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Abstract: This paper proposes an octagonal layout for enhancing the ability of resisting electromag-
netic interference in Through Silicon Via (TSV) array. The influential factors of crosstalk noise between
TSVs are investigated, including the TSV pitch, signal and ground TSVs location, and signal types
(single-end and differential signal) by using a coplanar wave guide (CPW) testing structure. These
results, based on traditional TSV arrays, show that a staggered TSV layout with differential signals
had lower crosstalk noise. On this basis, the octagonal layout of TSV array is proposed and we show
that it has obvious superiority in reducing occupied silicon area and crosstalk noise. Compared with
traditional TSV arrays, the crosstalk noise is almost reduced by 44%. In order to further reduce the
silicon area occupied by TSV without worsening crosstalk noise, the new division TSV structure is
proposed in which a large TSV was substituted by four smaller TSVs. The area occupied by a single
TSV and TSV array are both reduced by 60% without decreasing signal integrity when the regular
TSV in the octagonal layout are replaced by a new TSV structure.

Keywords: TSV array; octagonal layout; magnetic interference; crosstalk noise; differential signal;
new structure

1. Introduction

Three dimensional (3D) integration has become one of the most critical technologies
in the post-Moore era. TSV technology occupies an extremely important position in 3D
integrated circuit (IC). The vertical interconnection of TSV can reduce the length of the
interconnection path and decrease the signal delay. As well, it can save the silicon area and
increase integration density. Therefore, TSV has become an important technology in the
application of 3D IC [1].

The TSV fabrication process is paid much attention to in recent research, although
few studies focus on the signal integrity. However, signal integrity is one of the important
criteria to judge TSV electrical performance. The signal is transmitted through the TSV array
and thousands of TSVs are placed in the limited silicon chip area. This often causes great
electromagnetic interference, including crosstalk noise, which will affect the signal integrity
transmitted through TSV [2]. Therefore, optimizing TSV arrays with signal/ground TSVs
to reduce the crosstalk noise has large significance in determining signal integrity. However,
TSV arrays should have less ground TSV and occupy less silicon wafer area, which conflicts
with better crosstalk noise performance. Therefore, lower-crosstalk noise TSV arrays with
smaller silicon area have to be investigated deeply [3].

The magnitude of crosstalk noise between TSVs is mainly determined by coupling
noise, as shown in Figure 1. The Cox, Ryypstrate ad Cgypstrate are the capacitive reactance of
the dielectric layer, silicon substrate impedance and capacitive reactance, respectively [3].
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Figure 1. Coupling circuit between TSV.
The magnitude of Coy is expressed as [3]:
2meh
Cox = (1)

In[(2t ., +D) /D]

where h is the height of TSV, D is the diameter of TSV, toy is the thickness of dielectric layer
and ¢ is the dielectric constant of Silicon dioxide, respectively [3]. The magnitude of Cy is
constant as the toy, h, and ¢ are set at a constant value.

Meanwhile, the magnitude of Cqypgirate and Ryypstrate Can be expressed as [3]:

TIEQErsi XN
Csubstrate = % 2)
cosh (%)
1
Rsubstrate = o5 3)
( 505:& +w tan 6r~51) X Cgi

where Stgy is the space between two TSVs, oy; is the relative permittivity of silicon substrate,
w is the applying angular frequency and tan 8. g; is the dielectric loss tangent. The Cqypstrate
and Rgypsirate Will be increased as Stgy increases based on Equations (2) and (3), which
means that the crosstalk noise between TSVs will be reduced.

