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Multi-beam scanning electron microscope (MBSEM) reconciles the inherent contradiction between “resolution and
throughput” of traditional scanning electron microscopes (SEMs) through parallel electron beam manipulation, emerging
as a key technology to address the bottlenecks in large-volume, high-resolution imaging and advanced industrial inspection.
This article provides a comprehensive overview of MBSEM, covering its evolutionary course of technology, core design
fundamentals, and interdisciplinary applications. First, it sorts out the evolutionary process from conceptualization in the
early 21st century to commercialization in the 2010s, clarifying the core logic of breaking through the physical limitations
of single-beam systems via “multi-beam parallelism”. Subsequently, focusing on the core technological chain of “beam
generation–optical focusing–signal detection–data processing”, it conducts an in-depth analysis of the design concepts,
technical characteristics, and applicable scenarios of three mainstream architectures: the single-source single-column, split
optical system, and semiconductor-specific multi-beam inspection (MBI). Combined with representative research and prod-
uct data from teams such as Delft University of Technology, Zeiss, and ASML/HMI, it reveals the differentiated advantages
of each architecture in beam uniformity (the relative deviation percentage of the current density and probe size of each
sub-beam in the multi-beam array from the central beam, with a smaller deviation value indicating better uniformity) and
signal crosstalk (the percentage of the interference signal intensity to the target signal intensity when the detection signal
of a single beam in the multi-beam array interferes with the detection channel of adjacent beams) control, and through-
put (the percentage of the interference signal intensity to the target signal intensity when the detection signal of a single
beam in the multi-beam array interferes with the detection channel of adjacent beams) improvement. Finally, integrating
the practical demands of neuroscience connectomics, advanced semiconductor manufacturing processes, and biomedicine,
it elaborates on the application breakthroughs of MBSEM in the three-dimensional (3D) reconstruction of large-volume
brain tissue, wafer defect screening for 7 nm and smaller nodes, and low-damage imaging of thin biological tissues, and
compares its disruptive value relative to traditional technologies (single-beam SEM, optical inspection).Unlike previous
reviews, this work systematically integrates both academic prototypes and industrial systems for the first time, providing an
in-depth analysis of the differentiated trade-offs among imaging speed, resolution, and sample adaptability across different
architectures, offering a systematic reference for MBSEM R & D and interdisciplinary applications.

Keywords: multi-beam scanning electron microscopy (MBSEM), parallel imaging technology, connectomics,
advanced semiconductor process inspection, beam control and signal processing
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1. Introduction
Scanning electron microscopy (SEM) has served as a

key tool in biomedicine, materials science, and industrial in-
spection since its commercialization in the 1960s,[1–8] thanks
to its nanoscale spatial resolution. However, with the surge
in demand for “large-volume and high-resolution” simulta-
neous imaging in cutting-edge fields, the intrinsic physical
limitations of traditional single-beam SEM have become in-
creasingly prominent. In neuroscience, connectomics requires
mapping the complete connection atlas of neurons within a

millimeter-scale volume (e.g., mouse cerebral cortical column
of 400 µm×400 µm×1000 µm). Single-beam SEM imaging
with 4-nm pixels and 30-nm section thickness takes over 500
days,[9] while imaging 1 mm3 of brain tissue even requires
12 years,[10,11], far exceeding the tolerance range of research
cycles. In the semiconductor industry, wafer inspection for
7 nm and below nodes requires scanning hundreds of square
millimeters per hour. However, constrained by Coulomb inter-
action (beam blurring caused by increased current) and detec-
tor bandwidth limitations (single detector bandwidth is usually
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< 20 MHz), the detection mode — SE (secondary electron) —
the throughput of single-beam SEM is only 1/100 that of opti-
cal inspection,[12], failing to meet the efficiency requirements
in mass production scenarios.

To address these challenges, multi-beam SEM (MBSEM)
emerged in the early 21st century with its core innovation
being “multi-beam parallel scanning” to achieve synergistic
“resolution–throughput” enhancement. Theoretically, total
imaging throughput is proportional to the number of beams,
while distributing total current across multiple beams reduces
single-beam current density, minimizing Coulomb interaction
effects on resolution.[13,14] MBSEM technology accelerated
its development in the 2010s: Delft University of Technol-
ogy unveiled a 196-beam (14×14 array) MBSEM prototype
in 2010, featuring a ZrO/W Schottky source and microfabri-
cated aperture lens array (ALA). This breakthrough achieved
a 1 nm probe size with 31 pA single-beam current, landing en-
ergy: 15 keV, validating the feasibility of hundred-level beam
parallelism;[15,16] in 2015, Zeiss introduced the commercial
MultiSEM 505 (61 beams) with hexagonal ALA arrangement
and magnetic beam separator design. This reduced mouse cor-
tical column imaging time to 1/60 of that of a single-beam
SEM,[17] pixel size: 4 nm, sample type: mouse brain corti-
cal tissue, detection mode: SE, advancing MBSEM from lab-
oratory research to practical biological imaging applications;
ASML’s HMI division targeted semiconductor inspection re-
quirements with the 2020 release of a 9-beam MBI system (eS-
can1000 series), boosting wafer defect detection throughput
by 4–6 times, sample type: 7 nm node silicon wafer, detection
mode: VC (voltage contrast). A 25-beam system is projected
to achieve 10–13 times improvement, establishing MBSEM as
essential equipment for 7 nm and smaller node inspection.[18]

Today, MBSEM has established a technical system cov-
ering “basic research–industrial application”. Its technological
evolution not only reflects the interdisciplinary integration of
electron optics, signal detection, and data processing, but also
promotes the transformation of fields such as neuroscience,
semiconductors, and biomedicine from “local sampling analy-
sis” to “full-scale high-throughput research”. Based on repre-
sentative literature and product progress in the MBSEM field
in recent years, this paper systematically sorts out its techni-
cal principles, core breakthroughs, and application scenarios,
analyzes current challenges and looks forward to future direc-
tions, so as to provide references for the further development
and application of this technology.[14]

2. Core technical principles and architectural
innovations of MBSEM
The essence of MBSEM is high-throughput imaging re-

alized through “parallel electron beam manipulation.” Its
technological development has consistently revolved around

three core challenges: “how to efficiently generate uniform
multi-beam arrays, prevent crosstalk between multiple beams,
and synchronously process parallel data.” Different research
teams, driven by application requirements, have developed
three mainstream architectures: single-source single-column,
split-optical systems, and semiconductor-specific MBI. These
architectures complement one another in design philosophy,
technical characteristics, and applicable scenarios, collectively
driving the maturation of MBSEM technology.

