schematics of the coaxial TSV in the z—plane and the transformed t—plane with (a)
standard, (b) multi-layer, and (c) fan-shaped dielectric.

Being a typical transmission line, the coaxial TSV can be described using the propaga-
tion constant oy and the characteristic impedance z¢, or modeled with the per-unit-length
(p-u.l) series resistance R, series inductance L, parallel capacitance C, and parallel conduc-
tance G [33]. In either approach, the corresponding parameters can be readily extracted
from the scattering parameters of the coaxial TSV. Considering the small dimension and
the low-frequency range, there is only TEM propagation mode in the coaxial TSV. In the
microwave band, there is a skin depth J;, which is frequency-dependent and is given as [34]

5= |2 (1)
WHOUr

where g is the permeability constant 47t x 1077, y, is the relative permeability (hereby
assumed to be 1), and p is the bulk resistivity of the conductor. The resistivity of the most
used copper metal is 1.673 x 10~% Q-m at 25°C, and thus, the skin depth of copper within
the frequency range from 1 GHz to 40 GHz is 0.326 um to 2.059 pm. When Js is much



Electronics 2022, 11, 3417

40f12

smaller than the conductor thickness (usually at least 5 times the skin depth), the p.u.l
series resistance R is calculated with

/ (27d5) 4 p/ (27ds)

1Y
R = 2
R, Rp (2)
Whereas, when J; is comparable to the conductor thickness, R is calculated with

Ry+ds(es —1) c+05(e® —1)

In order to calculate C, the cross-section of a coaxial-TSV structure can be located in
the z—plane in the way shown in Figure 1a. The circular structure in the z—plane can be
transformed to a rectangular structure in the t—plane by using t = In(z). According to
the theories of a parallel plate, the p.u.l capacitance C, together with the inductance L and
conductance G, can be calculated by [35]

_ 2mepe,
_ln RD/Rd (4)
pourInRp /Ry
L="r
o ©)
_ 2mepe,w tan oy
C= In RD/Rd (6)

where ¢) and pp are the vacuum permittivity and permeability, having the values of
8.854 x 107'2 and 47t x 1077, respectively. As can be seen in Figure 2, within the frequency
range from 1 GHz to 40 GHz, it always satisfies wL > R and wC > G; hence, the
characteristic impedance of a typical lossless coaxial line with a low-loss dielectric can be
calculated with [35]

7 R—i—ij ~ \/f_ Holr ln(RD/Rd) (7)
T \VGrjwC T VC T Ve 2m

108

10°¢ —R (Q/m)
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1025 : ‘ ‘ ‘ ‘
1 2 4 10 20 40

Frequency (GHz)

Figure 2. The comparison of R and wL and the comparison of G and wC at frequencies from 1 GHz
to 40 GHz, when Rp, Rp, and c are 57 um, 25 pm, and 10 pm, respectively, and the dielectric is silicon
(er =11.9, tand = 0.015, and p > 100 Q2-cm).

According to Equation (7), adjusting the effective dielectric constant of the substrate is
an important approach to reduce the outside conductor’s dimension of a 50 () coaxial TSV.
As illustrated in the z—plane of Figure 1b,c, the substrate materials with different dielectric
constants can be inserted into the space between the inside and outside conductors in a
ring-shape (forming a multi-layer coaxial structure) and a fan-shape. For the coaxial line
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with multi-layer or fan-shaped dielectrics as presented in Figure 1b,c, its p.u.l C can be
respectively expressed as

Co_ 27TE0E1€2E3 ®)
mul _8283 In R, /Rd +€1€3 In Rz/Rl + €182 In RD/RZ
Cron :27'[8081 + 7theg(e2 — €1)/90 9

lnRD/Rd

where Rq, Ry, and Rp are the outer radius of the dielectrics from inside to outside and
the corresponding dielectric constants are €1, €3, and €3, respectively. 26 is the angle of
the fan-shaped area, where a substrate with a dielectric constant of ¢, is used, while the
dielectric constant of the left part is £1. Since the permeability of all dielectrics hereby used
is 1, the corresponding p.u.l L and R are the same as the typical coaxial TSV. Hence, the
impedance calculation formulas of the multi-layer and fan-shaped coaxial TSVs are readily
deduced. Furthermore, by combining with Equation (7), the effective dielectric constant of
the substrate materials can also be easily obtained.

