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Visualized Atomic-Scale Manufacturing Using Transmission
Electron Microscope

Mingrui Zhou, Chen Li, Hua Hong, Hubiao Huang, Qiubo Zhang, Kuibo Yin, Li Zhong,
Chao Zhu, Tao Xu,* and Litao Sun*

The relentless pursuit of device miniaturization and enhanced performance
has driven manufacturing to its ultimate frontier—atomic-scale
manufacturing. Despite recent advances, atomic-scale manufacturing as a
whole remains in its infancy, largely constrained by the absence of direct
visualization capabilities and a limited understanding of the underlying
mechanisms. In situ transmission electron microscopy (TEM), with its
exceptional spatiotemporal resolution and ability to integrate external fields,
has emerged as a powerful platform that enables simultaneous fabrication
and real-time observation. This review summarizes recent progress in
visualized atomic-scale manufacturing using in situ TEM, with particular
emphasis on processes mediated by electron beam irradiation, thermal
excitation, and electrical bias under different environments. First, how an
“atomic foundry” can be established inside the microscope through the
application of external fields is examined. Subsequently, advances in
visualized fabrication enabled by electron-beam engineering and external-field
control are reviewed. Finally, key challenges and future perspectives are
discussed, including the need for improved precision, higher throughput, and
closer relevance to practical manufacturing conditions. Overall, this review
underscores the pivotal role of in situ TEM in advancing the understanding
and control of atomic-scale manufacturing, offering insights into precise
atomic manipulation and pathways toward practical implementation.

1. Introduction

Manufacturing is the foundation of human civilization and
socioeconomic development. The relentless pursuit of minia-
turization and enhanced performance across diverse fields—
including electronics,[1] communications,[2] biology,[3] and ma-
terials science[4] —is propelling manufacturing toward atomic-
scale precision and functional feature sizes,[5] where manufac-
turing objectives and processes (removal, migration, or addition)
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directly focused on atoms, namely atomic-
scale manufacturing. Devices and prod-
ucts fabricated through atomic-scale man-
ufacturing techniques are expected to find
broad applicability across a wide range of
areas, including quantum computing,[6–8]

advanced sensing,[9,10] high-density infor-
mation storage,[11,12] energy conversion and
storage, catalysis,[13–15] and numerous other
emerging technological domains. For in-
stance, positioning dopant atoms in Si crys-
tals with atomic precision can enhance
quantum bit stability, thereby promoting
the implementation of quantum devices
and advancing the development of quan-
tum computers to meet the future de-
mands for higher information processing
capabilities and efficiency.[16,17] Likewise,
manipulating individual atoms to encode
bits can enable data-storage densities mil-
lions of times greater than those achiev-
able with current solid-state memory tech-
nologies, which is essential for address-
ing the rapid growing demand for high-
capacity information storage.[12,18] Atomic-
scale manufacturing is also expected to en-
able the stable fabrication of atomic interfer-
ometric gyroscopes, which are theoretically

predicted to be several orders of magnitude more sensitive than
optical gyroscopes for inertial navigation applications.[19,20]

However, the advancement of such manufacturing faces enor-
mous challenges, particularly using traditional manufacturing
tools. As manufacturing scales down from the micro- and
nanoscale to the atomic scale, it becomes a discrete process de-
fined by the dimensions and positions of individual atoms, where
even subtle structural variations can dramatically influence the
properties and behaviors of materials.[21] At this scale, the phe-
nomena of removal, migration, and addition can no longer be
adequately explained by classical theories based on macroscopic
statistical analysis, which treat processing objects as continuous
media. Instead, the theoretical framework of atomic-scale manu-
facturing is rooted in quantummechanics, making it fundamen-
tally distinct from that of conventional manufacturing.
Although considerable efforts and investments have been

devoted to advancing atomic-scale manufacturing, current ap-
proaches are either inefficient or lack sufficient accuracy. For in-
stance, scanning probe microscope (SPM) can manipulate in-
dividual atoms or small clusters,[22] but it remains impractical
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Figure 1. Schematic of visualized atomic-scale manufacturing using TEM. An atomic foundry is established within the microscope by applying external
fields to replicate fabrication processes under various conditions, while analysis-based feedback is employed to guide the fabrication. These capabilities
deepen the understanding of atomic-scale manufacturing mechanisms and provide new insights into potential pathways toward practical implementa-
tion. Reproduced with permission.[27] Copyright 2013, The Author(s). Reproduced with permission.[28] Copyright 2016, IOP Publishing Ltd. Reproduced
with permission.[29] Copyright 2024, Elsevier Ltd. Reproduced with permission.[30] Copyright 2018, WILEY. Reproduced with permission.[31] Copyright
2022, The Authors.

for large-scale or high-throughput manufacturing.[23] Atomic
layer deposition, chemical vapor deposition, and atomic layer
etching provide atomic-layer precision in material addition and
removal;[24] however, they still face substantial challenges in se-
lectively depositing or removing atoms at specific, predetermined
locations. Focused ion beam (FIB) machining and electron beam
lithography are limited in achieving true single-atom precision
or fabricating single-atom-scale feature sizes in substrates.[25,26]

Overall, atomic-scale manufacturing remains in its early stages,
and its further development relies on a comprehensive under-
standing of the underlying mechanisms.
At its core, atomic-scale manufacturing involves the subtrac-

tion, addition, or migration of atoms, atomic layers, or other
atomic-scale structural units. Real-time observation of these pro-
cesses is crucial for acquiring key information—such as struc-
tural transformations and the dynamic evolution of processed
objects—that forms the fundamental for elucidating the mech-
anisms governing atomic-scale manufacturing. Moreover, such
observations are essential for controlled manufacturing with
atomic-scale precision.
Nowadays, both SPM and transmission electron microscope

(TEM) enable atomic-scale characterization. However, SPM is
less suitable for process monitoring because of the incompatibil-
ity between imaging andmanipulation, coupledwith its relatively
low imaging speed. In contrast, TEM has garnered increasing
attention owing to its superior spatial and temporal resolution,
particularly when combined with advanced in situ techniques.
Through instrument modifications or the use of dedicated sam-
ple holders, external stimuli and specialized environments—
such as thermal excitation, mechanical force, electrical bias, and
liquid or gaseous media—can be applied to materials with high
precision, thereby extending TEM’s capabilities to atomicmanip-
ulation. In addition, the electron beam, originally employed for
imaging, can also be harnessed as a tool for processing. Conse-
quently, an “atomic foundry” can be realized within the micro-
scope (Figure 1), enabling the replication of fabrication under

various conditions and the direct visualization of atomic-scale
manufacturing. These capabilities facilitate a deeper understand-
ing of atomic-scale manufacturing mechanisms and offer new
insights into precise atomic manipulation and potential path-
ways toward practical implementation. This review highlights re-
cent progress in visualized atomic-scale manufacturing using in
situ TEM, with particular emphasis on processes mediated by
electron beam irradiation, thermal excitation, and electrical bias
under various environments. First, we delve into the establish-
ment of an atomic foundry within the microscope, which is cen-
tral to realizing and monitoring fabrication at the atomic scale.
Next, we examine how an “atomic foundry” can be established in-
side TEM instrument through the application of external fields.
Subsequently, recent advances in visualized fabrication achieved
through in situ TEM are summarized, along with specific strate-
gies and methodologies for atomic-scale processing. Finally, cur-
rent challenges are outlined, and future perspectives in visualized
atomic-scale manufacturing are discussed.

2. Atomic Foundry Inside a Transmission Electron
Microscope

The integration of TEM with advanced in situ techniques has fa-
cilitated the establishment of a revolutionary “atomic foundry”.
This platform combines atomic-scale manipulation with real-
time observation, thereby allowing direct visualization of atomic-
scale manufacturing. In this section, we outline the fundamen-
tal principles andmethodologies for constructing such an atomic
foundry, with the aim of elucidating how atomic-scale manufac-
turing can be realized under diverse conditions within the TEM.

