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ARTICLEINFO ABSTRACT

Keywords: At present, the integration technology of through-silicon vias (TSVs) and micro-electro-mechanical systems

Integration (MEMS) has reached a certuin level of development, which can address the issue of area cost of the entire

Through-silicon-via . . . . . . .
& system, but the impact on the performance of the two integrations is not too much discussion. Since the
Performance analysis . . R R . . . .

P parasitic eftect of TSV may aftect some aspects of the performance of MEMS sensors, this paper analyzes the

Reliability integrated performance of TSV and MEMS capacitive sensors through theoretical derivation and finite
element method (FEM) of COMSOL simulation. Firstly, the derivation and simulation verification of TSV
parasitic parameters and variation trends are made, and a suituble TSV model and MEMS capacitive sensor
model are obtained. Secondly, theoretical derivation is made on the influence of the parasitic eftect on the
system output and the impact of the excitation signal on the system reliability. Finally, the simulation of the
integrated model by COMSOL verifies the trend consistency of the theoretical results. This article contirms
that TSV parasitic effects affect sensors of different sizes to varying degrees. A through hole with a diameter
of 10um (aspect ratio 2:1) can increase the sensitivity of a small cavity model by up to 2.63% (19.96fF/N).

Additionally, it improves the stable equilibrium range and recovery rate of the system.
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1. Introduction

MEMS has a wide range of applications across numerous fields of modern society. The advantages of MEMS, including their
small size and low cost, have contributed to a gradual increase in demand, particularly in recent years with the advent of artificial
intelligence (AI) and the robot concept industry, which have introduced heightened requirements for the volume and
performance of sensing modules [1]. Usually, MEMS achieve demand-side performance optimization through structural
innovation. However, it is unrealistic to expand the new structure while maintaining other indicators. This is particularly
prominent in terms of volume requirements. Moreover, most MEMS must be combined with integrated circuits (IC) for use in an
electronic system, which makes the space requirements of the entire system more demanding [2,3].

In recent decades, two-dimensional integration has been the main way for MEMS-IC integration [4,5]. The modules are
deployed in a planar manner, making the system relatively large. Until the emergence of 3D stacked structures [4,6], the use of
space is further optimized. However, 3D stacking uses wire bonding, which has problems with transmission and reliability. With
the emergence of chip-level packaging and wafer-level packaging concepts, a more compact 3D packaging model [7] has been
derived, and its area only depends on the maximum chip area. This concept requires vertical through-holes, usually silicon
Through-hole (TSV) has the advantage of shorter signal paths, improved system reliability and smaller parasitic effects [8]. After
the birth of this concept, many researchers and companies [7]-[10] have carried out the integrated design of MEMS-ASIC,
proposed many bonding modes and process flows, and laid the foundation for the integration of MEMS-TSV-ASIC mode.

The existing TSV process is already very mature, and similar integrated products are also available in the market [11], but its
cost has increased exponentially. It is still unknown whether the performance of the final product can be stably complemented by
the additional cost. This article aims to study the impact of TSV structure on MEMS performance. In this work, due to the
complexity and specificity of ASIC, there are various results in the qualitative analysis of the module. Therefore, MEMS
capacitive sensors are used to implement TSV bonding in the model, and the variation of TSV performance under different
parameters and the effect of TSV bonding on the performance of MEMS capacitive sensors are investigated to provide some

guidance for the comprehensive consideration of system performance and cost.

2. Simulation Model and Theoretical Basis

2.1. TSV Basic Parameter Analysis

Common TSV structures include cuboid, cylindrical, conical (truncated cone) and ring-cylindrical structures [12]. There are also

new structures derived from the above basic structures such as coaxial ring columns cylinders and carbon nanotube-filled structures.

In actual production, the existing process level and performance impact should be comprehensively considered for structural design.

