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In three-dimensional (3D) stacking, the thermal stress of through-silicon via (TSV) has a significant influ-
ence on chip performance and reliability, and this problem is exacerbated in high-density TSV arrays. In
this study, a novel hollow tungsten TSV (W-TSV) is presented and developed. The hollow structure pro-
vides space for the release of thermal stress. Simulation results showed that the hollow W-TSV structure
can release 60.3% of thermal stress within the top 2 pm from the surface, and thermal stress can be
decreased to less than 20 MPa in the radial area of 3 um. The ultra-high-density (1600 TSV-mm™2)
TSV array with a size of 640 x 512, a pitch of 25 pm, and an aspect ratio of 20.3 was fabricated, and
the test results demonstrated that the proposed TSV has excellent electrical and reliability performances.
The average resistance of the TSV was 1.21 Q. The leakage current was 643 pA and the breakdown voltage
was greater than 100 V. The resistance change is less than 2% after 100 temperature cycles from —40 to
125 °C. Raman spectroscopy showed that the maximum stress on the wafer surface caused by the hollow
W-TSV was 31.02 MPa, which means that there was no keep-out zone (KOZ) caused by the TSV array.
These results indicate that this structure has great potential for applications in large-array photodetectors
and 3D integrated circuits.
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1. Introduction

Three-dimensional (3D) integration technology is expected to
overcome the limitations of Moore’s law owing to its advantages
of low power consumption, small area, high performance, and high
integration density [1]. Several key technologies such as through-
silicon via (TSV), wafer thinning, and wafer/chip bonding [2] are
required to achieve 3D integration. TSV is regarded as the core
technology of 3D integration because it has the advantages of
shortening the interconnection path and reducing the package size.
At present, high-density TSV interconnection applications have
attracted widespread attention, such as near-sensor and in-
sensor computing [3], hybrid memory cubes [4], high-bandwidth
memory (HBM) [5], complementary metal oxide semiconductor
(CMOS) image sensors, cooled and uncooled focal plane arrays
(FPAs), and active pixel sensors (APSs) [6]. High-density 3D inter-
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connection requires high-density TSV arrays; however, certain
problems limit the fabrication and use of high-density TSV arrays,
the most important of which is the thermal stress of the TSV. TSV
employ materials with different coefficients of thermal expansion
(CTE) in the manufacturing process, in which thermal stress is
unavoidable [7], thus resulting in a large thermal stress at the
TSV-metal interface [8]. Thermal stress in a TSV can cause three
problems. One is the difficulty in processing high-density TSV
arrays because there are large temperature changes during pro-
cessing, which may lead to bending or even destruction of the sub-
strate. Second, it leads to reliability problems in the use of TSV,
such as Cu extrusion [9], metal-SiO, or Si-SiO, interface delamina-
tion [10], Cu pumping [11], and chip cracking [12]. In most cases,
the stress may not be sufficient to cause device failure but can lead
to changes in transistor mobility and parameter shifts that affect
transistor performance and tolerance [13]. In 3D integration, ther-
mal stress has been reported to cause more severe reliability prob-
lems owing to high-power-density devices and high-density TSV
[14]. Finally, to reduce the influence of thermal stress in a TSV, a
certain keep-out zone (KOZ) is usually created around the TSV to
prevent transistor placement [15]. Although this method reduces
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the adverse effects of thermal stress, it wastes substrate area,
which is not conducive to improving chip integration.

