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Figure 1 (Color online) (a) Roadmap for all-vacuum quantum device fabrication based on STM and compatible with CMOS. (b) Two distinct
pathways of atomic-scale manufacturing: single-atom lithography and construction
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Figure 2 (Color online) (a—c) A schematic of the atomic fabrication strategy to realize an atomic array of phosphorus qubits in Si. (a) Selective H
desorption using STM tip to expose Si surface; (b) dosing with PH; to allow one phosphine molecule to adsorb at the exposed silicon surface; (c) P is
incorporated into the Si surface and the hydrogen passivation layer is removed by thermal annealing. (d—f) STM images of a clean Si(100)-2x1 surface
after lithography and dosing®’. (d) 80, 38, 26, and 6 nm wide lithographic wire patterns. () The same area after chemisorption of PHj into the
lithographic regions; (f) P is incorporated into the Si surface after thermal annealing. (g—i) STM images for three key elements of nanocircuitry®,
including (g) Si:P nanowire, (h) tunnel junction, and (i) nanodot. Scale bars: (g) 20 nm; (h) 50 nm; (i) 100 nm. (j) Schematic of an automated

lithographic system based on STM
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Figure 3 (Color online) (a) Schematic of the parallel process and perpendicular process. (b) Upper panel: Quantum dot molecule formed by two
neighboring Ins quantum dots. Center panel: the symmetric (c) and antisymmetric (6*) character of the states is evident in their DOS spatial maps
recorded along the white dashed line in the upper panel. Lower panel: The DOS bias map reveals bonding (o) and antibonding (c*) states at
characteristic energy™”. (c) Upper panel: a nine-dot chain formed by Ing quantum dots and a light domain wall localized at the center dot (red marker).
Center panel: DOS map showing the dZ/dV signal recorded along the white dashed line in the upper panel. Lower panel: spatial DOS map of the
boundary state recorded at characteristic energy, revealing that the probability density is maximum at the center dot’*’!. (d—f) Single-molecule device
with transport measurement curves'®). (d) A model single-molecule device gated by charged atoms, comparison of STM images before and after the tip
repositioned an H,Pc molecule (neutral) to the center between two trimers (formed by Ing). (e) Normalized differential tunnelling conductance map as a
function of gating potential ¢ and sample bias V}, with the tip positioned on CuPc. (f) Calculated map of the tunnelling current /(V}, @) with the tip
positioned on H,Pc. The orange line separates the V},-¢ plane into upper and lower regions corresponding to different molecule conformations
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Figure 4 (Color online) (a) Schematic of a multi-qubit system: a sensor spin qubit (Ti, blue) is placed under the apex of a spin-polarized STM tip for
readout. Remote qubits (Ti, Fe) are constructed at precise separations to the sensor qubit by atom manipulation'”®!. (b) Experimental setup showing an
STM with ESR capability, and an STM image of Ti atoms on MgO/Ag(001). A spin-polarized tip is used to drive and sense ESRY?). (c) STM images
and binding sites of a 4 x 4 spin lattice (upper panel) and a dimerized 8-spin chain (lower panel) with topological configuration on MgO/Ag (001)/7%,
where the grey circles indicate oxygen sites on MgO. Scale bar, 5 A
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Figure 5 (Color online) (a—c) The process flow for nanoscale electrode deposition. (a) Bonding to a new wafer, removing substrates and exposing the
backside of the original buried oxide layer. (b) Etching through buried oxide layer exposing the bottom side of the deep contact implants in the device
layer (upper panel) and deposition of aluminum silicon alloy contacts (lower panel). (¢) Schematic of complete device. (d) Composite images of a
contacted device showing the STM device, nanoelectrodes and connecting nanowires®". () Optical microscope image of the completed device after
aluminum electrode deposition and before chip packaging!™®®. Zoom-in image illustrating the central device area after alignment of Al metal leads to the
buried. The alignment markers are indicated by white triangles and squares. (f) Scanning tunnelling micrograph for the trivial (upper panel) and
topological (lower panel) phases of an array of quantum dots®®”, (g) STM micrograph of the two-qubit device!®”. The device consists of four gates: left,
middle, right and the SET gate. (h) Schematic of the experimental set up for planar device consisting of an array of quantum dots, showing all electrical
connections to the device. A STM image of the device is shown'”
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Table 1 Specific challenges for the three technical approaches of atomic-scale manufacturing in each stage
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Ultra-high vacuum scanning tunneling microscope-assisted
atomic-scale manufacture of quantum devices

