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ABSTRACT A shielded-differential annular through-silicon via (SD-ATSV) is proposed and investigated.
The equivalent circuit model is developed with the influence of the electrically floating silicon substrate taken
into account. By virtue of the circuit model, the frequency- and time-domain electrical characterizations of
the SD-ATSV are conducted. Furthermore, the thermo-mechanical stress of the SD-ATSV is captured and
compared with that of the shielded-differential cylindrical through-silicon via. It is demonstrated that by
utilizing the SD-ATSYV, the keep-out zone can be reduced without performance degradation.

INDEX TERMS Shielded differential annular through-silicon via (SD-ATSV), MOS capacitance, floating

silicon substrate, thermal stress, keep-out zone (KOZ).

I. INTRODUCTION

Through-silicon via (TSV), a key interconnect technique for
enabling the implementation of three-dimensional integrated
circuits (3-D ICs), has gained intense interests in recent
years. In comparison with the conventional planar ICs, the
TSV-based 3-D ICs have various advantages, including
higher integration density, shorter interconnect length, better
noise immunity, lower power consumption, and faster data
communication [1]. More importantly, the heterogeneous
integration of multi-chip modules (e.g., sensors, memory,
logic, and radio frequency circuits) becomes possible through
the TSV techniques [2].

However, there are several challenges in the real-world
applications of TSVs, such as noise coupling among TSVs
and electromagnetic interference (EMI) problems, which
may result in a wrong logic function switch [3], [4].
Moreover, as the operating frequency increases to improve
the bandwidth per channel, these signal integrity problems
become more severe. To cope with these problems, several
techniques such as coaxial TSV have been proposed and
extensively investigated [5]-[10]. It is evident that the con-
cept of coaxial TSV was inspired from the coaxial cable with
the self-shielding function. Differential signaling scheme is

also an effective solution due to its immunity to the common-
mode noise and its EMI reduction [11], [12]. By combining
advantages of the coaxial TSV and differential signaling,
the shielded-differential through-silicon via (SD-TSV) was
proposed and studied [13]-[15]. As ground-signal-signal-
ground (GSSG)-type TSVs are inevitably affected by the
neighboring TSVs [16], it can be expected that the SD-TSV
can provide better noise immunity than the GSSG-type TSVs
at the expense of area occupation. The SD-TSV can be very
useful when high-quality signal is required.

On the other hand, it is well known that thermal mis-
match stresses are inevitable as various materials with dif-
ferent mechanical properties are used in the fabrication of
TSVs [17]. These thermal stresses may affect the carrier
mobility in the active silicon substrate [18]. Therefore, the
keep-out zone (KOZ), i.e., logic forbidden area, is induced
around each TSV [19]. In comparison with the conven-
tional cylindrical TSV, annular TSV (ATSV) is demonstrated
to induce lower KOZ [20]. Therefore, a coaxial-annular
TSV was proposed in [21], with its wideband electromag-
netic model developed in [22]. To reduce the KOZ of the
conventional SD-TSV, a scheme of shielded differential
ATSV (SD-ATSV), which is composed of a pair of inner
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ATSVs as the signal transmission paths and an outer shielding
shell as the current return path, is herein proposed.

Similar to other kinds of TSVs, the inner ATSVs and
outer shielding shell of the SD-ATSV are surrounded by
thin oxide layers to prevent leakage current, and the metal-
oxide-semiconductor (MOS) structures are thereby formed.
According to MOS theory, the parasitic capacitance of the
TSV decreases with increasing bias voltage, which has been
neglected in early studies [14], [15]. Moreover, for the
SD-ATSV with no substrate contacts on the inner silicon,
the electric field is from inner ATSVs to the outer shield-
ing shell, i.e., the inner silicon substrate is electrically
floating [23]-[25]. Under such circumstances, the minority
carriers in the silicon substrate (e.g., electrons in the p-type
silicon) flow alternatively between the signal and ground vias
with varying bias voltage, which makes the TSV capacitance
more complicated. It is evident that the influence of the
floating silicon substrate on the electrical characteristics of
the SD-ATSV should be taken into account.

