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Atomic Manufacturing Technology for the Future Information Devices
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Abstract

consumption, and higher properties, the manufacturing technology must enter the atomic scale. The atomic

With the development of the future information devices towards smaller sizes, lower energy

manufacturing technology will produce the revolutionary new materials and devices. This review summaries some
fabrication methods to be developed scalable atomic manufacturing technologies such as molecular beam epitaxy,
scanning probe manipulation, chemical vapour fabrication, and atom-scale etching. The problems, prospect, and
tendency in the development of atomic manufacturing technology for the future information devices have been
discussed.
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Fig. 1 Development of manufacturing technologies with civi-

lization of human beings
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Fig. 2 Scalable synthesis of high-quality single-layer 2D atom-

ic crystal. (a) Optical image of typical Cu(110) single
crystal with area of 10x10 cm’, (b) SEM image of as-
grown unidirectionally aligned hBN domains on the
Cu(110) substrate ', (c) Photograph of a 4 in sapphire
wafer covered by monolayer MoS, film. (d) Typical
STEM images in a grain and corresponding SAED pat-

tern '
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Fig. 3 Optical images of the as-synthesized transition metal chalcogenides (TMCs) and transition metal phosphorous chalcogenides

(TMPCs) ", (a) Summary of the materials synthesizable using CVD method. (b), (c) Optical images of the as-synthesized 2D

materials. These materials include hexagonal, tetragonal,
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Fig. 4 (a) Schematic diagram of AS-ALD growth (left), and the monomer molecular structures forming inactive SAMs (right), (b) the

pinhole defect affects the selectivity of ALD deposition, (c) photopolymeric functional groups of SAMs effectively inhibit de-

fect formation via photo-induced polymerization, (d) SEM image of the microstructure obtained by etching with ZnO mask of

AS-ALD, and the width of narrowest structure reaches 15 nm
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Fig. 7 Two-qubit device layout and operation. (a) False-colour SEM image of the device. Two quantum dots, D1 and D2, are formed

underneath gates G1 and G2. The gates CB, G3 and G4 form confinement barriers that laterally define the quantum dots. RG is

the reservoir gate that supplies electrons to the quantum dots. The gate electrodes ST, SLB and SRB define a single-electron

transistor, designed to sense charge movement in the quantum dot region; (b)-(e) Control path in the charge-stability diagram as
a function of the G1 (G2) voltage VG1 (VG2) with charge state (N1, N2) probed by the SET current ISET, and schematic de-

picting initialization and readout
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Fig. 8 Simulation of twisted-bilayer systems based on atoms in

spin-dependent optical lattices ™. (a) Ultracold Ru
atoms were loaded into a single layer formed by a verti-
cal optical lattice (green) in the z direction. Two hori-
zontal square optical lattices (V, and V,, represented by
straight colored arrows) confined the layer. The square
lattices had opposite polarizations (indicated by circular
colored arrows) and differed by an angle (6 = 5.21°). A
horizontal magnetic field (B,) was applied. (b) Sketch of
the bilayer lattices in the synthetic dimension. The inter-

layer tunnelling is controlled by a microwave field "
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P9 F T i 125 MBE i £ 89 2 i g B B0 1 )2 4
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Fig. 9 Monolayer 2D atomic crystal materials prepared by

MBE ™ (a) graphene, (b) Boron sheet, (c) Silicene,

(d) Germanene, (¢) Hafnene, and (f) monolayer PtSe,,

(g) monolayer CuSe, and (h) monolayer AgTe

11 e A 5 5 2K BE L T AT ST (RHEED) 3] LA SE 3
P TR K S . R, PR R B A
PFF 50 F ARAMME A Ky 2 HL A B T 7K P
A Ak A A T P R A, LA ok 8 ) 45 A T
TE A AL S R MR A TR

VLA, I FH A8 5 25 MBE $7 AR i 45 H = il
AT BRI RN 22 R AR T R 2 TR R
PRAA AL, [ P A 9 P BTG S T R R L B
Bl W BRI L BRI L BRI | BLE AR R Yk
JEF S AR RN RS O B AR L L 4R A
YA ROT R 4R SRR RN 9) P Hi, Fl
FH 55 FL25 MBE F2 AR AEAAR R AR 200k 0 — 4k i+
Al R A R ERAS T — S8 KM, 440 MBE i £
F14) B 2 A AR R TG L 3 5 A — A b e B LA 2k
P70 LR SR P R S5 4, T HLAFFE R PN TR Y
T HBEERAE O, P AANE D ik A B
TG AL B 5 1 B2 AT AR —4E AR, T LIYE A
TP D RN D) B 35 431 O 7 B AR A