To improve the thermodynamic reliability, reduce the thermal
stress caused by TSV on substrates, and improve chip integration,
methods to reduce the thermal stress of substrates around the
TSV must be studied. One method is to use a hollow TSV to replace
a solid TSV. Li et al. [16] fabricated a ring-shaped copper TSV (Cu-
TSV) with an aspect ratio of 10:1 and filled the sidewall of the TSV
with Cu metal with a thickness of 2 pm by sputtering, which can
achieve lower thermal stress than the solid Cu-TSV. Khorramdel
et al. [17] used inkjet printing technology to fill the hollow part
of an annular TSV with a polymer, allowing under bump metalliza-
tion (UBM), and solder balls to be directly fabricated on the bottom
of the annular TSV to achieve a higher I/O density. Another method
uses a soft polymer liner instead of SiO, as the dielectric layer.
Thadesar and Bakir [18] proposed replacing the dielectric layer
material with SU-8, which could not only reduce the influence of
the stress introduced by the TSV on the silicon substrate, but also
reduce the parasitic capacitance and improve the electrical perfor-
mance. Similarly, Huang et al. [19] used an air gap to replace the
traditional SiO, substrate as the insulating layer of a TSV. The air-
gap structure provided free deformation space for the metal layer
in the radial direction, alleviating the influence of thermal stress
and reducing the stress to 80 MPa.

Another method involves filling the TSV with a conductive
material that matches the CTE of Si. Tungsten has been investi-
gated for TSV filling as its CTE (4.4 parts per million (ppm)-°C™!)
is close to that of silicon (2.3 ppm-°C~'). Moreover, the chemical
vapor deposition (CVD) method for filling tungsten has excellent
step coverage and can fill TSV with a high depth-to-width ratio.
Therefore, tungsten shows great potential as a TSV filler metal
for large-scale high-density integration applications. Blasa et al.
[20] fabricated a TSV with an aspect ratio of 12.5 for 3D stacking
using W metal filling. Kikuchi et al. [21] successfully fabricated
47 um deep solid W-TSV arrays for application in large-scale inte-
gration (LSI). Although the CTE of tungsten is closer to that of sili-
con, its hardness may lead to strain occurring primarily in the
silicon substrate during thermal expansion, resulting in the silicon
substrate being subjected to a greater degree of stress.

All of the aforementioned methods have contributed to reduc-
ing the TSV thermal stress. However, some methods are incompat-
ible with CMOS processes, which limits their scope of application.

(a) (b) (©
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Further research on low-stress TSV is required to satisfy the
demands of high-density integration.

Based on the above-mentioned requirements, this study inno-
vatively proposes a new type of hollow W-TSV with lower stress.
The hollow structure inside the TSV was designed to provide a dis-
placement space for thermal expansion so that the strain was
mainly concentrated inside the TSV, thus reducing its impact on
the silicon substrate. Through finite element analysis (FEA), the dif-
ferences in the stress distribution between hollow W-TSV, solid
Cu-TSV, and solid W-TSV were compared. Then, for the hollow
TSV structure, a CMOS-compatible TSV-last process flow is devel-
oped, TSV of 5 um diameter and 100 pm height is designed, and
a 640 x 512 TSV array of 25 um pitch, with 1600 TSV-mm 2 is suc-
cessfully fabricated. Finally, electrical performance, reliability, and
Raman spectroscopic stress tests were conducted to evaluate the
performance of the sample.

2. Materials and methods
2.1. Model simulation and analysis

The schematic diagrams of the TSV models are shown in Figs.
1(a)-(c). The TSV was designed with smaller top and bottom
dimensions and a larger middle dimension, as shown in Fig. 1(c).
A larger middle section ensures that more metal is filled inside
the hollow space, thus improving the performance of the electrical
interconnect. To reduce the TSV thermal stress in the silicon sub-
strate, W was selected as the filling metal in this study because
its CTE is more similar to that of Si than that of Cu. Further, hollow
W filling was performed to provide a thermal stress release space,
and the port of the TSV was filled and closed with W, considering
its compatibility with the traditional photoresist spin-coating and
alignment process. Utilizing the very good step coverage character-
istics of chemical vapor-deposited (CVD) W for high-aspect-ratio
TSV, TSV are formed into structures with filled tops and bottoms,
but with a vacuum region in between. This filling method not only
has the advantage of low hollow stress, but is also suitable for
traditional CMOS processes. The top diameter of the TSV hollow
structure was designed to be 0.8 um considering the electrical
interconnection performance and thermal stress of the TSV
(Section S1 in Appendix A). Two other structures were established
to compare the thermal stresses. The solid Cu-TSV is shown in
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Fig. 1. (a-c) Schematic diagrams of the TSV models: (a) solid Cu-TSV, (b) solid W-TSV, and (c) hollow W-TSV. (d-f) Simulation diagrams of the von Mises stress distributions
of the TSV: (d) solid Cu-TSV, (e) solid W-TSV, and (f) hollow W-TSV (the maximum stress is distributed inside the metal).
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Fig. 1(a), and the solid W-TSV with a large diameter in the middle
same as hollow W-TSV is shown in Fig. 1(b). This setup better
demonstrates the ability of the hollow tungsten TSV to reduce
thermal stress (Section S2 in Appendix A).