The aim of this work is to accurately model the
SD-ATSV in a wideband frequency range. The rest of this
paper is organized as follows. In Section II, the equiva-
lent circuit model of the SD-ATSV is presented, with the
nonlinear MOS capacitance treated appropriately by using
the symbolically-defined device (SDD) block. Based on
the circuit model, the frequency- and time-domain anal-
yses of the SD-ATSV are carried out in Section III.
Furthermore, the thermo-mechanical characteristics of the
SD-ATSV are captured and compared with that of the con-
ventional SD-TSV in Section IV. Finally, some conclusions
are drawn in Section V.

II. CIRCUIT MODEL OF SD-ATSV

The top cross-sectional view of the SD-ATSV and the
insight view of an inner ATSV are depicted in Fig. 1, with
the related geometrical parameters explained in Table 1.
A SD-ATSV is comprised of a pair of inner ATSVs and an
outer shielding shell. Herein, the inner ATSVs act as the

FIGURE 1. Top cross-sectional view of the SD-ATSV and the insight view
of an inner ATSV.
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TABLE 1. Structural Parameters with their Symbols for the SD-ATSV.

Symbol Definition
hrsy TSV height
p Pitch between two inner signal ATSVs

tox Oxide thickness
Waept Depletion width of the ATSV
Waep2 Depletion width of the shielding shell

To Inner oxide radius of the ATSV (= 1y — t,x)
n Inner metal radius of the ATSV
7 Outer metal radius of the ATSV

3 Outer oxide radius of the ATSV (=1, + t,y)
T Depletion radius of the ATSV (= 13 + Wyep1)

T5 Inner depletion radius of the shielding shell (= 75 — Wgep1)
Te Inner oxide radius of the shielding shell (= 17 — t,,)

77 Inner metal radius of the shielding shell

Tg Outer metal radius of the shielding shell

Ty Outer oxide radius of the shielding shell (= 15 + t,y)

differential transmission lines and the outer shielding shell
serves as the current return path. Each metal via is surrounded
by two oxide layers (usually SiO;) for DC isolation. A metal-
oxide-semiconductor (MOS) structure is formed, i.e., a deple-
tion region appears when the bias voltage exceeds the
flat-band voltage [26], [27]. The width of the depletion region
is determined by the bias voltage, substrate doping concentra-
tion, and environment temperature.

From the fabrication perspective, the deep etching pro-
cess of silicon is one of the fundamental steps for
manufacturing SD-ATSV. Although there is no experimental
demonstration of the SD-ATSYV, the annular trench has been
successfully realized, and the TSV aspect ratio continuously
increases [28]-[31]. By etching the inner and outer annular
trenches simultaneously, the SD-ATSV can be fabricated
using the conventional TSV process technology [32]. How-
ever, it is very difficult to etch the annular trenches for the
inner signal vias due to their large ratio of trench depth to
width. This issue can be resolved by etching vias and partially
filling Cu inside. By adopting appropriate filling conditions,
the inner ATSVs can be built by electroplating Cu on the
sidewalls of the vias [33], [34]. In this scenario, the sili-
con/silicon oxide substrate inside the ATSVs is replaced with
air, as shown in Fig. 1. As demonstrated in [35], the material
inside the ATSVs has negligible influence on the electrical
characteristics, so the modeling procedure of such SD-ATSV
is the same as that of the original SD-ATSV.

A. IMPEDANCE EXTRACTION

Fig. 2 shows the equivalent circuit model of the SD-ATSV.
It is worth noting that the depletion layers inside the inner
ATSVs and outside the shielding shell can be ignored as
they have little impact on the overall admittance [35]. The
impedance of an inner signal ATSV is given as [36]

; /4 [wpg 1} (Tra) 12 (Try) + I} (Try) 12 (Tr)
ATSV — '

T\ o2 1N (Tra) 12 (Try) — I} (Tr1) I (Try)

(nH
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FIGURE 2. Equivalent circuit model of the SD-ATSV.

where T = me/”/ 4 w is the angular frequency, o
is the permeability in vacuum, o, is the conductivity of the
filling conductive material (usually Cu), and I{ ) G j=1,
and 2) is the modified Bessel function of the kind j of order i.