Validation analyses are performed using the FEM simulation, which is realized using
the Ansys 3D High-Frequency Electromagnetic Simulation Software (HFSS). First, the
impacts of dielectric material’s property on the values of characteristic impedance are
analyzed. Simulations are performed on a typical coaxial TSV, whose Rp is 57 um and
Ry is 25um, while ¢, and tan d change from 1 to 12 and from 0 to 0.1, respectively. For
simplicity, two wave ports are directly set at the two sides of the coaxial TSV. In the inset
of Figure 3a, the simulated impedance is almost frequency-independent, and thus, an
arbitrary frequency point at 39 GHz is used for comparison. The corresponding complex
characteristic impedance of each simulated coaxial TSV is also calculated, by using the
equations from (2) to (7), where R and G are considered.

As shown in Figure 3a,b, the magnitude of the calculated impedance is in very good
agreement with the magnitude of the simulated characteristic impedance at 39 GHz. The
difference for the dielectric constant and dielectric loss tangent between simulation and
calculation are less than 0.26% and 0.16%, respectively. By comparing the magnitude and
the real part of the characteristic impedance for both the calculated and the simulated
results, it is noticed that the magnitude is almost the same as the real part of the simu-
lated characteristic impedance, which validates that R and G in (7) are small enough to
be ignored.

In order to validate the impedance calculation formulas of the coaxial TSVs with multi-
layer dielectric materials, further simulations are performed on the above structure by
using Si (e1 and e3) and BCB (e3). The TSV radius of the signal conductor is set at 25 pm; the
radius of the inner surface of the outside ground conductor is set at 53.4 pm; the thickness
of the outside ground conductor is 10 pm; and the total height of the TSV structure is
200 pm. First, the thickness of the sandwiched BCB ring is changed from 50 pm to 90 pm
by adjusting R, and Rp simultaneously, while the thicknesses of the two Si layers remain
unchanged. Next, the BCB ring’s thickness is kept at 70 um, while its position is adjusted by
changing R; (from 5um to 35 um) and R; simultaneously [36]. As presented in Figure 3c,d,
good agreements between simulation results and calculated values are achieved. Theory
validation processes on the fan-shaped dielectric material-based coaxial TSVs are also
carried out by using the simulation methods. Dimensions and parameters of the signal and
ground conductors are set the same as the simulations for the multi-layer dielectric material-
based structures. Parts of the silicon substrate between the signal and ground conductors
are replaced with air, which form two fan-shaped areas. The characteristic impedance of
a coaxial TSV with the two fan-shaped air areas are analyzed, whose angle 6 is adjusted
from 15° to 165°. As shown in Figure 3e, good agreement between the simulation and the
calculation results are achieved. Generally, when the obtained characteristic impedance is
too large, etching and removing a small part of the dielectric material can effectively reduce
the desired impedance.
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Figure 3. Impacts on the characteristic impedance of the (a) dielectric constant and (b) dielectric loss

tangent values of the single substrate, (c) thickness of a BCB ring inserted in a Si substrate, (d) position
of a BCB ring in a Si substrate, and (e) angle of a fan-shaped air area in a Si substrate.
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3. Coaxial-like TSVs

In a practical fabrication process, there is micromachining tolerance, which might
result in a central deviation of the central signal conductor. As presented in the z—plane
in Figure 4a, the center of the signal conductor has been offset by x( along the X axis. 6
is the angle between Py and the X axis, and Py is the actual distance between the center
of the signal conductor and the inner surface of the outside conductor. Based on the
transformation equation t = Inz, the structure in the z—plane is transformed to a new
geometry in the t—plane, as seen in Figure 4a. It is seen that the inside surface of the outer
conductor is no longer a straight line that is in parallel with ¢ = InR;. In this case, an
effective Rp, s is needed to replace the position of Rp, so that the impedance can still be
calculated with (7). By using the image method for the cross-section of the coaxial-like TSV
in the z—plane, the effective Rp,y is obtained as follows

R} + R3 —x3 + [ (R}, + R} — x3)? — 4R} R
Rpeff = 2Ry, (10)

In order to validate the impedance calculation theory of the off-centered coaxial
line, FEM simulations are carried out with the center of the inner conductor being offset
by xg =0,2.5,..., 15um. The magnitudes of the simulated and calculated impedances
are presented in Figure 4b. It is clear that the calculation results have shown very good
agreement with the simulated values, which validates the reliability of the above theory.
Generally, a nonlinear relationship is observed in Figure 4b, i.e., with larger offset values,
a much more smaller characteristic impedance is obtained. This means that when off-
centered coaxial TSV is often achieved in the manufacturing process, a larger Rp might be
considered to compensate the off-center effect of the inner-conducting TSV.