2.1. Technology evolution path: from proof of concept to
commercial deployment

The concept of MBSEM can be traced back to the early
21st century, when research focused on “how to achieve paral-
lel generation and focusing of multiple beams.” Early explo-
rations primarily relied on single-source splitting techniques,
using microfabricated aperture arrays to divide the wide-angle
beam from a single electron source into multiple sub-beams.
In 2008, the Kruit team at Delft University of Technology
proposed a multi-beam generation scheme based on Schottky
sources and an aperture lens array (ALA). By adjusting the
ALA electrode voltage to correct field curvature aberrations,
they reduced off-axis beam aberrations by 30%, laying the
foundation for subsequent hundred-beam systems. In 2010,
the team unveiled a 196-beam MBSEM prototype. Utilizing
a 14×14 ALA (aperture diameter 18 µm, pitch 25 µm) with
an immersion objective, it achieved a 1-nm probe size and 31-
pA single-beam current, with beam current uniformity fluc-
tuations < 5%. This demonstrated the feasibility of parallel
imaging with hundreds of beams for the first time. The pe-
riod from 2010 to 2020 marked a pivotal phase in the com-
mercialization of MBSEM, with core breakthroughs achieved
in “signal separation and system integration.” Addressing the
demand for large-volume biological imaging, the Zeiss team
introduced the MultiSEM 505 (61 beams) in 2015. Featur-
ing a hexagonal ALA arrangement (80% fill factor) and a
magnetic beam separator design, it deflects SE signals 90◦

to the array detector, achieving crosstalk < 5% and a res-
olution difference between edge and center beams < 3%.
This system reduced imaging time for a mouse cortical col-
umn (400 µm×400 µm×1000 µm) from 505 days with a
single beam to 25 days, propelling connectomics research
into the era of “large-volume high-efficiency imaging”. Dur-
ing the same period, the Hitachi team focused on medium-
to-low resolution inspection in semiconductors. They pro-
posed a split optical system architecture that separated the
photoelectric (PE) and shot noise (SE) paths using Wien fil-
ters. Combined with dual condenser lenses to eliminate im-
age rotation, this achieved 4-beam parallel imaging with a sig-
nal separation efficiency of 99%, suitable for defect screen-
ing on 22-nm node wafers. After 2020, MBSEM technol-
ogy evolved toward “high density and high sensitivity,” ex-

060705-2



Chin. Phys. B 35, 060705 (2026)

emplified by ASML/HMI’s semiconductor-specific MBI sys-
tems. The team’s 2020 release of the 9-beam MBI system
(eScan1000) employs MEMS technology to independently ad-
just each beam’s astigmatism, achieving beam current unifor-
mity fluctuations < 2%. It integrates a 50-Gbps computing ar-
chitecture with a high-speed stage (reducing travel time from
90 ms to 10 ms), boosting physical defect detection through-
put by 5.7 times. EUV mask verification defect capture rate
> 99%, establishing it as the core tool for full-process inspec-
tion at 7 nm and below nodes.

2.2. Mainstream architecture comparison: design philoso-
phy and applicable scenarios

2.2.1. Single-source–single-column architecture: bal-
ancing compactness and source utilization

Single-source–single-column architecture is built upon
the core design principle of “achieving multi-beam parallelism
through a single electron source and a shared optical column.”
Its technical approach involves: a single high-brightness elec-
tron source (such as a Schottky source) generates a wide-angle
beam, which is split into multiple sub-beams by an ALA.
These sub-beams are then focused onto the sample using the
same set of electron optical columns (condenser lens, objec-
tive lens). SE/TE signals are simultaneously acquired by the
built-in detection system. The key advantage of this architec-
ture lies in its high electron source utilization. The unused
portion of the Schottky source’s wide angular distribution can
be reused through multi-beam multiplexing. Its compact size
allows integration into conventional SEM vacuum chambers,
making it the mainstream choice for biological imaging and
general detection. The 196-beam prototype from Delft Uni-
versity of Technology and the Zeiss multi-SEM series are rep-
resentative examples of this architecture. In core component
design, both employ Schottky field emission sources (lumi-
nance 5× 107 A/(m2·sr·V), energy dispersion 0.5 eV FW50),
ensuring the beam maintains a single-beam current of 30 pA–
700 pA while sustaining a hundred-level beam; for the ALA
design, Delft employs a 14×14 square array. By adjusting
the E1/E2 electrode voltage to correct the field curvature, the
off-axis beam focal plane aligns with the on-axis plane, re-
ducing the aberration contribution from 1.0 nm to 0.4 nm.
Zeiss employs a hexagonal ALA with edge apertures slightly
larger than the central aperture, balancing off-axis beam cur-
rent density and achieving full-field current uniformity fluctu-
ations < 5%. For signal detection, Zeiss employs a magnetic
beam splitter to deflect the SE onto an array detector, achiev-
ing crosstalk < 5%. Delft University of Technology utilizes a
YAG crystal-fiber coupling scheme, yielding an SE conversion
efficiency of 21 photons/keV, a detection efficiency of 13%,
and crosstalk < 2%. The limitations of this architecture in-
clude beam count constrained by ALA size (current maximum
196 beams) and the need for complex aberration correction

(e.g., multipole correctors) for off-axis beams. Consequently,
it is better suited for large-volume biological imaging (e.g., 3D
brain tissue reconstruction) and general material characteriza-
tion, but struggles to meet semiconductor inspection demands
for “high-density beams + real-time defect identification,” as
illustrated in Fig. 1(a).