Three FEA models of the thermal stress were established using
COMSOL software (COMSOL Inc., Sweden). The size of the TSV sil-
icon substrate was 25 pm x 25 pm, the diameter of the top of the
TSV was 5 pm, and its depth was 100 um. 3D structural models
were used, and the displacement around the silicon substrate
along the direction perpendicular to the surface was fixed to sim-
ulate the constraints of the surrounding material. There are two
options for physical modeling: isothermal and electrothermal.
Considering that the TSVs play a role in signal transmission, the
amount of Joule heat generated is limited (Section S3 in Appendix
A). Joule heat can be further reduced by connecting multiple TSVs
in parallel (Section S4 in Appendix A). Therefore, more attention
should be paid to the thermal stress caused by the external envi-
ronment of TSV, such as high temperatures involved in the process
or temperature variations in the application environment. In this
sense, isothermal conditions were adopted, and all materials were
set to be elastic. The strain-free temperature was set to —200 °C
(minimum temperature). To study the thermal stress change under
a large temperature difference, the temperature is set to increase
from —200 to 60 °C to simulate the thermal stress on the silicon
substrates for the above-mentioned three structures. The material
properties of the three structures are listed in Table 1.

Figs. 1(d)-(f) show the stress simulations of solid Cu-TSV, solid
W-TSV, and hollow W-TSV at high temperatures. From Figs. 1(d)
and (e), we can observe that the maximum stress of Cu can reach
1.18 x 10 MPa, whereas the maximum value for W is 268 MPa.
This is mainly because the CTE of Cu is significantly larger than that
of Si, whereas the CTE of W is similar to that of Si [22]. Therefore,
when the temperature increased, Cu underwent greater deforma-
tion, resulting in increased stress. According to Figs. 1(e) and (f),
the maximum stress in the hollow TSV can be further reduced to
225 MPa, which is a 16.04% reduction compared with the solid

Table 1
Material properties.
Material Young’s modulus (GPa) Poisson ratio CTE (ppm-°C™ 1)
Silicon 130 0.28 2.3
Copper 110 0.35 17
Tungsten 400 0.28 4.4
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W-TSV. The maximum stress point of the hollow W-TSV occurred
inside the metal, which is different from the metal-SiO, interface
of the solid TSV. This hollow structure provides a space margin
for the thermal expansion of W, such that when deformation
occurs, W preferentially expands inward, and the stress point is
concentrated on the inner side of the TSV metal, thus reducing
the impact on the silicon substrate.

To show the degree of reduction in the TSV effect on the silicon
substrate for the hollow W-TSV, two-dimensional cross-sections of
the von Mises stress distributions of the silicon substrates are
shown in Fig. 2. The maximum von Mises stresses of the three sil-
icon substrates were located at the top and bottom of the TSV, and
the von Mises stress in the middle tended to decrease. As shown in
Fig. 2(a), the maximum von Mises stress of the silicon substrate for
the solid Cu-TSV is 1.16 x 10° MPa, and the von Mises stress at the
middle position is 778.402 MPa showing a reduction of 32.90%. As
shown in Fig. 2(b), the maximum von Mises stress on the silicon
substrate for the solid W-TSV was 213 MPa, and the von Mises
stress at the middle position was 122.353 MPa, representing a
reduction of 42.56%. As shown in Fig. 2(c), the maximum von Mises
stress of the silicon substrate for the hollow W-TSV is 166 MPa,
and the von Mises stress at the middle position is 58.384 MPa, with
a reduction of 64.84%. According to the simulation results, the ther-
mal stress on the silicon substrate for the hollow W-TSV was sig-
nificantly lower than those for the other two TSVs.

