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[bookmark: _Hlk146203889]S1. Through-silicon via design
When a solid fill is used for tungsten through-silicon vias (TSVs), the hardness of tungsten causes thermal expansion to occur mainly in the silicon substrate region [1], resulting in large thermal stresses on the silicon substrate. Hollow tungsten filling enables thermal expansion to occur mainly in the through-silicon via (TSV), reducing the thermal stress on the silicon substrate. The stress on the substrate and TSV under different hollow diameters inside the TSV is studied, as shown in Fig. S1.
The thermal stress on the TSV substrate decreases as the internal hollow diameter of the TSV increases. This is because the TSV is filled with less metal as the hollow diameter becomes larger, resulting in a decrease in the thermal expansion force exerted by the TSV on the silicon substrate. The hollow structure inside the TSV reduces the equivalent stiffness of the TSV, resulting in thermal expansion occurring mainly inside the TSV, unlike in the solid tungsten-filled one. The thermal stresses inside the TSV increase with increasing hollow diameter. This is due to the equivalent stiffness of the TSV decreasing gradually as the hollow diameter increases. The strain in the metallic tungsten increases, leading to an increase in thermal stress in the TSV.
[image: ]
Fig. S1. von Mises stress on TSV and substrate at different hollow diameters. (a) Maximum stress on silicon substrate with different hollow diameters. (b) Average stress on the substrate at the interface between TSV and silicon substrate under different hollow diameters. (c) Maximum thermal stress on the TSV with different hollow diameters. (d) Average stress on TSV under different hollow diameters.
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Fig. S2. TSV resistance with different hollow structure diameters.

Fig. S2 shows the average resistance of TSV with different hollow diameters. The resistance increased from 1.1 to 1.8 Ω as the diameter of the hollow structure changed from 0.1 to 2 μm. To ensure the thermal stress reliability and electrical reliability of the TSV, the diameter of the TSV internal hollow structure was determined to be 0.8 μm.
S2. Thermal Stress Characteristics of Cylindrical Solid W-TSV and Solid W-TSV with Large Middle Diameter
As shown in Fig. S3, the maximum thermal stress of cylindrical Cu–TSV is 1.18 × 103 MPa. The maximum thermal stress of cylindrical W–TSV is 259 MPa. However, for the solid W–TSV with a large middle diameter, where more tungsten is filled, the maximum thermal stress is 225 MPa, greater than that of the cylindrical solid W–TSV.
The comparison between solid W–TSV and solid Cu–TSV in the paper illustrates the effectiveness of using tungsten as a filler metal in reducing thermal stresses. Therefore, the use of solid W–TSV with a large middle diameter has been able to illustrate this feature. In addition, comparing solid W–TSV with a large middle diameter and hollow TSV with a large middle diameter better illustrates the contribution of the hollow structure in relieving thermal stresses as such a comparison involves only the variable of whether the TSV is hollow or not.
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Fig. S3. Simulation results of TSV stress distribution. (a) Cylindrical solid Cu–TSV. (b) Cylindrical solid W–TSV. (c) Solid W–TSV with large middle diameter.
S3. TSV Electrothermal characteristics
As the resistance of the hollow W–TSV is higher than that of the solid Cu–TSV, the device may generate more Joule heat during operation. As shown in Table S1, the thermal power of the three TSVs was evaluated at a current of 0.00015 A. The solid Cu–TSV has the smallest thermal power (6.73 × 10−15 W), and the hollow W–TSV has a thermal power of 2.9 × 10−8 W. Although there is an order of magnitude difference in the thermal power between the hollow W–TSV and the solid Cu–TSV, they are both at a relatively low level. This is because the current through the TSV and the resistance of the TSV are small in practice, generating a limited amount of Joule heat.

Table S1 Joule heat of TSV
	Through-silicon via
	Solid Cu–TSV
	Solid W–TSV
	Hollow W–TSV

	Thermal Power (W)
	6.37 × 10−15
	2 × 10−8
	2.92 × 10−8


[bookmark: _Hlk146057673]S4. TSV Electrical Characterization
[bookmark: _Hlk146057773]The resistance of the three different TSVs is shown in Table S2. The solid Cu–TSV has the smallest resistance value because the conductivity of copper is greater than tungsten. The resistance of hollow W-TSV increased from 0.89 to 1.29 Ω compared to solid W-TSV.