The resistance Rtsy and the internal inductance L;, of an
inner ATSV could be calculated by

Zxtsv = Rarsv + joLip aTsv 2)

Similarly, the impedance Zg;elg of the shielding shell can be
calculated by replacing r; and rp with r7 and rg in (1). The
external inductance induced by the ATSV and the shielding
shell can be calculated as [37], [38]

2 2
Ly =X (M) 3)
2 rr

The loop inductance L between the ATSV and the shielding
shell can be given as [39]

L = Lip Atsv + Lin,shield + Lex “®

The mutual inductance between two ATSVs can be obtained
as [40]

L = Linex + k (Lin,ATsV + Lin shicld) (5

Herein, the mutual external inductance L,, ., and the coupling
coefficient k can be calculated as [14]

2 2
Ho ry+(@/2)
Lyex = > ~In (—4 (©6)
4 rap
Lm ex
k=% (7)
Lex

B. ADMITTANCE EXTRACTION

As aforementioned, the depletion layers appear when the
bias voltage exceeds the flat-band voltage. Considering
the influence of floating silicon substrate, the extraction of
the parasitic capacitance is described in the following.

33240

The relationship between the initial surface potential ¢y
and the initial oxide potential drop V,,o can be expressed as

Pms = — (VoxO + 9050) (8)

where @,,; refers to as the work function difference between
the TSV filling conductive material and the silicon substrate.
©ms can be calculated by [41]

Eg kT N,
Oms =Pm — X — — — —In| — ®
2g ¢ ni

where ¢, is the work function of TSV filling conductive
material, g is the elementary positive charge, k is Boltzmann’s
constant, T is the temperature, x and E, are the electro
affinity and energy gap of the silicon substrate, respectively,
N, is the doping concentration of the silicon substrate (which
is assumed as 1.25x 10" cm ™3 therein), and n; is the intrinsic
carrier concentration which can be obtained as [8]

=938 x 1019 () % (10)
e 300 '

As shown in Fig. 2, V; (i = 1, 2, and 3) denotes the
bias voltage applied on each ATSV and the shielding shell.
Here, the zero-field potential in the silicon substrate is defined
as Vg, and after the bias voltage is applied, the following
relationships can be obtained as

Vl - Vsub = Voxl + @s1 + Pms (11)
Vo = Vaub = Voxa + @2 + @ms (12)
V3 — Voub = Vo3 + ©s3 + Oms (13)

where ¢ ; and V. ; (i = 1, 2, and 3) represent the surface
potential and the oxide voltage drop, respectively. The bias
voltages could be calculated by mathematically eliminat-
ing V,, and figuring out other unknown variables.

Since the TSV height is much larger than its diameters, the
electrostatics of the TSV surrounded by electrically floating
silicon substrate can be obtained by solving the following
Poisson equations [40], [42]

19 [/ 8 2
-2 <pM> == Ly —po | (14
0 9p ap &si Do

with the boundary conditions:

@(rs) =0 (15)
@(rs) =0 (16)
0 (r3) = @51 = @52 (17)
@ (re) = ¢g3 (18)

where ¢(p) denotes the potential of radius p, €s; is the per-
mittivity of silicon, and p (p) and n(p) are functions of ¢(p)
as follows:

—q9(p)

p(p) = Nge &7 (19)
2
n;  qee)
= —¢ kT 20
n(p) N.C (20)

a
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The surface electric field & and the total surface charge
Q; can be defined as functions of the temperature 7 and the
surface potential ¢ [42]

2
£ T) = &+ (%) 2F (g, T) (1)

Os(s, T) = —2mpshtsvesi - §s(¢s) (22)

where F(g;, T) is derived by integrating equation (14)
from zero to silicon surface, and p; denotes the radius of
oxide/depletion interface.

