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Abstract Silicon-based semiconductor technology, as the cornerstone of the semiconductor industry, has
achieved manufacturing precision at the scale of a few nanometers and is now advancing toward atomic-level
precision. However, due to the Rayleigh diffraction limit, traditional extreme ultraviolet (EUV) lithography is
unable to meet the demands for atomic-scale precision required in future semiconductor manufacturing. As an
atomically precise lithography technique, hydrogen depassivation lithography (HDL) has emerged as a strategic
solution to address this challenge, owing to its exceptional spatial resolution and scalability. Leveraging the atom
manipulation capabilities of scanning tunneling microscope (STM), HDL enables atomic-scale patterning by
precisely controlling the desorption of hydrogen atoms on silicon surfaces. Since its introduction in the 1990s, HDL
has successfully fabricated devices such as single-atom transistors and quantum logic gates, which are unattainable
through traditional lithography processes, showcasing its transformative advantages. This article provides a
comprehensive review of the development history and key breakthroughs of HDL technology, while also exploring
its future prospects. By further improving processing efficiency and reliability, HDL technology is poised to enable
widespread applications in various fields, including semiconductor manufacturing, nanoimprint technology, and
quantum device manufacturing, thereby driving significant progress in the future of semiconductor technology.
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Fig. 1 Device fabrication process based on HDL technology™.
(a) High-temperature cleaning of a pre-etched silicon
surface with alignment markers in an ultra-high vacuum
chamber. (b) Hydrogen passivation of the cleaned sili-
con surface, followed by HDL to expose silicon dan-
gling bonds, enabling surface patterning. (c¢) Introduc-
tion of phosphine gas into the chamber, which selective-
ly adsorbs onto the exposed silicon dangling bonds. (d)
Incorporation of phosphorus atoms into the silicon lat-
tice through thermal annealing. (¢) Low-temperature
molecular beam epitaxy growth of a silicon layer to en-
capsulate the doped phosphorus atoms, forming an em-
bedded device. (f) Alignment of markers and deposition
of a metallization layer to form ohmic contacts with the

phosphorus-doped electrodes of the embedded device
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Fig.2 Precise phosphorus doping process on silicon surfaces

based on HDL technology'*”. (a) STM image of a clean
Si(001)-2x1 surface, showing two types of silicon atom-
ic steps. (b) Patterned region (rectangular area in the im-
age) formed on the Si(001)-2x1 surface after HDL
lithography, displaying brighter STM contrast in the de-
passivated region compared to the surrounding hydrogen-
terminated area. Additionally, single silicon dangling
bonds (DB) is visible nearby. (c) Image of the same re-
gion after phosphine gas adsorption. PH, and PH frag-
ments can be observed within the depassivated region.
(d) After thermal annealing to activate phosphorus dop-
ing, atomic chains composed of silicon atoms displaced
by phosphorus are formed on the surface of the doped
region, indicating successful incorporation of phospho-

rus atoms into the silicon lattice
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Fig. 3 Precise interconnection technology between atomic-

scale devices and micron-scale electrodes"”. (Left)
(a)-(f) Cross-sectional schematics of key fabrication
steps and a 3D illustration of the final device. (Right)
Corresponding (a) SEM image of the STM tip
(white) aligned with the alignment markers; (b) STM
image of the hydrogen-depassivated region; (c)-(d) STM
images of the phosphorus-doped nanowire before and
after hydrogen resist removal; (¢) STM image after sili-
con epitaxial growth; (f) Optical image of the final de-

vice
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Fig. 4 Fabrication process of three-dimensional silicon struc-
tures based on HDL technology. On the patterned sili-
con surface prepared by HDL lithography, (a) atomic-
precision directional growth of three-dimensional sili-
con structures is achieved through low-temperature sili-
con epitaxial growth; (b) atomic-precision directional
etching of three-dimensional silicon structures is real-
ized using a TiO, hard mask deposited by atomic layer
deposition (ALD) combined with reactive ion etching
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Fig. 5 Schematic of the multi-modal hydrogen depassivation