Fig. 3(a) shows the axial and radial directions of the TSV. Figs.
3(b) and (c) show the thermal stresses on the silicon substrate in
the axial and radial directions. Along the axial direction in the
range of 2 pum from the top, the stresses induced by the three
TSV on the silicon substrate are reduced by 24.9%, 27.5%, and
60.3% (Fig. 3(b)). Evidently, the hollow W-TSV can better mitigate
the thermal stress. The radial thermal stresses of the hollow W-
TSV and the silicon substrate are shown in Fig. 3(c). The maximum
thermal stress occurs inside the TSV at 221.4 MPa. Between the
hollow W-TSV and Si, the stress decreased from 190.3 to 60.2
MPa. In the range of 3 um, the thermal stress on the silicon surface
is reduced to less than 20 MPa, which is significantly smaller than
solid Cu-TSV and solid W-TSV (Section S5 in Appendix A).

2.2. Manufacturing process

The manufacturing process of the hollow W-TSV is illustrated
in Fig. 4. This shows that the fabrication processes of the hollow
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Fig. 2. Two-dimensional cross-sections of the von Mises stress distributions of silicon substrates: (a) solid Cu-TSV, (b) solid W-TSV, and (c) hollow W-TSV.
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Fig. 3. (a) Axial and radial diagrams of TSV, (b) variation in the von Mises stress (A) of silicon substrates for the three TSV and (c) radial thermal stress curve of hollow W-TSV

and silicon substrate.

W-TSV are the same as those of the traditional TSV fabrication pro-
cesses, which is attributed to the hollow structure and optimized
process. The process flow of a hollow TSV is described in detail
below. Eight-inch 725 pm thick Si wafers are selected as the sub-
strate. First, 4 um thick layer of SiOy is deposited as a hard mask.
Subsequently, an array of 640 x 512 TSV was fabricated by dry
etching. The hard mask layer was first etched, followed by the deep
silicon via being etched by the Bosch process. We optimized the
Bosch process by changing the ratio of etching gas SFg to passiva-
tion gas C4Fg during the cycle to achieve a hollow TSV topography
with smaller top and bottom dimensions and a larger middle
dimension. The next step is to deposit the dielectric layer material,
which provides electrical isolation between the filling metal and Si
substrate. The TSV is metal-filled after oxide layer deposition. Ti/
TiN was deposited as the adhesion and barrier layers using CVD.
CVD W is used to fill the TSV mainly because of the high step cov-

I Carrier wafer

Depositing hard mask

Sio,

B TN

Etching hard mask

(a) (b)

CVD adhesion and resister liner

WP

(e) ®

CVD tungsten

Rehyphen-distribution layer (RDL) Temporary bonding

1 i |

0} 0)
Expose TSV Depositing metal liner

I —l

(m) (n)

[ Polyimide Si

erage required for a high-aspect-ratio TSV. Further, the CTE of W
matches that of Si better than that of Cu. Subsequently, the
front-side interconnection was made with AICu metal to connect
the TSV structure and form daisy chains for electrical performance
testing. When the front-side interconnection is completed, pro-
cesses such as front-side temporary bonding, back-side thinning,
TSV via reveal, and metal interconnection are performed, all of
which are consistent with the traditional processes. More manu-
facturing details can be found in Section S6 in Appendix A.

3. Results and discussion
3.1. Characterization of manufacturing

Fig. 5 shows a scanning electron microscopy (SEM; Hitachi,
Japan) image and 3D X-ray rendering of the hollow W-TSV. The
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Fig. 4. Manufacturing processes of the hollow W-TSV.
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Fig. 5. (a) SEM image of TSV array. (b) Partially magnified SEM image of the TSV array. (c) SEM image of a single TSV and parameters of the TSV and (d) 3D X-ray rendering of

the hollow W-TSV.

