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1 | INTRODUCTION

In the novel integrated circuit technology, three-dimensional (3D) integration technology has many advantages, which can
improve performance and functions while reducing costs!'-l. Among them, Through Silicon Via (TSV) technology occupies
an important position in the 3D integration technology, and is the key part of realizing multi-layer chip interconnection1,
TSV based 3D integrated circuits are designed to stack and interconnect chips in the vertical direction!®®]. It provides a
promising near-term solution for further miniaturization and performance improvement of electronic systems® !, With the
demand for low-cost and high-yield process technology, the successful application of TSV technology requires further
optimization of TSV design and model structure.

In view of the structural model and electromagnetic characteristics of TSV, domestic and foreign scholars have conducted
extensive research and discussion. At present, the common TSV studied are cylindrical TSV, coaxial TSV, conical TSV and
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annular TSV. The analytical model of capacitance and inductance for cylindrical TSV is extracted in [12-13], and the
accuracy is verified. Based on the theory of electromagnetics, the parasitic capacitance model of conical TSV was established
in [14-15]. In [16], a coaxial TSV is proposed, which uses SiO» with low permittivity as the dielectric layer, and the
transmission characteristics of the coaxial TSV are simulated. The research in [17] shows that the signal transmission
performance of toroidal TSV is almost independent of copper filling rate.

With the size of TSV continues to decrease, the system puts forward higher requirements on the transmission
characteristics of TSV in a wider frequency band!'®2!l. In addition, due to the high power density and chip temperature in 3D
stacking structure, the temperature influence on the performance of TSV is critical in its modeling, characterization and
design?>?4. In order to further improving the transmission characteristics of TSV, a novel TSV structure, i.e. elliptic
cylindrical TSV, is proposed in this paper. HFSS software is used to simulate the influence of structural parameters such as
axial length ratio, height, dielectric layer thickness and TSV spacing on the transmission characteristics of elliptic cylinder
TSV model, and the relative optimal solution of each geometric parameter is obtained. Then, the influence of temperature
change on the transmission characteristics of elliptic cylinder TSV is studied. This paper provides a reference for the optimal
design of TSV structure.

2 | NOVEL ELLIPTIC CYLINDRICAL TSV

The structure of the proposed elliptic cylindrical TSV in GS mode is shown in Figure 1. In order to study the influence of
axial length ratio, height, dielectric layer thickness and TSV spacing on the transmission characteristics of TSV, a and b are
respectively used to represent the semi-minor axis and semi-major axis of the elliptical surface of TSV; /g, is the height of
TSV structure; 7, is the thickness of SiO: dielectric layer; @, is the thickness of intermetallic dielectric layer; and Ly, is the
distance between TSV. The TSV conductive material is filled with Cu. The dielectric isolation layer is SiO2, and the bottom
is n-type doped Si substrate, and the doping concentration is expressed by N, .The effect of the bias voltage on the Cu-SiO»-

Si MOS structure is represented by the change of the width of the depletion region, which is expressed by r,;,, .
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According to the state of art technology [>?*], the initial simulation values of the device structure parameters and physical

parameters are shown in Table 1:

Geometric parameter Symbol Value TABLE 1 Geometric parameters
The height of TSV hygy 60pum
TSV spacing Lrg, 20pm
The elliptical surface of semi-minor axis length a 2.5um
The elliptical surface of semi-major axis length b 7.5pm
Thickness of SiO dielectric layer 7. 0.4um
Doping concentration of TSV substrate N, 6x10'cm

3 | THE INFLUENECE OF GEOMETRIC PARAMETERS ON ELLIPTIC
CYLINDRIAL TSV
3.1 | The influence of the axial length ratio of elliptic cylindrical TSV on

transmission characteristics

The axial length of elliptic cylindrical TSV corresponds to the radius of cylindrical or conical TSV, and its size affects the
distribution density of TSV, and the change of axial length also affects the transmission characteristics of elliptic cylindrical