2.1. Electron-Matter Interactions and Electron Beam Irradiation

High-energy electron beams (typically 60–300 keV) constitute the
foundation of TEM, with imaging fundamentally reliant on their
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Table 1. Electron scattering and applications in manufacturing.

Scattering types Effects Processes Outcomes Refs.

Elastic scatterings Displacement
Sputtering

Sculpting Nanopores
Nanowires/Nanotubes

Nanopatterns

[36]

[27]

[37,38]

Manipulation Nanodots
Nanopatterns

[39]

[40]

Inelastic scattering Charging
Heating
Radiolysis

Deposition Nanoparticles
Nanowires
Nanosheets

[41,42]

[43]

[44]

Oxidation growth Nanoparticles
Epitaxial layer

[45,46]

[47]

Structural
modification

Heterostructures [48]

complex interactions with matter. As the electron beam pene-
trates the specimen, it interacts with the constituent atoms, giv-
ing rise to electron scattering. This scattering is generally cat-
egorized as either elastic or inelastic (Table 1), depending on
whether energy is conserved. Elastic scattering, primarily gov-
erned by electrostatic interactions between incident electrons
and atomic nuclei, can induce atomic displacements within
the bulk or sputtering of surface atoms. In contrast, inelastic
scattering—arising from Coulombic interactions between inci-
dent electrons and extranuclear electrons—can lead to effects
such as electrostatic charging, localized heating, radiolysis and
material deposition.[32] By leveraging these interactions, atomic-
scale manufacturing can be realized with an electron beam,
whether a parallel beam or a focused beam. Focused electron
beam is particularly suitable for pattern sculpting, especially
when it can be precisely directed at individual atoms with high
density using a microscope operated in scanning TEM (STEM)
mode or a dedicated STEM instrument, enabling atomic-scale
manipulations.[33] In contrast, a parallel electron beam (operating
in TEM mode) is better suited for large-area deposition, growth,
and modification.[34,35] However, its selectivity is limited, as
structural evolution under uniform electron beam irradiation is
random.
Owing to its accessibility, atomic-scale manufacturing under

electron beam irradiation can be carried out in any conven-
tional TEM instrument. Electron-matter interactions are primar-
ily governed by beam energy, electron dose, and dose rate. Con-
sequently, by precisely adjusting parameters such as accelera-
tion voltage, beam current, beam size, irradiation time, and ex-
posure area, these interactions can be controlled, providing ver-
satile strategies for electron-beam-based atomic-scale manufac-
turing. For example, elastic scattering can be effectively utilized
for processing by setting the beam energy (acceleration voltage)
above the threshold for atomic displacement. In graphene, elec-
tron beams above 80 keV enable stable and reproducible knock-
on-based processing, allowing the fabrication of well-defined
structures with atomic precision, as demonstrated in the forma-
tion of nanopores, nanoribbons, and other patterns on graphene
membranes.[31,49] The tunability of acceleration voltage further
enhances processing versatility. For instance, alternating be-
tween 100 and 60 kV has been employed to fabricate armchair

nanoribbons and introduce silicon dopants on graphene.[50] Be-
yond elastic effects, inelastic scattering also plays a critical role in
structural modification of semiconductor materials, particularly
at beam energies below the atomic displacement threshold. For
example, ionization effects can induce the formation of defects
in MoS2 under an 80 keV electron beam.[51,47] Notably, such an
effect may be more pronounced as the acceleration voltage is fur-
ther reduced within a specific range.[52]

2.2. Electrical Bias

The application of electric fields within TEM instruments opens
new frontiers for probing and understanding electrically driven
behaviors at the atomic scale. Currently, electric fields are pri-
marily introduced via scanning tunneling microscopy (STM)-
TEM systems or micro-electro-mechanical systems (MEMS)-
based electric chips.[53] In STM-TEM systems, a high-precision
piezoelectric actuator enables a probe to move along three axes
with sub-angstrom accuracy relative to the sample mounted on
the opposite side, providing access to structures ranging from the
micrometer regime down to individual atomic chains. Upon con-
tact between the movable probe and the sample, electrical char-
acteristics such as current–voltage curves and current–distance
profiles can be measured. In parallel, MEMS-based electric chips
have also been widely employed to apply electric fields. In this
case, the sample is transferred onto the chip, with its terminals
connected to on-chip electrodes via FIB-assisted metal deposi-
tion. Compared with STM-TEM systems, MEMS-based chips of-
fer superior measurement accuracy and stability. However, their
high cost and time-intensive sample preparation remain signifi-
cant limitations.
The ability to directly probe dynamic processes and elucidate

their underlying mechanisms at the atomic scale provides a criti-
cal foundation for advancing atomic-scale fabrication under elec-
tric fields, which can be primarily regulated by varying field in-
tensity and direction. For instance, electric-field-induced ion mi-
gration can be tracked with unprecedented spatiotemporal res-
olution, revealing ion-transport pathways and kinetics within
complex material architectures. Similarly, electrically driven re-
dox reactions—fundamental to electrocatalysis, corrosion, and
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diverse synthetic pathways—can be directly visualized at atomic
interfaces, providing critical insight into the precise atomic con-
figurations that dictate chemical transformations. Electric fields
also exert profound influence over phase transitions,[54–56] en-
abling real-time visualization of field-induced structural rear-
rangements and even the emergence of entirely novel phases.
By elucidating the impact of electric fields on atomic migration,
chemical bonding, and structural evolution, TEM studies provide
critical knowledge for the atomic-level design ofmaterials and de-
vices. These insights open transformative opportunities for the
rational engineering of functional materials, including the devel-
opment of highly efficient catalysts through controlled active-site
formation, advanced energy-storage components with optimized
ion-transport pathways, and quantum devices via precise posi-
tioning of individual atoms or defects. The integration of real-
time atomic-scale observation with programmable electric fields
thus establishes a powerful pathway for advancing atomic-scale
manufacturing under electrical stimuli.

2.3. Thermal Excitation

To visualize manufacturing under high-temperature conditions,
it is essential to apply a tunable and stable temperature to the
specimen inside a microscope without compromising imaging
resolution. This is commonly achieved using a heating element
integrated into the tip of the sample holder (referred to as a heat-
ing holder), which enables precise Joule heating and reliable tem-
perature control. Heating holders are generally classified into two
categories: furnace-type and MEMS-based. In furnace-type hold-
ers, conventional TEM grids are placed into a miniature elec-
tric furnace, offering simple sample preparation but often result-
ing in significant drift at elevated temperatures. Consequently,
tens of minutes are typically required for stabilization, limit-
ing the feasibility of atomic-resolution imaging of temperature-
responsive processes. By contrast, MEMS-based heating holders
have been widely adopted. In this configuration, a microfabri-
cated heating chip is mounted into a compatible sample holder,
with localized resistive heating generated by the passage of elec-
tric current through the chip. This approach provides several
notable advantages, including high-precision temperature con-
trol (up to 0.01 °C), ultrafast heating and cooling rates (up to
105–106 °C s−1), minimal drift, and excellent thermal stability,
thereby enabling atomic-resolution imaging under dynamic ther-
mal conditions.
This advanced methodology enables the dynamic investiga-

tion of various temperature-dependent phenomena at the atomic
scale, primarily controlled through adjustments to target temper-
ature, heating/cooling rate, and duration. For instance, material
growth under thermal excitation can be directly examined,[57,58]

allowing the nucleation and evolution of atomic clusters or layers
to be precisely monitored and, in some cases, deliberately ma-
nipulated. It also facilitates the direct visualization of sublima-
tion processes,[59–63] providing critical insights into the atomic-
scale mechanisms governing material removal and structural re-
organization under elevated thermal conditions. Furthermore, it
is indispensable for probing phase transitions,[64–67] permitting
real-time observation of structural rearrangements during ther-
mally driven transformations. By enabling precise observation

and control of temperature-dependent atomic dynamics—from
the deposition of individual atoms during growth to lattice re-
arrangements during phase transitions—in situ heating delivers
fundamental insights for atomic-scale fabrication under thermal
excitation.

