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ABSTRACT 

We describe a microfabrication process that, thanks to 
a specifically tailored sidewall profile, enables for the first-
time wafer-scale arrays of high-aspect ratio through-silicon 
vias (TSVs) coated with DC-sputtered Aluminum, achiev-
ing at once superconducting and CMOS-compatible 3D in-
terconnects. Void-free conformal coating of up to 500 μm-
deep and 50 μm-wide vias with a mere 2 μm-thick layer of 
Al, a widely available metal in for IC manufacturing, was 
demonstrated. Single-via electric resistance as low as 468 
mΩ at room temperature and superconductivity at 1.25 K 
were measured by a cross-bridge Kelvin resistor structure. 
This work establishes the fabrication of functional super-
conducting interposers suitable for 3D integration of high-
density silicon-based quantum computing architectures. 
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INTRODUCTION 

Through-silicon vias (TSVs) are vertical conductive 
structures used to connect ICs or MEMS devices on the top 
surface of a silicon wafer with others at the bottom of the 
same wafer, or to use the wafer as interposer layer between 
two separate substrates. TSVs increase functional density 
and device performance while reducing interconnection-re-
lated parasitic effects [1-5]. Increasing interest has been re-
cently directed toward the possibility of using TSVs at ex-
treme cryogenic temperatures. Such interest was in partic-
ular boosted by the emergence and demonstration of sili-
con-based quantum computing, which need to operate at 
temperatures lower than 1 K [6]. CMOS circuitry is thereby 
also required for the control and readout of the many quan-
tum bits (Qubits) required [7]. Therefore, TSV-based 3D 
integration is arguably necessary to pursue large scalable 
superconducting qubit systems, providing suitable connec-
tions between qubits- and CMOS-based devices (Figure 1). 

Copper, doped polysilicon and tungsten are the most 
used materials for interconnections and filled vias in semi-
conductor industry, thanks to their good electrical conduc-
tivity and/or thermal stability [8, 9]. However, none of 
these materials is superconductive. Moreover, prior works 
on superconducting interconnections (i.e., indium bumps 
and TSVs with polymer-filled metallic liner [10, 11]) rely 
on materials or fabrication methods that are not CMOS-
compatible or not easily scalable [12]. The microfabrica-
tion process that we present here enables for the first time 
TSVs with high-aspect ratio (up to 10) to be conformally 

coated with DC-sputtered Aluminum, and achieves at once 
superconducting and CMOS-compatible 3D interconnects. 

 
Figure 1: Sketch of the proposed 3D integration concept 
for large-scale high-density quantum computing, including 
a qubit-based layer, TSV-based superconducting intercon-
nects in an interposer layer, and the CMOS circuitry for 
the control and readout of the qubits. 

 
VIAS FABRICATION 

 The fabrication of the TSVs hereby presented follows 
up on our prior work on Indium-filled vias [12]. In partic-
ular, cavities in the shape of funnels were added on top and 
bottom of the vias. This novel TSV geometry was intro-
duced to enable efficient coating of the sidewalls of the 
TSVs with thicker metal layers. Moreover, a different me-
tallic material and a consequently specific and particularly 
convenient deposition method were chosen to achieve a re-
producible TSV filling process. Several types of TSVs with 
distinct geometrical profiles were fabricated and tested. 
The most successful in terms of electrical conductivity had 
the widest “funnel”, as described in the following.  