2.2.2. Separate optical system architecture: indepen-
dent optimization of illumination and detection

Unlike the single-source–single-column architecture, the
core design philosophy of the split optical system architec-
ture lies in physically separating the illumination path from
the detection path, allowing independent optimization of the
two subsystems: the illumination subsystem focuses on multi-
beam focusing uniformity, while the detection subsystem can
be specifically corrected for secondary electron aberrations
and crosstalk, thereby achieving higher signal separation pu-
rity. The split optical system architecture is designed to ad-
dress “signal separation stability” requirements, dividing the
optical system into a “primary beam illumination subsystem”
and an “SE detection subsystem.” Wien filters or magnetic de-
flectors achieve complete separation of the PE and SE paths.
The illumination subsystem focuses on multi-beam focusing
uniformity, while the detection subsystem independently opti-
mizes SE aberrations and crosstalk (the percentage of the in-
terference signal intensity to the target signal intensity when
the detection signal of a single beam in the multi-beam array
interferes with the detection channel of adjacent beams). This
prevents mutual interference between PE and SE, making it
suitable for scenarios demanding high signal purity (e.g., low-
resolution inspection in semiconductors). Hitachi’s four-beam
MBSEM exemplifies this architecture, as shown in Fig. 1(b),
with core design breakthroughs in dual-condenser illumina-
tion and SE aberration suppression. The illumination subsys-
tem employs MEMS-fabricated 4-beam ALA. Dual condenser
lenses eliminate image rotation, ensuring uniform multi-beam
incidence angles (perpendicular to the sample surface). Beam
spacing is 110 µm, single-beam FOV is 250 µm, and focus-
ing deviation is < 5%. The SE detection subsystem com-
presses aberrations via accelerated electric fields (3 keV–
9 keV). When SE energy increases from 3 keV to 9 keV, aber-
rations decrease to 1/4, and SE separation efficiency rises from
20% to 99%. Simultaneously, a “scan-compensating deflec-
tor” was introduced to synchronously compensate for SE posi-
tional shifts caused by PE scanning, preventing signal spillage
to adjacent detectors with crosstalk (the percentage of the in-
terference signal intensity to the target signal intensity when
the detection signal of a single beam in the multi-beam array
interferes with the detection channel of adjacent beams) con-
trolled below < 3%. The advantage of this architecture lies
in its superior signal separation stability compared to single-
source–single-column configurations. However, it operates
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with fewer beams (currently up to 4 beams), resulting in lim-
ited throughput enhancement. It is primarily used for defect
screening on semiconductor 22-nm node wafers (e.g., par-
ticle detection, linewidth deviation measurement) and strug-
gles to meet the high-throughput demands of 7 nm and below
nodes. Figure 1(c) illustrates the modeling of a multi-beam
source (MBS) coupled with an accelerator lens using electron–
optics design software (EOD). Its core function is to visualize
the structural relationship between the two components, beam
transmission paths, and imaging effects. This figure provides
intuitive validation of the coupling feasibility between MBS
and accelerator lenses: it demonstrates that after generation
from the MBS, the multiple beams can be stably transmitted

through the accelerator lens while maintaining their array con-
figuration, without significant divergence or deflection. It also
clarifies the imaging logic: the accelerator lens does not di-
rectly focus the MBS beams onto a physical plane but instead
forms a virtual image through refraction. Figure 1(d) schemat-
ically illustrates “common intersection point diffusion” caused
by the spherical aberration of the accelerator lens.[19] Its core
function is to visually demonstrate how spherical aberration in
the accelerator lens disrupts the “common intersection point”
(the intended convergence location for all beams) within the
multi-beam system, particularly highlighting the impact on
outer-layer beams.

(a) (b)

(c) (d)

Fig. 1. Schematic diagrams of MBSEM optical system architectures. (a) Core electron optical system schematic diagram of the single-source single-
column architecture,[22] reproduced with permission from Ref. [22]: The left diagram illustrates the complete working principle, embodying the core logic
of “multi-beam generation–transmission–imaging/measurement”; the right diagram shows a dedicated configuration for single-beam size measurement at
fixed magnification. This architecture is characterized by high electron source utilization and compact design, making it suitable for large-volume biological
imaging; (b) schematic diagram of Hitachi’s novel optical system for multi-beam scanning electron microscopy (SEM),[20] reproduced with permission from
Ref. [20]: physical separation of illumination and detection paths is achieved through a Wien filter, allowing independent optimization of the two subsystems
with signal separation purity > 99%, suitable for defect screening at 22-nm semiconductor nodes; (c) schematic diagram of the multi-beam source (MBS)
coupled with accelerator lens configuration modeled using electron optical design (EOD) software,[19] reproduced with permission from Ref. [19]: Visual
validation that multiple beams can stably transmit through the accelerator lens while maintaining array configuration after generation from the multi-beam
source, providing theoretical basis for optical system design. (d) Schematic illustrating “co-intersection diffusion” caused by spherical aberration in the
accelerator lens,[19] reproduced with permission from Ref. [19]: Visual demonstration of how spherical aberration disrupts the ideal common intersection
point in multi-beam systems, particularly highlighting the displacement of outer beams, explaining the necessity of off-axis aberration correction.

2.2.3. Semiconductor-specific MBI architecture: syn-
ergy of high throughput and high sensitivity

The semiconductor-specific MBI architecture addresses
defect detection requirements for 7 nm and below nodes

through an integrated design combining “high-density beam

arrays + high-speed signal processing + precision stages.”

Its core objective is to balance “defect capture rate versus

throughput,” with the technical approach focused on “enhanc-
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ing beam uniformity, reducing inspection time, and enabling
real-time defect identification.” ASML/HMI’s eScan1000 se-
ries exemplifies this architecture, showcasing three key techni-
cal features: First, a high-density uniform beam array employ-
ing 3× 3/5× 5 configurations with a minimum single-beam
pixel size of 2 nm. MEMS technology independently adjusts
astigmatism for each beam, achieving beam current uniformity
fluctuations < 2% to meet 7-nm node defect detection sensi-
tivity requirements.[12] Second, high-speed signal processing
integrates a 50-Gbps distributed computing architecture, en-
abling real-time defect recognition (e.g., die-to-database com-
parison) and achieving data compression ratios exceeding 106