(@ 1H-PtSe,

(O

HI R B2 MBE il # (9 TH/IT P58 4k 1 )2
PtSe, Wi, (a) =ML ZLH) 1T/1H-PtSe, 75 K,
(b)1H/1T-PtSe, # JE (5 STM #1142, (c) 1H/1T-PtSe,
¥y STM Jrp il 1% "

1H/1T tiling pattern in monolayer PtSe, prepared by

E10

Fig. 10
MBE (a) Schematic illustration of the triangular tiling
pattern formed by alternating 1H and 1T PtSe, areas.
(b) STM image of the 1H/1T PtSe, patterned structure.
(c) STM images of 1H and 1T PtSe, domains '’
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2017 45, T ERp A B LT Y AL T B
25 MBE $5 R & & T —Fike S 40 K SO 0 ) ] 28
73, T KSR T PIRR T 2 U 4 SR B e Ak & 9
() R RUBE 1Y) A SR 287 MR 10): — 2 B
LR = PEE R S0 THAT B2 T £k 4R
(1H/1T-PtSe,), 73—z BA JE IS = 12 L1
() B2 AL 4 (CuSe) o 3 — 20 43 Fl 433l
DU F 53 PO Fh A4 ek 2 THT 119 52 55 S /s X PR b — 48 i
TR B B R T e R bE . HARIE R
A7 AT B0 DU A6 G R S 4k A
2, WA B R A AR RS B b 2E it B R G
2P

2023 4F, [ BFE B W BREFSE BT B9 RHIE A B3 F)
JH A 2% MBE 78 Cu(111) 2 1 (9 3 2 0 sz
PRY H 5 B T 2E A B 5 A 5 T s A% R
A FES 4> A (B 1D, BFFE A B8 ) FH HE
25 MBE 76 /7 88 810 AR K& T i i i 22
LRSS M ) Z 4EAR (BP-BI AL, JF R I T Y 8
Bk AL AR (8 12), Z TAEE IR S rh R 1T 4
B A v ) BT B M L LT TR P AR A A BTk

(d)

BT B R o B0 A% 0 STM R AT LA B 1) B2 B 475 /)
A (a-d), BS VA f W B 7E B )22 0 4 B 79 STM A
NS

Fig. 11 STM images of boron clusters on MLB prepared by

MBE and their evolution to BLB, (a-d) STM images of
boron clusters absorbed on MLB on Cu(111) surface
with increasing coverage of boron cluster, (c) High-res-
olution image of two adsorbed boron clusters on MLB,
(d) STM image of the coexistence of MLB, adsorbed

boron clusters, and BLB

height
® AN WiclA

5‘1 first BP-Bi
D2

P12 I B4 MBE il 45 (19 Bi 52 HL AT P 1,
(a) #LJZ BP-Bi HYEA L T4544, (b)HOPG #1JiE F2&0%
W45y Bi B2 1 STM EZ, (o) B b DI Ws 11y
AFM B8, (d)A F1 B YK 1Y Jrydalae fih iy 352

Fig. 12 Ferroelectricity in a single-element bismuth monolayer

prepared by MBE ™. (a) Schematic lattice structure of
single layer BP-Bi, (b) STM image of BP-Bi on
HOPG. Scale bar, 10 nm. (¢) AFM images of the do-
main D1, (d) LCPD grid map illustrates the localized

potential difference between the A and B sublattices

PR, SR T B IR AU TR T A S R B 5 5
WGP REGLE, HHRRE T AR AT EHIRTIFE
R, o — A J - A R T R B A A S
FRRRPE, (S HAE ARAT B A ST A ) 8 4
AT

546, W 5T N B2 A FH MBE J5 2% £ Cu(100) Al
Si(111) FHAMEAE K T 2-3 AT 2 B 1) Z Akl
TR ST, 3 JRE S ) NaCl 2 76 13 g 1 e e
AN RN I H R 2 AR, [N T LA B3 i
5 43 Je S 1] (4 45 5 A B AR R B AR
AT DA TR 98 3 - 8RR A M BT, GX 46 T
VEXG R R S i J2 ) e M R R R P it 2 1Y
S LA
324 FAREREHRALEAR