The general fabrication process is schematically repre-
sented in Figure 2. The process started with thermal growth 
over a double-side-polished silicon wafer of a 2.6 μm thick 
layer of silicon dioxide, used as hard mask for the ensuing 
steps. Aligned hemispherical cavities (“funnels”) were then 
etched on both sides of the Si substrate, forming the open 
extremities of the vias. To achieve this, the SiO2 layer was 
first photo-lithographically patterned with circular win-
dows on one side of the wafer (Figure 2a). Thereafter, iso-
tropic deep reactive ion etching (DRIE) was employed for 
130 s at 25 ºC by means of an inductively-coupled SF6 
plasma generated near the coils in the upper part of the re-
actor chamber (Rapier Omega i2l). This step etched wine 
glass-shaped funnels, though with undesired mask layer 
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undercuts. Hence the funnels were subsequently anisotrop-
ically plasma-etched, using a SF6- and CH8F8-based plasma 
generated in closer proximity of the substrate. This step re-
moved the aforementioned undercuts and broadened the 
openings of the funnels. The aligned funnels at the other 
side of the wafer were fabricated in the same way. A pro-
tective layer of SiO2 deposited by plasma-enhanced chem-
ical vapor deposition was then added on the bottom side of 
the wafer (Figure 2b), and the inner, cylindrical section of 
the vias was drilled by anisotropic sidewall etching, land-
ing on the previously deposited SiO2 layer (Figure 2c). The 
wafer was then thoroughly cleaned through exposure to ox-
ygen plasma and immersion in HF and HNO3 solutions. 
This procedure was required to clean the SiO2 surface after 
completing the etching process, and before growing an ad-
ditional thermal SiO2 layer as electric via insulation (Figure 
2d). Figure 3 shows micrographs of vias fabricated through 
a) a 300 μm-thick Si wafer and b) a 500 μm-thick Si wafer. 

 

 
 

Figure 2: Sketches of cross-sections of a Si substrate show-
ing the via fabrication process. a) Etching of bottom cavi-
ties, b) oxidation of bottom cavities and etching of top cav-
ities, c) DRIE of vias, d) cleaning and thermal growth of 
SiO2 insulating layer e) double-side sputtering and litho-
graphical patterning of Aluminum and TiN. 

 
Figure 3: Scanning electron microscope (SEM) cross-sec-
tional view of 50 μm wide TSVs on a a) 300 μm-thick Si 
wafer b) 500 μm-thick Si wafer. 
 
VIAS METALLIZATION 

The second part of the process, the metallization of the 
vias (Figure 2e), was performed by sequential sputter dep-
ositions of Al followed by TiN capping layer on each side 
of the wafer using a cryo-pumped Trikon Sigma 204 sput-
ter-coater with a base pressure of 10-10 Pa. Sputter-etching 
with Argon was used in between the depositions to remove 
any Al oxide formed in the TSVs. The depositions were 
performed with a substrate temperature of 25 ºC, 50 sccm 
of Argon gas flow and a DC power of 1.3 kW on the 16” 
Al target. The chamber pressure was set to 226.65 Pa, ob-
taining an Al deposition rate of approximately 2.2 nm/s. 
The 20 nm-thin layer of TiN was deposited to protect Al 
from oxidation and damage during patterning and chemical 
cleaning. The TiN layer was deposited with a substrate 
temperature of 350 ºC, 20 sccm of Argon gas flow, 70 sccm 
Nitrogen gas flow and 6 kW DC power on the 16” Ti target.  

The micrographs in Figure 4 show the resulting vias af-
ter the metallization. Figure 4a shows 300 μm-deep TSVs 
coated with Al, evidencing the stacked layers of materials 
introduced during the fabrication process. A close-up of the 
metallized via is presented in Figure 4b. A cross-sectional 
view of the 500 μm-thick Si wafers (Figures 4c-d) clearly 
shows the uniformity of the coating on an array of high as-
pect-ratio vias.  

The metallic layers were finally patterned on both sides 
of the wafer by optical lithography and inductively-coupled 
plasma etching at 25 ºC using HBr (30 sccm) and Cl (20 
sccm) as reaction gases and 500 W of RF power. An optical 
image of a fully processed Si wafer is shown in Figure 5. 
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Figure 4: SEM cross-sectional view of the realized TSVs: 
a) a 300 µm-deep, 50 µm-wide via after Al/TiN sputtering, 
b) close-up of a funnel evidencing the composition of the 
material layers; c) an array of 500-μm deep, 50 μm-wide 
TSVs after Al sputtering, and d) close-up of Al/TiN-coated 
TSVs evidencing the composition of the material layers (e). 
 