Jiaqi Yang, Yuang Li, Xueyan Li & Yi Pan’

Center for Spintronics and Quantum Systems, State Key Laboratory for Mechanical Behavior of Materials, School of Materials Science and
Engineering, Xi'an Jiaotong University, Xi'an 710049, China
* Corresponding author, E-mail: yi.pan@xjtu.edu.cn

Atomic-precision device manufacturing is an effective solution in overcoming the line-width limitation of current
lithography technology. It holds promise as a novel production process for atomically precise chips and sensors, such as
solid-state quantum devices. This technique also offers wide applications in the next-generation semiconductor industry
thanks to its compatibility with the semiconductor materials and processes. As an emerging technology, it has successfully
demonstrated the single-atom-level prototype silicon-based chips, realized by using scanning tunneling microscopy (STM)
assisted atomic manipulation techniques. This paper reviews the state-of-the-art in ultra-high vacuum scanning probe-
assisted atomically precise device manufacturing technology for future solid-state quantum chips. It covers aspects
including process flow, atom manipulation/etching methods, electrodeposition, and packaging. In the first section, an
overview of the technological evolution is briefly introduced. Based on the current advances and our own practices, we
propose a detailed full-vacuum-environment quantum device fabrication process route, which combines the STM-assisted
atomic-scale manufacture process with the traditional complementary metal-oxide-semiconductor (CMOS) technique and
front-end and back-end processes. In the second section, the scanning tunneling microscopy-assisted single-atom etching
(also known as STM lithography) and doping techniques are discussed in detail. Taking the Si(100)-P system as an
example, the H atoms on hydrogen-saturated Si(100) surfaces could be selectively desorbed by STM lithography to form a
specific pattern for the quantum dots and electrodes. Then, the sample is exposed to PH; molecules, so that the pattern
region is specifically doped with atomic precision. In this way, P atoms or quantum dots could be fabricated as physical
quantum bits, which have been realized by the M. Simmons group at the University of New South Wales. The automated
STM lithography equipment developed by Zyvex Labs has been introduced as well. In the third section, we focus on the
STM atom manipulation technique for the construction of quantum structures as the core of quantum devices. Taking the
IM-V semiconductor InAs(111)A surface as an example, the randomly distributed In adatoms could be precisely relocated
by vertical manipulation, which means picking up atoms and then dropping them to the target position with the STM tip. In
this way, the atomic precision quantum dots (QDs), QD molecules, gated single CuPc molecule, and the QD chains with
topological edge states have been realized by the St. Folsch group at Paul Drude Institute. Additionally, the magnetic atom
array constructed on an ultra-thin oxide film surface, e.g., the Fe-Ti-MgO system, has been proposed as a promising spin
quantum bit platform by the A. Heinrich group at Ewha Womans University. In the fourth section, we discuss the back-end
CMOS technique for the fabrication of quantum devices from the STM-constructed quantum structures. It mainly contains
the sequential steps of UHV capping layer deposition, chemical etching, and connecting electrode deposition. The
prototype Si-based solid-state quantum device of a single P atom, a couple of P pairs, and QD chains has been successfully
demonstrated by the M. Simmons group. In the final section, the primary challenges for future applications of this
technology, along with potential solutions, are summarized.

scanning tunneling microscopy, atomic manipulation, atomic-precision device manufacturing, solid-state quantum
chips
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