There are two types of capacitances through silicon vias, one is diclectric layer parasitic capacitance, and the other is silicon

substrate capacitance ( Cg,p) [13]. Due to the different materials between the contact surfaces, the parasitic capacitance of the

dielectric layer of the through silicon hole can be refined into two parts. One part is the oxide layer (insulating layer) capacitance

formed by the contact between the insulating layer silicon dioxide and different materials on both sides ( C,, ), and the other part is

the depletion layer capacitance ( Cgep ) formed near the silicon substrate depending on the operating voltage. Fig. 1 shows the basic

parameters of TSV and the location of parasitic capacitance (without depletion layer), where D is called the TSV center distance, r,

and », are the two bottom radius of the TSV respectively, 7 is the depth of the TSV, « is the inclination angle of the conical

through silicon hole, ¢ is the thickness of the oxide layer (insulating layer) silicon dioxide.
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Fig. 1. Schematic diagram of basic parameters of TSV.

The theoretical capacitance calculation formula can be derived from the following equation [14]:
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Where ﬂT:tana, Q represents the amount of charge on the closed surface, €, 1is the relative permittivity of the insulating

silicon dioxide.
By calculating the above formula in MATLAB, preliminary conclusions can be drawn:
(1) The depth of TSV is positively correlated with the parasitic capacitance of the insulation layer.
(2) The thickness of the insulation layer is inversely related to the parasitic capacitance of the insulation layer.
(3) The center-to-center spacing between TS Vs is inversely related to the parasitic capacitance of the substrate.

The simulation of TSV shape and basic parameters uses COMSOL solid mechanics and steady-state research of electrostatic

fields. Table I shows the parameters of the simulated materials.

Table 1.
Material Parameters Used in The Model
Material Density(kg/m3) Relative permittivity Poisson’s ratio Young’s modulus (GPa)
Si 2330 11.7 0.06 170
Sio2 2200 3.9 0.30 70
BCB 1000 2.6 0.34 3
Cu 8960 1.0 0.35 110
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Fig. 2. Comparison of cylindrical and coaxial ring columns (a) model structure. (b) relationship between center distance and global capacitance. (c) relationship

between cylindrical TSV single and double hole oxide layer thickness and global capacitance. (d) relationship between depth and global capacitance.

In Fig. 2, the voltages of two TSV metal shafts with the same size are 0V and 1V respectively, which are used as signal lines and
ground lines. The maximum radius of TSV is S5um. When comparing cylinders and coaxial ring columns, keep the model at
50umx50pumxH (depth) in a silicon substrate, and BCB is filled between the ring-column metal layers as buffer and insulation, and
the remaining parameters remain consistent.

In the simulation results shown in Fig. 2, the parameter trend changes are consistent with the theoretical part. It should be
emphasized that Fig. 2b and Fig. 2d are diagrams showing the relationship between the center spacing and the via depth of the two
structures on the capacitance. Due to the complexity of the material, the initial parasitic capacitance of a coaxial ring column of the
same size is usually higher than that of a cylinder. At the same time, the accumulation rate of the parasitic capacitance of a coaxial
ring column in depth (0.09548fF/pm) is 3.7 times that of a cylinder (0.0257fF/um). However, due to the shielding characteristics of
the coaxial ring-column structure [15], the drop rate of the parasitic capacitance at the center spacing (0.0642fF/um) is 2.02 times
that of the cylinder (0.03178fF/um). Generally, coaxial ring pillars gain advantages in transmission and thermodynamics through
high parasitic capacitance and process difficulty [16], while basic cylindrical TSV sacrifices part of the transmission performance
and stability through low parasitic capacitance and simple process. Fig. 2c refers to whether the thickness of the oxide layer of the
two through holes changes consistently when there are two TSVs at the same time. When the double holes change uniformly, the

rate of decrease of the parasitic capacitance in the thickness of the oxide layer (0.2356fF/um) is 1.35 times that of the single hole
(0.1741fF/pm).
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Fig. 3. (a) Relationship between different tilt mode angles and global capacitance. (b) The effect of oxide layer thickness on the global capacitance under different

conditions and the schematic diagram of the ring structure.