 
Figure 5: A fully processed 4” silicon wafer. a) Uniform 
Aluminum/TiN patterning and interconnect definition 
across the full 4’’ wafer surface; b) micrograph of the sur-
face of a single die singulated from the wafer. 

VIAS CHARACTERIZATION 

 Electrical measurements were performed at both room 
and cryogenic temperature to characterize the fabricated, 
Al/TiN-coated vias. Single TSV resistance was measured 
using a cross-bridge Kelvin resistor structure (Figure 6) 
[13,14]. I-V measurements at room temperature were per-
formed by means of a parameter analyzer and a multi-probe 
station. Current was applied at the I terminal of Figure 6b, 
and the ensuing voltage drop was measured across termi-
nals V1 and V2. Cryogenic DC resistance through the vias 
was measured as a function of temperature using a standard 
4-point probe method using a commercial adiabatic demag-
netization refrigerator (ADR, Entropy GmbH). 
  

 
 

 
Figure 6: Sketches of the cross-bridge Kelvin resistor test 
structure used for the electrical characterization of the 
Al/TiN TSVs. a) Layout of the test structure and b) 3D 
sketch of the structure and electric measurement setup.  

 
EXPERIMENTAL RESULTS 

The sidewalls of the TSVs were completely and confor-
mally coated without voids by sputtering only 2 μm of Alu-
minum on both 300 μm and 500 μm-thick wafers (Figure 
4). The Aluminum and capping TiN layers could be suc-
cessfully patterned over the full surface on both sides of the 
wafer (Figure 5a).  

The electrical resistance of a single via, located in the 
center of the cross-bridge Kelvin resistor structure, meas-
ured as low as 487±68 mΩ (Figure 7). Cryogenic resistance 
measurements are presented in Table 1. Two superconduct-
ing transitions were measured, respectively at ~1.25 K and 
~1.32 K. The transition at ~1.25 K originates from the Al 
of the planar and funnel sections of the Kelvin resistor 

b) 

a) 
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structure, where the sputtered Al film is thicker. The sec-
ond transition at 1.32 K is associated to the transition of the 
Al film in the via, where the film is thinner than in the fun-
nels. This is consistent with prior reports, as for Al the su-
perconducting transition temperature increases for thinner 
films with higher sheet resistance [15]. 
 

 
Figure 7: I-V characterization of a single Al-coated TSV at 
room temperature. An ohmic behavior is observed for the 
investigated voltage range. 
 
Table 1: Resistance vs temperature measurements for 300 
μm deep Aluminum Through-silicon vias 
 

Temperature 
[K] 

Resistance 
[Ω] 

300,00 8,70 
2,00 3,26 
1,32 1,35 
1,25 0,00 

 
CONCLUSION 

 Superconducting high-aspect ratio TSVs were demon-
strated for both 300 and 500 μm-thick Si wafers. The fab-
rication of high-density TSVs with specifically funneled 
sidewalls enabled the conformal DC-sputtering of the full 
vias with Al, a superconductor compatible with any CMOS 
process. Four-terminal cross-bridge Kelvin resistor struc-
tures were fabricated for the TSVs electrical characteriza-
tion at room and cryogenic temperature. Single-via re-
sistance as low as 487 mΩ was measured for 300 μm-deep 
TSVs at 25 ºC, and superconductivity was measured at 1.25 
K. This works prompts the fabrication of superconductive 
interposer layers that can suit high-density 3D integration 
for Si-based quantum computing. 
 
ACKNOWLEDGEMENTS 

The authors would like to thank the staff of the Else 
Kooi Lab for advices and help during processing and char-
acterization, with special thanks to Johannes van Wing-
erden, Mario Laros and Loek Steenweg. The authors addi-
tionally thank Sven Visser from SRON for the cryogenic 
measurements, Gianpaolo Lorito for his advice during the 
design and coating of the TSVs and Akira Endo for his con-
tributions during the development of this work. 