Considering an enclosed Gaussian box that consists of the
metal, oxide and silicon substrate interfaces, the net charge
enclosed inside the box must be zero (since the electric field
outside the box is zero) [23]:

On(T) + Qox = —0s(ps, T) (23)

The total charge Q,, of the oxide layer is herein set as
zero, so the accumulated charges on the metal surface Q,,
could be obtained. Thus, the oxide voltage drops V, ; can
be calculated as [23]

Om(T)

ox,i

Vox.i = (i=1,2,and 3) (24)

where C,y ; is the oxide capacitance and can be calculated by

dresih
Cox12 = M, for signal ATSVs (25)
’ In (r2/r3)
dresih
Coy = ZESTTSV. g0 shielding shell  (26)
In (r7/r6)

According to the conservation law of charge, one has

Cox2 (Vox3 - VaxO)

= — Loxl (Voxl - VoxO) — Cox1 (V0x2 - VoxO) . (27)
Therefore, by wusing the method of simultaneous
equations (8)-(13) and (23)-(27), the relationship of the bias

voltage V; applied to the SD-ATSV can be calculated as
follows:

Vi = @51 — @53 — Vox1 + Vox3z +2Voxo (28)
V) = P52 — Ps3 — Vox2 + Voxz + 2Voxo (29)
V3 = Ps1 — Ps3 — Vox1 + Voxs — 2Voxo (30)

Furthermore, the depletion capacitances can be obtained as

d T .
Caep1,2(T) = % , forsignal ATSVs (31)
s r=r3
d0s(gs, T o
Caeps (T) = % . for shielding shell (32)
s r=re

The MOS capacitances of each signal ATSV and shielding
shell can be obtained by cascading the oxide capacitance of
oxide and the depletion capacitance, i.e.,

1 1
+
Cox,i Cdep,i (T)

-1
C,-(T):( ) , i=1,2,and3. (33)
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Then, the depletion widths can be calculated by

2JTCSSihTsv
Wdepl,2 = 13 | € ~rt?

— 1) , forsignal A-TSVs (34)

_ 2mesibtsy
Wdep3 = T6 <1 —e G ) ,  for shielding shell (35)

Based on the theory of multiconductor transmission line,
the substrate capacitance can be obtained as [38]
L' L, | [ GCsi2+Gsi —Gsil
L, L —Csii Csi2 + Csii

=M085i[(1) (1)} (36)

where Cs;j; and Cs;p are the capacitance between two ATSVs
and between a ATSV and shielding shell, respectively. The
inductances can be calculated by

2 2
=t (_r5 (/2) ) (37)
T rsry4
2 2
L, =2%m (—rs v/2) ) (38)
T rsp

The substrate conductance Gs; ; (i = 1 and 2) can be obtained
as

OSi .
Gsii=—Csj; (i=1land2). 39
ESi

where o; is the silicon conductivity and can be calculated by

4773 T\ !?
oS = C]Na 47.7 + 076 <ﬁ) (40)
6.3x101°

Therefore, the admittance of the SD-ATSV can be extracted.
Here, the SD-ATS Vs under two different geometrical config-
urations A and B are considered, and their dimensions are
given in Table 2. As the annular trenches have been fabri-
cated in [28] and [29], and the TSV aspect ratio is expected
to reach 20:1 [31], it is feasible to fabricate the SD-ATSV
of configuration A. The inner ATSVs can be obtained by
electroplating Cu layer on the sidewalls of the vias [34].
Furthermore, the influence of the SD-ATSV scaling is con-
sidered by shrinking it to about 5 times smaller (see Column 2
in Table 2). It is worth noting that the circuit model in Fig. 2 is
scalable as all the elements have physical significance.
Consider an inner ATSV of the SD-ATSV with configura-
tion A. Fig. 3(a) plots the relationship between the surface
charge density (Qs¢ = Qs/(2mpshrsy)) and the surface
potential. It can be seen that, at the static/low frequencies
(<10 MHz), the curves of the surface charge density can
be divided into three regions: accumulation, depletion, and
inversion regions. The flatband and threshold voltages are
introduced at the turning points of three regions. The flat-
band voltage can be calculated by (9), while the threshold
voltage is obtained at the threshold condition, i.e., ¢; =
(2kT /q) - In (N,/n;). For high frequency signals (>10 MHz),
however, the surface charge density remains unchanged as the
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TABLE 2. Dimensions of SD-ATSV (Unit: xm).