Jy

4
i
:

z-plane
(a)
50
§ +Zc,Tsz'mu
+Zc,Tcal
48
<3
N
- 46 L
44 £ . . S
0 5 10 15
%o (um)
(b)

Figure 4. (a) Schematics of the coaxial-like TSV in the z—plane and the transformed ¢ —plane with off-
centered inner conductor. (b) Comparison between simulated and calculated characteristic impedance
of the off-centered coaxial-like TSV.
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Sometimes, the ground of a TSV-structure-based coaxial line is fabricated by using a
series of closely connected TSVs, as shown in Figure 5a. This can be used for the case when
silicon substrate works as the dielectric material, and thus, the typical TSV manufacturing
process can be used. For simplicity, the dielectric material is set as air in the following
analytical process. Similar to the off-centered coaxial TSV, the transformed structure in the
t—plane in Figure 5a is complex, and thus, the effective inner radius Rp,y is also needed for
calculating the characteristic impedance Z. of the connecting TSV-based structures. For this
case, the effective inner radius Rp, sy of the outside ground Cu shell can be calculated with

1 arcsin(R—d)
Rpeff = exp (— /O ’ 1H(Po)d9> (11)

arcsin ( % )

where P is the center distance between the central TSV and each outside TSV; P, is the actual
distance between the center of the signal conductor and the inner surface of the outside
conductor; 6 is the angle between Py and the X axis, ranging from 0 to arcsin (R;/P). Py in
(11) can be calculated with

Py = Pcosf — /(Pcosf)? — P2 + R} (12)
Next, the corresponding characteristic impedance of the special coaxial structures in

the z—plane of Figure 5a can be readily calculated with (7), by replacing Rp with the
corresponding Rpe -

Iy - o In(P+Ry)

In(Ry) 1n'(P')i ”

—00 i
E u
i t-plane
z-plane
(a)
80
60
S
— 40}
N
201
+Zc,LsinLu
¢ +Zc,Tcal
o L L L L L
6 7 8 9 10 11 12 13
Neonnect
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Figure 5. (a) Schematics of the coaxial-like TSV in the z—plane and the transformed ¢ —plane with TSV-
based outside ground conductor. (b) Comparison between simulated and calculated characteristic
impedance of connected-TSV-based coaxial-like TSVs, with the connected TSV number ranging from
6 to 13.
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In order to validate the impedance calculation theory, FEM simulations are performed
on a series of coaxial-like TSVs, with the TSV (R; = 25 pm) number # and the center distance
P being listed in Table 1. Also given in Table 1 are the inner effective radius Rp, s of the
connected-n-TSV-based ground conductor and the corresponding characteristic impedance,
which are obtained using (7) and (11). The simulated and calculated impedance magnitudes
are all shown in Figure 5b. Very good agreement between the calculation and simulation is
observed, which validates the reliability of the above theories.

Table 1. Calculated Rp,sf and Zccy of the coaxial-like TSVs.

n 6 7 8 9 10 11 12 13

P (um) 50.00 57.62 65.33 73.10 80.90 88.74 96.59 104.46
Rpeff (nm) 28.12 36.02 43.74 51.64 59.55 67.57 75.39 83.44
Zeca (©0) 7.05 21.89 33.54 43.50 52.05 59.61 66.18 72.26