TSV parameters are listed in Table 2. The size of the TSV is 5.32 um
in top diameter and 108.2 pm in height, and it has an aspect ratio
of 20.3. The TSV density reaches 1600 TSV-mm 2. Most of the vac-
uum regions have a width of 2.39-2.42 nm. Because the top open-
ing of the hollow TSV is filled during the metal filling, the
subsequent process can still use the conventional spin-coating pro-
cess, and there is no need to add a complex fabrication process.
Figs. 5(a) and (b) show part of the TSV array, and the vias are
arranged in an orderly manner. As shown in Fig. 5(c), the sidewalls
of the TSV etched using the Bosch process were smooth, and the
metal uniformly covered the sidewalls. The bottom of the TSV
was completely covered by metal without voids, and there were
no defects after thinning. This demonstrates the good reliability
of the backside metallization process, which is fully applicable to
the baseline process. Additional SEM images of the TSVs and resis-
tance tests of the TSVs in different areas of the wafer show that the
fabricated TSVs have very high yields (Section S7 in Appendix A).
Therefore, the CMOS fabrication process can be used to fabricate
hollow W-TSVs.

3.2. Electrical and reliability testing

The wafers were diced into 20 mm x 20 mm chips as test sam-
ples. To evaluate the electrical properties and reliability of the hol-

Table 2
Hollow W-TSV parameters.

Dimension Numerical value (pm)
Height 108.20
Hollow W-TSV top diameter 5.32
Hollow W-TSV middle diameter 6.51
Hollow W-TSV bottom diameter 3.28
Vacuum chamber height 105.40
Top sidewall metal thickness 4.06
Middle sidewall metal thickness 3.17
Bottom sidewall metal thickness 1.36

low W-TSV, a daisy-chain structure of 2000 TSV was fabricated
around an array of 640 x 512 TSV. The properties were measured
using a probe system (Cascade Microtech Summit 11000. Cascade
Microtech, USA) and semiconductor parameter analyzer (Keithley
4200-SCS, Keithley Tektronix, USA).

To eliminate the contact resistance of the probes, four-probe
Kelvin structures were designed to test the TSV daisy chains. A
total of 80 groups of 2000 TSV daisy chains were tested. Figs.
6(a) and (b) show the normal resistance distribution and resistance
accumulation diagrams, respectively. Fig. 6(a) shows the normal
distribution diagram, in which the resistance of a single TSV is
between 1 and 1.35 Q, and the average resistance value is approx-
imately 1.21 Q. The horizontal axis in Fig. 6(b) represents the unit
resistance value, and the vertical axis represents the cumulative
probability. According to the resistance accumulation diagram,
the resistance values of the hollow W-TSV were low, and the resis-
tance deviation was small, which can meet the requirements of
electrical interconnections.

Figs. 6(c) and (d) show the TSV leakage current test diagram.
Five different direct current (DC) voltages (5, 10, 15, 20, and
30 V) were applied to the two adjacent but unconnected TSVs.
Fig. 6(c) shows that the leakage current stabilized within a very
short time. Fig. 6(d) shows the cumulative leakage current at 5 V.
The horizontal and vertical axes represent leakage current and
cumulative probability, respectively. The leakage current did not
change significantly; it was only 643 pA at 5 V and the variation
range was very small.

Fig. 6(e) shows the breakdown voltage test with 5-100 V
applied to the daisy chain of the two TSV. The current gradually
increased as the voltage increased; however, no steep increase
was observed. The current is only 25 nA at 100 V, no breakdown
occurs between 0 and 100 V, and the breakdown voltage of the
TSV exceeds 100 V. This demonstrates that the oxide layer of the
TSV has good insulating properties.