As the signal frequency increases, the signal integrity tends to be significantly affected
by the transmission path due to the crosstalk noise between two TSVs [3]. The coupling
model of the TSV array is built to investigate the crosstalk noise of large TSV arrays, which
shows that the low-resistivity silicon substrate can enhance coupling noise between two
TSVs [4]. Meanwhile, reference [5] reported the crosstalk noise of TSV arrays by building
an analytical model based on the theory of multiconductor transmission lines (MTLs),
which is more accurate and quicker than the traditional analytical model. To suppress the
crosstalk noise, de-embedding test structures and the CPW structure for measuring the
crosstalk noise between two TSVs was proposed in the references [6,7]. Compared with the
de-embedded structure, the CPW structure can measure crosstalk noise more accurately.
The effect of the TSV pitch on the crosstalk noise of mutual TSVs is also reported as being
that the crosstalk noise increases as pitch decreases [8]. Compared with the traditional TSV
mesh array topology, the hexagonal TSV array can decrease the crosstalk noise and reduce
the silicon area [9].

However, research on reducing crosstalk noise in TSV array is seldom found and more
research focuses on the process and thermal stress of TSVs in recent years. Meanwhile,
there is little current research on using differential signals to TSV, such as references [10,11].
Therefore, this paper proposes an octagonal TSV array arrangement based on the studies
referred to above and the CPW structure is used to measure the crosstalk noise, as shown
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in Figure 2. The octagonal TSV array with inputs taken as single signal and differential
signal both have lower crosstalk noise than traditional TSV arrangements. Meanwhile, the
area occupied by the octagonal array is also the smallest. Furthermore, a method to reduce
the area without reducing the ability of suppressing crosstalk noise is also proposed by
dividing a large TSV into four smaller TSVs, which also largely saves the silicon area.

Figure 2. Simulation model of CPW structure in HFSS: Ground-Signal-Ground structure.

2. TSV Array Design
2.1. Octagonal Layout Design

The signal is transmitted through TSV array. Therefore, the TSV array has great impact
on the crosstalk noise between TSVs, especially for high TSV density. A reasonable layout
of a TSV array can greatly reduce the crosstalk noise between signal TSVs. Therefore, a new
octagonal TSV array is proposed in this work and the design is introduced as followed.

To compare the ability of decreasing crosstalk noise among different TSV arrays, the
materials and height of TSV are set as shown in Table 1.

Table 1. Parameters.

Name Materia Thickness/Height
Substrate Silicon 50 um
Dielectric layer around TSV Silicon dioxide 0.5 um
TSV Copper 50 um
Dielectric layer on the top Silicon dioxide 1 pm

Traditional layouts of TSV arrays with single-ended signal in an RF circuit are shown
in Figure 3a,b, and are treated as the control group. Array 1 has the signals (S)/ground
(G) TSVs aligned in parallel with each other (called parallel array) and array 2 has signal
(S)/ground (G) TSV staggered with each other (called staggered array), which is used to
characterize the crosstalk noise of different TSV arrays. Hexagonal TSV arrays, as used
in reference [9], is shown in Figure 3c, which is used to verify the reported result and is
also treated as the control group. The new octagonal array of a TSV array is designed as
shown in Figure 2d, which is formed by the staggered signal TSV(S) and ground (G) TSV.
In the four arrays above, the adjacent TSV remains the same diameter as it is. The pitch
of adjacent TSVs keep the same diameter but the pitches between adjacent signal TSVs in
arrays 3 and 4 are greater than those of arrays 1 and 2. Due to the larger pitch of the two
signal TSVs in arrays 3 and 4, the crosstalk noise is smaller [5]. All these designs are used
to access the silicon area occupied by the new octagonal TSV array.
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Figure 3. Three TSV arrays: (a) S-S layout, (b) G-S layout, (c) hexagonal layout, (d) octagonal layout.

The TSV layout in Figure 4 is used to characterize the function of the differential signal.
Figure 4a,b are the units in Figure 3a,b. Figure 4c has the same array as Figure 4b but
replaces the single-ended signal with a pair of differential signal because differential signal
is reported to decrease the crosstalk noise [10,11].
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(c) Layout C

Figure 4. Three Layouts of TSV array: (a) TSV array side by side, (b) Staggered TSV array, (c) A pair
of differential signal TSVs instead of a single-ended signal TSV staggered array (same silicon area of
TSV array).