process combining EUV and STM™. The device fabri-
cation based on multi-modal hydrogen depassivation
lithography is divided into four stages. Stage 1: Prepara-
tion of a clean silicon surface, followed by hydrogen
passivation of the Si(001) surface. Stage 2: Large-scale
patterning of contact electrodes using EUV hydrogen
depassivation lithography. Stage 3: Fabrication of atomi-
cally precise patterned structures at the center of the con-
tact electrodes using STM hydrogen depassivation
lithography. Stage 4: Controlled doping of phosphorus
atoms and encapsulation through silicon epitaxial
growth to form embedded devices. Subsequently, the sil-
icon wafer is taken out from the ultra-high vacuum
chamber, and electrodes are deposited to form ohmic

contacts with the embedded devices
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Fig. 6 Silicon-based single-atom transistor fabricated using hy-
drogen depassivation lithography (HDL)"”. (a) Three-
dimensional and planar STM images of the single-atom
transistor. (b) Source-drain current (plotted on a loga-
rithmic scale) as a function of source-drain bias (VSD)
and gate voltage (VG). The charge state of the dopant
atom (Donor, D) undergoes a continuous transition from
D' to D"to D, with corresponding gate voltages of
0.45 V and 0.82 V, respectively
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Fig. 7 High-fidelity, independent single-shot spin readout of two donor qubits”™”. (a) STM micrograph of the two-qubit device. The

lighter regions show the open lithographic hydrogen mask. The device consists of four gates: left, middle, right and the SET
gate used to control the electrochemical potentials of the qubits and the RF-SET. (b) Close-up STM micrograph of the RF-SET
and the two donor dots that define the qubits L (left) and R (right). (c) Reflected amplitude of the RF-SET as a function of the
left- and right-gate voltages with electron numbers (nL, nR). The white lines indicate charge transitions between individual
qubits and the RF-SET. The blue and red dots mark the position where spin readout is performed on the left and right qubit, re-
spectively. (d) Electrochemical potentials j11 and p| of the two qubits (with spin | 1) and | |), respectively, showing how the
electron spin states are measured using an energy-selective protocol. (e) Reflected RF-SET amplitude measured as a function of

time, used to distinguish between the four possible qubit states



%08 i

B S S REOLZI RS 661

K AR 1F 2 LAGA K GRS B2 M B MG 57 A [7] — ik
AR o Xl = Ak i BE AU B TS B
PR PR T AR, i A E T e AR
(ESR) FIAZ i 34k (NMR) Kk . M E MR A 5 i J= A
B 1 B R B B 1 S IR AR T AT R
ToX S T JRE Sy oA S R A ik R o 1 AR i P I ) e
BOE T IR

LT HDL £ SEBLAY B 1 JORG 1fE P42 2%,
W T F A — A o = A ) 7 R B8, RO AR
ZARYFLRGE, QY (Y ROK - A AR ™ i
R ) 1 2 T B B RS 2R I A R, T
FEN G AT LA 5 5 5 2 0] A R o R 0t B G
P AR ELAR T, DA T A AL 5 S HK FL 5 2R 48 Hh 1) <6 J -
WAL | SRR SR N F G . Xl T4
R E T3 D7 1 WSS AR MRS | et A R
FE TR TSRS .

4 BESRE

A A 2 E AN Ry J5 1 G 3k 1Y 58 i 1
T, I H B 7 - 9% 2 T 1959 A4 T iy TR AT RE
¥ 75 HEF 7 ("we can arrange the atoms the way
we want") " RME S LS, I A 0k
ZVEARME VLA B 0k B o G o 49 4 sl B
PRET A S 00 L SRS 4545 S B4R 2, e T
JRFRS R R R T, BZ8A T kSRR
TG B, A A SRt B AR T 1) T~ R M ) 3 4
HET A ELWE T B ER AR . 7R 40K R B 3 T
HDL FAR W R B 1l R {8, i 2o 5 2 TR
ZV0 T2 U], S AN K S R ) R A i S it T
R GOKE FE W = 4E R EDRERR . 7 it 17 B U,
HDL & 30 5 i 1 1 A 5%, B ARG o4 ] FR A
B A LR, AT A R IR R =
THL.