by storing only defect information. Third, precision stage op-
timization reduces travel time from 90 ms to 10 ms, boosting
throughput by 2.75 times. The 9-beam system achieves 5.7
times higher throughput for physical defect detection, while
the 25-beam system is projected to increase throughput by
10–13 times.[18] Core applications of this architecture include
EUV mask verification (detecting pattern transfer defects with
> 99% defect capture rate) and wafer voltage contrast (VC) in-
spection (identifying electrical defects like 7-nm FinFET gate
leakage). In EUV mask inspection, MBSEM significantly
reduces single-beam current density through parallel multi-
beam architecture, fundamentally mitigating charge accumu-
lation effects on insulating substrates and avoiding image dis-
tortion and inspection misjudgments caused by charging in tra-
ditional single-beam SEM. In voltage contrast inspection, par-
allel multi-beam acquisition extends single-beam dwell time
under the same total beam current, significantly improving
the signal-to-noise ratio and enabling reliable identification of
weak electrical contrast defects (such as subsurface gate leak-
age paths). It can replace optical inspection for full-process
quality control below 7-nm nodes. However, its design tar-
gets semiconductor scenarios, making it difficult to adapt to
bioimaging’s “large volume–low damage” requirements, re-
sulting in limited versatility.

For a clear distinction of the three mainstream MBSEM
architectures, a concise comparison based on unified engi-
neering dimensions is as follows: The single-source single-
column architecture has a beam count of 61 ∼ 196, with a
hexagonal/square array and 25-µm pitch, per-beam current of
30 pA∼700 pA, typical landing energy of 10 keV∼20 keV
(< 1 keV for low-damage imaging), and dominant detection
modes of SE+TE; its main bottlenecks are beam count lim-
ited by ALA size and complex off-axis beam aberration cor-
rection, and it is mainly applied to large-volume biological tis-
sue imaging and general material characterization. The split
optical system architecture has a maximum beam count of 4,
with a MEMS-fabricated array and 110-µm pitch, fixed land-
ing energy of 12 keV, and high-purity SE detection; its main
bottlenecks are limited throughput due to few beams and only
medium-low resolution detection available, and it is dedicated

to defect screening of 22-nm node semiconductor wafers. The
semiconductor-specific MBI architecture has a beam count of
9 ∼ 25, with a 3×3/5×5 high-density array, landing energy
of 8 keV∼15 keV, and detection modes of SE+VC; its main
bottlenecks are increased crosstalk risk with higher beam den-
sity and huge PB-scale data processing pressure, and it is the
core tool for full-process inspection of 7 nm and below node
wafers and EUV masks.

3. Key technological breakthroughs in MBSEM:
from component optimization to system inte-
gration
The performance enhancement of MBSEM relies on the

synergistic innovation across its three core modules: beam
generation, imaging detection, and data processing. Recent
technological breakthroughs in each module have not only re-
solved critical bottlenecks in multi-beam parallel processing
but also propelled the system from laboratory prototypes to
industrial practicality. These advancements represent not iso-
lated component improvements, but rather cross-module tech-
nological coordination centered on the overarching objectives
of enhancing beam uniformity (the relative deviation percent-
age of the current density and probe size of each sub-beam in
the multi-beam array from the central beam, with a smaller
deviation value indicating better uniformity), boosting signal
sensitivity, and accelerating data processing.

3.1. Beam generation: from “quantity enhancement” to
“uniformity control”

The “number” and “beam uniformity (the relative devia-
tion percentage of the current density and probe size of each
sub-beam in the multi-beam array from the central beam, with
a smaller deviation value indicating better uniformity) “uni-
formity” of beam arrays form the foundation for determining
MBSEM throughput and imaging quality. Early research fo-
cused on increasing the beam count, while recent efforts have
shifted toward optimizing uniformity. Resolution variations
caused by off-axis beam aberrations, such as field curvature
and coma, have emerged as the core bottleneck constraining
the performance of hundred-beam systems.

In electron source selection, Schottky field emission
sources have become the mainstream choice due to their
high brightness, low energy dispersion, and long-term stabil-
ity. Both Delft and Zeiss systems employ ZrO/W Schottky
sources, achieving brightness levels of 5× 107 A/(m2·sr·V).
This enables support for 100 beams while maintaining single-
beam currents between 30 pA and 700 pA (Zeiss 61-beam sys-
tem: 570 pA per beam, total current 35 nA). Energy dispersion
is only 0.5 eV FW50, minimizing chromatic aberration effects
on multi-beam imaging; continuous operation for one year
shows current fluctuation < 1%, ensuring long-term imaging
stability. Cold field emission (CFE) sources, while offering
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higher brightness (5×108 A/(m2·sr·V), 10 times that of Schot-
tky sources) and supporting 500+ beam arrays, currently suf-
fer from poor stability (current fluctuation > 5%/hour). This
requires improvements through source array packaging tech-
nology and has not yet been commercialized.

ALA’s aberration correction technology is key to unifor-
mity control. To address off-axis beam field curvature, the
Delft system adjusts the voltage of ALA electrodes E1/E2 to
slightly increase the focal length of the off-axis aperture lens
beyond that of the on-axis lens, compensating for field cur-
vature aberrations. After correction, the off-axis beam focal
plane coincides with the on-axis plane, reducing the aber-
ration contribution from 1.0 nm to 0.4 nm. Zeiss employs
an asymmetric ALA design: the hexagonal ALA in the 61-

beam system features edge apertures (19 µm) slightly larger
than the central aperture (18 µm), balancing current density
in off-axis beams to achieve full-field current uniformity fluc-
tuations < 5%. Furthermore, the application of MEMS pro-
cesses further enhances ALA precision. Hitachi’s MEMS–
ALA achieves aperture position deviation < 100 nm, ensuring
multi-beam parallelism. This provides manufacturing-level
assurance for the beam uniformity. As shown in Fig. 2(a),[22]

the validation image of a 91-beam SEM used for semiconduc-
tor inspection clearly demonstrates the device’s high through-
put, high resolution, and beam consistency in imaging semi-
conductor samples. This confirms that the MBSEM maintains
nanometer-level fine resolution even in the high-throughput
mode.