Figure 5a has the same layout as Figure 4c, which is used to compare crosstalk noise
with our octagonal TSV array as shown in Figure 5b. The size design of the TSV array is
as follows: the pitch between TSVs for a pair of differential signals and two single-ended
signals are 25 um and 50 um, respectively. The pitch between signal and ground TSV in a
row is 25 um, and the pitch between ground to ground TSV is 50 um, as shown in Figure 5.
The height and diameter of TSV is 50 pm and 5 um, respectively, and the oxide thickness is
0.5 pm.
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Figure 5. Two arrays of TSV array: (a) five pairs of differential signal TSV in staggered array, (b) five
pairs of differential signal in octagonal TSV array.

2.2. New Divison TSV Structure

In order to better reduce the silicon area occupied by the TSV, the new division
structure of the TSV is proposed as shown in Figure 6b, in which a large TSV (diameter is
5 um) is replaced by four small TSVs (diameters is 2 pm). Compared with the large TSV,
the silicon area occupied by the new structure is greatly reduced by 36%, which means
that the utilization rate of silicon substrate can be greatly increased. In reference [11], the
coupling effect is reduced as the influence path distance becomes larger. Therefore, the
influence path from aggressive TSV to victim TSV is designed as shown in Figure 7. The
new division TSV structure, replacing the regular TSV structure of layout E, is layout F, as
shown in Figure 8. In the existing process, the diameter of the TSV can be manufactured
as small as 100 nm by using a Bosch process applied to extremely small CD structures
(180 x 250 nm top CD) [12]; thus, the new TSV structure can be manufactured. The smaller
TSV pitch is 3 um and the above TSV pitch reminds the same by 25 um.

2um

l«—=>1

- [
3um I

5um
s

(a) (b)

Figure 6. TSV structure. (a) Regular TSV; (b) New division TSV Structure.

Influence Path

(a) (b)

Figure 7. The influence path from aggressive TSV to victim TSV: A (Aggressive TSV), V (Victim TSV).
(a) Two regular TSVs; (b) Two division TSVs.
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Figure 8. New division structure of octagonal TSV based on differential signals.

3. Results and Discussion

The crosstalk noise of traditional TSV arrays (arrays 1 and 2), hexagonal array and
octagonal array with single-ended TSV, are shown in Figure 9, obtained by ANSYS HFSS
from the American ANSYS Company, Commonwealth of Pennsylvania, US. As the fre-
quency increased, the crosstalk noise of the octagonal array slightly decreased. At low
frequencies, the signal was only transmitted in a single TSV, and would not penetrate the
silicon substrate to affect other TSVs [3]. Therefore, the crosstalk noise curve of any array
overlapped when the diameter was a constant value as shown in Figure 9. Compared with
arrays 1 and 2, the crosstalk noise of array 4 was reduced by 15 dB and 5 dB, respectively,
when the frequency was over 20 GHz. The main reason for this was that the octagonal
structure can reduce the area while increasing the pitch of two signal TSVs, as shown in
Figure 3. Compared with array 3 (hexagonal array), the octagonal array could also reduce
the crosstalk noise by 2 dB. The main reason for this was that the grounded TSV between
two signal TSVs in the octagonal array was closer to the coupling path than the hexagonal
TSV; thus, the ability of shielding noise was better even though the space between two
signal TSVs was smaller. The crosstalk noise of layout B was higher than layout A by
nearly 5 dB when the frequency was over 1 GHz, as shown in Figure 9. The main reasons
were as follows: (1) the staggered signal and ground TSV array increased the distance
between adjacent signal TSV and signal TSV. (2) The staggered signal and ground TSV
array made one signal TSV surrounded by two ground TSVs, which could greatly suppress
the crosstalk noise without changing TSV pitch and total array area.