ANid, HDL ARSI ™ b Ak 1 AT 5 21 2
HHARR S, Y Fn T A2 PR T R N TR
B, 52 TR T AR A= 7 5 SR B )
2280, AR N TR se i Bh iy B 2h ik in T4 7 487+
RS JiAh, TR s T g b, R g0k
22 1 2 I ARG 5 3 A8 AMEEAILHRIAT) 5 6 3, X 00 i L
MR R G T R . A, AT
ZHIRREME . BT RS BRI RE DL SR
Z00 T2 U FIOLAL, #5258 £ i PR A

TR T ZEARME o X SEH Rk A 28 B3 7 240 2K 1
YL R TR A B AR, LR B 22 BB BOR il 5
SHBIH .

2 £ X #

[1] TImec. Smaller, better, faster: imec presents chip scaling
roadmap[EB/OL]. https://www.imec-int.com/en/articles/
smaller-better-faster-imec-presents-chip-scaling-roadmap
2023

[2] Yang D K, Wang D, Huang Q S, et al. The development
of laser-produced plasma EUV light source[J]. Chip, 2022,
1(3): 100019

[3] Van Schoot J, van Setten E, Troost K, et al. High-NA
EUV lithography exposure tool: program progress[C]//
Proceedings of Extreme Ultraviolet (EUV) Lithography
XI, San Jose: SPIE, 2020: 1132307

[4] Eigler D M, Schweizer E K. Positioning single atoms
with a scanning tunnelling microscope[J]. Nature, 1990,
344(6266): 524-526

[5] DagataJ A, Schneir J, Harary H H, et al. Pattern genera-
tion on semiconductor surfaces by a scanning tunneling
microscope operating in air[J]. Journal of Vacuum Sci-
ence & Technology B: Microelectronics and Nanometer
Structures Processing, Measurement, and Phenomena,
1991, 9(2): 1384-1388

[6] Becker R S, Higashi G S, Chabal Y J, et al. Atomic-scale
conversion of clean Si(111): H-1x1 to Si(111)-2x1 by
electron-stimulated desorption[J]. Physical Review Let-
ters, 1990, 65(15): 1917-1920

[7] Boland J J, Parsons G N. Bond selectivity in silicon film
growth[J]. Science, 1992, 256(5061): 1304—1306

[8] Shen T C, Wang C, Abeln G C, et al. Atomic-scale des-
orption through electronic and vibrational excitation
mechanisms[J]. Science, 1995, 268(5217): 1590—-1592

[9] Lyding J W, Shen T C, Abeln G C, et al. Nanoscale pat-
terning and selective chemistry of silicon surfaces by ul-
trahigh-vacuum scanning tunneling microscopy[J]. Nan-
otechnology, 1996, 7(2): 128—133

[10] Chen S, Xu H, Goh K E J, et al. Patterning of sub-1 nm
dangling-bond lines with atomic precision alignment on
H: Si(100) surface at room temperature[J]. Nanotechnolo-
gy, 2012, 23(27): 275301

[11] Tucker J R, Shen T C. Prospects for atomically ordered
device structures based on STM lithography[J]. Solid-
State Electronics, 1998, 42(7-8): 1061-1067

[12] Watson T F, Weber B, Hsueh Y L, et al. Atomically engi-


https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://www.imec-int.com/en/articles/smaller-better-faster-imec-presents-chip-scaling-roadmap
https://doi.org/10.1016/j.chip.2022.100019
https://doi.org/10.1038/344524a0
https://doi.org/10.1103/PhysRevLett.65.1917
https://doi.org/10.1103/PhysRevLett.65.1917
https://doi.org/10.1103/PhysRevLett.65.1917
https://doi.org/10.1126/science.256.5061.1304
https://doi.org/10.1126/science.268.5217.1590
https://doi.org/10.1088/0957-4484/7/2/006
https://doi.org/10.1088/0957-4484/7/2/006
https://doi.org/10.1088/0957-4484/23/27/275301
https://doi.org/10.1088/0957-4484/23/27/275301
https://doi.org/10.1016/S0038-1101(97)00302-X
https://doi.org/10.1016/S0038-1101(97)00302-X
https://doi.org/10.1016/S0038-1101(97)00302-X