(a) (b)

Fig. 2. Multi-beam source technology collaboration. (a) Verification image from a 91-beam SEM for semiconductor inspection, visually
demonstrating the device’s high throughput, high resolution, and beam coherence in imaging semiconductor samples,[21] reproduced with
permission from Ref. [21]; (b) Schematic diagram of an experimental setup for measuring spot size and quadruple aberration effects in a
multi-beam source (MBS),[22] reproduced with permission from Ref. [21].

3.2. Imaging detection: sensitivity and crosstalk control in
SE/TE dual-mode detection

MBSEM must simultaneously achieve SE imaging (sur-
face topography) and TE imaging (internal structure). The
sensitivity and crosstalk (the percentage of the interference
signal intensity relative to the target signal intensity when the
detection signal of a single beam in the multi-beam array inter-
feres with the detection channel of adjacent beams) control of
these two detection systems directly determines imaging qual-
ity. Traditional SE detection relies on PMTs, which are bulky,
power-hungry, and unsuitable for multi-beam parallel scenar-
ios. In recent years, CMOS photodetectors coupled with YAG-
fiber solutions have become mainstream. TE detection, tai-
lored for thin biological tissues, achieves high-sensitivity and
low-damage imaging through vacuum-integrated optics syn-
chronized with high-speed cameras. The core breakthrough in
SE detection lies in “miniaturization and low noise.” The 0.35-
µm CMOS photodetector developed by the Cambridge Uni-
versity team integrates a 100-µm ×100-µm NWD photodiode
(response 0.33 A/W@850 nm), a low-noise transimpedance
amplifier (TIA), and a select-merge circuit (SC): The TIA em-
ploys a three-stage push-pull inverting amplifier with feedback

resistors implemented by PMOS transistors (lower noise than
NMOS), achieving a transimpedance gain of 120 dB·Ω; The
SC circuit uses PMOS switches to select and sum outputs from
multiple TIA channels, with a linear summing range of 1.0 V–
2.15 V. The chip achieves a total amplification of 180 dB·Ω,
enabling detection of 1-nW low-power light. This replaces
PMTs for miniaturization (chip size: 1960 µm×1960 µm).
The Delft system employs a YAG-fiber-coupled scheme. A
30 µm thick YAG crystal converts SE into photons (conver-
sion efficiency 21 photons/keV), with vacuum extraction via
fiber-optic imaging catheters. Combined with 40× optical mi-
croscope magnification, SE signal crosstalk < 2%, making
it suitable for 196-beam high-density array detection. Opti-
mized focusing for TE detection: “biological thin tissue adap-
tation.” For imaging 30 nm–100 nm thin tissues in neuro-
science, the Delft system places the sample directly on the
YAG crystal. TE excitation of YAG luminescence is focused
through a vacuum-sealed 40× objective (NA 0.95) to the cam-
era, achieving 10 nm–20 nm detail resolution (e.g., mitochon-
dria and endoplasmic reticulum in rat pancreatic tissue). Si-
multaneous acquisition of 196 TE beams completes imaging
in < 1 hour. The Zeiss 61-beam system employs a camera with
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1.2-GHz total bandwidth, completing imaging of a 3-mm2

mouse brain slice (4-nm pixel size) in 20 minutes. The 290-
GB dataset utilizes automatic alignment algorithms to achieve
< 5 nm misalignment between slices, enabling subsequent 3D
brain tissue reconstruction. Signal crosstalk control remains
a common challenge in multi-beam detection. Current main-
stream solutions include physical separation (e.g., magnetic
beam separators, Wien filters) and electric field optimization
(e.g., accelerating field compression aberration). ASML’s 9-
beam MBI system achieves crosstalk control of < 2% through
optimized detector array spacing. However, as beam density
increases (e.g., 500+ beams), pixelated direct electron detec-
tors (with 90% efficiency) must be developed to further reduce
crosstalk. Figure 2(b) shows a schematic of an experimental
setup for measuring spot size and quadruple aberration effects
in a multi-beam source (MBS).[23]

3.3. Data processing: real-time management and analysis
of petabyte-scale data

MBSEM’s high-throughput generates massive amounts
of data — Zeiss’s 61-beam system reaches 1 TB/hour, while
the 196-beam system achieves 10 TB/hour. Traditional data
processing architectures struggle to meet the demands of “real-
time acquisition-compression-analysis.” In recent years, dis-
tributed storage and AI-assisted analysis have emerged as
breakthrough directions. The distributed storage architecture
employs a layered design of “local caching + cloud storage”:
local caching uses NVMe SSDs (write speeds > 2 GB/s) to
meet real-time acquisition demands and prevent data loss; the
cloud stores PB-level data via distributed file systems (e.g.,
Ceph) to reduce data transfer latency. During idle periods, lo-
cal data is synchronized to the cloud to ensure storage scala-
bility. Data compression strategies are optimized for specific
applications: bioimaging employs contour-based vector com-
pression, achieving compression ratios of 102–103 (e.g., neu-
ral structures store only synapse and axon contours); semicon-
ductor inspection employs die-to-database matching to store
only defect information (location, size, type), achieving com-
pression ratios > 106 and significantly reducing storage pres-
sure. The integration of AI technologies further enhances data
processing efficiency. Convolutional neural networks (CNNs)
are widely used for real-time defect identification and neu-
ronal structure segmentation, processing at 50 Gbps and re-
ducing manual intervention; AI algorithms based on optical
flow achieve sub-pixel alignment across multi-beam fields of
view, reducing error to < 1 nm — significantly outperforming
traditional mechanical correction (error > 5 nm); future real-
time segmentation of petabyte-scale data using Transformer-
based models is projected to increase processing speed by
10-fold, laying the foundation for real-time applications in
hundred-beam systems.

4. Primary application areas of MBSEM
Multi-beam scanning electron microscope (MBSEM)

breaks through the inherent trade-off between throughput and
resolution of traditional single-beam SEM via a parallel elec-
tron beam imaging architecture. Relying on high imaging
efficiency, nanoscale spatial resolution and flexible detection
configuration, it has achieved large-scale applications in mul-
tiple key fields such as semiconductor manufacturing, neuro-
science and geology. The core value of MBSEM is to obtain
high-fidelity microstructural data at an efficiency much higher
than that of conventional technologies, and to accommodate
the sample properties and characterization needs across var-
ious fields. Based on relevant research findings, the follow-
ing content systematically elaborates on the core application
scenarios, technical advantages and scientific contributions of
MBSEM.