PR 0 SR (SPM) A 46 14 % 18 12 R
(scanning tunneling microscopy, STM) FlJiL ¥ 17 2 1%
7K (atomic force microscopy, AFM). STM H IBM 75
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A 9286 %% G. Binnig Al H. Rohrer 7E 1981 4E &
Wl BRI S B R SR 1Y T 5 R S 3R TH Y R
Sof 6 25 PRI SIS T R b ) 2 T 445 4 N R 25 A 1Y
JE T ORG HEIN B . B 2F FLAE 1 nm 22 AT (1 LS (]
Bt FEL Rt T D A, AT A A X G2 1 2 ik (e
B o TINAEGNOR RUBE B Bk 28 445 W iy 1) 91 9 v e
S AR ) JR S W, SR R O b S AT G TR
TR T AT R AR EAE 7. IR AR, 1990
4F IBM Almaden 525 25 1Y) Bigler 25 7E Ni(110) 2 11
F STM R4 R Sh W R 9 35 4> Xe T RIS T 51
FAEMERN T 854, 55T STM R FHAE R
HEAT ) 13(a) P 3 R STM JE SR & e T HHL
1) Xe J5F 25 RELNA A JF 451 “1BM” 3 A~ F
BRI R . Bl AT SR X A RTE Cu(111) %
1 48 A~ Fe JR PRI T “ BRI, WER T 4
JRFMAN H R g FRENT /R FEH R
PR A0 07 T 1l - A T O, 30 44 1 TAE AN
7N T RO Y BN, T HUE AR STM &
TR\ Tr I T DL B A B RS B R A R R
Sl AL A 1990 AR, 3R EAMEA B FE
STM Jii - H A S dul 12 A0 BUAH B 22 Jig, 1993 4,
] 27 o L 25 Yy B S 0 2 R R R ok 2 L IR A A 1
JMEETE Si(111) R STM 385 Z bl iy 7 B A 5
TRV 730 S 9K A, IR X Fp ik

(@)

(b)

Fl13 () Ni(110) RIEHAL Xe J5 T2 STM FHREMN S0
W7 52, T A TR 1Y < IBM” SEAR 2549 7% (b) Si(111)
7x7 KL STM FHRZI IR sy “ 1007 A1 [ 5

FE&S g
Fig. 13 (a) The randomly adsorbed Xe atoms on Ni(110)
formed regular artificial structure shaped like the let-
ters “IBM” by using STM atom manipulation tech-

3. (b) Si(111) 7x7 surface was etched into nano-

nique
scale groove with atomically sharp edges and regular
structures shaped like the number “100” and Chinese

characters “ # [ "by atom manipulation technique’”

Tt Al ok RBE G B 100" AT R R,
B 13(b) iR . ik Se85 5 R R F X — T A
(1 ZRMIF A T, SRR, PR AREA T
S5 R T AR A S TGS T B Y
J&, BT MK AN T T AT B

(1) T F AR FN T8 T45H4

bl SR T BRI AR G R, AR — 7 vk
1E Cu(111) R T — A fLfk (CO) 7 T I I 5
454 (honeycomb), | i 45 #4 (Lieb). % H 45 #4
(Kagome) . o454 (Kekulé) FlorTE S5 55— &
FUAS R FRPE N T 4l A ™7 e el —4f
i 7 Y (B VPO e R N 6 1B 7/ 2 R |
Dirac BIZENE A HUM TG (48O 19 R, 1 552
T RN SRR R A T (K 14),

A — SR i S B0 SR 0] — 4R 254, 7E B AR
AR XEFR 2T N7 A%, Y T e i R R AT

(b) carbon monoxide molecule (¢)

e
LELThrn, Ak
e e PO S G

P14 FSFUA ] X R 725 S B AT L T b B (B
B TEEE ™™, (a) 247 BB L AR IO S5 F B TR B
5 (b) oA sl i T IS A SR A, RSk R T
CO 43 T IR Bl A%s () 247 S L 1 Wb A% 7Y STML ]
145 (d) Lieb &A% 7 3 85 (e)Lieb L L T ks BT AL,
IS CO J3 1% BE 52 BN fikss e (W) I 4R Bk BR %
t(t') B4 (HLieb BUHL T fi4% STM &

Fig. 14 Tuning the dispersion relation of artificial quantum
structures by building different lattices 7. (a) sche-
matic of the designer honeycomb lattice; (b) building
the designer honeycomb lattice by moving CO
molecules; (¢) STM image of the artificial molecular
graphene lattice; (d) schematic of Lieb lattice; (e) de-
sign of artificial electronic Lieb lattice; (f) STM topog-

raphy of electronic Lieb lattice
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P 50 A A% 1Y O ORI 5 R 1S BEOR, 1E
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GARN T 47 aAs . s T EA ML
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TBE A5 A, AERAE IR (B 95 - &, 2 M AR
Bt TR R B A TN AR AR [ RETE
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() Cl 25 A TR MR R IE hn. 7e2 SRk sl 4k
Y A5 2 T V- S5 A A N AN, A ROk