2.4. Liquid Environments

The introduction of liquid samples into TEM instruments
presents significant challenges due to their high-vacuum envi-
ronment, primarily because liquid evaporation under vacuum
can severely disrupt stability and operation. Two principal strate-
gies have been developed to address this while maintaining vac-
uum integrity in the microscope.
The first involves modifying the microscope’s pumping sys-

tem or using liquids with inherently low vapor pressure, allow-
ing droplets to condense in an open environmental chamber.
A differential pump system, typically used in an environmen-
tal TEM (ETEM), can gradually vary the pressure along the col-
umn, allowing the specimen chamber to be maintained at a rel-
atively high pressure.[68] However, most liquids with high vapor
pressures will still evaporate under these conditions. Although
some liquid-phase experiments have been carried out in such
systems,[69] they are primarily used for gas-phase studies.[70,71]

Low-vapor-pressure ionic liquids, which can withstand the high
vacuum of the TEM, have become increasingly popular for elec-
trochemical characterization of nanobatteries, providing insights
into charging and discharging processes.[72,73] Nevertheless, only
a very small number of liquids can meet the stringent conditions
for these experiments.
The second, more widely employed approach utilizes sealed

liquid cells with electron-transparent windows to isolate the liq-
uid from the vacuum, which is also applied to gas-phase experi-
ments. However, this approach often degrades imaging resolu-
tion, as the window membrane introduces additional electron
scattering. Consequently, the development of high-performance
window has become a key focus in this field. Currently, various
materials—including silicon nitride (SiNx), amorphous carbon
films, and 2D layered crystals[74–78]—have been utilized as liquid
cell windows.
SiNx windows have attracted considerable attention due to

their mechanical robustness and compatibility with silicon-
based microfabrication processes. The development of ultra-thin
(<20 nm) SiNx membranes enables sub-nanometer spatial reso-
lution and facilitates real-time tracking of atomic-scale dynamics
in liquid environments.[79] SiNx-based liquid cells have proven
to be a versatile platform for the in situ synthesis of diverse
nanocrystals[80–82] and for monitoring kinetic pathways critical
to nanofabrication in real time.[83,84] Amorphous carbon films
have likewise been widely adopted for liquid encapsulation due
to their straightforward fabrication and low cost. Typically, liq-
uid samples are sandwiched between two TEM grids coated
with carbon films, and subsequent solvent evaporation generates
an encapsulated microenvironment, supporting investigations
of processes such as oriented attachment,[85] etching,[86] and
crystallization.[87] Meanwhile, graphene has emerged as a promi-
nent window material for liquid cells due to its intrinsic atomic
thickness, which minimizes electron scattering and enhances

Adv. Funct. Mater. 2026, 36, e26864 © 2025 Wiley-VCH GmbHe26864 (4 of 24)

 16163028, 2026, 28, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202526864 by Southeast U
niversity, W

iley O
nline L

ibrary on [13/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 2. Nanopore fabrication in a Bi2Te3 substrate using 300 keV electron beam.[99] a) Electron beam-induced thinning of Bi2Te3 to a monolayer.
b) Nucleation and structural evolution of a nanopore within the Bi2Te3 monolayer. Dotted lines and circles indicate different edge configurations, and
arrows mark defects. Reproduced with permission.[99] Copyright 2022, Tsinghua University Press and Springer–Verlag GmbH Germany, part of Springer
Nature.

spatial resolution, and its exceptionalmechanical strength, which
prevents window rupture. Graphene-based liquid cells have facil-
itated real-time observation of structural evolution with atomic
resolution.[88,89] Beyond graphene, other 2D layered materials,
such asMoS2, have also been employed as liquid cellmembranes,
demonstrating excellent performance for probing fabrication in
liquid environments.[90,91]

3. Atomic-Scale Manufacturing under Various
Conditions

3.1. Atomic-Scale Manufacturing under Electron Beam Irradiation

The electron microscope offers a powerful platform for atomic-
scale manipulation via electron-matter interactions, enabling the
removal, migration, and addition of atoms. These phenomena
manifest as etching, reconstruction, and growth at the atomic
scale under electron beam irradiation.

3.1.1. Electron Beam-Induced Etching

Numerous studies have demonstrated that electron beam-
induced etching offers a top-down approach for fabricating novel

structures, typically arising from mechanisms such as knock-on
displacement, sputtering, ionization, and electron beam-induced
chemical etching.[92] At the atomic scale, it generally involves de-
fect formation and atom removal. Our previous work demon-
strated the formation of defect structures under electron beam
irradiation,[93–95] and achieved direct visualization of atom-by-
atom etching at nanocrystal edges.[96] Other groups have also in-
vestigated electron beam-induced defect formation and its under-
lying mechanisms in detail, also indicating the electron beam as
a versatile tool for atomic manipulations.[38,97] In general, single-
atom vacancies can be generated by carefully controlling beam
intensity, beam size, and irradiation time.[98] Since unsaturated
atoms at defect edges are more susceptible to displacement than
fully coordinated atoms without dangling bonds, continued irra-
diation can be deliberately applied to progressively enlarge va-
cancies, enabling controlled nanopore fabrication. Figure 2 il-
lustrates the fabrication of nanopores in a Bi2Te3 substrate with
precise edge-configuration control.[99] The process was initiated
by deliberate thinning of the target region under 300 keV elec-
tron beam, which drove the structural evolution from multilayer
to monolayer (Figure 2a). Continuous irradiation subsequently
induced nanopore nucleation within the monolayer (Figure 2b).
Prolonged exposure progressively enlarged the nanopore, accom-
panied by increasing edge structural complexity and the emer-
gence of diverse atomic configurations, primarily zigzag and flat
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Figure 3. Electron beam-induced structural repair in MoS2.
[30] a) TEM image sequence showing nanopore healing in MoS2 under electron beam irra-

diation with a beam current density of 105 A m−2. Yellow and blue circles label crystalline and amorphous edges, respectively, while red circles indicate
newly repaired channels. Scale bar: 1 nm. b) Priority diagram illustrating site occupancy preference. The orange, green, blue, purple, and red circles
correspond to sites enclosed by two, three, four, five, and six channels, respectively. c) Schematic illustration of the repair mechanism. Reproduced with
permission.[30] Copyright 2018, WILEY.

edge types. Extended irradiation further increased the propor-
tion of zigzag edges. Given that distinct edge structures exhibit
markedly different electronic properties, these findings indicate
that electron beams can not only modulate structural configura-
tions but also tailor the associated properties.
More recently, the integration of deep learning to guide elec-

tron beam trajectories has enabled the fabrication of patterns
with predefined geometries and edge configurations.[37,100–102]

This advancement significantly enhances the capabilities of
electron probes as direct-write tools, facilitating the fabrica-
tion of structures with architectural complexity and unique
functionalities.
Although fabricating devices inside an electron microscope

remains challenging due to limited operational flexibility, the
creation of structures with atomic precision as building blocks
for devices is highly attractive. As the most promising building
blocks for future electronic devices, ultrathin 1D structures can
be fabricated between adjacent nanopores. The initial width of
a 1D structure depends on the distance between nanopores, and
further thinning under electron beam irradiation enables the fab-
rication of sub-nanometer wires and even atomic chains within
the substrate.[103] Following this strategy, it is found that wires
≈0.4 nm wide can be derived from MoS2 monolayers, which
remain robust under electron beam irradiation and are clearly
distinct from the parent structures.[27] Similar 1D structures
can also be created in other transition metal dichalcogenides
(TMDCs) sheets, exhibitingmetallic properties suitable for use as
nanoscale interconnects.[104] Likewise, nanoribbons can form be-
tween two adjacent pores in bilayer sheets and can transform into

single-walled tubular structures when the dangling bonds at the
edges are saturated through interlayer bonding. Xu et al. demon-
strated that nanotubes can be fabricated in AA’-stacked bilayer
h-BN, with their diameters precisely modulated by sequentially
removing atomic rows under sustained irradiation.[105]