TSV. In this paper, the simulation is completed at 300K at room temperature:

(a)

(—m—a,=2.5um, b;=15.0pm
[—e—a,=2.5um, b;=12.5um
—A—a,=2.5um, b;=10.0um
—¥—a,=2.5um, b;=7.5um
—&—a,=2.5um, b;=5.0um

(b)

-0.1

0.2

—®—a,=2.5um, b;=15.0pm
—e—a,=2.5um, b,=12.5um
—A—a,=2.5um, b;=10.0pm
—¥—a,=2.5um, b;=7.5um
—&—a,=2.5um, b;=5.0pm

0.3 -

)
0.4 F
) [
2 =
) 505
w2
0.6 -
0.7
0.8 -
1 Il 1 1 1 1 0 9 1 Il 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50

Frequency(GHz) Frequency(GHz)

FIGURE 2 S-parameter variation with frequency for elliptic cylindrical TSV with different axial length ratios. (a)S11, (b)S21

Figure 2 shows the curve of S parameter changing with frequency under different axial length ratio in HFSS simulation.
The semi-minor axis length a of the TSV elliptical surface is fixed at 2.5um , and the corresponding semi-major axis
length b of the TSV elliptical surface is 5.0um , 7.5um, 10.0um , 12.5 um and 15.0 um respectively. At this time, the ratio of
semi-minor axis length and semi-major axis length of corresponding elliptical surface is 1/2, 1/3, 1/4, 1/5 and 1/6,
respectively. The corresponding other structural parameters are shown in Table 1, and remain unchanged.

The simulation results show that when the ratio of axis length decreases gradually, the return loss S, of the elliptic
cylindrical TSV simulated in Figure 2 (a) decreases gradually in 0 ~ 50GHz , and the amplitude of the decrease is smaller. In
Figure 2 (b), the insertion loss S,, of the elliptic cylindrical TSV increases gradually in the frequency range. At low frequency,

the coupling effect of parasitic parameters can be ignored, and the variation of TSV characteristics with size mainly depends
on the impedance change caused by the change of TSV cross-sectional area. The reduction of the axial length ratio increases



4of 10 Wl LEY GUAN gt AL

the relative cross-sectional area of the TSV, thereby reducing the impedance, which is beneficial to TSV transmission. When
the frequency increases to a certain value, the return loss increases and the insertion loss decreases. This is because the
decrease of axis length ratio increases the internal current flowing through Cu and decreases the parasitic resistance. With the
increase of TSV axis length ratio, the total inductance decreases, the relative area of capacitance increases, and the relative
spacing between TSVs decreases, which leads to the increase of depletion layer capacitance and SiO: capacitance. Because
the substrate conductance plays a leading role, even if the resistance and inductance of TSV decrease, the increase of
substrate conductivity will make the overall transmission performance of TSV worse. Therefore, for elliptic cylindrical TSV,
the ratio between the semi-minor axis and the semi-major axis should be reduced as much as possible. For this article, when

the values of the semi-minor axis and the semi-major axis of the elliptical surface are 2.5 um and 15.0um , i.e. the ratio of the

axis length is 1/6, the transmission performance of TSV is the best.

3.2 | The influence of the height of elliptic cylindrical TSV on transmission
characteristics

The change of TSV height has an influence on each parasitic parameter. In the manufacturing field, the height of TSV also
affects the thickness of chip stack, and the thinner chip thickness will affect the thermal stress reliability of TSV. In order to
study the influence of the height change of elliptic cylinder TSV on its transmission characteristics, the following simulation
is completed at 300K:
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FIGURE 3 S-parameter variation with frequency for elliptic cylindrical TSV at different heights. (a)S11, (b)S21
Based on the study of the ratio of the axis length of the elliptic cylindrical TSV, the ratio of the better solution is 1/6.
The axis length ratio is fixed unchanged, and the height values of the elliptic cylindrical TSV are selected as 50um ,

60um , 7T0um , 80um and 90 um respectively. The remaining structural parameters are shown in Table 1.