To evaluate the reliability of the TSV, the samples were ther-
mally cycled in accordance with JESD22-A104F [23]. The thermal
cycle was performed using the high- and low-temperature test
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Fig. 6. Electrical performance testing of TSV arrays: (a) normal resistance distribution diagram, (b) resistance accumulation diagram, (c) leakage current test diagram at five
different DC voltages (5, 10, 15, 20, and 30 V), (d) cumulative leakage current graph at 5 V, (e) breakdown voltage test with 5-100 V, and (f) thermal cycling test graph of TSV

array from —40 to 125 °C.

chamber of the model PL-150. Each thermal cycle was of duration
30 min, with maximum and minimum temperatures of 125 and
—40 °C, respectively. The resistance was measured every 25 cycles,
and the average resistances after 25, 50, and 100 cycles are shown
in Fig. 6(f). The average resistance value changed very little with
increasing cycle number, with less than 2% change per chain.
Therefore, it can be concluded that the TSV was sufficiently stable
to adapt to changes in temperature.

The capacitance characteristics of the TSV were tested, and the
results indicated that its capacitance was 468 fF at 1 MHz. This is
due to the large depth and small pitch of the TSV, which inevitably
leads to an increase in the insulating layer and substrate capaci-
tances. In addition, the hollow structure contributes to a portion
of the parasitic capacitance [24]. In subsequent studies, the para-
sitic capacitance can be further reduced by using a low-k material
as the insulating layer or by reducing the size of the internal cavity
of the TSV to realize high-performance and high-density 3D inte-
gration applications [25].

3.3. Stress measurement by Raman spectroscopy

To evaluate the stress distribution, the silicon surface was
uncovered using a buffered oxide etchant and the near-surface
stress was measured using micro-Raman spectroscopy. The mea-
surement of local stress using Raman spectroscopy is based on
the fact that the frequency shift of the Raman spectrum depends
on the lattice shift of the silicon substrate under an external force
or internal residual stress.

High-resolution X-ray diffraction can be used to calibrate the
coefficient between the Raman frequency shift and stress on the
silicon surface. The relationship between the stress and frequency
shift follows a linear function [26]:

0 = —470Aw (1)

where ¢ (MPa) is the sum of the radial and circumferential stresses
in a cylindrical coordinate system and Am (cm™!) is the Raman fre-
quency shift.

The Raman frequency was measured using a Horiba Jobin Yvon
HR800 spectrometer (French). The laser on the wafer surface
scanned the silicon substrate with a length of approximately
20 pm between the two hollow W-TSVs, and the scanning step
was 0.5 pm. Unstrained silicon has a reference frequency of
approximately 520.7 cm~', depending on system calibration, and
typically has a spectral resolution of +0.02 cm™!, corresponding
to a stress resolution of approximately 10 MPa [27]. The near-
surface stress distribution along the scanning path on a silicon sub-
strate can be obtained using Eq. (1), as shown in Fig. 7. The position

35

—®— Stress of hollow W-TSV

—e— Stress of unstrained Si

30

&
T
TSV

Stress (MPa)
TSV

Distance (um)

Fig. 7. The stress on the silicon substrate between two hollow W-TSV was
measured by Raman spectroscopy.
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Table 3

Various TSV structures to reduce thermal stress.
Institution TSV type Height (um)  Aspect ratio  Center distance (um)  Max stress (MPa) Array size (numbers)
Freescale Groove W [29] 160 2.7:1 230 800" 1x7
Nanyang Technological University Low-k dielectric [34,35] 10.1 2.0:1 14.6 122 (25-200 °C) 10 x 10
NeRI ATI [36] 20 2.0:1 40 150 (25-125 °C) -
Tsinghua University Air gap [19,37] 50 2.0:1 45 80" 11 x 11
NeRI ATI [38] 40 4.0:1 20 300 (125-240°C) —
Tampere University of Technology ~ Annulus Cu [17] 305 1.5:1 500 - 8 x4
IME High-k dielectric [39] 42 11.0:1 — 220% —
Xi’an Technological University STI [40,41] 50 40.0:1 — 350 (25-275°C) 3x3
Our work Hollow W 100 20.3:1 25 31.02" 640 x 512

# . This denotes the stress of the TSV silicon substrate measured using Raman spectroscopy, which contains the thermal stresses introduced by the process and residual
stresses in the process, excluding thermal stresses. The other reported TSV stress results were obtained from simulations.

where the signal strength rapidly decreases represents the inter-
face between the dielectric lining and silicon. The accuracy of the
measured frequency shift decreased near the interface because
the signal-to-noise ratio of the Raman spectrum decreased at lower
relative intensities.