662

L
¥

#H 5 45 %

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

neered electron spin lifetimes of 30 s in silicon[J]. Sci-
ence Advances, 2017, 3(3): e1602811

Schofield S R, Curson N J, Simmons M Y, et al. Atomi-
cally precise placement of single dopants in Si[J]. Physi-
cal Review Letters, 2003, 91(13): 136104

Ruess F J, Oberbeck L, Simmons M Y, et al. Toward
atomic-scale device fabrication in silicon using scanning
probe microscopy[J]. Nano Letters, 2004, 4(10): 1969—
1973

Oberbeck L, Curson N J, Hallam T, et al. Measurement of
phosphorus segregation in silicon at the atomic scale us-
ing scanning tunneling microscopy[J]. Applied Physics
Letters, 2004, 85(8): 1359-1361

Wilson H F, Warschkow O, Marks N A, et al. Phosphine
dissociation on the Si(001) surface[J]. Physical Review
Letters, 2004, 93(22): 226102

RueB3 F J, Oberbeck L, Goh K E J, et al. The use of etched
registration markers to make four-terminal electrical con-
tacts to STM-patterned nanostructures[J]. Nanotechnolo-
gy, 2005, 16(10): 2446—2449

Wilson H F, Warschkow O, Marks N A, et al. Thermal
dissociation and desorption of PH; on Si(001): a reinter-
pretation of spectroscopic data[J]. Physical Review B,
2006, 74(19): 195310

RueB3 F J, Pok W, Reusch T C G, et al. Realization of
atomically controlled dopant devices in silicon[J]. Small,
2007, 3(4): 563—567

Fuechsle M, RueB F J, Reusch T C G, et al. Surface gate
and contact alignment for buried, atomically precise scan-
ning tunneling microscopy—patterned devices[J]. Journal
of Vacuum Science & Technology B: Microelectronics
and Nanometer Structures Processing, Measurement, and
Phenomena, 2007, 25(6): 2562—-2567

Weber B, Mahapatra S, Ryu H, et al. Ohm’s law survives
to the atomic scale[J]. Science, 2012, 335(6064): 64—67
Fuechsle M, Miwa J A, Mahapatra S, et al. A single-atom
transistor[J]. Nature Nanotechnology, 2012, 7(4): 242—
246

Warschkow O, Curson N J, Schofield S R, et al. Reaction
paths of phosphine dissociation on silicon (001)[J]. The
Journal of Chemical Physics, 2016, 144(1): 014705
Broome M A, Watson T F, Keith D, et al. High-fidelity
single-shot singlet-triplet readout of precision-placed
donors in silicon[J]. Physical Review Letters, 2017,
119(4): 046802

Koch M, Keizer J G, Pakkiam P, et al. Spin read-out in

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

atomic qubits in an all-epitaxial three-dimensional transis-
tor[J]. Nature Nanotechnology, 2019, 14(2): 137-140

He Y, Gorman S K, Keith D, et al. A two-qubit gate be-
tween phosphorus donor electrons in silicon[J]. Nature,
2019, 571(7765): 371-375

Reiner J, Chung Y, Misha S H, et al. High-fidelity initial-
ization and control of electron and nuclear spins in a four-
qubit register[J]. Nature Nanotechnology, 2024, 19(5):
605-611

Randall J N, Lyding J W, Schmucker S, et al. Atomic pre-
cision lithography on Si[J]. Journal of Vacuum Science &
Technology B: Microelectronics and Nanometer Struc-
tures Processing, Measurement, and Phenomena, 2009,
27(6): 2764-2768

Randall J N, Ballard J B, Lyding J W, et al. Atomic preci-
sion patterning on Si: an opportunity for a digitized pro-
cess[J]. 2010, 87(5-8):
955-958

Goh K E J, Chen S, Xu H, et al. Using patterned H-resist

Microelectronic  Engineering,

for controlled three-dimensional growth of nanostruc-
tures[J]. Applied Physics Letters, 2011, 98(16): 163102
Randall J N, Von Her J R, Ballard J, et al. Atomically pre-
cise manufacturing: the opportunity, challenges, and im-
pact, atomic scale interconnection machines[M]//Joachim
C. Atomic scale interconnection machines. Berlin, Heidel-
berg: Springer, 2012: 89—106