The simulation results show that the insertion loss S,, decreases and the return loss S, increases with the increase of

height in 0 ~ 50GHz . When the height increased gradually, each parasitic parameters increased in direct proportion
with the height. The contact area between TSV and SiO; increases with the increase of height. The external inductance
of TSV is positively correlated with the height of TSV, while the dielectric capacitance

Cup =TELW,, / cosh™ (L,g, /2ab) is independent of the height. Except for the substrate capacitance, the increase of
other parasitic parameters makes the transmission characteristics of TSV worse. This demonstrates that the increase of
height is not conducive to the signal transmission of TSV. Generally speaking, the transmission characteristics of
elliptic cylindrical TSV become worse with the increase of height. Therefore, the height of TSV should be reduced as

much as possible in the manufacturing process of TSV.
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3.3 | The influence of the dielectric layer thickness of elliptic cylindrical TSV on
transmission characteristics

The elliptic cylindrical TSV is studied in this paper. SiO; is used as the isolation layer between Cu and Si, and the thickness
is less than 0.5um .The thickness of the dielectric layer directly affects the MOS capacitance in the oxide layer and the
depletion layer capacitance in the substrate. Therefore, the substrate capacitance and conductivity of TSV are closely related
to the thickness of the dielectric layer, while the parasitic resistance and parasitic inductance of TSV are not closely related to
the thickness of the dielectric layer. The influence of dielectric layer thickness on transmission characteristics of TSV is
studied at room temperature of 300K:
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FIGURE 4 S-parameter variation with frequency for elliptic cylindrical TSV with different dielectric layer thickness. (a)S11, (b)S21
Based on the study of the axial length ratio and height of elliptic cylindrical TSV, the better solutions of axial length ratio
and height are 1/6 and 50 um respectively, and the two parameters are fixed. Then the SiO» thickness of the dielectric layer

is 0.1um , 0.2um , 03um , 0.4um and 0.5um respectively, and the corresponding other structural parameters remain
unchanged as shown in Table 1.
The simulation results show that when the thickness of dielectric layer increases gradually, within the range of

0~ 50GHz, the insertion loss S,, of the elliptic cylindrical TSV increases and the transmission characteristics become better;

the return loss S;, decreases continuously, and the amplitude of the decrease increases at high frequency, which has a more
serious impact on the transmission of TSV signal. When the dielectric layer thickness of TSV increases, the depletion layer
capacitance in the substrate increases, and the MOS capacitance in the oxide layer decreases, and the substrate conductivity
increases. With the decrease of total capacitance and the increase of impedance, the coupling effect between TSV and ground
is reduced. The increase in capacitance enhances the transmission characteristics of the elliptic cylindrical TSV, and the
increase in conductance makes the transmission characteristics of TSV weaker. Although the conductivity plays a leading
role, the transmission characteristics of TSV become better because the thickness of SiO» has little effect on the substrate
conductivity. Therefore, when the thickness of the dielectric layer SiO2 is 0.5um , it has relatively good transmission

characteristics in 0 ~ S0GHz .

3.4 | The influence of the spcaing of elliptic cylindrical TSVs on transmission
characteristics

The spacing between elliptic cylindrical TSVs affects the distribution density of TSV. Based on the study of the geometric
parameters such as TSV axis length ratio, height and dielectric layer thickness, the optimized values are 1/6,
50um and 0.5um respectively. Meanwhile, the TSV spacing is 20um , 25um , 30um and 35um , and the following

simulations are completed under the condition of 300K:
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FIGURE 5 S-parameter variation with frequency for elliptic cylindrical TSV with different spacing. (a)S11, (b)S21
The simulation results show that when the TSV spacing increases, the S-parameter changes slightly at low frequency, that
is, the TSV spacing has little effect on the transmission performance of TSV at low frequency, and the density of TSV array