3.1.2. Electron Beam-Induced Reconstruction

It is noteworthy that most displaced surface atoms remain as
adatoms rather than leaving the specimen immediately. The sur-
face diffusion of these atoms, followed by reconstruction at ener-
getically favorable sites, is facilitated under electron beam irradia-
tion due to their relatively low activation energy. Such reconstruc-
tions can generally be classified into two categories: i) atomic rear-
rangement toward the parent structure, such as structural repair
through localized ordering, and ii) phase transformations involv-
ing alterations in crystal structure or chemical composition.
Electron beam-induced structural repair has been demon-

strated in a variety of material systems.[30,106,107] Notably, elec-
tron beam irradiation can simultaneously induce both damage
and repair, with the relative rates of these processes governed
by the beam intensity. Therefore, precise control of beam inten-
sity is critical to achieving an optimal balance between sculpt-
ing and healing. Figure 3 illustrates an example of such repair
in a MoS2 membrane.[30] A nanopore was first drilled using a
300 keV focused electron beam, followed by lattice reconstruc-
tion under moderate parallel-beam irradiation with a beam cur-
rent density of 105 A m−2. As shown in Figure 3a, the initially
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amorphous region on the right side of the nanopore gradually
reconstructs into an ordered lattice, primarily driven by the dif-
fusion and rearrangement of S atoms together withMo atoms ag-
gregatedwithin the amorphous region. In contrast, the left side of
the nanopore exhibits slower healing. Statistical analyses indicate
that atomic sites surrounded by a greater number of neighboring
columns are more likely to be occupied and remain more stable
after adatom attachment (Figure 3b). Accordingly, the repair be-
havior conforms to the Kossel–Stranski model, in which adatoms
preferentially occupy sites with higher coordination (Figure 3c).
Electron beam-induced phase transformations involve

changes in crystal structure or elemental composition and
have been observed across a wide range of material systems. A
stable crystalline structure can be disrupted by the electron beam,
producing a metastable amorphous phase, whereas metastable
amorphous materials can also be crystallized under controlled
electron beam irradiation.[108,109] For instance, amorphous car-
bon supported on flat 2D sheets can be graphitized under 80 keV
electron beam irradiation into a planar structure parallel to the
support sheet.[110] Similarly, amorphous MoS2 can be crystal-
lized and restructured into crystalline domains using either 80 or
200 keV electron beams, effectively emulating conventional high-
temperature synthesis and processing conditions.[111] Building
on this foundation, atomic-level sculpting of three-dimensional
(3D) crystalline structures from metastable amorphous films
can be achieved using an atomically focused electron beam.
By precisely controlling the beam position and scan speed,
arbitrary-shaped structures with features as small as 1–2 nm can
be fabricated, enabling a complementary bottom-up approach to
3D printing.[112]

Beyond crystallization from amorphous phases, transforma-
tions between distinct crystalline phases can also be achieved by
electron irradiation.[113–117] A representative example is the beam-
driven transformation from semiconducting 2H-MoS2 to metal-
lic 1T-MoS2 via lattice-plane gliding.

[110,118] The transformation
begins with the formation of an 𝛼-phase precursor consisting of
three or four constricted zigzag chains, followed by local strain-
induced gliding of S planes or Mo─S atomic layers when two
non-parallel 𝛼-phases are in contact. Consequently, a triangular
nucleus of the 1T phase forms and expands through the migra-
tion of a 𝛽-boundary. Such a transformation only occurs in the
irradiated region, enabling spatially selective phase engineering
through precise control of the electron beam.
Irradiation-induced compositional changes are frequently ob-

served in compounds containing multiple elements. Naturally,
the elemental ratio may vary if the rate of atomic loss dif-
fers from the initial stoichiometry of the specimen, making
phase transformations between compositions with distinct sto-
ichiometries feasible under electron irradiation.[35,119] For in-
stance, 2D in-plane heterostructures have been successfully
fabricated through irradiation-induced phase transformation in
TMDCs, in which the transformed phases were seamlessly inte-
grated with the pristine region, yielding ultraclean and atomically
sharp heterointerfaces.[29] Figure 4 presents a representative ex-
ample of the transformation from a hexagonal to a tetragonal lat-
tice in a MoS2 sheet. This transformation initiates with the for-
mation of sulfur vacancies, which subsequently aggregate into
line defects, inducing local lattice contraction and strain accu-
mulation that drive reconstruction into a stable tetragonal phase

identified as metallic MoS. These results demonstrate that elec-
tron beam irradiation enables precise, site-selective engineering
of in-plane heterostructures.

3.1.3. Electron Beam-Induced Growth

It has been demonstrated that electron irradiation can trigger
the nucleation and growth of nanostructures. Successful realiza-
tion of such growth within a microscope depends on the care-
ful selection of suitable precursors, which can be introduced into
the vacuum specimen chamber and released in sufficient quan-
tities to facilitate the formation of the desired structures. Gas
residues within the column and surface adsorbates on speci-
mens or TEM grids can serve as potential feedstocks, supply-
ing small amounts of oxygen for oxidation growth. A represen-
tative example is the controlled growth of metal oxides under
electron beam irradiation.[47,120,121] As shown in Figure 5a, pro-
nounces oxidation occurs exclusively in the irradiated regions of
the Ag nanowires, where new oxide crystals nucleate on the sur-
face and subsequently grow through lateral extension and ver-
tical thickening, characteristic of a layer-by-layer growth mode
(Figure 5b). The outward surface diffusion of Ag atoms, coupled
with the ionization of oxygen molecules under electron irradi-
ation, plays a crucial role in the oxidation growth. It is worth
noting that increasing the electron beam density can induce the
reduction of Ag2O back to metallic Ag, demonstrating the ex-
ceptional controllability of electron-beam-induced growth.[46] In
addition, oxidation growth is also affected by beam energy, as
demonstrated by the oxidation of In nanoparticles. Yolk-shell par-
ticles preferentially form under 200 keV electron beam irradi-
ation, with oxidation kinetics consistent with the Cabrera–Mott
theory, whereas hollow particles are predominantly formed un-
der 300 keV irradiation.[120] These works confirm that electron
beam irradiation is a powerful tool for the controlled engineer-
ing and modification of materials.
Another common strategy is to induce nanostructure growth

using substrate templates, where the growth precursors originate
directly from residual clusters on the specimen surface. Yin et al.
employed a 60 keV focused electron beam to directly fabricate
monolayer CuO architectures within graphene nanopores and
on graphene substrates.[28] Parallel beams have also been widely
used to fabricate free-standing, atomically thin crystals within
nanopores or epitaxial atomic layers on 2D substrates.[122–125]

3.2. Atomic-Scale Manufacturing under Electric Bias

3.2.1. Fabrication of Heterostructures

Electric field-driven atomic migration has emerged as a powerful
strategy for the fabrication of diverse nanostructures. Qu et al.[126]

successfully fabricated stable 1D Ag atomic chains by applying
an electric field to induce Ag atom migration between two Ag
nanocrystals under simultaneous tensile loading. Systematic in-
vestigation of room-temperature piezoresistance in these atomic
chains under varying atomic spacings and strain levels revealed
a strong potential for nanoscale strain-sensing applications. Sim-
ilarly, Yuk et al.[127] developed a rapid fabrication strategy for 0D
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Figure 4. Electron beam-induced phase transition in MoS2.
[29] a) Structural evolution under 80 keV electron beam irradiation with a dose rate of