Configurations A B
hrgy 100 20
p 30 6
) 7.8 1.3
n 8 1.5
) 10 2
T3 10.2 2.2
Te 59.8 11.8
Ty 60 12
Tg 65 13
Ty 65.2 13.2
103
S_ymbles_: Low-frequency &
Lines: High-frequency Lo
10° o 300K .o
O - = o 350K A0°
£ o
)
3
<]

Accumulation Depletjon Inversion
-0.4 0.0 0.4 0.8 1.2
Surface potential (V)

(a)

102k Symbols: Low-frequency
Lines: High-frequency 8
© 300K AR
. - - o 350K A58

Depletion capacitance (F/m?)

Accumulation Depleition Ilnversion
-0.4 0.0 0.4 0.8 1.2
Surface potential (V)
(b)

FIGURE 3. (a) Surface charge densities and (b) depletion capacitances of
a signal ATSV versus surface potential for different temperatures.

bias voltage exceeds the threshold voltage. This is because
the minority carrier generation rate cannot keep up with the
high frequency signals, and therefore, the surface charge
density increases slightly with the potential in the inversion
region [23].

In order to gain insight into the relationship between
the surface charge density and the depletion capacitance,
Fig. 3(b) depicts the depletion capacitance versus the surface
potential. Similarly, the curve of the depletion capacitance
can also be divided into three regions mentioned above. The
depletion capacitance decreases in both the accumulation
and depletion regions. In the inversion region, it increases
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FIGURE 4. C-V curves of the SD-ATSV for different temperatures at
(a) static/low frequency (<10 MHz) and (b) high frequency (>10 MHz).

and remains unchanged at low and high frequencies, respec-
tively. As the temperature increases, the depletion capac-
itance decreases in the accumulation region and increases
in the inversion region. The temperature rise leads to an
increased ratio of (¢g/ ,ox)2 to F (¢s), thereby resulting in a
wider inversion region and decreased threshold voltage [42].
Moreover, the oxide capacitance C,, = 1.75 x 1074 F/m2
is illustrated in Fig. 3(b). It is worth noting that the deple-
tion capacitance is much larger than the oxide capacitance
in the accumulation region and the low frequency inversion
region. As the TSV capacitance is a series combination of the
oxide and depletion capacitances, it can be predicted that the
TSV capacitance is almost unchanged in these regions.

Figs. 4(a) and (b) show the capacitance-voltage (C-V)
curves of the SD-ATSV at low and high frequencies, respec-
tively. Similarly, the C-V curves can be divided into the
accumulation, depletion, and inversion regions. It can be
seen from Fig. 4(a) that at static/low frequency, with the
increasing bias voltage, the MOS capacitance is initially
the oxide capacitance, then decreases as the bias voltage
exceeds the flat-band voltage, and finally increases to the
oxide capacitance as the bias voltage exceeds the threshold
voltage. For high-frequency signal, the MOS capacitance
is kept at its minimum value in the inversion region. The
impact of temperature variation on the C-V curves of the
SD-TSV is also illustrated, as shown in Fig. 4. It is evident
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FIGURE 5. Total MOS capacitance of the SD-ATSV for different
temperatures at (a) Static/low frequency (<10MHz) and
(b) high frequency (>10MHz).

that the oxide capacitance is independent with the tempera-
ture variation, while the depletion capacitance increases with
the temperature in the inversion region.

Furthermore, the total MOS capacitance of the
SD-ATSV, which can be calculated by Cro =
[(Ci+C) '+ (C3)_l]_l, is plotted in Fig. 5. It can be
seen that, at low-frequency, the total MOS capacitances
in the range of |V| > 3V are almost unchanged as the
temperature increases. This is because when |V| > 3V,
the depletion region is not formed, and the MOS capacitance
is equal to [(C,,Xl + Cm(z)_1 + (C0x3)_1]_1, where the oxide
capacitances are independent with the temperature variation.
However, as shown in Fig. 5(b), for high frequency signal,
the total MOS capacitance increases with the temperature at
the two end regions of the curve, and decreases around the
central region.