Table S2 TSV resistance value
	[bookmark: _Hlk145422211]Through-Silicon Via
	Solid Cu-TSV
	Solid W-TSV
	Hollow W-TSV

	Resistance (Ω)
	0.42
	0.89
	1.29



Due to the ultra-high depth-to-width ratio (25:1) of the designed TSV and the limited conductivity of tungsten metal, the designed TSV will inevitably have high resistance. Parallel connection by multiple TSVs is an effective method to reduce the equivalent resistance value. It is expressed in Eq. S1:

                                             (S1)
Req represents the parallel equivalent resistance, Ri represents the resistance of the ith TSV. As shown in Fig. S4, the equivalent resistance of the TSV decreases rapidly as the number of parallel TSVs increases. The equivalent resistance is 0.43 Ω when three TSVs are connected in parallel.
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Fig. S4. Equivalent TSV resistance values in parallel.
[bookmark: _Hlk146051501]S5. TSV Radial Stress
[bookmark: _Hlk146051686]The radial stresses of solid Cu–TSV, solid W–TSV, and hollow W–TSV are shown in Fig. S5. The solid Cu–TSV radial stress is the highest owing to there being the most severe thermal mismatch between copper and silicon (Fig. S5(a)). Compared to solid tungsten TSV, hollow tungsten TSVs provide better thermal stress reduction. From the inside of the TSV to the silicon substrate, the thermal stress is reduced by 68.4%, from 190.3 to 60.2 MPa, while in solid W–TSV, it is reduced by only 21%, from 147.4 to 116.46 MPa. Notably, the thermal stress inside the hollow W–TSV is greater than that of the solid W–TSV, whereas the thermal stress induced by the hollow W–TSV on the silicon substrate is less than that of the solid tungsten. This is because the hollow structure provides displacement space for the thermal expansion of tungsten, with the strain mainly concentrated inside the TSV, resulting in higher thermal stresses inside the TSV.
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[bookmark: _Hlk146051710]Fig. S5. (a) Radial stresses of solid Cu–TSV, solid W–TSV, and hollow tungsten TSV. (b) Radial stresses of solid W–TSV, and hollow W–TSV. 
S6. Fabrication Process Additions for the Proposed TSV
S6.1. Controllable and highly consistent process for large sizes in middle of TSV
Deep reactive ion etching (DRIE) enables high aspect ratio TSVs with good uniformity, high etch rates, high selectivity, excellent profile control, and good CMOS compatibility [2]. Therefore, the DRIE process is used for silicon through-hole fabrication. To obtain a large middle diameter and a high depth-to-width ratio, we adjusted the gas flow and time of the etching gas SF6 and the passivation gas C4F8, as well as the reflection power. The ratio of etching gas SF6 to passivation gas C4F8 was first adjusted to 1:1 for etching, then gradually reduced to 1:0.5, and the reflection power was increased to accelerate the etching of the TSV sidewalls, enlarging the middle diameter of the TSV. Finally, the ratio of etching gas SF6 to passivation gas C4F8 was adjusted to 1:1.5, so that the diameter of the through-hole was gradually reduced.
S6.2. Insulation, adhesion, and diffusion barrier processes
The SiO2 formed by the plasma-enhanced chemical vapor deposition (PECVD) process has low residual stress, low pore density, high substrate adhesion, and good step coverage [3]. In this work, a low-temperature PECVD process was selected to form an approximately 200 nm thick SiO2 film using TEOS/O3 pulsed oxides reacting with TSV arrays at 400 °C.
As shown in Fig. 6, the thickness of the oxide layer at the top of the TSV reaches 203 nm, and the SiO2 film is dense with no obvious scalloped defects. Meanwhile, the thickness of the oxide layer at the middle of the TSV is 108 nm, and the film is smooth, indicating high film coverage in the middle of the TSV. The insulating layer at the bottom of the TSV is only 21 to 35 nm thick, which demonstrates the challenges PECVD faces in depositing on it a 20:1 high depth-to-width ratio TSV. However, the film at the bottom is relatively flat and free of particles, not affecting the subsequent metal deposition process.
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Fig. S6. SEM image of the SiO2 film on the sidewall of the TSV.