The bottom of the cylindrical via the hole in the TSV process may have an inclination angle. Currently, the model appears as a
conical or frustoconical shape, and the shape of the oxide layer has a certain impact on the parasitic capacitance. Fig. 3a shows the
relationship between downhill and parasitic capacitance for different oxide layer models. The influence of the tilt angle of the
uneven oxide layer model is 1.82 times that of the uniform oxide layer model. This means that non-ideal factors in the processing
process have a greater impact.

Since the copper ring in the coaxial ring column may be separated from the electrostatic field in the selection of device functions,
the copper ring is partially excluded from the electrostatic field in the simulation and the sum of the thickness of the oxide layer and
the copper ring is a constant value. At this time, the change of the oxide layer will have an opposite trend (Fig. 3b), and this function
and the size of the oxide layer of the TSV in the normal mode should be considered comprehensively. To reduce complexity,
interference factors, and process difficulty, a relatively simple cylindrical TSV was selected for the TSV layer in the MEMS-TSV

system model to explore the performance impact.
2.2. MEMS Capacitive Sensor Model

The simplest capacitor can be formed by two metal plates, its basic formula is expressed as:

&S
=
dkrd )
where ¢ is the relative permittivity, S is the facing area between the plates, % is the electrostatic force constant, and d is the

distance between the plates.

To obtain the impact of TSV on MEMS capacitive sensors more intuitively, the MEMS device part should not be overly
complicated. The model used in the study mainly consists of a silicon substrate (including the top mass), a metal plate, a cavity,
and a TSV layer. The TSV layer and the bottom metal plate are bonded through BCB. The TSV diameter is 10um (aspect ratio
2:1) to ensure that it is smaller than the minimum size of the bottom metal plate. The silicon beam thickness is 25um, the metal
plate thickness is S5um, the cavity thickness is 10pum, the overall size of the MEMS part is 1000pum>1000pmx115pm, and the
TSV layer size is 1000pmx1000pm x20pm (Fig. 4a-d).

The sensitivity of the MEMS component can be enhanced by establishing parallel connections between the plates, as
illustrated in Fig. 4¢ [17]. However, the three-layer plate is difficult to implement in terms of technology and requires additional
openings in the silicon matrix when bonding with TSV. To amplify the sensitivity of the sensor part and the change after bonding

TSV, the model uses a smaller cavity, but it will have a certain impact on the range and edge effects.



(b)

(c) (d)
External Force
Top electrode ¥ ¥ @
" % i Top %ctrode
Mid electrode I Mid slectrol
hy S %) =
Fixed electrode Fixed electrode
11 /I’l

AC
©

Fig. 4. (a) Front view of MEMS capacitive sensor model. (b) Stereo view of MEMS capacitive sensor model. (¢) The bottom plate of the MEMS capacitive sensor
model. (d) TSV layer through hole location. (e) Principle of parallel connection of plates to improve sensitivity.

2.3. Integrated Analysis of MEMS-TSV

(1) The relationship between metal plate signal mode and output

situation.

Under normal circumstances, a metal plate of the capacitive sensor is connected to the system as a ground signal line, but there are
also special cases. For example, in the multi-metal plate coaxial ring column, the output signal of this model can be selected according

to the function of the plate combination output. At this time, the parasitic capacitance brought by TSV will be different from the usual
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Fig. 5. (a) Ungrounded plate output mode. (b) Grounded plate output mode. (¢) TSV system and stimulus input.
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Fig. 5a shows the capacitance distribution and output when two signal lines are used as output. Among them, Vsig and Vi are the
voltage signals of the two plates, Cs is the capacitance between the plates, Cp is the TSV parasitic capacitance, and Ci is the parasitic
capacitance introduced by the system input. In this mode, the output is determined by the following formula:

(Vsig =7 )CsoFi(C p+Ci)o=0 (5)
= Vsigcs
VO_VZ_(CS+CP+Ci) ©)

Referring to (2), the linearity of the output has nothing to do with the signal frequency. When the TSV size is determined, the
linearity of the output only depends on the capacitance change between the plates, and eventually becomes stable.