REFERENCES 
 
[1] C. C. Yang et al., “Via Resistance Reduction in Ad-

vanced Copper Interconnects,” IEEE Electron Device 
Lett., vol. 38, no. 11, pp. 1579–1582, 2017. 

[2] C. Huang, Q. Chen, and Z. Wang, “Air-gap through-
silicon vias,” IEEE Electron Device Lett., vol. 34, no. 
3, pp. 441–443, 2013. 

[3] R. Mukai, N. Sasaki, and M. Nakano, “High-Aspect-
Ratio Via-Hole Filling with Aluminum Melting by Ex-
cimer Laser Irradiation for Multilevel Interconnec-
tion,” IEEE Electron Device Lett., vol. EDL-8, no. 2, 
pp. 76–78, 1987. 

[4] Z. Xu and J. Q. Lu, “Three-dimensional coaxial 
through-silicon-via (TSV) design,” IEEE Electron De-
vice Lett., vol. 33, no. 10, pp. 1441–1443, 2012. 

[5] C. Prawoto, Z. Ma, Y. Xiao, S. Raju, C. Zhou, and M. 
Chan, “Interconnect technology with h-BN-capped 
air-gaps,” IEEE Electron Device Lett., vol. PP, no. c, 
pp. 1–1, 2019. 

[6] J. M. Gambetta, J. M. Chow, and M. Steffen, “Build-
ing logical qubits in a superconducting quantum com-
puting system,” npj Quantum Inf., no. May 2016, pp. 
0–1, 2015. 

[7] E. Charbon et al., “Cryo-CMOS for quantum compu-
ting,” Tech. Dig. - Int. Electron Devices Meet. IEDM, 
pp. 13.5.1-13.5.4, 2017. 

[8] C. Song, Z. Wang, Q. Chen, J. Cai, and L. Liu, “High 
aspect ratio copper through-silicon-vias for 3D inte-
gration,” Microelectron. Eng., vol. 85, no. 10, pp. 
1952–1956, 2008. 

[9] E. Clarke, Circuit Analysis of AC Power Systems, New 
York: Wiley, 1950, vol. I., p. 81. 

[10] M. Vahidpour et al., arXiv:1708.02226v1, 2017. 
[11]  B. Foxen et al., Quantum Sci. Technol., vol. 3, no. 1, 

2018 
[12]  J. A. Alfaro, P. M. Sberna, C. Silvestri, M. 

Mastrangeli, R. Ishihara, and P. M. Sarro, “Vacuum 
assisted liquified metal (VALM) TSV filling method 
with superconductive material,” Proc. IEEE Int. Conf. 
Micro Electro Mech. Syst., vol. 2018-Janua, no. Janu-
ary, pp. 547–550, 2018. 

[13]  F. Santagata et al., “Fully back-end TSV process by 
Cu electro-less plating for 3D smart sensor systems,” 
J. Micromechanics Microengineering, vol. 23, no. 5, 
pp. 1–4, 2013. 

[14]  N. Stavitski et al., “Cross-Bridge Kelvin Resistor 
(CBKR) Structures for Measurement of Low Contact 
Resistances,” 10th Annu. Work. Semicond. Adv. Futur. 
Electron. Sensors, vol. 22, no. 1, pp. 551–554, 2007. 

[15] Y. Ivry et al., “Universal scaling of the critical temper-
ature for thin films near the superconducting-to-insu-
lating transition,” Phys. Rev. B - Condens. Matter Ma-
ter. Phys., vol. 90, no. 21, pp. 1–8, 2014. 

 
CONTACT 

*J.A. Alfaro, tel: +31-06-53473356; 
 j.a.alfarobarrantes@tudelft.nl  

935