6.7 × 106 e nm−2
·s. The red dashed line indicates the transition frontier. Scale bar: 1 nm. b,c) High-resolution TEM (HRTEM) images before and after

irradiation. Scale bar: 1 nm. d,e) Corresponding fast Fourier transform (FFT) patterns of (b) and (c). f) Schematic illustration of the phase transition
mechanism. Reproduced with permission.[29] Copyright 2024, Elsevier Ltd.

and 1DZn nanostructures. By applying an external voltage across
ZnO thin films, they utilized Joule heating-assisted electromi-
gration to extract Zn ions from the films, thereby enabling the
controlled growth of Zn structures. This method allowed precise
control over the size, morphology, and spatial distribution of the
resulting nanostructures on the ZnO films.
Furthermore, atomic diffusion has also been recognized as

a powerful approach for the preparation of heterostructures.
Zhang et al.[128] reported an electrically driven, diffusion-
controlled solid-solid reaction inside a STM-TEM system,
achieving controllable fabrication of two distinct Ag–Te
heterostructures—core-shell and segmented configurations—
through voltagemodulation (Figure 6a). The formation dynamics
of the Ag–Ag2Te core-shell structure was resolved with atomic-
scale precision, revealing a two-stage growth process: initial
nucleation and growth of nanoscale hillocks, followed by their
coalescence and thickening (Figure 6b). Conversely, reversing
the voltage polarity led to the formation of a segmented Ag2Te–Te
heterostructure (Figure 6c,d). The formation of these two types
of heterostructures relies on distinct atomic migration pathways,
where electrostatic forces (Fi) and electron-wind forces (Fs)
jointly determine the direction of atom migration (Figure 6e).
Under positive voltage bias, surface diffusion of Te atoms from
Te nanowires toward Ag nanowires drives the formation of a
core-shell structure. In contrast, under negative voltage bias,
Joule heating-induced temperature rise can activate bulk diffu-

sion of Ag atoms from Ag nanowires, resulting in the formation
of a segmented heterostructure.
Cation exchange (CE) reactions have also been established

as a powerful synthetic strategy for creating heterogeneous
nanomaterials through controlled cation substitution,[129,130] di-
rectly contributing to advances in atomic-scale manufacturing.
Zhang et al.[131] reported an electrically driven CE approach
for fabricating sulfide nanostructures within an STM–TEM sys-
tem, uniquely enabling atomic-resolution monitoring of dy-
namic reaction processes crucial for atomic-precision manufac-
turing (Figure 7). The experimental configuration consisted of a
Cu/CdS nanowire/W structure (Figure 7a) and was thoroughly
characterized using selected area electron diffraction (SAED),
current-voltage (I–V) measurements, and elemental mapping
(Figure 7b–e). Notably, the application of a voltage bias induced
the formation of a CdS–Cu2S core-shell structure, as verified
through comprehensive structural and compositional analyses
(Figure 7f–o). Elemental mappings of Cd and Cu, captured at
different stages, revealed critical details of the core-shell struc-
ture evolution (Figure 7p). This electrically mediated CE method
offers precise control over nanocrystal synthesis through bias
modulation, demonstrating significant potential for engineering
complex nanostructures with atomic precision. By combining
real-time monitoring with selective CE, this approach represents
a major advancement toward atomic-scale manufacturing and
the rational design of tailored nanomaterials.

Adv. Funct. Mater. 2026, 36, e26864 © 2025 Wiley-VCH GmbHe26864 (8 of 24)
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Figure 5. Electron beam-induced oxidation growth.[47] a) Morphological evolution only occurs in the regions exposed to electron beam. b) The growth
dynamics of Ag2O grain at a dose rate of 10 700 e Å−2 s−1. Arrows indicate step edges of individual oxide layers, while dashed lines mark the interface.
c) Schematic illustration of the layer-by-layer growth mechanism. Reproduced with permission.[47] Copyright 2021, The Author(s), published by MDPI.

In addition, controlled atom (or ion) diffusion mechanisms
provide a fundamental basis for the atomic-level construction
of heterostructures and the precise engineering of hetero-phase
nanostructures. In multiphase layered materials, a key strat-
egy involves lowering the energy barriers for phase transforma-
tions through intercalation of alkali metal ions,[132–138] which en-
ables controlled structural phase transitions and the formation
of hetero-phase architectures at the atomic scale. Chen et al.[139]

reported a 2H-1T’ phase transition in MoS2 induced by lithium
intercalation, where superlattice structures emerged as lithium
ions were inserted, demonstrating the potential to reconstruct
the internal atomic arrangement of materials through ion inter-
calation. Fu et al.[140] employed an STM-TEM system to control
the sodiation of 3R-NbS2 nanoplatelets (Figure 8a,b). As Na

+ ions
intercalated, a reaction front boundary propagated continuously
(Figure 8c–f). HRTEM images (Figure 8g–j) and corresponding
FFT patterns (Figure 8k,l) acquired before and after sodiation
confirmed a phase transition from 3R–NbS2 to 2H–NaNbS2. By
precisely controlling the sodiation time, atomic-level control over
both phase composition and structure can be achieved, allowing
the formation of 3R–2Hhetero-phase nanoplatelets or fully trans-
formed 2H–NaNbS2 nanoplatelets.

3.3. Atomic-Scale Manufacturing under Thermal Excitation

The advent of in situ TEM has revolutionized the ability to
probe morphological and structural transformations under pre-

cisely controlled thermal excitation. By combining real-time
atomic resolution imaging with pulsed heating techniques, re-
searchers can elucidate the fundamental mechanisms govern-
ing sublimation-induced morphological evolution. Shangguan
et al.[141] reported size-dependent sublimation behaviors in Te
nanowires. As shown in Figure 9a, the sublimation of a Te
nanowire, viewed along the [101̄0] direction, exhibits a clear layer-
by-layer disappearance of Te atoms from the sublimation surface.
Notably, pulsed heating enables precisely controlled sublima-
tion of electron-beam-patterned trapezoidal-notch Te nanowires,
with sublimation preferentially occurring from the side surfaces
rather than the nanowire termini, as shown in Figure 9b–d. De-
tailed analysis revealed that the morphological evolution dur-
ing sublimation is governed by interfacial wetting equilibrium
and crystallographic orientation, which ultimately determine
whether spherical surfaces or well-defined faceted structures
form at exposed surfaces. This insight is vital for predicting
and controlling material removal under thermal excitation at the
atomic scale.
Similarly, Li et al.[60] employed aberration-corrected TEM

to directly observe atomic-scale sublimation kinetics in silver
nanoparticles, providing crucial insights for precise atomic fab-
rication. Atomic-level observations reveal how particle size, sur-
face characteristics, and defects govern this first-order phase
transformation. Through atomic-resolution imaging during
thermal treatment, they demonstrated that Ag nanoparticles
smaller than ≈30 nm preferentially expose stable {100} facets
during sublimation—a critical insight for controlling atomic

Adv. Funct. Mater. 2026, 36, e26864 © 2025 Wiley-VCH GmbHe26864 (9 of 24)
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Figure 6. Fabrication of diverse heterostructures through electrically driven atomic migration.[128] a) Schematic illustration depicting the formation of
Ag–Ag2Te core-shell structured nanowire and segmented Ag2Te-Te structured nanowire under opposite electric field polarities. b) Formation process of
Ag–Ag2Te core-shell structure under a positive voltage bias. Arrows indicate the progressive growth of the Ag2Te layer. c) Evolution of segmented Ag2Te–
Te heterostructure under a negative voltage bias (−0.8 V). Yellow lines delineate the diffusion frontier, while the red lines indicate the phase transformation
frontier. d) Fully formed segmented Ag2Te–Te heterostructure. The bottom panels present HRTEM images and corresponding FFT patterns acquired
from distinct regions along the heterostructure. e) Schematic illustration of the forces acting on the Ag–Te system under a negative bias. Reproduced
with permission.[128] Copyright 2021, The Author(s), Published by Springer Nature.