2015 4F, PG %2 3830 KA 5 P BATE 2= S04 o iy
FMF AR TN AR 20 A In JL 752 78k
136 4~ In JEF B M F 50T (E 16()), HA
IR AR B o R TR RER A fr ik — 2 s a™
2019 4F, I KA W 5T A AT Ag B & 2 1 ) FH s
FEYFEARWAN 424 Fe i 709 “ & T B

partially bearded

i EAEAR |
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 FPARATAY |
] - - o

-
DIV PV PN ING

1S FIFHEFERAE Cu(111)-CO 1A Z thsS2 B e LS | Sr T4 . AT MR 2 T 7 s (a-c) 220 1l

il S5 H I HE SR T A% s (a) 3228 Wi il v R A 5490 7R R TB1 B CO 434 LA VA JET B A s 181, A H R S5 4 1Y) 8
FlERLIT; (b) A T A% S I 454 STM B AR B (c) N T fl A6 1 o] 300 445 ) 265 % 2 25 B) 43 A TR (d-f) 0 TR 4540 N T s
(d) CO ZFHI L0 = B i /R BT 38k = A1 A A3 TR 2540 AR 2 1T (e) X AN T STM TSR Rl (£) Xof i fr) 2 285 i s 1)
I3l (g-1) W H (Breathing Kagome) A T#fA&: (2) CO J3FH4 MUY IFFIR JE H diig i (h) XL T Al STM
TSR (i) XoF 107 978528 J3 25 8] oA TR, o = AN A 00 B B RIS s (-1) Kekulé AT 5% (§) CO 43 T4 1 Kekulé
RO T (k) KR A T A% STM JESRIEL; (1) %Ry (9255 B 23 )43 AR 18, S ss ik R indh i A 2s . Hoh e R
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Fig. 15 Realizing the quasi-periodic, fractional and the topological states in the artificial lattice by manipulation of CO molecules on

Cu(111) ™%, (a-c) quasi-periodic artificial lattices with Penrose tiling structure; (a)structure schematic overlaid on the STM
topography. Right: 8 kinds of tiling units; (b) STM topography of this quasi-periodic artificial lattice; (c) corresponding densi-
ty of states (DOS) map; (d-f) fractals lattice of the third generation Sierpinski triangle; (d) schematic of structure design;
(e) corresponding STM topography; (f) corresponding DOS map; (g-i) breathing Kagome lattice with topological corner
states; (g) schematic of structure design; (h) corresponding STM topography; (i) corresponding DOS map; (j-1) Kekulé lattice
with topological edges states; (j) schematic of structure design; (k) corresponding STM topography; (1) corresponding DOS

map
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16 (a) I o HIR45 7 2E AT R 3 1 45, S B4 44 T IR Y &
F 55T (0)36 A In JiF 21 WM 94 0 F o5 4 T
(c) TEMB ity FEA e O 14> Fe St TEAIA],
AT S ERAR T 5 (d) 78 3 AR A 5[] £ Ak Tl —
A~ Fe P HOTE SR, Al A4 AR 2 4 ™

Fig. 16 (a) Reconfigurable QD molecules and (b)circular QD

molecules constructed by vertical atom manipulation

on III-V semiconductor surfaces *”'. (c) Topography for
an EQC (a = 7.6 nm and e = 0.65) with an Fe adatom
placed at the left focus; (d) Topography of the same

confocal EQC in panel (a) but with an additional Fe

adatom ™
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STM K4 o 312 1 T30 X 35l i B2 S SUZ A 820 1 )8
J#(0.71 nm)™
Fig. 17 Construction

17

of atomically well-defined folded
graphene nanostructures by STM origami. (a) Schemat-
ic graphic of folding and unfolding a graphene nanos-
tructure along an arbitrary direction. (b) Experimental
realization of (a). The series of STM images shows a
sequence of the folding and unfolding of a graphene
nanostructure. (¢) 3D STM topography of a typical
The 2D stacked
graphene flatland with height comparable to the dis-

folded graphene nanostructure.

tance between two graphene layers (0.70 nm)

433 . [ HEILIR 0.01 peV 2L iR i 4 38, LA i
Sl 2 I 5 R 2 1 R ) 3R, AT T AR
ARG Sy F SR R T E e Sh 2%, X — 4R
PEFR A HL T F e SR 4 B 2 5UBE (ESR-STM) .
P ZH AR LS G R\, AR sl 5 T AT
P 2 TR A D, 000 490 DK S i A 11 A
Yy, B ERFE AL AR L. i, IBM W53
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18  (a) 7 MgO #f % I3l i i F B S B 4% Ti I8
S B R IR (b) RS RS = BE AN [ EAE
HHEAEF ABER R STM 14, (c) 454 ESR-STM HiA
RN T2 FEM T T ARES BN, ZIA
[F] Ti 7R B BRI A TS A, SEl T X2
PRHLHI BT A A ek o s