can be increased. At high frequency, the insertion loss .S,, of elliptic cylindrical TSV increases with the increase of spacing,
while the return loss S}, decreases. This is because the increase of the spacing will weaken the mutual parasitic effect between

the elliptic cylindrical TSVs, and the interaction between TSVs will be reduced, which is conducive to the transmission of
TSV. Therefore, increasing TSV spacing as much as possible under the condition of fulfilling the chip and process constraints
is conducive to improving the transmission characteristics of TSV. In Figure 5, when the distance between the elliptic
cylindrical TSVs is 35um , the transmission performance of the TSV is better.

3.5 | Parameter optimization of elliptic cylindrical TSV

The transmission performance of TSV depends on its structure type and geometric parameters. The TSV structures
previously studied are mostly cylindrical or conical, and different structures of TSV need to be studied to obtain the best
performance. Based on the above simulation research on the axis length ratio, height, thickness of dielectric layer and TSV
spacing of elliptic cylindrical TSV, the relative better solution of geometric structure parameters can be obtained. Due to the
complex influence among geometric parameters in real process, it is difficult to obtain the optimal solution of a certain TSV
structure. In this paper, through the optimization and simulation of the geometric structure parameters of the elliptic
cylindrical TSV, the relative optimal structural dimensions are obtained:

The values of the semi-minor axis length and the semi-major axis length of the TSV elliptical surface are
respectively 2.5 um and 15.0 um , i.e., the axis length ratio is 1/6; the height is 50 um ; the dielectric layer thickness is 0.5um ,

and the spacing of TSV is35um .
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FIGURE 6 S-parameter variation with frequency for elliptic cylindrical TSV with different spacing. (a)S11, (b)S21

As shown in Figure 6, the S-parameters pre-optimized and optimized are compared in O~ 50GHz . The structural
parameters pre-optimized are listed in Table 1. The simulation results show that the transmission characteristics are
significantly improved than before. Compared with the S-parameters pre-optimized in Table 1, the structural parameters of
the optimized elliptic cylindrical TSV have decreased axial length ratio, decreased height, increased dielectric layer thickness,

and enhanced TSV spacing. The return loss S;, is reduced from about —33dB pre-optimized to about —49dB optimized. The
less the return loss S, is, the less the signal which is reflected back to the source is , so the transmission performance is better.

The insertion loss S,, increases from about —0.67dB pre-optimized to about —0.35dB optimized. The larger this value is, the

higher the transmission efficiency of TSV is.

In order to compare the transmission characteristics of the optimized elliptic cylindrical TSV with the cylindrical, conical
and coaxial TSV structures in [16] in the GS mode, this paper sets the structure parameters of the above three types of TSVs
as follows : The height and spacing of the cylindrical TSV are respectively 50um and 35um , and the radius is 6 um . The
cylindrical TSV and the optimized elliptic cylindrical TSV have almost the same cross-sectional area and volume. The height
and spacing of the conical TSV are respectively 50 um and 35um , the radius is 8.6 um , and the sidewall inclination angle is
85°. The conical TSV and the optimized elliptic cylindrical TSV have almost the same volume. The structural dimensions of
the elliptic cylindrical TSV remain unchanged after the above optimization. The geometrical dimensions of the coaxial TSV
are set to be the same as the cylindrical TSV. In addition, SiO> with low permittivity is used as the dielectric layer of elliptic
cylindrical, cylindrical and conical TSV, which is consistent with the dielectric layer material of coaxial TSV in [16].

The simulation results in Figure 6 show that the elliptic cylindrical TSV proposed in this paper has better transmission
characteristics in 0 ~ 50GHz than the traditional cylindrical, conical and coaxial TSV. Compared with the above three types
of TSV, the insertion loss S,, of elliptic cylindrical TSV is larger, and the return loss S, is smaller, which indicates that the

optimized transmission characteristics of elliptic cylindrical TSV are more conducive to signal transmission.