When there is a ground wire connected to the system in the signal line, the output mode is shown in Fig. 5b, where Cpe is part of
the parasitic capacitance introduced by the TSV and connected in parallel to the plate. The output currently is:

Vsigcsp

Vo= F
ot (Csp+Cp+(‘,-)

Among them Csp=Cs+Cpe. This equation shows that Cpe also determines the linearity change of the output, especially when

(M

affected by edge effects.

(2) The relationship between metal plate signal mode and output

Since the capacitance of MEMS capacitors is usually small, stray capacitance and parasitic capacitance have a great influence on
their performance. The existence of TSV will introduce this part of capacitance, which will lead to changes in the reliability of the
system and have a certain impact on the response of the excitation signal.

Fig. 5c shows a simplified capacitor system with TSV. It can be demonstrated that the pull-in voltage in the absence of an external
force is [18,19]:

[ 8kd>

= 8
po \!27S550 ®)

Where &, is the vacuum dielectric constant and d is the plate spacing. The above formulas only consider the situation when there is

capacitance between the plates. When the TSV is bonded to the plates, the above formulas need to be corrected. After bonding can be
divided into two situations:

() The capacitance of the series part can be proportionally equivalent to the expanded spacing Ad of the capacitor plates, and this
equivalent value is related to the thickness of SiO2 at the bonding point. The equivalent spacing is replaced by d in (6). The series part
will increase the upper limit of the pull-in voltage, which also means that the parasitic capacitance introduced by the series part will
expand the stable point balance distance. When this value is three times the distance between the plates, the pull-in effect will no
longer occur. When the system size is reasonable, the capacitance of the series part is negligible, and the stability change can be
disregarded. However, series capacitance can be used as a method to eliminate the pull-in effect at large voltages that cause device
reliability problems.

(i1)Substrate parallel connection refers to the section of the silicon substrate where the parasitic capacitance of two or more TSVs is

comnected to the plate signal line. This configuration is analogous to the grounded plate output mode. Parasitic capacitance enters the

plates in parallel to change the amount of the charge stored. The formula is simplified with dimensionless symbols, y=bp . ng and

C
b= 7}7) are recorded and combined with the equilibrium conditions to obtain:

N (cp+c0
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This means that when the parasitic capacitance Cp <05C,(y = 5), there will be no pull-in effect, and the magnitude of the

parasitic capacitance is almost in line with this range. The balance range may be expanded by connecting a capacitor C > 0.5C, in

parallel, although this will result in a maximum pull-in voltage.

Therefore, TSV improves the stability of the system under electrostatic force but is limited by the relative sizes of TSV and
capacitive sensors. The balance of parasitic effects in frequency characteristics and stability must be comprehensively considered in
device design.

When a force excitation signal is introduced, the stability situation will change accordingly.

When the upper plate connected to the mass block is subjected to the step inertia force ma at the equilibrium position x s the

maximum displacement equation of the mass block is as follows:

— 1{— — p
q(x ):7 Xy +X —-— Y = 10
m 2( m 0) (1_xm)(1_x0) (10)
2
SeepQ
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Where ¢ = ’Z; NI 3 ~ p= f—; . The maximum value of the equilibrium position is:
Y = 1= = (12)

0
Substituting this value into (10) can obtain the step signal critical value gc. When considering the parasitic capacitance of the TSV

parallel connection, this value will be reflected in the C; term in (11). From the perspective of qualitative analysis, the introduction of
the TSV parasitic capacitance will expand the critical range of step inertia forces or cause a larger equilibrium displacement under the
same step inertia force.