Fig. 18 (a) Experimental setup showing an STM with ESR ca-

pability, and an STM image of Ti atoms on MgO sur-
face. (b) Laplace-filtered STM images of different
quantum magnets. (c) Valence bond (spin-singlet
state), formed by two antiferromagnetically coupled Ti

atoms. Blue and orange arrows represent spin-down

and spin-up states, respectively """
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Fig. 19 Atom exchange by vertical manipulation of AFM " (a) Frequency shift signal upon approach (black) and retraction (red) of

» W
.,,mm t% 'i' ﬂ

[&20

Fig. 20 Electrical assisted nanoscale manufacturing. Topogra-

the tip over the Si atom marked with a white circle in the inset image, in this process, the Sn atom from the tip replace the Si
atom in the substrate; (b) frequency shift signal upon approach (black) and retraction (red) of the tip above the Sn atom de-
posited in (a), pointed out by a black circle (inset); (c) structural model of tip and substrate during manipulation. (d) series of
topographic images showing the creation and remove of atomic patterns displaying the symbol of silicon, implementing

“write” atomic markers; These vertical-interchange manipulations involve complex multi-atom contacts between tip and sur-

face
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Fig.21 (a) Atomic-spin-based logic gate realized in the Co

chains model device on Cu substrate; (b) schematics of

the device, and DOS maps revealing the “OR” gate
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Fig. 22

“OR” gate model device based on dangling bonds of Si constructed by single atom lithography

P4 (a) Constant-current filled

state STM images of the OR gate in various actuation states. (b) Corresponding constant-height Af images of the gate, show-

ing electron locations as the dark depressions, with the output marked in blue. (c) Models of the gate. Three pairs constitute

the uninitialized OR gate in c. Initialized gate with added red perturber below satisfies the first row of an OR gate truth table,

as indicated by the gate symbol in f. Models for the remaining OR gate truth states in i and 1
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Fig. 23 STM image (96 x 126 nm, 7 = 1.5 K) of a 1,016-byte
atomic memory. The various markers used are ex-
plained in the legend below the images. The memory
consists of 127 functional blocks and 17 broken blocks,

resulting in an overall areal density of 0.778 bits nm **”
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Fig. 24 High-fidelity, independent single-shot spin readout of
two donor qubits ®. (a) STM micrograph of the two-
qubit device. The device consists of four gates: left,
middle, right and the SET gate used to control the elec-
trochemical 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). The donor quantum dots (L, 2P; R, 3P) are sep-
arated by 13.0 + 0.5 nm
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Fig. 25 Neural dynamics, Synaptic dynamics and self-adaption
from coupled cobalt atoms on BP"”. (a) Schematic il-
lustration of the experimental setup with STM tip gat-
ing the system above the switching threshold. (b), (c)
Two cobalt atoms in state (s1, s2) = (0,0) (b) and three
cobalt atoms in state (s1, s2, s3) = (0,0,0) (c). (d) Con-
stant-current STM image of a seven-atom cobalt en-
semble with three s atoms and four k atoms. (e) Factor-
graph representation of the Boltzmann machine used to
model the atomic ensemble in (d), with a diagram illus-

trating the influence of the environment on the BM
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Fig. 26 Assembly of Fe chains on NbSe, "’ (a) Atomic-resolu-

tion topography of a clean NbSe, surface. Regions with
CDW patterns are indicated in colored circles. (b) To-
pography images illustrating the sequence of atomic
manipulation steps to obtain an Fe chain. (¢) STM im-
ages of Fe monomer, dimer, and trimer along with a
schematic illustration of YSR hybridization. YSR wave
functions of the monomers (taken as Gaussian shaped)
with red and blue indicating positive and negative am-
plitude in overall hybridized wave function y (with vy’
shown in purple). (d) Topography of a long chain. The
yellow grids illustrate the position of CDW maxima

relative to the atoms of the chain
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Fig. 27 Autonomous STM tip sharpening used with atom-scale
patterning by the machine learning methods. On the
technologically relevant hydrogen-terminated silicon
surface, the recognization accuracy of abnormalities in
the appearance of surface dangling bonds is improved
beyond 99% by using multiple points of comparison

and majority voting ©”
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