arrangements in fabrication. Furthermore, two distinct sublima-
tion pathways were identified: uniform sublimation predomi-
nates in particles with low surface energy, whereas high-energy
systems or particles containing 5-fold twin boundaries exhibit
nonuniform sublimation patterns. Dynamic analysis further es-
tablished a critical size threshold of ≈8 nm, where sublimation
rates transition from linear to nonlinear behavior in both path-
ways. These findings collectively demonstrate the precise control
achievable in the manipulation of geometry and defect structure,

paving the way for the fabrication of tailored materials and de-
vices at the ultimate atomic limit.
Beyond morphology control via thermal sublimation, recent

advances have extended thermal modulation to phase engineer-
ing in 2Dmaterials, demonstrating potential for the atomic-scale
manufacturing of heterostructures. Wang et al.[142] used TEM
with a heating holder to achieve the 2H-to-1T’phase transition in
MoTe2 at 880 °C, creating a lateral homojunction of 1T’-enriched
and 2H MoTe2 by controlling Te sublimation through h–BN

Adv. Funct. Mater. 2026, 36, e26864 © 2025 Wiley-VCH GmbHe26864 (10 of 24)
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Figure 7. Fabrication of core-shell nanowires via electrically driven cation exchange.[131] a–e) Characterization of the nanowire before biasing: (a) low-
magnification image of the experimental setup, (b) SAED pattern, (c) I–V curve, and (d, e) corresponding elemental mapping images. f–j) Characteriza-
tion of the nanowire after biasing under 1 V voltage for 1s: (f) TEM image, (g) SAED pattern, (h) I–V curve, (i, j) elemental mapping images. Scale bar:
50 nm. k) TEM image of the CdS-Cu2S heterostructure nanowire. Scale bar: 10 nm. l) Enlarged image of the region in (k). Scale bar: 2 nm. (m, n) The
FFT patterns from the left and right sides of the interface in (l). o) Schematic illustration of the CdS-Cu2S heterostructure. p) Elemental mapping images
and corresponding structures at different stages of core-shell formation. Reproduced with permission.[131] Copyright 2017, The Author(s), Published by
Springer Nature.

coverage on targeted regions. Similarly, Lee et al.[143] achieved
reversible phase transition between 2H and the Td phases in
few-layer MoTe2 using laser irradiation and thermal anneal-
ing, showcasing a pathway for atomically precise phase con-
trol. Through in situ pulsed heating, they observed the Td-to-2H
phase transition initiating at temperatures as low as 200–225 °C.
Liao et al.[144] demonstrated the 2D-to-1D transformation of 2H–
MoTe2 nanosheets into Mo6Te6 nanowires under Mo-rich condi-
tions, proceeding through metastable Mo1+xTe2 and Mo6Te6. Se-
quentially, 2H–MoTe2 converts to M–Mo1+xTe2 through Mo in-
tercalation, then to M–Mo6Te6 via Mo substitution, followed by
lattice relaxation to form Mo6Te6 nanowires.
Thermally driven decomposition can also serve as an atomic-

scale manufacturing strategy. This approach is founded on three
key insights: 1) thermally activated atomic migration follows pre-
dictable pathways guided by crystalline templates; 2) decompo-
sition byproducts act as feedstock for targeted structure growth;
and 3) real-time TEM visualization enables feedback-controlled
fabrication with atomic-scale precision. Yu et al.[145] achieved epi-
taxial graphene growth on a SiC surface at 1000 °C. Atomic-
resolution observations revealed that sequential decomposition
of three SiC (1„100) layers generates carbon clusters and chains
that progressively nucleate, connect, and fill pores, ultimately
forming a continuous graphene monolayer (Figure 10a–l). De-

tailed analysis of the evolving interlayer distance between the
emerging carbon layer and the SiC surface further confirmed the
stepwise structural transformations (Figure 10m).
Another example is the decomposition of body-centered tetrag-

onal PX-PbTiO3 nanowires,
[34] achieved via in situ electron beam

irradiation combined with thermal treatment in TEM. Extended
heating progressively degraded the crystalline structure, leading
to amorphization (Figure 11a). Temperature modulation enabled
tunable structural evolution: at 300 °C, the transformation pro-
duced amorphous nanowires decorated with liquid Pb nanoparti-
cles (Figure 11b–e), while at 500 °C, the amorphous phase crystal-
lized into porous TiO2 structures (Figure 11f,g). Essentially, spa-
tially localized electron-beam positioning enables crystallization
within predefined regions of the nanowires. This work not only
elucidates the phase transformation kinetics from PX-PbTiO3 to
monoclinic TiO2 but also establishes a framework for crystallo-
graphic engineering.
Thermal decomposition has also served as a powerful ap-

proach for fabricating high-performance electrocatalysts. Wang
et al.[146] achieved thermal assembly of Pt nanostructures through
precursor decomposition on monolayer MoS2, enabling precise
spatial registration. Their strategy deterministically positioned
single Pt atoms with sub-angström precision, guided controlled
aggregation into nanocrystals exhibiting two distinct epitaxial
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Figure 8. Fabrication of heterostructures through electrically driven Na+ ions intercalation.[140] a) Schematic illustration of Na+ ion intercalation into
layered materials. b) TEM image of the contact interface between NbS2 and Na. Scale bar: 200 nm. c−f) Morphological evolution of a NbS2 nanoplatelet
during electrochemical sodiation. Scale bar: 50 nm. g) TEM image of the pristine NbS2 nanoplatelet, acquired from the rectangular region in (b). h)
TEM image of the sodiated NbS2 nanoplatelet, obtained from the marked region in (f). i,j) Corresponding filtered images of (g) and (h), respectively.
Scale bars: 2 nm. k,l) FFT patterns of (i) and (j), respectively. Scale bars: 1 nm−1. Reproduced with permission.[140] Copyright 2024, American Chemical
Society.

relationships with the MoS2 lattice (registry error < 2°), and pro-
duced strain-engineered Pt monolayers with a 7–10% lattice ex-
pansion relative to bulk Pt. This work unveiled three phenomena
relevant to atomic-scale manufacturing: carbon-mediated con-
finement stabilizes single Pt atoms at elevated temperatures;
non-equilibrium electron beam effects enable atomic-scale pat-
terning of the MoS2 substrate; an amorphous carbon matrix pre-
serves the Pt–MoS2 interfacial registry while suppressing local
etching.

3.4. Atomic-Scale Manufacturing in Liquid Environment

The development of liquid cell TEM (LCTEM) enables real-time
visualization and regulation of material processing within liquid
environments. In a liquid cell, both etching and growth are gov-
erned by the combined effects of solution chemistry and elec-
tron beam irradiation. Under beam exposure, radiolysis of aque-
ous solutions generates reactive species, such as eh

−, H•, OH•,
H2, H2O2, O2, and HO2•.