FIGURE 7 Comparison of transverse

arrangement of traditional cylindrical TSV and
elliptic cylindrical TSV
=

000000

As shown in Figure 7, the proposed elliptic cylindrical TSV has the same cross-sectional area as the traditional cylindrical
TSV. In terms of TSV array layout, under the condition of using the same substrate area, more elliptic cylindrical TSV
structures can be arranged horizontally, which can greatly improve the array density and chip integration of TSV.

4 | TEMPERATURE CHARACTERISTICS OF ELLIPTIC CYLINDRICAL TSV

The rise of temperature affects the transmission characteristics of TSV. Based on the above research on the geometric
parameters of the elliptic cylindrical TSV, the optimized structural dimensions are selected: the semi-minor axis length and
semi-major axis length of the elliptical surface are respectively 2.5um and 15.0um , i.e., the axis length ratio is 1/6; the

height is 50 um ; the thickness of the dielectric layer is 0.5m and the TSV spacing is 35um . Then the following simulation
is completed in 300 ~ 400K :
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FIGURE 8 S-parameter variation with frequency of elliptic cylindrical TSV under temperature change. (a)S11, (b)S21
The temperature change mainly affects the majority carrier density n, of the substrate in the elliptic cylindrical TSV.
When the temperature rises, the majority carrier density in substrate continues to increase. The insertion loss S,, of the TSV

decreases at low frequency and increases at high frequency while the return loss .S, increases at low frequency and decreases

at high frequency. Therefore, when the temperature increases, the transmission characteristics of elliptic cylindrical TSV are
poor at low frequency and better at high frequency.

By analyzing the influence factors of temperature and majority carrier density in substrate respectively, the interaction
between them is explained. When the majority carrier density in TSV substrate increases, the width of depletion

region 7, will be changed, which will affect the capacitance of depletion region and substrate conductivity of TSV.

Specifically, the increase of temperature will increase the resistivity of the copper conductor of TSV and reduce the width of
depletion zone of TSV, which will increase the inductance, capacitance and resistance of TSV, and weaken the transmission
characteristics of TSV. At the same time, it will reduce the substrate conductivity, which is conducive to the signal
transmission of TSV. With the increase of frequency, the contradiction between the effect of temperature and substrate
concentration on the transmission performance of TSV reaches equilibrium at about SGHz . Before this frequency point, the
resistance and inductance are the main factors affecting the transmission performance of TSV, so the transmission
characteristics are poor affected by temperature. When the frequency continues to increase, the main factors at high
frequency are the conductivity and capacitance of TSV substrate, so the transmission characteristics become better affected
by the substrate concentration.

5 | CONCLUSION

In this paper, a novel elliptic cylindrical TSV structure model is proposed. Based on this model, the effects of axial length
ratio, height, dielectric layer thickness and spacing on the transmission characteristics of the elliptic cylindrical TSV are
studied by using the single variable method. The simulation results show that the transmission characteristics of TSV are
enhanced when the ratio of axial length is reduced, the height is reduced, the thickness of dielectric layer is increased, and the
TSV spacing is increased. After the simulation and analysis of a certain geometric parameter, the better solution of the
parameter is obtained, and then the better solution of other parameters is obtained by fixing the parameter value. Finally, the
better solution of each geometric parameter is combined to form the optimized elliptic cylindrical TSV structure, and the
transmission characteristics of TSV are significantly improved. Compared with the traditional cylindrical TSV, conical TSV
and coaxial TSV, it is shown that the elliptic cylindrical TSV has better transmission performance. Meanwhile, the
temperature characteristics of the elliptic cylindrical TSV are simulated. The results indicate that the transmission
characteristics of the elliptic cylindrical TSV are poor at low frequency and better at high frequency when the temperature is
increased. The results of this paper provide a reference for the optimal design of TSV structure.
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