Figs. 6(a) and (b) show the low-frequency silicon capac-
itances between two inner ATSVs and between an inner
ATSV and the outer shielding shell, respectively. It is found
that the silicon capacitance at the two end regions of the
curve is kept almost unchanged with the temperature rise.
The maximum value occurs around the central region, and it
decreases significantly with the increasing temperature. Note
that the load capacitance between signal and ground in the
SD-ATSV is a series combination of the MOS capacitance
and the silicon capacitance. As the silicon capacitance is

VOLUME 6, 2018
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FIGURE 6. Silicon capacitance between (a) two inner ATSVs and
(b) an inner ATSV and the outer shielding shell for different
temperatures at low frequency (<10 MHz).

much smaller than the MOS capacitance, the load capacitance
is mainly determined by the silicon capacitance, and therefore
is in the range of several tens of femtofarads (fF).

Ill. ELECTRICAL CHARACTERISTICS

A. FREQUENCY-DOMAIN ANALYSIS

For frequency-domain analysis of the SD-ATSV, a
four-port single-ended model shown in Fig. 2 is employed.
After extracting the four-port mixed-mode S-parameters,
the differential- and common-mode S-parameters can be
computed. The proposed model is validated using a commer-
cial full-wave electromagnetic simulation tool (HFSS [43])
with the two set of geometrical configurations as listed
in TABLE 2.

Figs. 7 and 8 show the magnitudes of differential- and
common-mode S1; and S»; of configurations A and B for
three different cases: 1) without depletion (i.e., wqep €quals
to zero); 2) nonlinear depletion (i.e., wgep is a function of
bias voltage); and 3) maximum depletion (i.e., wqep equals
to its maximum value). In the figures, the HFSS simulation
results are labeled by symbols, while the results obtained
from the circuit model are plotted using lines. It is evident
that the modeled and simualted results agree well with each
other. Note that the case of nonlinear depletion cannot be
simulated using the HFSS as the capacitance is voltage depen-
dent. It is demonstrated that ignoring the voltage-dependent
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FIGURE 7. (a) Sq141+ (b) Sd2d1+ (€) Sc1c1- and (d) S¢a¢q of configuration A
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MOS capacitance would lead to inaccuracy for both
differential- and common-mode S-parameters.

Moreover, the impact of temperature variation on the
S-parameters of the SD-ATSV with floating inner silicon is
illustrated in Fig. 9. It is found that both the differential- and
common-mode insertion losses are reduced with the increas-
ing temperature, which is mainly attributed to the decreased
silicon conductivity according to (40).

B. TIME-DOMAIN ANALYSIS

Taking the SD-ATSV of configuration A (see Table 2) for
example, the time-domain analysis is performed in this sub-
section. Fig. 10(a) shows a symbolical differential transmis-
sion line model of the inner ATVs. A set of low voltage
differential signal (LVDS), which is comprised of two sets of
low square-wave voltage sources (V) and V,) with opposite
polarity, is used as the input voltage. Herein, V), is the source
voltage with positive polarity. It has a fundamental frequency
of 2 GHz (i.e., a period T of 500 ps), and its amplitude is
from 0.45 V to 0.75 V with both rising and falling times
of 50 ps. V,, is a reverse polarity voltage with respect to V).
The output voltages (V), and V,) can be captured as LVDS
transmits along the two ATSVs.

The nonlinear capacitance of the inner ATSVs and the
outer shielding shell C; (i = 1,2, 3) in (33) can be derived
by solving the following equation:

dv; (1)
dt
where i; (t) is the current flowing through the oxide and
depletion capacitances and v; (¢) is the voltage between the
ends of two capacitances. Fig. 10(b) shows the Symbolically-
defined devices (SDD) block in the Keysight ADS [44],
which can be used to model the nonlinear MOS capacitances
of the SD-ATSV.

