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In this paper, 3D architecture for TSV integrated Si surface ion-trap is proposed, in which the TSV and microbump technology is used to connect the surface electrodes of ion trap to a bottom Si interposer. The pseudopotential simulation is used to determine the trapped ion height for both the "planar trap" and "TSV trap" geometry. No significant deviation in the pseudopotential for both cases is observed. Preliminary micro-fabricated ion-trap chips are characterized. The proposed technology is promising in form factor and parasitic reduction of micro-fabricated surface ion-trap for scalable quantum computing application.

Introduction

Quantum computing is widely touted as one of the most likely technologies to sustain the future demand for high performance computing. A promising approach to realize quantum computer is to utilize the atomic ions suspended in vacuum as quantum bits (qubits) to perform quantum operations [START_REF] Monroe | Quantum Connections[END_REF]. The ions are confined in free space by a group of surface electrodes which generate static (DC) and radio-frequency (RF) electric fields above the electrode surface. Laser beams with the appropriate wavelengths are used to cool the ions to the ground vibrational energy state and to perform qubit operations by addressing the electron energy states of the ions. The modern ion trap chips facilitate a large number of multi-segmented surface electrodes fabricated on Si substrate to manipulate high density ion arrays or form multiple ion trapping zones [START_REF] Moehring | Design, fabrication and experimental demonstration of junction surface ion traps[END_REF]. One of the key challenge of the ion trapping technology is to interconnect the ever increasing electrode number to the outer DC/RF power source in a scalable way. The conventional wire-bonding method requires a space-consuming peripheral bonding pads design on the chip surface area and it also has the drawback as obstruction to laser incident from the periphery of the chip to the trapped ions. With the advanced 3D integration technologies, the ion trap chip is proposed to be vertically stacked on a Si interposer, where the through-silicon via (TSV) and micro-bump are utilized to form the vertical interconnects to connect the surface electrodes. Fig. 1 shows the schematic of the proposed TSV integrated ion trap die stacked on a Si interposer, where an ion is trapped above the trap chip surface. The proposed architecture presents a miniaturized ion trap system with the advantage of high density electrode integration capability, smaller RC delay, compact form factor and clear accessibility for laser beam on the chip surface.

Pseudopotential Simulation

The design of surface electrode ion trap is based on 5-wire design, with a typical surface geometry (planar structure with wire-bonding pads) shown in Fig. 2 (a), where two RF lines are arranged parallel to a center DC line and the segmented DC electrodes are located on each side of two RF lines. By applying a RF drive voltage, a pseudopotential well is generated to trap the ion radially. DC voltages are applied to segmented DC electrodes to confine the ion axially. The central DC line is mainly used to compensate ion micromotion. By TSV integration, the surface geometry of the trap can be reduced by removing the wire-bonding pads in Fig. 2 (a). TSV trap geometry is shown in Fig. 2 (b), with a form factor reduction of 3× compared to the corresponding planar trap geometry. RF pseudopotential is simulated using finite element method (FEM) with a commercial software [3]. The simulation is performed for an 88Sr+ ion with a RF drive voltage of 200 V, 56 MHz. Fig. 2 (c) shows the simulated pseudopotential contour, where a symmetric pseudopotential well is generated to trap the ion above the center of the trap surface (xy-plane). The pseudopotential along on ion height direction (z-axis) is plotted in Fig. 2 (d). The simulated ion height is ~40 µm above trap surface with a trap depth of ~300 meV. Simulation shows no obvious difference of ion height and trap depth between the planar and TSV trap geometry.

TSV Trap Fabrication

The planar trap (without TSV) is firstly fabricated using an innovative approach which is completely compatible with CMOS back-end processes. The trap is fabricated in a high resistivity (> 750 Ω•cm) Si substrate with a layer of 3 µm thick SiO2 to reduce the substrate induced RF loss. The trap electrode is composed of 3 µm thick Cu and 0.2 µm Au finish to form a thick metal layer to withstand high RF voltage (~ 200 V). The oxide in the electrode gap area is etched, in order to minimize the line of sight access to the ion from exposed dielectrics, thereby reducing the impact of stray electric charges [START_REF] Stick | Demonstration of a microfabricated surface electrode ion trap[END_REF]. The fabricated planar trap is shown in Fig. 3 (a) and (b) with the top view of the geometry surface and crosssectional view of the electrode and oxide layer. The breakdown voltage of the trap die is measured by voltage-stressing method. The trap has a leakage current in the order of 10-10 A under a 200 V static bias, which is comparable to reported data [START_REF] Mehta | Ion traps fabricated in a CMOS foundry[END_REF]. The capacitance induced by the electrodes and the Si substrate is measured by Capacitance-Voltage method and is in the order of 10-12 F, which is comparable to reported data [START_REF] Doret | Controlling trapping potentials and stray electric fields in a microfabricated ion trap through design and compensation[END_REF]. The major process steps for TSV trap chip fabrication include TSV, Front Side (FS) redistribution layer (RDL), via-revealing and backside Underbump Metallisation (UBM) and backside microbump plating. Bosch process is used to form the TSV trench of 20 μm diameter and 100 μm depth followed by TSV liner deposition and Cu electrochemical plating process (ECP) to fill the TSV. Cu ECP is also used to form FS RDL as the trap electrodes. The inter-electrode oxide layer is removed by dry etch method. For backside fabrication, the wafer is thinned to reveal vias followed by oxide deposition and chemical-mechanical polishing (CMP) process. BS UBM and microbump are fabricated by Cu ECP and polyimide (PI) passivation method as reported in [START_REF] Chong | Development of Chip on wafer Bonding with Non Conductive Film using Gang Bonder[END_REF] . The TSV trap is stacked on Si interposer die using microbump bonding. In interposer die, Cu RDL is designed to redistribute the trap circuit to the outer DC/RF supply by wire-bonding through CPGA package. A preliminary fabrication of TSV structure is demonstrated in Fig. 3 (c), where cross-sectional view of Cu fill TSV with 20 μm diameter and 100 μm depth is shown. Conclusion 3D architecture for TSV integrated Si surface ion trap is proposed is this work. The pseudopotential simulation shows no obvious difference of ion height and trap depth between the planar and TSV trap geometry. The CMOS-compatible planar and TSV trap fabrication process indicates the large scale manufacturing and integration capability of the microfabricated surface traps for the complex quantum computing system. 

Fig. 1 .

 1 Fig. 1. Schematic of 3D architecture of surface electrode ion trap with TSV interconnects and stacked to a Si interposer using micro-bumps

Fig. 3 .

 3 Fig. 3. Planar and TSV trap fabrication: (a) optical image of planar trap surface, (b) SEM crosssectional view of the electrode and etched oxide gap and (c) SEM image of Cu filled TSV of 20µm diameter and 100µm depth.
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