Pulse signals are also limited in duration compared to step signals. Considering the initial conditions Vo=adt. x,=0.5a(A1)? at the

end of the pulse and the reliable operating condition £(X)-£(X)>0. 5ma®(41)?, a dimensionless relationship can be obtained:

—\2 5 xn
a(At) < wod\/(f—x()) —Zp[li_— x()_] = wodf(p) (13)
where wois the signal frequency. The above formula is since the pulse amplitude is large, the duration is short, and the following

discussion is required.:

N

(1) During time Ar, the inertial force is much greater than the elastic force, the solution is Ar<<—=.
o

(2) At the end of the pulse, the inertial force is much greater than the damping force at the end of the pulse, and At<<g is solved
o

currently.
After the above discussion, high frequency should be avoided as much as possible for the pulse force signal. The parallel parasitic
capacitance introduced by TSV can improve the balance condition, which is mainly reflected in the relaxation of the pulse duration

limit.



3. Simulation Results and Discussion

Fig. 6a shows the output results of the 150pm large cavity model, and its structural shape is consistent with Fig.4a-d. The
sensitivity result is 0.1834fF/N regardless of whether TSV is present, and TSV brings a constant 0.01 1fF parasitic capacitance. This is
because the linear range of the 150um cavity is much larger than the impact of TSV and the change in parasitic capacitance is much
smaller than the change in sensor sensitivity. Although the ground plate output mode is used, the parasitic effect is almost not
reflected in the linear change. From the perspective of the excitation signal, the sensitivity is small, and the range is large, so the
model has a relatively large introduction voltage and an equilibrium displacement larger than the material deformation range, and its

data is not obvious enough in reliability simulations.
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Fig. 10. (a)150um cavity model output. (b)Small cavity and difference change.

To amplify the changes introduced by TSV, the small cavity(10um) model shown in Fig. 4a-d is used. Using this model can
improve sensitivity without increasing structural complexity. Although the ratio of the plate to the cavity may introduce some edge
effects, this effect can be ignored by selecting a reasonable linear interval for the degree of capacitance difference variation.

The large slope change in the small cavity model in Fig. 6b is due to the joint effect of the edge effect correction factor and the
series and parallel parasitic capacitance. From the perspective of slope change, it can be proved that parasitic capacitance affects the
linearity of the ground plate output mode. When the edge effect is avoided, this is easily reflected in the parasitic capacitance change
caused by the voltage change of the TSV array. The measuring range of the small cavity model is 0.5N, and the slope change range
between 0-0.16N does not exceed 0.5%. It can be posited that the range of 0.16N represents the linear range of the model, which is
also consistent with one-third of the cavity range. From a stability perspective, it can be defined as a stable equilibrium displacement
modulated by edge effects. When the linear range is not considered, the results in Fig. 6b show that TSV increases the system

sensitivity by 19.96fF/N, and the maximum change increases by 2.63%.

Difference (fF)



-
=

3.0
28| el ik
2251 =— with TSV gm i
2 +— without TSV / \ 2
£ 524t
220F 2 b
z - sy S |
E - vithout SV E 22 -
= C0fF
£ i 1 |
E i E 1|
5 1.0 | ol -5 13 ' L FI 7
: £ 16
[ = with TSV
0.5 F 0.16N L mi #  without TSV 0.17N n
1 1 L 1 [ IPER NEPUR SRR TP SR S SR S S N
0.10 0.15 0.20 0.25 0.30 0.35 0.10 0.12 0.14 0.16 0.18 020 0.22 0.24 026 028 030 0.32
time (s) time (s)
(a) (b)
2.6819 28S050
—#— wiht TSV
—e— without TSV _ 285045
—~2.6818 | £
g =,
= = 2.85040 |
£ 26817 g
- S 2.85035 =it TV
= = —=&— without TSV
= oy
] 2.6816 < 2.85030 +
g £
E g
Eoesist £ 285025
= =
E E
. - 2.85020 ,
2.6814 | 1o s 5 . | 017N
1 " 1 " 1 L 1 " 1 L 1 " L 2.850]5 L L 1 L 1 1
1.50 1.55 1.60 1.65 1.70 1.75 1.80 1.5 1.6 1.7 1.8 1.9 2.0
time (s) time (s)
(©) (d)

Fig. 7. (a) Maximum equilibrium displacement when pulse force (0.16N) is applied and falls back. (b)Maximum equilibrium displacement when pulse force (0.17N)
is applied and falls back. (¢)The maximum equilibrium displacement before and after the stable stage of step force (0.16N). (d) The maximum equilibrium

displacement before and after the stable stage of step force (0.17N).