Between the two hollow W-TSV, all near-surface stresses in the
silicon were tensile. The frequency at the center between two TSVs
is 520.721 cm™!, with a frequency shift of 0.021 cm™!, correspond-
ing to a stress of 9.87 MPa. The frequency fluctuations in the range
of 0.008 to 0.038 cm ™' correspond to stresses of 3.76 to 17.86 MPa,
which are mainly due to silicon surface defects and residual stress
induced by chemical mechanical polishing (CMP) [28]. Therefore,
the maximum frequency change is 0.066 cm™!, corresponding to
a stress of 31.02 MPa. The maximum stress appears in the range
of 1 pm around the TSV, and the stress outside 2 pm is less than
20 MPa. This stress is lower than the thermal stresses reported in
the literature [29-31]. It can also be observed from Fig. 7 that
the surface stress curve of the unstrained Si fluctuates at approxi-
mately 0 MPa, which may be caused by system errors. Therefore, it
can be speculated that the stress on the silicon surface caused by
the hollow W-TSV was very small.

To facilitate comparison, the size of the KOZ region is used to
describe the influence of thermal stress. KOZ is a region with a car-
rier mobility greater than 5% [32].

The relationship between carrier mobility and stress can be
expressed as [33]:

A—}f:ﬂxaxﬁ(@) (2)

where ¢ is the TSV-induced stress, p(0) is the orientation factor, 0 is
the angle between transistor channel and radial stress induced by
TSV, and II is the piezoresistive coefficient. ;t and Au are the carrier
mobility and the amount of stress-induced change in mobility,
respectively.

According to Eq. (2), the maximum influence of the hollow W-
TSV on the carrier mobility is 2.2%. Therefore, the hollow W-TSV
has no KOZ region. The stress in the hollow W-TSV does not affect
the carrier mobility of the surrounding devices and is thus benefi-
cial for high-density integration applications.

3.4. Discussion

Table 3 lists the reported parameters for various TSV structures
under reduced thermal stress. Our hollow W-TSV achieves an
excellent combination of properties compared to the reported
TSV. The structure achieved an aspect ratio of 20:1 with a diameter
of only 5 pm. The pitch of the hollow W-TSV was 25 pm. The TSV
array was of size 640 x 512, and the density was 1600 TSV-mm 2.

Furthermore, the maximum stress caused by the TSV is only
31.02 MPa, exhibiting the smallest TSV-induced stress reported
to date. Therefore, our hollow W-TSV meets the standard for
high-density integration and is characterized by low stress.

4. Conclusion

This paper proposes a hollow W-TSV with ultralow stress. A
corresponding process was developed for fabricating the proposed
hollow W-TSV. The top and bottom of the TSV were filled with W,
for which spin coating could still be used rather than adding a
complex process, and the vacuum area inside the TSV provided
space for thermal stress release. Ultrahigh-density TSV chips
(1600 TSV-mm~2) with a TSV diameter of 5 pum, a pitch of
25 pum, and an array scale of 640 x 512 have been successfully fab-
ricated through the collaborative innovation of structural design
and processes. In addition, the chips were subjected to electrical,
reliability, and Raman spectroscopic stress tests. The resistance of
a single TSV is between 1 and 1.35 Q, and the average resistance
value is approximately 1.2 Q, which meets the requirements of
high-density integration. The leakage current was only 643 pA at
5 V and the variation was very small. The breakdown voltage
exceeded 100 V, and the TSV exhibited good reliability. The resis-
tivity changed by 2% after 100 temperature cycles from —40 to
125 °C, indicating that the structure of the TSV is sufficiently reli-
able. The wafer surface stress values measured using Raman spec-
troscopy are in the range of 3.76 to 31.02 MPa, which verifies that
the proposed hollow TSV has extremely low stress and demon-
strates that our TSV can be used for high-density 3D integration
applications.
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