The transient waveforms of the SD-ATSV with electrically
floating silicon substrate can be obtained by using the same
method proposed in [45]. As shown in Fig. 11, the output
voltage of each ATSV (V;7 and V)) is an imperfect square-
wave voltage. The different-mode voltage (Vgir) and the
common-mode voltage (Voomm) are given as

Viaitt =V, — V,,, (42)

ij (1) = C; (Vrsv (1))

, i=1,2,and3. (41

1
Veomm = 5 (Vo +Va). 43)

Fig. 12 shows the transient waveforms of the output volt-
ages for three cases mentioned above. In order to validate the
circuit model, the S-parameters from HFSS are imported into
the S4P block in ADS to perform a time-domain simulation.
It is evident that the results obtained from the circuit model
and the S4P simulation agree well with each other. From
Fig. 12, it can be seen that the voltages of three cases may
lead to about 5% difference. This phenomenon can be readily
explained by Fig. 13. The total MOS capacitance of the
SD-ATSV with the floating inner silicon is approximately
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for different temperatures.
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FIGURE 10. (a) Symbolical differential transmission line model. (b) SDD
block used for modeling the voltage-based MOS capacitance.
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FIGURE 11. Transient waveforms of the output voltage.

located at the middle level of the maximum and minimum
values.

As the number of stacking layers increases, the impacts
of floating silicon substrate on the transient output voltage
waveforms become more significant, as shown in Fig. 14.
Moreover, Fig. 15 depicts the transient output voltage wave-
forms of the SD-ATSV for different temperatures. As the
temperature rises, the silicon conductivity decreases, thereby
leading to lower signal leakage and increased output voltage
amplitude.

IV. COMPARISON WITH SD-TSV

In this section, the electrical and thermo-mechanical char-
acteristics of the SD-ATSV are compared with those of the
conventional SD-TSV.

A. ELECTRICAL PERFORMANCE
Fig. 16 compares the differential- and common-mode
insertion losses of the SD-TSV and the SD-ATSV of
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FIGURE 12. Transient output voltage waveforms of the SD-ATSV of
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FIGURE 13. The total MOS capacitance of the SD-ATSV of configuration A
for different cases.

configuration B. The geometrical parameters of the SD-TSV
are the same as those of the SD-ATSV except that the inner
metal radius of the ATSV is set to be zero, i.e., r; = 0. It is
evident that the SD-ATSV has the comparable performance
with the SD-TSV for differential- and common-mode signal
propagations. On the one hand, the mutual admittance plays
a major role in the signal leakage. The mutual admittances of
the SD-TSV and the SD-ATSV are the same with each other
as they are merely related to the outer edges of the signal
vias and the inner edge of the shielding shell. On the other
hand, although the internal inductance of the shielded pair
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FIGURE 15. Transient output voltage waveforms of the SD-ATSV for
different temperatures.

vias is changed when replacing the cylindrical vias with the
annular ones, it is much smaller than the external inductance
and therefore can be neglected.

B. THERMO-MECHANICAL CHARACTERISTICS

During the manufacturing processes, thermal stress is
induced by the mismatch of the thermal expansion coeffi-
cients of various materials employed in the fabrication [17].
The thermo-mechanical characteristics of the SD-ATSV of
configuration B are captured and compared with those of the
SD-TSV by using the commercial multiphysics simulation
tool COMSOL [46]. For reducing the simulation time, only a
quarter of the TSV structure is used for simulation, as shown
in Fig. 17. The boundary conditions of “symmetry”’ are set
for the top and front cross sections. Here, the linear elastic
materials are utilized, with the material parameters listed
in Table 3. A thermal load, which is used to simulate the
temperature drop from the annealing temperature to the room
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FIGURE 16. Differential- and common-mode insertion losses of the
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Symmetry
conditions

FIGURE 17. Multi-physics simulation model. A quarter of the SD-ATSV
structure is adopted for simulation by setting symmetry conditions

to the top and cross-sectional surfaces. So the height of the
simulation model is chosen as hysy /2.

TABLE 3. Material parameters used in the multiphysics simulation.

Material Cu  SiO, Si
Young’s modulus E (GPa) 110 72 130
Poisson’s ratio v 0.35 0.16 0.28

Thermal expansion coefficient @ (ppm/°C) 17 0.6 2.3

temperature, is assumed to be —250 °C to imitate the thermal
circumstance [21].