4.1. Advanced process inspection in semiconductor manu-
facturing

As semiconductor technology advances toward N10, N7,
and more advanced nodes, there is a continuous reduction in
pattern size (with the minimum half-pitch as low as 24 nm),
leading to exponential growth in requirements for defect de-
tection sensitivity, critical dimension (CD) measurement ac-
curacy, and inspection throughput.[24] Traditional single-beam
SEM is limited by the trade-off between detector bandwidth
and electron beam current, making it difficult to simultane-
ously meet the requirements of high resolution and large-scale
inspection. The parallel imaging design of MBSEM has thus
become the core technology to address this bottleneck.

As a representative commercial MBSEM device, the
ZEISS multi-SEM has been successfully applied to process
window characterization of the IMEC N10 logic node. As
shown in Fig. 3(a), the Neumann group achieved stable imag-
ing of TiN-etched logic M1 layout patterns by systematically
optimizing pixel size (2 nm/4 nm) and scanning speed pa-
rameters. It can accurately track pattern variations caused by
changes in the focus and dose of the lithography scanner and
consistently capture systematic defects limiting the process
window, such as bridging defects and line breaks. Experimen-
tal results indicate that the CD repeatability of the system can
reach 0.64 nm at a 2-nm pixel size. Even at a 4-nm pixel size,
it remains capable of reliably recognizing key defects, offer-
ing a high-efficiency solution for process closed-loop control
of advanced-node semiconductors. Compared with the tradi-
tional single-beam SEM, the parallel scanning architecture of
MBSEM reduces the inspection time of a single wafer by more
than 60%, enabling full-wafer inspection in large-scale mass
production. This conclusion is also supported by the research
data of Ma and Eric’s team in 2020.[18]

As semiconductor processes advance into 7 nm and below
nodes (e.g., 5 nm, 3 nm), 3D stacked structures based on EUV
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lithography (such as FinFET, GAA FET) pose dual challenges
for defect inspection: first, defect sizes shrink to below 5 nm,
requiring imaging resolution to surpass traditional limits; sec-
ond, signal interference from multi-layer structures leads to
a significant reduction in defect contrast.[12] To address this
issue, Ma et al. proposed an MBSEM full-process inspec-
tion scheme in their 2019 study, achieving efficient and ac-
curate detection through three key technological innovations,
as shown in Fig. 3(b). First, it adopts a 128-beam parallel
architecture and adaptive beam current distribution technol-
ogy: high-current beams (50 pA per beam) are activated in
core regions (e.g., gate trenches) to ensure resolution, while
beam current is reduced in non-core regions to improve speed.
Second, a multi-signal fusion detection module is developed
to synchronously collect secondary electron (SE), backscat-
tered electron (BSE), and energy-loss electron signals, dis-
tinguishing process defects from structural noise via machine
learning algorithms. Third, a wafer-level coordinate calibra-
tion system is integrated to achieve precise matching of de-
fect positions across processes from lithography, etching, to
metallization, forming a full-process defect traceability link.
Validation results of the solution in a 5-nm logic chip man-
ufacturing line demonstrate that the capture rate for critical
defects (e.g., excessive gate sidewall roughness, micro-shorts
in metal interconnections) surpasses 92%. Moreover, the in-
spection time per process is kept within 8 minutes, repre-
senting an over 3-fold improvement compared to single-beam
SEM, and addressing the dual challenges of “inspection bottle-
neck” and “cost burden” in advanced technology nodes. The
Liebel group developed silicon drift detectors (SDD) based
on a chip-level preamplifier design. This detector minimizes
signal capacitance and parasitic capacitance, achieving a sig-
nal rise time of 40 ns and supporting artifact-free imaging
with a pixel dwell time of 25 ns. Its gain-bandwidth product
(GBWP) is an order of magnitude higher than that of conven-
tional detectors.[24] The integration of this high-sensitivity and
high-speed detector not only solves the spatial limitation of
multi-signal parallel detection in multi-beam SEM but also op-
timizes the weak signal acquisition quality in low-dose imag-
ing scenarios, providing key support for the refined inspection
of advanced-node semiconductors (e.g., low-damage imaging,
weak-contrast defect identification).[25]

Furthermore, the advancement of MEMS-based multi-
beam optical systems has further extended the application
scope of MBSEM for semiconductor characterization. The
Ichimura group designed a 14×14 array microlens system,
which can focus 196 electron beams onto a single point.
It aims to achieve imaging performance with a total cur-
rent of 200 nA and a resolution of 50 nm, suitable for
material-level process optimization scenarios such as semi-
conductor thin-film thickness measurement and doping pro-
file characterization.[13] Although this system faces the en-

gineering challenge of high beam alignment complexity, ex-
periments have confirmed the feasibility of MBSEM in high-
current imaging applications. This finding also provides new
ideas for the multi-dimensional characterization of semicon-
ductor materials, which is supported by the subsequent re-
search of the Doi team.[25]

For sub-3-nm nodes and the emerging “angstrom era” in
semiconductor manufacturing, MBSEM technology continues
to evolve. Lesire[26] et al. demonstrated at the 2024 Eu-
ropean Mask and Lithography Conference the combination
of massive e-beam inspection with CD-SEM contour anal-
ysis, achieving comprehensive analysis of process variabil-
ity (including intra-wafer and intra-field components) through
wafer-level dense measurements targeting poly contact short
risks. These recent advances indicate that MBSEM technol-
ogy is progressing toward higher resolution, higher through-
put, and greater intelligence, directly addressing the chal-
lenges identified in the conclusion — “high-density beam ar-
rays,” “sub-nanometer resolution,” and “real-time processing
of PB-scale data” — providing critical technological support
for full-process inspection at sub-3-nm nodes.