Schmucker S W, Kumar N, Abelson J R, et al. Field-di-
rected sputter sharpening for tailored probe materials and
atomic-scale lithography[J]. Nature Communications,
2012, 3(1): 935

Ballard J B, Sisson T W, Owen J H G, et al. Multimode
hydrogen depassivation lithography: a method for opti-
mizing atomically precise write times[J]. Journal of Vacu-
um Science & Technology B: Microelectronics and
Nanometer Structures Processing, Measurement, and Phe-
nomena, 2013, 31(6): 06FCO01

Ballard J B, Owen J H G, Owen W, et al. Pattern transfer
of hydrogen depassivation lithography patterns into sili-
con with atomically traceable placement and size
control[J]. Journal of Vacuum Science & Technology B:
Microelectronics and Nanometer Structures Processing,
Measurement, and Phenomena, 2014, 32(4): 041804
Randall J N, Owen J H G, Lake J, et al. Highly parallel
scanning tunneling microscope based hydrogen depassi-
Science &

vation lithography[J]. Journal of Vacuum

Technology B: Microelectronics and Nanometer Struc-


https://doi.org/10.1126/sciadv.1602811
https://doi.org/10.1126/sciadv.1602811
https://doi.org/10.1103/PhysRevLett.91.136104
https://doi.org/10.1103/PhysRevLett.91.136104
https://doi.org/10.1021/nl048808v
https://doi.org/10.1063/1.1784881
https://doi.org/10.1063/1.1784881
https://doi.org/10.1103/PhysRevLett.93.226102
https://doi.org/10.1103/PhysRevLett.93.226102
https://doi.org/10.1088/0957-4484/16/10/076
https://doi.org/10.1088/0957-4484/16/10/076
https://doi.org/10.1103/PhysRevB.74.195310
https://doi.org/10.1002/smll.200600680
https://doi.org/10.1126/science.1214319
https://doi.org/10.1038/nnano.2012.21
https://doi.org/10.1063/1.4939124
https://doi.org/10.1063/1.4939124
https://doi.org/10.1103/PhysRevLett.119.046802
https://doi.org/10.1038/s41565-018-0338-1
https://doi.org/10.1038/s41586-019-1381-2
https://doi.org/10.1038/s41565-023-01596-9
https://doi.org/10.1016/j.mee.2009.11.143
https://doi.org/10.1063/1.3582241
https://doi.org/10.1038/ncomms1907

B S S REOLZI RS

663

[36]

[37]

[38]

[39]

[40]

[41]

[42]

tures Processing, Measurement, and Phenomena, 2018,
36(6): 06JLOS

Randall J N, Owen J H G, Fuchs E, et al. Digital atomic
scale fabrication an inverse Moore's Law — a path to
atomically precise manufacturing[J]. Micro and Nano En-
gineering, 2018, 1: 1-14

Alipour A, Fowler E L, Moheimani S O R, et al. Atom-re-
solved imaging with a silicon tip integrated into an on-
chip scanning tunneling microscope[J]. Review of Scien-
tific Instruments, 2024, 95(3): 033703

Oberbeck L, Curson N J, Simmons M Y, et al. Encapsula-
tion of phosphorus dopants in silicon for the fabrication of
a quantum computer[J]. Applied Physics Letters, 2002,
81(17): 3197-3199

Goh K E J, Oberbeck L, Simmons M Y, et al. Effect of
encapsulation temperature on Si: P 6-doped layers[J]. Ap-
plied Physics Letters, 2004, 85(21): 4953-4955

Stock T J Z, Warschkow O, Constantinou P C, et al.
Atomic-scale patterning of arsenic in silicon by scanning
tunneling microscopy[J]. ACS Nano, 2020, 14(3): 3316—
3327

Shen T C, Kline J S, Schenkel T, et al. Nanoscale elec-
tronics based on two-dimensional dopant patterns in sili-
con[J]. Journal of Vacuum Science & Technology B: Mi-
croelectronics and Nanometer Structures Processing,
Measurement, and Phenomena, 2004, 22(6): 3182—3185.
Miwa J A, Simmons M Y. Atomic-scale devices in sili-
con by scanning tunneling microscopy[M]//Joachim C.