The excitation signal acts on the surface of the mass block at the top of the model (only applied in the Z-axis direction). Take 0.16N
and 0.17N as the stable peak value and overtravel peak value of impulse force and step force.

There is basically no change in the trend of the pulse signal on the rising edge. Fig. 7a and Fig. 7b show the difference between the
falling edge and the stable peak of the pulse signal:

(1) TSV makes the stable balance range larger.

(2) When the 0.16N pulse signal falls back, the existence of TSV slows down the maximum falling speed and improves the
stability condition.

(3) When subjected to an over-travel pulse force (0.17N), the effect of TSV is relatively obvious in the maximum stable range, and
the fallback speed is slightly slower than that of the model without TSV,

Before the step signal stabilizes, there will be a displacement overtravel beyond the final stable range. The difference shown in Fig.
7c and Fig. 7d can be expressed as: 1) When subjected to the critical step inertial force (0.16N), TSV reduces the displacement
overtravel range and increases the stable balance range. 2) When subjected to an overtravel step inertia force (0.17N), the device will

1



have a vibration state before stabilizing. The existence of TSV expands the stable equilibrium range and improves the stable recovery
rate.

The simulation results verified the predictions of the theoretical part, which means that the reliability of TSV under both excitation
signals has been improved. This is a positive effect brought by parasitic capacitance, but it is not ideal for signal transmission. This
situation also has the following aspects:

(1) While the use of small cavity models and multi-layer structures can enhance sensitivity, this approach is accompanied by
increased process costs and a reduction in measurement range, which are both unfavorable outcomes.

(2) When using a large cavity model, the size of the TSV is usually much smaller than the MEMS sensor. Currently, the linearity of
the output is hardly affected by the parasitic effects of TSV. However, the increase in system volume will increase the area waste of
ASIC and the parasitic impact of metal interconnections.

(3) The design of coaxial ring columns and special TSV models can improve electrical isolation and stress problems, but the
process difficulty increases significantly.

(4) As the TSV depth increases, the oxide layer thickness decreases, and the center distance decreases, the parasitic capacitance
increases, thereby expanding the stable balance range and increasing the stable rate. However, the reduction in the thickness of the

oxide layer will worsen the electrical isolation performance, and the reduction in the TSV center spacing will increase the stress.

4. Conclusions

In the study of the TSV model, the influence of size parameters on parasitic capacitance was determined, as well as the
influence of parasitic effects caused by TSV shape. This article conducts relevant theoretical analysis and simulation verification
on the influence trend of TSV basic parameters on parasitic capacitance, output mode, and reliability changes after bonding. In
the study of the reliability of the force excitation signal, the maximum equilibrium displacement change caused by the parasitic
capacitance introduced by TSV was deduced, and the influence of this small change was verified by simulating two cavity
models of 150pum and 10pum, which is consistent with the changing trend of the theoretical analysis. A through hole with a
diameter of 10um (aspect ratio 2:1) can increase the sensitivity of a small cavity model by up to 2.63% (19.96fF/N). At the same
time, the stable equilibrium range and recovery rate of the system are improved. The trade-off between process cost,
performance, and size effects should be considered when designing and preparing MEMS-TSV integrated models for mass
production.

The purpose of this study is to provide certain guidance and basic information for TSV-MEMS system integration rather than
a perfect solution. If the negative impact is within an acceptable range, these trends can be used to optimize certain aspects of the
product's performance to suit the use scenario. It should be emphasized that there are still some issues not mentioned here, such

as the impact of shape and size on reliability and the issue of optimal ratios, which need further exploration.
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