[147] Among those, oxidizing species
(e.g., OH• and H2O2) drive atomically precise etching of met-
als in aqueous solution by promoting their oxidation to metal

ions,[148] whereas reducing species (e.g., eh
− andH•) facilitate the

reduction of metal ions, enabling local growth or selective plat-
ing. Therefore, precise control of the chemical environment in
solution is crucial for regulating kinetic processes. In general, in-
creasing the temperature can elevate the relative concentration of
redox agents in the solution.[149] The introduction of radical scav-
engers and adjustments of beam dose are expected to mitigate
the radiolysis.[150] The solution composition also plays a decisive
role in determining etching behaviors. For instance, by adjust-
ing the concentration of FeCl3 and Fe(acac)3, Zheng et al. modu-
lated the etching behavior of Pd nanocrystals.[151] At low Fe(acac)3
concentrations, preferential etching of Pd(100) facets produced
concave morphologies, whereas higher concentrations reduced
the etching rate due to the formation of a protective Fe(acac)3
film on {100} facets, resulting in spherical morphologies. These
findings demonstrate that liquid-phase fabrication can be pre-
cisely controlled through careful adjustment of parameters such
as electron beam dose rate, solution composition, and solution
concentration.
Realizing the nucleation, growth, and assembly of nanocrys-

tals represents a key application of LCTEM, enabling the rational
design of nanomaterials with tailored structures and properties.
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Figure 9. Atomic-scale sublimation under thermal excitation.[141] a) TEM images with corresponding schematic illustrations displaying the atomic sub-
limation. Yellow circles mark atomic chains undergoing sublimation in subsequent frames, while cyan circles identify atoms that have already sublimated
compared to prior frames. b–d) TEM images of a Te nanowire before and after single-thermal-pulse and double-thermal-pulse treatments, respectively.
Reproduced with permission.[141] Copyright 2022, Tsinghua University Press.

Recent advances have demonstrated electron-beam-mediated
synthesis of metals and metal oxides in liquid environments. For
example, Wei et al. achieved layer-by-layer growth of tetragonal
Pb3O4 nanocrystals through electron beam-induced reduction
of Pb2+ precursors within a thin liquid layer confined between
carbon-film-coated TEM grids (Figure 12).[152] Dynamic observa-
tions revealed that the Pb3O4 nanocrystals initially grew along the
[220] direction before transitioning to [002] as the [220] growth
rate decreased, ultimately forming a well-defined tetragonal crys-
tal. Image analysis reveals that the atomically rough surface along
[220] promotes rapid nucleation, accounting for the preferential
growth orientation. Similarly, reduction of H2PtCl6 precursors to
Pt nanocrystals was achieved in LCTEM, with the growth rate in-
creasing proportionally with electron beam dose.[153] In another
study, controlled synthesis of metastable hexagonal close-packed
(HCP) palladiumhydridewas realized by tuning the hydrogen-to-
palladium ratio.[154] High H/ low Pd concentrations favored for-
mation of themetastableHCP structure, whereas lowH/ high Pd
concentrations yielded the stable face-centered cubic structure.
Recent advances have enabled morphological control

of nanomaterials, facilitating the synthesis of diverse
nanostructures.[83,148,155–159] For example, Yang et al. demon-
strated solution-phase transformation of transition metal oxides
from 3D nanoparticles to 2D nanosheets by modulating reaction
conditions under electron beam irradiation.[82] Such morpho-

logical evolution follows a size-dependent mechanism, once the
particle exceeds a critical dimension, the increasing dominance
of negative surface energy drives the transition from 3D to 2D
configurations.[82]

Furthermore, another growth pathway, oriented attachment
(OA), has also been directly visualized using LCTEM. Zhu
et al. dynamically observed ligand-controlled OA behavior of
Au nanoparticles.[85] When the center-to-center distance be-
tween two nanoparticles decreased below approximately twice
the length of a ligand molecule (Lcitrate), surface ligands began
to overlap, initiating directional rotation of the nanoparticles
(Figure 13). Real-time observations revealed that OA occurred
along the {111} surfaces. As the interparticle separation ap-
proached ≈0.7 nm (comparable to Lcitrate), the nanoparticles un-
derwent OA through transient jump-to-contact events. Through-
out this process, citrate ligands played a crucial role by modu-
lating the interaction potential and introducing anisotropy into
the binding energy landscape, thereby favoring attachment along
specific crystal facets.
Additionally, integrating an electric bias into LCTEM estab-

lishes an electrochemical reaction platform, enabling atomic-
scale manipulation and real-time visualization of electrochem-
ical processes.[160–163] These investigations provide fundamen-
tal insights into the structural design and performance opti-
mization of battery systems. Furthermore, the application of
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Figure 10. Formation of a graphene layer on the SiC(1„100) surface at high temperature.[145] a–l) TEM images and corresponding schematic illustrations
showing the stepwise growth of graphene on the SiC surface at 1000 °C. (m) Enlarged images of regions outlined by dashed rectangles, revealing
detailed structures. Perfect SiC layers are indicated by 1, 2, 3, 4, and 5, while partially decomposed SiC layers are labeled 1′’, 2′, 3′, 4′. Reproduced with
permission.[145] Copyright 2018, Tsinghua University Press and Springer–Verlag GmbH Germany.

electrical signals in LCTEM enables atomic-scale examination
of electrified solid–liquid interfaces, elucidating surface recon-
struction dynamics during electrocatalysis. For example, Zhang
et al. employed a high-resolution electrochemical polymer liq-
uid cell to visualize Cu-based CO2 electroreduction, inducing sur-
face atomic reconstruction on Cu catalysts.[163] Figure 14a illus-
trates a Cu nanowire connected to a Pt electrode, establishing
an operando electrochemical system. Upon application of an ex-
ternal voltage, an amorphous interphase gradually forms on the
Cu surface, exhibiting structural and contrast differences from
the underlying crystalline Cu (Figure 14b,c). Real-time obser-
vations reveal a reversible transformation between amorphous
and crystalline Cu phases, accompanied by atomic reorganiza-
tion and dissolution (Figure 14d). HRTEM imaging elucidates
atomic migration pathways at the three-phase boundary and
amorphous–crystalline interface (Figure 14e,f), where Cu atoms
detach from the crystalline region (yellow dashed line), migrate,
and incorporate into the amorphous interphase. This dynamic
process is driven by the formation and dissociation of unstable
complexes (e.g., [CuCO]+) and the electrochemical reduction of
Cu2+ species. These results provide insights into atomic-scale
surface reconstruction and enable precise control over catalytic
performance.

3.5. Atomic-Scale Manufacturing in Gas Environment

The visualization of atomic-scale fabrication in gaseous environ-
ment is achieved using ETEM or gas-cell TEM, where fabrication
can be precisely controlled by adjusting parameters such as gas
composition, flow rate, and pressure.
Considerable efforts have been devoted to understanding the

nucleation and growth of crystals in gaseous environments. For
instance, Dick et al. achieved independent control over the nu-
cleation and layer-by-layer growth processes of GaAs nanowires,
as shown in Figure 15a,b.[164] Figure 15c schematically illustrates
these nucleation and growth processes. Variations in Ga and As
concentrations within the catalyst droplet, shown in Figure 15d,
indicates that a continuous increase in Ga concentration en-
hances nucleation probability, while rapid depletion of As atoms
prevents the formation of a complete monolayer, suggesting
that layer growth is primarily governed by As concentration.
By adjusting the partial pressures of the Ga and As precur-
sors, researchers were able to regulate key properties of the
nanowires, including composition, uniformity, and crystal struc-
ture. In another study, Chou et al. demonstrated that varying the
growth temperature under reactive gases can alter the growth
pathway of Si/Ge nanowires, thereby enabling the formation of
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Figure 11. Thermally driven decomposition of PX-PbTiO3 nanowires.[34] a) Growth of liquid Pb nanoparticles on the nanowire surface at 350 °C.
b–g) TEM images of a nanowire during heat treatment at different temperature. (c), (e), and (g) show the corresponding HRTEM images of (b), (d),
and (f), respectively. Reproduced with permission.[34] Copyright 2020, Tsinghua University Press and Springer-Verlag GmbH Germany.