Chemical vapor-deposited TiN or TaN films exhibit good uniformity, low cost, high productivity, and good conformality. Therefore, in this work, CVD was used to deposit Ti/TiN as an adhesion layer and diffusion barrier layer with thicknesses of 2 nm and 4 nm, respectively. As shown in Fig. S9, there are no bubbles or cracks between the metallic tungsten and the passivation, barrier, and adhesion layers. Additionally, the thinning process did not result in mis-exposure of the internal cavities of the TSV.
S6.3. Control of the dimensions of the internal hollow structure of TSV
The dimensions of the internal cavities of the TSV were controlled by adjusting the cycle times of the CVD process. The CVD process provides high stability, enabling the fabrication of highly consistent TSV arrays in batch quantities. As shown in Fig. S7, we controlled the thickness of the tungsten metal deposited in a single cycle and performed six cycles of the CVD process to fill the tungsten metal. After six cycles, the top of the TSV was completely filled and the bottom fully covered with no impurities remaining inside. The maximum thickness error between CVD processes is only 0.0864 μm, enabling control over the height and diameter of the internal cavity of the TSV by managing the number of CVD cycles.
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Fig. S7. TSV cross-section.
S6.4. Backside TSV reveal process to ensure that the hollow structure is not mis-exposed
TSV backside etching involves first thinning the backside of the wafer to 120 μm. Subsequently, the backside of the substrate is etched with HF + HNO3 and TMAH to expose the TSV, which are not etched or accidentally exposed due to the selective nature of the wet etching. We then spin-coated polyimide on the backside of the TSV substrate to passivate and flatten the backside and finally photolithographed it to expose the TSV contact holes. Spin-coating of polyimide ensures the flatness of the wafer surface, meaning the TTV of the thinned wafer will not affect subsequent process yield.
[bookmark: _Hlk146014102][bookmark: _Hlk146013914]S7. Yield of TSV Arrays
[bookmark: _Hlk146014036]S7.1. Additional SEM and X-ray images of TSV
Fig. S8 shows a cross-section of a localized TSV array. The overall shape of the TSV and the dimensions of the hollow structures inside indicate consistent fabrication of the hollow tungsten TSV. Fig. S9 shows a magnified image of the TSV sidewall with good contact between the different functional layers (passivation, barrier, and adhesion) of the TSV sidewall without bubbles or cracks. Moreover, the filled tungsten metal is uniformly distributed inside the TSV, with no cavities mis-exposed.
Fig. S10 and S11 show the X-ray images of the high-density TSV arrays. Each TSV in the arrays shows good morphology, further proving the TSV’s capability for high consistency in batch fabrication.
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Fig. S8. SEM image of the TSV array profile.
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Fig. S9. SEM image of the TSV profile.
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Fig. S10. X-ray image of the TSV array (front view).

[image: ]
Fig. S11. X-ray image of the TSV array (elevation view).

S7.2. Average resistance of 2000 TSVs at different locations on the wafer
Different regions on the wafer, each consisting of 2000 TSVs, were randomly selected, and the resistance of the TSVs in these regions was tested. The average resistance values of individual TSVs ranged from 1.1 to 1.8 Ω, with most of them concentrated around 1.2 Ω. This indicates that the fabricated TSVs have good conductivity.
[image: ]
Fig. S12. TSV array wafer-level resistance value test.
SEM images, X-ray images, and wafer-level resistance tests of the TSV arrays showed that the fabricated TSVs have high yields. The designed TSV arrays were successfully fabricated on nearly 30 wafers. Due to the process design and stability, the TSVs show high uniformity with no wafer-to-wafer variation.
Currently, the fabrication of high-density TSV arrays on nearly 30 wafers has been completed. Based on our experience, there are no wafer-to-wafer differences in TSV properties such as size and resistance.
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