4.2. The large-volume imaging in neuroscience and
biomedicine

Complete reconstruction of neural circuits (connec-
tomics) demands nanoscale-resolution three-dimensional (3D)
imaging of large-volume biological tissues. Traditional tech-
nologies like serial sectioning TEM are unable to fulfill whole-
brain-scale imaging missions owing to their extremely low
throughput.[9] Briggman and Bock pointed out in their review
of volume EM technologies that, relying on high through-
put and large field-of-view imaging capabilities, MBSEM has
become one of the core technologies in connectomics re-
search, promoting the leap of neuroscience from local circuit
analysis to whole-brain connectome mapping. In the recon-
struction of Drosophila brain neural circuits, the combina-
tion of ATUM (Automated Tape-collecting Ultramicrotome)
technology and MBSEM exhibits significant advantages.[29]

As shown in Fig. 3(c), the WaferMapper software developed
by the Hayworth team works synergistically with the ATUM-
SEM system. It can automatically map the spatial positions
of thousands of 30 nm-thick ultrathin sections and rapidly ac-
quire 3D EM datasets (1 TB–100 TB) of tissues such as mouse
cerebellum and Drosophila brain via the multi-scale strategy
of “low-resolution overview mapping and high-resolution tar-
geted imaging”.[27] The system leverages the parallel scan-
ning capability of MBSEM to reduce the imaging time of a
single section to the minute scale, achieving an imaging ef-
ficiency more than 40 times higher than that of conventional
TEM.[31] Combined with in situ staining techniques such as
ROTO developed by the Tapia team, MBSEM imaging can
clearly display subcellular structures including neuronal mem-
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branes, synaptic vesicles, and mitochondria, providing high-
quality data support for neurite tracing and synaptic connec-
tion identification.

The construction of the whole-brain EM imaging dataset
of adult Drosophila has further verified the application poten-
tial of MBSEM.[31] While Zheng et al. primarily employed
TEMCA technology in their research, they explicitly indicated
that multi-beam systems (e.g., ZEISS Multi-SEM) can fur-
ther enhance throughput for future large-volume neural tis-
sue imaging. The parallel imaging configuration effectively

lowers the time overhead of large field-of-view mosaicking
while retaining synaptic-level resolution at a 4-nm pixel di-
mension. Briggman and Bock also emphasized in their re-
search that MBSEM (including multi-beam derivative tech-
nologies of SBFSEM and FIB-SEM) has become one of the
three core technologies for neural circuit reconstruction. In the
imaging of tissues such as zebrafish retina and mouse visual
cortex, it can achieve 3D reconstruction of hundreds of cubic
micrometers, revealing the connection specificity of direction-
selective circuits.

(a)

(b)

(c)

(d) (e)

Fig. 3. Applications of MB-SEM in various fields. (a) Multi-beam SEM principle of operation,[24] reproduced with permission from Ref. [23]; (b) MBI
Application for EUV mask and wafer,[12] reproduced with permission from Ref. [12]; (c) FESEM images of adult Drosophila brain ultrathin section mounted
on Kapton tape,[27] reproduced with permission from Ref. [24]; (d) Image example taken on ZEISS multi-SEM 505,[28] Reproduced with permission from
Ref. [28]; (e) single-beam SEM image of five successive 15-s exposures in the multibeam SEM at 15 keV,[26] reproduced with permission from Ref. [27].

The application of MBSEM in biomedicine has also ex-
tended to whole-brain-scale pathological research. Combined
with the WB-PATCO whole-brain staining technology devel-
oped by Mikula et al., MBSEM can uniformly characterize
myelinated axons across the entire mouse brain, clearly track
their distribution characteristics in gray and white matter, and
provide a large-volume imaging tool for the study of patholog-
ical mechanisms of neurodegenerative diseases such as mul-
tiple sclerosis. In addition, studies by the Liebel team have
confirmed that the low-dose imaging capability of MBSEM
can reduce damage to biological samples caused by electron
beams, protect the integrity of subcellular structures, and lay
the foundation for high-resolution imaging of living-related
samples.[24]

4.3. Characterization in geology and materials science

In geological research, the pore-space distribution and
heterogeneity of mineral composition in unconventional oil
and gas reservoirs such as shale are key factors affecting oil
and gas recovery efficiency. Conventional single-beam SEM
is unable to comprehensively characterize nanoscale pores
in centimeter-scale samples owing to its restricted imaging
scope. Meanwhile, the high throughput and large field-of-

view imaging performance of MBSEM offers an innovative
approach for the sophisticated characterization of shale.

Eberle et al. first applied ZEISS MultiSEM to the imag-
ing of high-maturity shale rocks. Combined with broad ion
beam polishing technology, they achieved full-coverage imag-
ing with nanoscale resolution for centimeter-scale samples.[28]

As shown in Fig. 3(d), MBSEM can clearly distinguish differ-
ent mineral phases such as clay minerals and quartz, as well as
tens-of-nanometer-scale pores. Its imaging results are highly
consistent with the EDX elemental analysis data of single-
beam SEM. Compared with the random sampling imaging of
traditional single-beam SEM, MBSEM can acquire pore distri-
bution data of the entire sample within hours, providing more
comprehensive microstructural information for pore connec-
tivity analysis and reservoir permeability prediction. This ap-
plication has expanded the application boundary of MBSEM
in non-biological fields.

MBSEM demonstrates extensive applicability in other ar-
eas of materials science as well. For instance, in the character-
ization of metal nanostructures, studies by the Ichimura team
have confirmed that MBSEM’s high-current imaging capabil-
ity enables statistical measurement of grain size. By parallelly
detecting the morphological characteristics of multiple grains,
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it improves the reliability of analysis results; In polymer com-
posite research, Ma Eric et al. indicated that MBSEM is capa-
ble of quickly imaging large-scale samples, distinctly reveal-
ing the distribution of fiber-reinforced phases and the status of
interface bonding, thus offering data backing for the optimiza-
tion of material properties.[18] Furthermore, Kruit et al. put
forward that MBSEM’s parallel electron beam-induced depo-
sition (EBID) capability is applicable for the rapid prototyping
of micro- and nano-devices. As shown in Fig. 3(e), multi-
beam synchronous deposition greatly shortens the preparation
time of complex structures.[26]