Fig. 18 shows the simulated thermal stresses of the
SD-TSV and the SD-ATSV along the x-axis. The thermal
stress decreases along the radial direction when away from
the centers of the TSV. It is found that the thermal stress
near the outer edge of the shielding shell can be reduced by
25 MPa by replacing the cylindrical vias with the annular
ones. Moreover, as discussed earlier, the inner ATSVs can
be fabricated by electroplating Cu layer on the sidewalls of
the vias. The material inside the ATSVs is replaced with the
air in this scenario. It is found that the thermal stress of such
air-core SD-ATSV is almost the same as that of the original
SD-ATSV (see Fig. 18), which is because the reduction in
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FIGURE 19. KOZs caused by TSV for different device properties.

the thermal stress is mainly attributed to the reduction in the
metal ratio of the inner ATSVs [20].

As the thermal mismatch stress induced by TSVs may
affect the substrate carrier mobility and thereby degrades
the device performance, the keep-out zones (KOZs) of the
SD-TSV and the SD-ATSV are calculated [47]. Considering
the angle between the transistor and the radial stress, four
kinds of device properties are studied: 1) pMOS that is par-
allel to the radial stress; 2) pMOS that is perpendicular to
the radial stress; 3) nMOS that is parallel to the radial stress;
and 4) nMOS that is perpendicular to the radial stress. The
KOZ is calculated by [21]

KOZ = rlinixe,, (r)x0)1<5% - (44)

where o, is the radial stress, § (6) is an orientation factor,
0 is the angle between transistor channel and radial stress,
and T is 71.8 x 107! Pa=! and —31 x 10~!! Pa~! for
pMOS and nMOS respectively. Specifically, 8 (0°) = 1, and
B (90°) is —0.6 and 0.5 for pMOS and nMOS respectively.
As shown in Fig. 19, the KOZs induced by the SD-ATSV
is about 22% smaller than that of the SD-TSV for different
device properties.
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For the SD-ATSYV, the inner metal ratio, which can be
defined as (rp — r1)/r of the inner ATSVs, has an impact on
the KOZ. Fig. 20 shows the KOZ induced by the SD-ATSV
for pMOS at 6§ = 0° with different inner metal ratios. In the
figure, the KOZ induced by the SD-TSV is also plotted for
comparison. It is evident that a lower rate of metal leads to
smaller KOZ. As the metal ratio increases, the KOZ of the
SD-ATSV increases rapidly and tends to that of the SD-TSV.
Finally, the influences of the thermal load on the KOZs of the
SD-TSV and SD-ATSV are illustrated in Fig. 21. It is shown
that the KOZs decrease with the increasing thermal load,
and the KOZ of the SD-ATSV is always smaller than that of
the SD-TSV.

V. CONCLUSION

This work proposed a SD-ATSYV, which is composed of two
inner signal ATSVs and an outer shielding shell. Due to its
self-shielding function, the SD-ATSV has better noise immu-
nity than the ground-signal-signal-ground differential TSVs.
The fabrication feasibility of the proposed SD-ATSV was
briefly discussed. Furthermore, an equivalent circuit model
of the SD-ATSV was developed, with the influence of the
electrically floating silicon considered. It was found that
the MOS capacitance varies with the bias voltage, which
is because the minority carriers flow alternatively between
the signal and the ground in the floating silicon substrate.
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By using the SDD block in Keysight ADS, the voltage-
dependent capacitances were modeled accurately, and the
frequency- and time-domain electrical characteristics of the
SD-ATSV were captured and verified against the full-wave
electromagnetic simulations. It was found that ignoring the
impact of floating silicon substrate would lead to inaccu-
racy, which becomes more severe with increasing number
of stacking layers. The impacts of temperature on the elec-
trical characteristics were also studied. Finally, the electrical
and thermo-mechanical characteristics of the SD-ATSV were
compared with those of the SD-TSV. It was demonstrated
that the SD-ATSV has comparable electrical performance as
the SD-TSV for both differential- and common-mode signal
propagations since they have the same mutual admittances
and external inductances. However, as the metal ratio of the
inner ATSVs decreases, the SD-ATSV shows smaller thermal
stress and KOZ than the SD-TSV.
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