In a practical manufacturing procedure, ideally connecting TSVs might be difficult
to realize, and thus, there might be a space between any two adjacent ground TSVs [21].
Therefore, two main groups of simulations are further performed on the coaxial-like TSVs,
with the ground TSV number 7 increasing from 2 to 9. In both simulation groups, a
cylinder Cu conductor with a radius of R; = 25 um is used as the TSV signal conductor
and the TSV-based ground shell. In the first group of simulations, only # is adjusted while
other parameters are maintained constant. The signal conductor and the ground shell are
concentric, and the center distance P between the signal TSV and anyone of the ground TSV
is set as 78.4 um. The simulated results are shown in Figure 6. Due to the low-loss property
of the dielectric material, it is expected that the magnitude well overlaps the real part
of the simulated impedance for the non-connecting ground TSV-based coaxial structure.
Next, since the TSV center distance P and the TSV radius are kept at 78.4 ym and 25 pm,
respectively, the impedance with the assumption of Rp = P and Rp = P — R can be
calculated using (7). The impedance magnitudes are 68.53 Q) and 45.51 Q, respectively, and
are shown in Figure 6 as well. Clearly, it can be observed that the simulated impedance is
always within the range from 45.51 Q to 68.53 Q, and, generally, larger Z. can be obtained
with more ground TSVs when the TSV center distance is kept constant. Hence, an initial
conclusion would be that the effective Rp, fr seems to be within the range from P — R; to P.

70 n4.4

R_=P=78.4um

4.35

R_=P-R =53.4um
A I

©

45 - ‘ ‘ ‘ 2415
2 3 4 5 6 7 8 9

n
Figure 6. Simulation results of coaxial-like TSVs with different ground-TSV number, where the left
axis is the characteristic impedance (its magnitude is completely overlapped with its real part) and
the right axis is the TSV center distance in the natural logarithmic form.
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In the other simulation group, the cylindrical Cu TSVs still have a radius of R; = 25 pm.
While, aiming at maintaining Z. being always at 50 ), the TSV center distance P and the
ground-TSV number n are adjusted simultaneously. When the number of ground TSVs
increase from 2 to 9, the obtained TSV center distance P are 65.3um, 70 um, 73.2 um,
754 pm, 76.8 pm, 77.7 pym, 78.4um, and 78.9 nm, respectively. The TSV center distance
in the natural logarithm form In(P) at different ground-TSV numbers are presented in
Figure 6. It can be noticed that there is a nonlinear relationship between In(P) and n.
Generally, for constant Z, larger In(P) is required when there are more ground TSVs. By
comparing the results of the two analytical groups, it can be concluded that when the
ground TSV number is determined, the larger TSV center distance P is related to a smaller
characteristic impedance Z., which is similar to the trend shown in (7).

4. Conclusions

In this paper, coaxial TSVs and coaxial-like TSVs are modeled and analyzed using the
conformal mapping techniques and the FEM simulation. Due to the obvious importance
in the impedance matching network for an efficient signal transition, the characteristic
impedance of a TSV-based coaxial line is mainly focused. Apart from the typical coaxial-
TSV structure, multi-layer dielectric-based and fan-shape dielectric-based coaxial TSVs are
considered, and especially, the corresponding impedance calculation theories are provided.
Generally, when the dimensions of the signal and ground conductors are fixed, replacing
part of the silicon substrate using a low-loss dielectric material with a small dielectric
constant can help decreasing the obtained characteristic impedance. Furthermore, consid-
ering the manufacturing procedure, coaxial-like TSVs can be analyzed. It can be noted
that when the signal conductor is off-centered, a smaller characteristic impedance can be
expected. Hence, the dimensions or the dielectric materials of the coaxial-like TSV should
be accordingly adjusted, to realize an optimal high-frequency electrical performance. When
using a series of connecting TSVs to work as the ground shell of the coaxial structure,
a good impedance calculation formula is proposed by introducing an equivalent radius
Rpef- Though it is difficult to obtain the exact equations for analyzing the non-connection
ground TSV-based coaxial-like structures, a primary conclusion can be drawn that a smaller
TSV center distance P and fewer ground TSVs tend to provide a larger characteristic
impedance Z..
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The following abbreviations are used in this manuscript:

TSV Through-silicon-via

3D Three dimensional

RF Radio frequency

MEMS  Microelectromechanical Systems
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5S-G Signal-ground

DRIE Deep reactive ion etching
AR Aspect ratio

BCB Benzocyclobutene

ABF Ajinomoto Build-up Film
p-ul per-unit-length

TEM Transverse Electromagnetic
FEM Finite Element Method
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