0

=i Array 2
=@= Array 3(Hexagon)
== Array 4(Octagonal)

Crosstalk Noise[dB]
&
(=]

-120 : 4 .
0o 10 50 90 100
Frequency[GHz]

Figure 9. The crosstalk noise among arrays 1, 2, 3 and 4.
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The crosstalk noise between layout B and layout C(Diff) in Figure 4b,c is shown in
Figure 10. When the two single-end TSVs in layout B were substituted by one pair of
differential TSVs in layout C(Diff), the crosstalk noise of layout C(Diff) was largely reduced
by nearly 15 dB over 10 GHz. The main reason for this was that the differential signal had
a great ability of anti-electromagnetic interference, which can effectively decrease crosstalk
noise. Notably, the silicon area of layout C(Diff) was equal to layout B.

0
)
=,
& -60
)
z
% == Layout A
E -120 == Layout B
(=]
c =@- Layout C(Diff)

_180 1 - | |
g 50 20 100
Frequency[GHz]

Figure 10. The crosstalk noise among layouts A, B and C(Diff).

The results of Figure 9 verified that the staggered TSV array with differential signal
had the ability to suppress crosstalk noise, which could be reduced 40% at high frequency.
In layout C(Diff), the number of signal TSVs increased but the total area of substrate was
the same as for layouts A and B. Therefore, differential staggered arrangement could better
suppress crosstalk noise without changing the occupied silicon area. However, the number
of grounded TSVs was the same as the signal TSV in the layout C(Diff).

To further save more silicon area by using less ground TSV, differential signals were
used in our new octagonal array as shown in Figure 5b. Layout D(Diff) in Figure 5a was a
topologic array of layout B, which was to keep the same signal TSV. Five pairs of differential
signal TSVs were arranged and the area of the TSV array in layout D(Diff) and E(Diff) was
8750 um? and 3017.5 um?, respectively. Consequently, layout E(Diff) had a smaller area
than layout C(Diff). Besides, it also contained less ground TSV and more signal TSV to
transmit data.

Crosstalk noise was further investigated for the layout E(Diff) with less ground TSV
and array area. This study chose the representative signal parameters 51,2 and 51,3, where
51,2 meant the signal crosstalk noise between S1 and S2. For the anti-electromagnetic cou-
pling ability of the differential signal, only when the positive and negative signals received
the same magnitude of external interference could the internal mutual crosstalk noise be
cancelled and, thus, could the differential signal reduce anti-electromagnetic coupling.
51, S2 and S3 were the integration signals of S1+/51—, 52+ /52 and S3+/5S3—. Figure 11a
showed the crosstalk noise 52,1 between layout D(Diff) and layout E(Diff). The crosstalk
noise of layout E(Diff) was lower than layout D(Diff) with the signal frequency increasing.
When the frequency was 10 GHz, the crosstalk noise difference between the two layouts
was as high as 45 dB. When the positive and negative signals in a pair of differential signals
received the same external interference, the internal crosstalk noises could counteract each
other. In the layout E(Diff), 52+ and S2— suffered from the same interference from S1+
and S1—, therefore the crosstalk noises between S2+ and S2— could counteract each other.
However, the distance between S1+/S1— and S2+/S2— was inconsistent in layout D(Diff),
resulting in a crosstalk noise difference between S1+/51— and S2+/S2—. Therefore, the
crosstalk noise between S2+ and S2— could not be counteracted in the layout D(Diff).
Figure 11b showed that the difference in crosstalk noise S1,3 between layout D(Diff) and
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layout E(Diff) was very small. It was worth noting that layout E(Diff) had less shielded
ground TSV than layout D(Diff), which meant that less ground TSV was used to achieve
the same shielding effect, which meant an effectively reduced TSV area. The octagonal
TSV array arrangement had great advantages in reducing the area and decreasing the
crosstalk noise.

0

#= Layout D(Diff)

Crosstalk Noise S, ; [dB]
9
e

-105 =@~ Layout E(Diff)
B
-140 L A .
o 10 50 20 100
Frequency[GHz]
(a)
0

-40

== Layout D(Diff)

=&~ Layout E(Diff)

Crosstalk Noise S3;[dB]
%
(=]

-120
[
—160 L i L
0 10 50 90 100
Frequency[GHz]
(b)

Figure 11. The crosstalk noises between layout D(Diff) and layout E(Diff). (a) crosstalk noise S2,1 of
layout D(Diff) and layout E(Diff); (b) crosstalk noise S3,1 of layout D(Diff) and layout E(Diff).