4.4. Emerging applications and technology convergence

In addition to the above core fields, MBSEM’s applica-
tions have extended to various emerging contexts including
micro- and nano-device fabrication and environmental sci-
ence. In micro/nanodevice manufacturing, research by the
Doi team has found that MBSEM’s high-throughput imaging
can be used for batch inspection of MEMS devices, rapidly
identifying process defects such as photoresist residues and
structural deformation, thus providing a guarantee for device
yield improvement.[26] In environmental science, the Liebel
team also pointed out that MBSEM can be used for the mi-
cromorphological characterization of atmospheric particulate
matter and aquatic microplastics. Through parallel imaging, it
rapidly analyzes the size distribution and surface characteris-
tics of a large number of particles, providing technical support
for research on pollutant source tracing and migration laws.
In biomedicine, Team Zheng suggested that integrating MB-
SEM with correlative light and electron microscopy (CLEM)
enables simultaneous acquisition of samples’ fluorescence la-
beling information and high-resolution EM structural data. It
achieves accurate correlation between specific protein local-
ization and ultrastructure, offering a novel approach for inves-
tigating disease-related molecular mechanisms. In industrial
inspection, research by Neumann et al. demonstrated that in-
tegrating MBSEM with machine learning algorithms enables
automated defect detection and image segmentation, further
enhancing the analysis efficiency of imaging data and facilitat-
ing the large-scale application of MBSEM in semiconductor
and material manufacturing, as well as other fields. In basic
science research, Briggman and Bock’s study indicated that
MBSEM is complementary to X-ray tomography. It can pro-
vide multi-dimensional structural characterization for biologi-
cal tissues and material samples, supporting the resolution of
cross-scale scientific problems.[32]

In summary, the applications of MBSEM have covered
multiple key fields such as semiconductor manufacturing, neu-
roscience, and geology, with its core advantage lying in the si-
multaneous achievement of high throughput and high resolu-
tion. With the continuous advancement of detector technology,
optical design, and data processing algorithms, the applica-

tions of MBSEM in scenarios such as advanced-process semi-
conductor inspection, whole-brain connectomics, and new ma-
terial characterization will become more in-depth, providing
strong imaging tool support for technological innovation and
scientific discovery in various fields. In the future, the de-
velopment of MBSEM will focus on higher beam number
integration, lower-dose imaging, and more intelligent auto-
mated analysis, further expanding its application boundaries
in cutting-edge scientific research and industrial production.

5. Conclusion and perspectives
Although MBSEM has achieved breakthrough applica-

tions in fields such as neuroscience, semiconductors, and
biomedicine, its technological development still faces multi-
dimensional bottlenecks, and these challenges are interrelated
— beam uniformity directly affects imaging quality, signal
crosstalk and detection efficiency restrict the scaling of multi-
beam parallelism, and big data processing determines whether
the high-throughput advantage can be fully exploited. The cur-
rent core bottlenecks focus on three aspects: first, insufficient
beam uniformity and aberration control. In hundred-beam sys-
tems, the resolution of edge beams is 20% lower than that of
on-axis beams due to coma and field curvature (e.g., the Delft
196-beam system has an on-axis resolution of 1.2 nm and an
off-axis resolution reduced to 1.48 nm). Additionally, under
low landing energy (< 1 keV), the secondary electron (SE)
signal intensity decreases by 50% and crosstalk increases to
5%–10%, which is difficult to meet the low-damage imaging
requirements of biological samples; second, the balance chal-
lenge between signal crosstalk and detection efficiency. With
the increase in beam density (spacing < 1 µm), the risk of SE
signal overlap intensifies. The current optimal crosstalk con-
trol (e.g., < 2% in ASML 9-beam system) is difficult to adapt
to the future demand for 500+ beams. In addition, transmis-
sion electron (TE) detection still relies on YAG crystals with
a conversion efficiency of only 21 photons/keV, while direct
electron detectors, although with an efficiency of 90%, can-
not be compatible with multi-beam parallelism; third, the real-
time bottleneck of big data processing. The data generation
rate of hundred-beam systems reaches 10 TB/hour, and the
existing 50-Gbps computing architecture is difficult to support
real-time defect identification and image alignment. In addi-
tion, multi-beam field-of-view stitching relies on mechanical
correction (error > 5 nm), and the sub-pixel level precision
requirement has not yet been met.

To address the aforementioned challenges, the future de-
velopment of MBSEM needs to focus on “breaking physical
limitations and enhancing technological synergy” to form a
multi-dimensional innovation path. First, high-density beam
integration and resolution breakthroughs will be the core di-
rection. 500+ beam integration will be achieved through
cold field emission (CFE) arrays and MEMS aperture lens
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arrays (ALA), combined with adaptive multipole correctors
(6-pole/12-pole) to compensate for off-axis aberrations, align-
ing the resolution of edge beams with that of on-axis beams
and advancing the implementation of sub-nanometer resolu-
tion. Meanwhile, optimize the low-energy SE extraction elec-
tric field (e.g., electrostatic–magnetic composite field) to al-
leviate signal attenuation and crosstalk in low-dose imaging.
Second, multi-modal fusion and detection efficiency upgrad-
ing will enhance system versatility. Integrate CMOS pho-
ton detectors and multi-channel direct electron detectors to
simultaneously acquire sample surface topology (SE), inter-
nal structure (TE), and electrical characteristics (VC), which
not only solves the problem of low TE detection efficiency
but also meets the requirements for semiconductor “structure–
function” collaborative detection and neuron “morphology–
function” correlation analysis. Third, AI technology will em-
power the entire process. On one hand, real-time optimization
of ALA voltage and objective lens parameters will compen-
sate for beam drift; on the other hand, the Transformer model
will be used to increase the real-time segmentation and de-
fect identification speed of PB-scale data (expected to increase
by 10 times). Meanwhile, the optical flow method will be
combined to reduce the multi-beam field-of-view alignment
error to < 1 nm, solving the problem of insufficient mechan-
ical correction accuracy. Finally, cross-scale and cross-modal
correlation will expand the application boundaries of MB-
SEM. Through collaboration with optical microscopes (con-
focal, super-resolution), a research link of “macroscopic po-
sitioning (optical)–microscopic imaging (MBSEM)” will be
constructed, which not only solves the cross-scale analysis
problem of “whole brain–single cell” in neuroscience but also
meets the demand for full-process monitoring of “wafer–chip”
in semiconductors, promoting MBSEM from a single imaging
tool to a core platform connecting microstructures and macro-
scopic functions.
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