Figure 12. Growth of Pb3O4 nanocrystals in solution.[152] a) Schematic illustration of the experimental setup. b) Sequential TEM images and corre-
sponding filtered images showing the monomer growth of a Pb3O4 nanocrystal. Scale bar: 5 nm. c) Size evolution of the Pb3O4 nanocrystal, where L1
and L2 denote the crystal lengths along the [002] and [220] directions, respectively. Reproduced with permission.[152] Copyright 2019, American Chemical
Society.
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Figure 13. OA behavior of Au nanoparticles.[85] a) Atomic-resolution imaging of the OA process on the {111}surface. Scale bar: 2 nm. b) Schematic
illumination of the OA process. Reproduced with permission.[85] Copyright 2018, The Author(s), Published by Springer Nature.

heterostructures with distinct properties.[165] Furthermore,
catalyst-assisted growth of carbon nanotubes using gas-cell
TEM has attracted considerable attention, as different catalysts
markedly affect the growth pathway, growth rate, and crystallo-
graphic structure of the nanotubes.[166–168] Significant progress
has also been made in the growth of two-dimensional structures,
such as graphene films, under gaseous conditions.[169]

Tuning the gas environment enables precise control over
nanocrystal morphology.[170–172] For example, Jiang et al. induced
morphological evolution of PdCu nanocrystals by introducing
a hydrogen atmosphere, as shown in Figure 16a,b.[173] When
spherical PdCu nanocrystals supported on a SiN membrane
were exposed to 1 bar of H2 and annealed at 600 K, they trans-
formed into truncated cubes with well-defined {001} and {011}
facets. In contrast, PdCu nanocrystals annealed at 600 K un-
der high-vacuum conditions (10−7 bar) retained their original
spherical morphology. Density functional theory calculations re-
vealed that hydrogen adsorption modifies the surface energy
landscape (Figure 16c), facilitating surface atom diffusion. In an-
other study, Zhang et al. carried out a morphology-controlled
reshaping process, converting initially spherical Pd nanoparti-
cles into faceted truncated-cube structures under 1 bar of N2 at
200 °C.[174]

Phase modifications can also be triggered and
visualized.[175–177] A classical example is reported by Dionne
et al., that the 𝛼–𝛽 phase transition of Pd nanoparticles is
controlled by varying H2 pressure.[178,179] Zhang et al. re-
ported a reversible structural modulation between a relaxed
core–shell configuration and an alloyed phase during CO2
hydrogenation.[180]

4. Conclusion and Outlook

Visualized atomic-scale manufacturing aims to achieve fabri-
cation with atomic precision while simultaneously enabling
real-time observation of dynamic structural evolution. Recent
progress has beenmade through the integration of TEMwith var-
ious external stimuli and environmental controls. Systematic in-
vestigations of electron beam irradiation effects, combined with
advances in in situ techniques, have yielded critical insights into
energy-matter interactions during fabrication and facilitated pre-
cise control over experimental parameters. On these foundations,
TEM has progressively performed operations such as atomic
etching, reconstruction, and growth, paving the way for the con-
trolled fabrication of structures with atomic-scale features.
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Figure 14. Construction of charged solid–liquid interfaces.[163] a) Schematic illustration of the sample region inside a polymer-based electrochemical
liquid cell. b) TEM image revealing the emergence of an amorphous interphase during electrochemical operation. Scale bar: 5 nm. c) HRTEM image
highlighting structural and contrast differences among the amorphous interphase, crystalline Cu, and the surrounding electrolyte. Scale bar: 1 nm.
d) Time-series HRTEM images capturing the fluid-like dynamics and morphological evolution of the amorphous interphase (blue) between the solid
catalyst (brown) and liquid electrolyte (gray) during electrochemical reduction. Scale bar: 5 nm. e) HRTEM image showing atomic-step-dependent
behavior of Cu atoms at the triple-phase boundary. Scale bar: 5 nm. f) HRTEM image depicting random detachment of Cu atoms at the triple-phase
boundary. Scale bar: 5 nm. Reproduced with permission.[163] Copyright 2024, Springer Nature.

Despite its substantially enhanced capabilities for atomic ma-
nipulation and its exceptional performance in atomic-scale man-
ufacturing research, in situ TEM still faces challenges. From a
characterization perspective, a primary challenge lies in achiev-
ing atomic resolution observations under external field stimuli.
For instance, thermal drift at elevated temperatures and elec-
tron beam scattering from observation windows of liquid cells
can markedly compromise spatial resolution. Furthermore, the
temporal resolution of current in situ TEM methodologies—
generally confined to the millisecond-to-microsecond regime—
remains inadequate for capturing the rapid atomic-scale dy-
namics, such as atomic diffusion and chemical bond cleavage.
An additional challenge arises from the pronounced discrep-
ancy between the internal environment of TEM and practical
fabrication conditions. In practical processes, materials are fre-
quently exposed to ambient atmospheres rather than high vac-
uum, and chemical processes in liquid environments typically
proceed in the absence of electron beam irradiation. More im-
portantly, although numerous experimental achievements have
been reported, systematic investigations and statistical analysis

concerning the manufacturing processes within TEM remain
scarce. While some efforts have been made to summarize pro-
cessing conditions for specific structures,[125] the fundamental
principles and intrinsic correlations across differentmaterial sys-
tems remain insufficiently understood. This gap underscores the
urgent need to establish comprehensive databases that correlate
processing parameters with material systems and target struc-
tures, thereby enabling more predictive and standardized man-
ufacturing protocols. Additionally, the inherently low through-
put of TEM-based atomic-scale manufacturing represents sig-
nificant barriers to its industrial implementation and scale-up
production.[181]

To address these challenges and further advance high-
precision fabrication within TEM, several strategic directions
are expected to guide future developments. First, the integra-
tion of advanced imaging techniques—such as ptychography
and atomic electron tomography[182–184]—with multi-field cou-
pling offers significant potential for extracting multi-attribute
information from dynamic observations, thereby providing a
more comprehensive understanding of complex manufacturing
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Figure 15. Gas-controlled nucleation and growth in nanowires.[164] a) TEM image of a GaAs NW during growth, along with its catalyst particle. A partially
formed layer is visible (arrow). Scale bar: 5 nm. b) Sequential cropped frames from a video recording of another NW, illustrating the layer growth process.
The frame number (fr.) and elapsed time relative to the first image are shown at the upper right of each panel. Scale bar: 5 nm. c) A schematic diagram
illustrating the evolution of different stages of layer growth (nucleation, progressing and completion of a layer). d) Simulated evolution of Ga and As
concentrations in the Au–Ga–As catalyst droplet over time. The collection and depletion of Ga proceed more slowly than those of As, while the As
concentration remains several orders of magnitude lower. The stages of layer growth—nucleation, progression, and completion—are indicated as (i),
(ii), and (iii), respectively. Reproduced with permission.[164] Copyright 2020, American Chemical Society.

Figure 16. Morphology regulation of PdCu nanocrystals.[173] a) Lattice-resolved TEM images and b) corresponding FFT patterns showing the morpho-
logical evolution of PdCu nanocrystals upon exposure to H2 at 1 bar and heating to 600 K. Scale bar: 10 nm. c) Surface energies and structural models
of the (001), (110) and (111) surfaces. Pd atoms are depicted in blue, Cu atoms in orange and H atoms in white. Insets show high-angle annular dark
field images of these surfaces for spherical and surface-faceted PdCu nanocrystals. Reproduced with permission.[173] Copyright 2016, WILEY-VCH.
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processes. Second, deep learning and artificial intelligence are
expected to play pivotal roles in automating electron-beam tra-
jectory planning, optimizing process parameters through histor-
ical data analysis, and processing large data streams from in situ
TEM, ultimately establishing closed-loop feedback systems for
atomic-scale manufacturing. In addition, advanced algorithms
can support drift compensation, environmental monitoring, and
real-time correction to mitigate the effects of atomic-scale drift
and environmental fluctuations. These advances will be critical
for improving the stability, precision, and efficiency of manufac-
turing processes at the atomic scale. Finally, additional promising
avenues include the development of parallel processing strate-
gies to enhance throughput, the integration of TEM with com-
plementary platforms such as atomic force microscopy, and the
refinement of models to more effectively bridge experimental ob-
servation with practical manufacturing.
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