The crosstalk noises among layouts A, B, D(Diff) and E(Diff) are shown in Table 2.
Therefore, the layout E has the greatest ability to reduce crosstalk noise in comparison with
other arrays.

Table 2. The crosstalk noises among layouts A, B, D(Diff) and E(Diff).

Arr 10 GHz 10 GHz
ay (Crosstalk Noise S2,1) (Crosstalk Noise S3,1)
Layout A —45dB -
Layout B —50dB -
Layout D(Diff) (topology of _ B
layout C(Diff)) 65 dB 62 dB
Layout E(Diff) —110dB —55dB

The crosstalk noise between two adjacent TSVs of regular and new structure in only
TSV array as shown in Figure 7 was investigated as shown in Figure 12. Compared with
regular TSV, the new TSV structure reduced the crosstalk noise by 3 dB at 100 GHz. The
main reason may be that the influence path increased between two new TSVs as the



Processes 2022, 10, 260 9of 11

diameter of the new TSV reduced. Then, the regular and new structure applied in TSV
arrays as shown in Figures 4b and 8 were simulated by HFSS.

0
The larger differenceis 3dB
= s o i-8-b-oboty
= _NA—®
T -40 .‘A,_,tﬁ“
z £
é =@ 1pm
g -80 —A— Spm
S
-120 a
0 50 100
Frequency[GHz]

Figure 12. The crosstalk noise between two TSVs.

Layout F(Diff) was designed with a smaller TSV being substituted for a large TSV
to further decrease the occupied silicon area. The crosstalk noise between layout E(Diff)
and F(Diff) is shown in Figure 13. Although the resistance of the new TSV structure was
increased by 0.02 (), the crosstalk noise did not increase compared with the regular TSV.
Notably, the area of a single TSV after optimization was reduced by 7.065 um? compared to
before optimization. The total area of the entire TSV array was reduced by 98.91 um?.

-40

5 The larger difference is 1dB N
._":. o ,lmA“'A’.’A.A'A
A 80 } e
% ™
w A
> el =@= Layout E(Regular TSV)
= -120 4
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e
@)

_160 l A l

o 20 50 20 100
Frequency [GHz]
(a)
0
§ The larger difference is 2dB
'g A « Diameterg = Spm
X

E £ Diametergy = 1pm
= 80 |
g t =@= Layout E (Regular TSV)
o : —~ Layout F (Division TSV)

-120 1 - 1

o 10 50 90 100
Frequency[GHz]
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Figure 13. The crosstalk noises between layout E and layout F. (a) crosstalk noise 52,1 of layout E and
layout F; (b) crosstalk noise S3,1 of layout E and layout F.
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4. Conclusions

Compared with the traditional two TSV array layouts (parallel and staggered array)
and a hexagonal array, the octagonal TSV array that we proposed had a better ability to
suppress the crosstalk noise. When the frequency is over 20 GHz, the crosstalk noise is
reduced by 15 dB, 5 dB and 2 dB, respectively.

To further decrease the crosstalk noise, we summarize the effect of two traditional
TSV arrays with single-end and differential signals on suppressing crosstalk noise. It is
concluded that the staggered layout with differential signals can reduce the coupling by up
by 44% at high frequencies in the same area.

On this basis, a differential signal is used in the octagonal TSV array. Compared to the
staggered TSV array with a differential signal, the octagonal TSV array with a differential
signal can further reduce the crosstalk noise, which can be reduced by about 60% at 10 GHz.
At the same time, the number of shielded grounded TSVs is less and the total area of the
silicon substrate is smaller.

Furthermore, the design in which one large TSV is changed into four smaller TSVs in
the octagonal TSV array can maintain the ability of reducing crosstalk noise in a regular
TSV array. Most importantly, the single TSV area is reduced by 7.065 um? and the total
area is reduced by 98.91 um? when the new TSV structure replaces the regular TSV in an
octagonal TSV array.
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