Atomic scale interconnection machines. Berlin, Heidel-

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

berg: Springer, 2012: 181-196

Constantinou P, Stock T J Z, Tseng L T, et al. EUV-in-
duced hydrogen desorption as a step towards large-scale
silicon quantum device patterning[J]. Nature Communica-
tions, 2024, 15(1): 694

Krull A, Hirsch P, Rother C, et al. Artificial-intelligence-
driven scanning probe microscopy[J]. Communications
Physics, 2020, 3(1): 54

Chen I J, Aapro M, Kipnis A, et al. Precise atom manipu-
lation through deep reinforcement learning[J]. Nature
Communications, 2022, 13(1): 7499

Moller M, Jarvis S P, Guérinet L, et al. Automated extrac-
tion of single H atoms with STM: tip state dependency[J].
Nanotechnology, 2017, 28(7): 075302

Achal R, Rashidi M, Croshaw J, et al. Lithography for ro-
bust and editable atomic-scale silicon devices and memo-
ries[J]. Nature Communications, 2018, 9(1): 2778

Kane B E. A silicon-based nuclear spin quantum comput-
er[J]. Nature, 1998, 393(6681): 133—137

O’Brien J L, Schofield S R, Simmons M Y, et al. To-
wards the fabrication of phosphorus qubits for a silicon
quantum computer[J]. Physical Review B, 2001, 64(16):
161401

Wang X Q, Khatami E, Fei F, et al. Experimental realiza-
tion of an extended Fermi-Hubbard model using a 2D lat-
tice of dopant-based quantum dots[J]. Nature Communi-
cations, 2022, 13(1): 6824

Feynman R P. There’s plenty of room at the bottom[J].
Resonance, 2011, 16(9): 890—905


https://doi.org/10.1016/j.mne.2018.11.001
https://doi.org/10.1016/j.mne.2018.11.001
https://doi.org/10.1016/j.mne.2018.11.001
https://doi.org/10.1063/5.0180777
https://doi.org/10.1063/5.0180777
https://doi.org/10.1063/5.0180777
https://doi.org/10.1063/1.1516859
https://doi.org/10.1063/1.1827940
https://doi.org/10.1063/1.1827940
https://doi.org/10.1021/acsnano.9b08943
https://doi.org/10.1038/s41467-024-44790-6
https://doi.org/10.1038/s41467-024-44790-6
https://doi.org/10.1038/s41467-024-44790-6
https://doi.org/10.1038/s42005-020-0317-3
https://doi.org/10.1038/s42005-020-0317-3
https://doi.org/10.1038/s41467-022-35149-w
https://doi.org/10.1038/s41467-022-35149-w
https://doi.org/10.1088/1361-6528/28/7/075302
https://doi.org/10.1038/s41467-018-05171-y
https://doi.org/10.1038/30156
https://doi.org/10.1103/PhysRevB.64.161401
https://doi.org/10.1038/s41467-022-34220-w
https://doi.org/10.1038/s41467-022-34220-w
https://doi.org/10.1038/s41467-022-34220-w
https://doi.org/10.1007/s12045-011-0109-x

	1 氢去钝化光刻技术的发展历程
	1.1 技术背景与早期突破
	1.2 掺杂机制与平面器件制造工艺
	1.3 三维纳米结构制造工艺

	2 氢去钝化光刻技术进展
	2.1 多模态氢去钝化光刻技术
	2.2 基于MEMS扫描器的多探针并行加工技术
	2.3 稳定探针制备技术
	2.4 自动化氢去钝化光刻技术
	2.5 氢去钝化光刻在线监测与修复技术

	3 氢去钝化光刻技术应用前景
	3.1 芯片制造工艺突破
	3.2 纳米压印技术升级
	3.3 量子信息器件制备

	4 总结与展望
	参考文献

